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Abstract: Type 2 diabetes (T2D) impairs post-stroke recovery, and the underlying mechanisms are
unknown. Insulin resistance (IR), a T2D hallmark that is also closely linked to aging, has been associ-
ated with impaired post-stroke recovery. However, whether IR worsens stroke recovery is unknown.
We addressed this question in mouse models where early IR, with or without hyperglycemia, was in-
duced by chronic high-fat diet feeding or sucrose supplementation in the drinking water, respectively.
Furthermore, we used 10-month-old mice, spontaneously developing IR but not hyperglycemia,
where IR was normalized pharmacologically pre-stroke with Rosiglitazone. Stroke was induced by
transient middle cerebral artery occlusion and recovery was assessed by sensorimotor tests. Neuronal
survival, neuroinflammation and the density of striatal cholinergic interneurons were also assessed
by immunohistochemistry/quantitative microscopy. Pre-stroke induction and normalization of
IR, respectively, worsened and improved post-stroke neurological recovery. Moreover, our data
indicate a potential association of this impaired recovery with exacerbated neuroinflammation and a
decreased density of striatal cholinergic interneurons. The global diabetes epidemic and population
aging are dramatically increasing the percentage of people in need of post-stroke treatment/care.
Our results suggest that future clinical studies should target pre-stroke IR to reduce stroke sequelae
in both diabetics and elderly people with prediabetes.
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1. Introduction

Type 2 diabetes (T2D), a metabolic disease characterized by hyperglycemia and insulin
resistance (IR), is an expanding global health issue [1]. T2D is a strong risk factor for
stroke [2] and the leading cause of mortality from cardiovascular disease [3]. T2D also
worsens stroke recovery [4] and increases the disability burden, being a strong predictor of
post-stroke dependency on assistive care [5–8]. Despite the availability of pharmacological
and lifestyle change strategies that reduce stroke risk in T2D [3], efficacious therapies
to improve post-stroke recovery and reduce stroke sequelae in this group of people are
entirely lacking.

Hyperglycemia is one of the hallmarks of T2D. In stroke patients (with or without
diabetes), hyperglycemia at admission is associated with a poor outcome [9–11] and,
to date, interventional studies have been mainly focused on controlling hyperglycemia
acutely after hospitalization. However, the benefit of treating hyperglycemia after stroke
remains elusive, and intensive glucose control has shown no additional clinical benefit
compared to standard in-hospital glycemic control [12], suggesting that other underlying
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pathophysiological mechanisms of diabetes may be responsible for poor stroke recovery. IR
is another major T2D hallmark, which is also an independent risk factor for cardiovascular
disease [13,14], including stroke [15]. Similar to hyperglycemia, IR has been associated with
poor stroke outcomes [14,16]. Moreover, we recently showed that a dietary change leading
to weight loss before stroke improved stroke recovery and this effect occurred in association
with the pre-stroke normalization of IR [17], pointing towards the detrimental role of IR
in impairing stroke recovery in T2D. However, the causative role of IR in impaired stroke
recovery has not yet been established, and interventional studies aiming to normalize IR
pre-stroke in the preventive perspective to limit stroke sequelae in T2D individuals are
lacking. Determining whether the pre-stroke normalization of IR improves stroke recovery
could have strong implications beyond T2D. Indeed, there is a high prevalence of IR in the
elderly (prediabetes) [18–20], who have the highest stroke mortality and more severe and
lasting stroke sequelae [21,22].

The T2D-induced cellular mechanisms of neurovascular damage and repair that are
responsible for impaired stroke recovery are also largely uncharacterized. Persistent hyper-
glycemia [11] and IR [21,23,24] have been shown to be predictors of post-stroke severity
and poor functional outcomes. However, it is essentially impossible to individually de-
termine the effects of these conditions on stroke clinically since both are present in T2D
patients. Furthermore, the detrimental effects of T2D on some self-repairing mechanisms
during the stroke recovery phase, e.g., neuroplasticity [25–27], stroke-induced neurogen-
esis [25,27], stroke-induced oligodendrogenesis and white matter repair [27,28], vascular
function [29,30] (also reviewed in [31]) and neuroinflammation [17,32–34] (reviewed in [35]),
have been recently demonstrated. However, the specific effects of hyperglycemia and IR on
these cellular mechanisms are essentially unknown due to the very close interplay of these
two factors during the diabetic disease. Finally, another aspect that is poorly understood is
whether the impairment of stroke recovery by T2D is mainly determined by compromised
neuronal function already before stroke or whether the negative effects of T2D interfere in
the reparative and neuroplasticity processes that occur after stroke.

In an attempt to understand the effects of IR on stroke recovery, independently of
hyperglycemia, we took advantage of mouse models of early IR/decreased insulin sensi-
tivity with or without concurrent hyperglycemia. Specifically, the aim of this study was
to determine whether IR before stroke worsens post-stroke functional recovery. Further-
more, we investigated the potential association between impaired functional recovery
induced by IR and stroke-induced brain damage and cellular mechanisms of neural repair.
Finally, we assessed whether the pre-stroke pharmacological targeting of IR improves
functional recovery.

2. Results
2.1. HFD Induces IR and Hyperglycemia while 30% Sucrose in Drinking Water Leads to Early IR
without Hyperglycemia

To induce IR with (IR-hyperglycaemic (IR-HG), Study 1) or without (IR-normoglycaemic
(IR-NG), Study 2) hyperglycemia, mice were exposed to 4 months of high-fat diet (HFD) or
30% sucrose in drinking water, respectively (see Materials and Methods and Figure 1a,b).

Four months of exposure to HFD (IR-HG mice) induced obesity (Figure 2a), hyper-
glycemia (Figure 2b), hyperinsulinemia (Figure 2c) and increased serum plasminogen
activator inhibitor 1 (PAI-1) levels (Figure 2d), which contribute to the worsening of
the (hypo)fibrinolytic state of diabetic patients [36] and are also associated with major
adverse cardiovascular events (MACE) [37]. Moreover, the response to insulin was sig-
nificantly diminished in IR-HG mice compared to CTRL mice, as detected by two-way
repeated-measures ANOVA (diet effect: p = 0.0018) and the calculated area under the curve
(Figure 2e,f). In contrast to HFD, which induced a weight gain of 23% over controls, expo-
sure to 30% sucrose in drinking water for four months (IR-NG mice) only resulted in a 7%
weight gain (Figure 2g) and, importantly, did not induce hyperglycemia (Figure 2h). How-
ever, the exposure to sucrose-supplemented drinking water did result in hyperinsulinemia
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(Figure 2i), elevated plasma PAI-1 levels (Figure 2j) and decreased insulin sensitivity, de-
tected by two-way repeated-measures ANOVA (drinking water effect: p = 0.0004) and the
calculated area under the curve (Figure 2k,l). These results suggest that HFD mimics more
pronounced T2D features versus 30% sucrose in the drinking water.
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Figure 1. Experimental design. (a) Experimental design of Study 1: Pre-stroke IR and fasting
hyperglycemia (IR-HG) were induced by chronic high-fat diet feeding. (b) Experimental design
of Study 2: Pre-stroke IR, without hyperglycemia (IR-NG), was induced by 30% sucrose in the
drinking water. (c) Experimental design of Study 3: Pre-stroke IR was induced by 10-month-aging
and normalized by Rosiglitazone, respectively. SD = standard diet, HFD = high-fat diet, ITT = insulin
tolerance test, IHC = immunohistochemistry, tMCAO = transient middle cerebral artery occlusion,
SW = sucrose-supplemented water, RW = regular water.
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Figure 2. Effect of 4 months of HFD or exposure to 30% sucrose-supplemented drinking water on 
metabolic parameters and functional recovery after tMCAO. (a–f) Effect of 4 months of HFD feeding 
on body weight (a), fasting glucose (b), plasma insulin (c), plasma plasminogen activator inhibitor-
1 (PAI-1) (d) and insulin sensitivity, shown as plotted curve (e) and area under the curve (f). (g–l) 
Effect of 4 months of 30% sucrose-supplemented drinking water on body weight (g), fasting glucose 
(h), plasma insulin (i), PAI-1 (j) and insulin sensitivity, shown as plotted curve (k) and area under 
the curve (l). (m–r) Forepaw grip strength (m) and corridor task (n) after stroke, Study 1. Forepaw 
grip strength (p) and corridor task (q) after stroke, Study 2. Percentage of remaining NeuN+ cells in 
the ipsilateral stroke-damaged striatum for Study 1 (o) and Study 2 (r). Representative images of 
NeuN staining (s). The white dotted lines on the images indicate the stroke area. Data are presented 
as mean ± SD. Statistical significance was calculated using Welch’s t-test (a–d,f,g–j,l,o,r) or two-way 
repeated-measures ANOVA followed by Benjamini, Krieger and Yekutieli multiple-comparisons 
test (m,n,p,q). Results were considered significant if p < 0.05. * denotes p < 0.05, ** denotes p < 0.01, 
*** denotes p < 0.001 and **** denotes p < 0.0001. Group sizes: (a,b,e,f,m,n): CTRL n = 10, IR-HG n = 
9. (c,d,o): CTRL n = 5, IR-HG n = 5. G-l, (p–r): CTRL n = 8, IR-NG n = 7. 

  

Figure 2. Effect of 4 months of HFD or exposure to 30% sucrose-supplemented drinking water on
metabolic parameters and functional recovery after tMCAO. (a–f) Effect of 4 months of HFD feeding
on body weight (a), fasting glucose (b), plasma insulin (c), plasma plasminogen activator inhibitor-1
(PAI-1) (d) and insulin sensitivity, shown as plotted curve (e) and area under the curve (f). (g–l) Effect
of 4 months of 30% sucrose-supplemented drinking water on body weight (g), fasting glucose (h),
plasma insulin (i), PAI-1 (j) and insulin sensitivity, shown as plotted curve (k) and area under the
curve (l). (m–r) Forepaw grip strength (m) and corridor task (n) after stroke, Study 1. Forepaw grip
strength (p) and corridor task (q) after stroke, Study 2. Percentage of remaining NeuN+ cells in
the ipsilateral stroke-damaged striatum for Study 1 (o) and Study 2 (r). Representative images of
NeuN staining (s). The white dotted lines on the images indicate the stroke area. Data are presented
as mean ± SD. Statistical significance was calculated using Welch’s t-test (a–d,f–j,l,o,r) or two-way
repeated-measures ANOVA followed by Benjamini, Krieger and Yekutieli multiple-comparisons
test (m,n,p,q). Results were considered significant if p < 0.05. * denotes p < 0.05, ** denotes p < 0.01,
*** denotes p < 0.001 and **** denotes p < 0.0001. Group sizes: (a,b,e,f,m,n): CTRL n = 10, IR-HG n = 9.
(c,d,o): CTRL n = 5, IR-HG n = 5. G-l, (p–r): CTRL n = 8, IR-NG n = 7.
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2.2. IR with or without Hyperglycemia Similarly Impairs Stroke Recovery

After inducing stroke experimentally, the IR-HG mice showed a significant impairment
in the recovery of grip strength (Figure 2m) and stroke-induced sensory lateralization (cor-
ridor test) versus CTRL mice (Figure 2n). Two-way repeated-measures ANOVA analyses
revealed a significant interaction between treatment (HFD exposure) and time (recovery)
(grip strength test p = 0.026, corridor task p = 0.003). Cerebral blood flow reduction during
MCAO and neuronal loss in the striatum were not different between the groups (p = 0.236)
(Figure 2o).

Early IR induced by 30% sucrose in IR-NG mice also led to the impaired recovery of
grip strength (Figure 2p) and stroke-induced sensory lateralization versus CTRL (Figure 2q),
as revealed by the two-way repeated-measures ANOVA analyses, showing a significant
interaction between treatment (30% sucrose exposure) and time (recovery) (grip strength
test p = 0.005, corridor test p = 0.002). As for the HFD in IR-HG mice, IR by 30% sucrose in
the drinking water in IR-NG mice led to no differences in cerebral blood flow reduction
during MCAO and a non-statistically significant trend towards increased striatal neuronal
loss versus healthy controls (p = 0.0514) (Figure 2r). Figure 2s shows a representative NeuN
staining of striatal stroke induced by tMCAO.

We also examined the metabolic parameters 4 weeks after stroke. Weight, glycemia and
hyperinsulinemia normalized quickly in IR-HG mice, showing no significant differences
versus control mice (Figure 3a–c). Insulin sensitivity also improved in IR-HG mice but the
response to insulin remained diminished in IR-HG mice compared to the CTRL group, as
detected by two-way repeated-measures ANOVA (diet effect: p = 0.0498) and the calculated
area under the curve (Figure 3d,e). The weight also decreased in IR-NG mice, remaining
similar to control mice (Figure 3f), while glycemia remained unaltered. Furthermore,
hyperinsulinemia was also normalized entirely after stroke in IR-NG mice (Figure 3g).
Similar to IR-HG, insulin sensitivity was improved but remained lower in IR-NG mice
compared to CTRL, as detected by two-way repeated-measures ANOVA (drinking water
effect. p < 0.0001) and the calculated area under the curve (Figure 3h,i).
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area under the curve (i), 4 weeks after tMCAO in control (CTRL) vs. insulin-resistant normoglyce-
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Figure 3. Body weight and metabolic parameters after tMCAO. (a–e): Body weight (a), fasting
glucose levels (b), plasma insulin levels (c) and insulin sensitivity, shown as plotted curve (d) and
area under the curve (e), 4 weeks after tMCAO in control (CTRL) vs. Type 2 diabetic (IR-HG) mice.
(f–i): Body weight (f), plasma insulin levels (g) and insulin sensitivity, shown as plotted curve (h) and
area under the curve (i), 4 weeks after tMCAO in control (CTRL) vs. insulin-resistant normoglycemic
(IR-NG) mice. Data are presented as mean ± SD. Statistical significance was calculated using Welch’s
t-test (b,c,e,g,i) or two-way repeated-measures ANOVA (a,d,f,h). Results were considered significant
if p < 0.05. * denotes p < 0.05 and *** denotes p < 0.001. Group sizes: (a–e): CTRL n = 10, IR-HG n = 9.
(f–i): CTRL n = 8, IR-NG n = 7.
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Altogether, these results indicate that pre-stroke IR, even without concomitant hyper-
glycemia, significantly impairs post-stroke neurological recovery. The results also indicate
that impaired recovery by IR is not the result of increased neuronal loss.

2.3. IR Significantly Increases Stroke-Induced Inflammation

To evaluate stroke-induced inflammation, we quantified Iba-1 immunoreactivity in the
ipsilateral, stroke-damaged striatum versus contralateral and respective sham mice. Stroke
led to significantly increased Iba-1 in the ipsilateral striatum in all mice (Figure 4a,c,e).
However, this increase was significantly greater in IR-NG mice versus CTRL (Figure 4c),
while a non-statistically significant trend towards increased Iba-1 was also observed in
IR-HG mice versus CTRL (Figure 4a). We also quantified the subpopulation of activated
microglia expressing CD68 in the ipsilateral striatum but found no significant differences
between the groups (Figure 4b,d,f).

These results suggest an overall exacerbation of the neuroinflammatory response after
both HFD (IR-HG mice) and 30% sucrose in drinking water (IR-NG mice), although, at
4 weeks after stroke, this response is probably in its descending phase (no effect in CD68+

cells). Our data indicate an association of decreased insulin sensitivity with increased
neuroinflammation after stroke, even in the absence of hyperglycemia.

2.4. The Number of ChAT+ Interneurons Pre- and Post-Stroke Is Differently Regulated in IR-HG
and IR-NG Mice

We investigated the association between decreased stroke recovery and potential
changes in choline acetyl transferase+ (ChAT+) interneurons in IR-HG and IR-NG mice.
These interneurons have been shown to play an important role in striatal function [38] and
stroke recovery [39].

We recorded a significant increase in striatal ChAT+ interneurons in IR-HG sham
mice versus healthy CTRL and a strong trend in the same direction between IR-NG and
CTRL mice (p = 0.06) (Figure 5a,c). No differences were found when the contra- or ipsi-
lateral hemispheres were compared with their respective shams in CTRL or IR-HG mice
(Figure 5b,e). Interestingly, the number of ChAT+ interneurons was significantly decreased
in the ipsilateral hemispheres of IR-NG compared to their respective shams (Figure 5b,e).
Moreover, the number of ChAT+ interneurons in the ipsilateral striatum of IR-NG was
significantly lower than in the correspondent contralateral hemisphere and the ipsilateral
hemisphere of CTRL mice (Figure 5d,e).

2.5. The Pre-Stroke Normalization of IR Improves Functional Recovery in Middle-Aged Mice

To further demonstrate the specific role of decreased insulin sensitivity in stroke
recovery in a preclinical setting of clinical relevance, we utilized middle-aged mice that
spontaneously developed early IR. To verify early IR in middle-aged mice, we performed
a head-to-head comparison of 10-month-old vs. 1-month-old mice. The comparison
showed that middle-aged mice remained normoglycemic (Figure 6a), while the response
to insulin was reduced, as detected by two-way repeated-measures ANOVA (aging effect:
p < 0.0001) and the calculated area under the curve (Figure 6b,c). After early IR was
verified, 9-month-old middle-aged mice were randomly assigned to receive Rosiglitazone
(a peroxisome proliferator-activated receptor gamma (PPARγ) and an insulin-sensitizing
agent) or vehicle treatment for 3 weeks. As expected, glycemia was not affected (Figure 6e),
while Rosiglitazone did improve insulin sensitivity, as detected by two-way repeated-
measures ANOVA (treatment effect: p < 0.0001) and the calculated area under the curve
(Figure 6f,g). Moreover, in accordance with the literature, treatment with Rosiglitazone
induced a small but significant increase in body weight (Figure 6d).
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post hoc test (a,c) or Welch’s t-test (b,d). Results were considered significant if p < 0.05. ** denotes p 
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Figure 4. IR increases stroke-induced ipsilateral neuroinflammation. (a,b) Iba-1 (a) and CD68 (b)
expression in striatum of control (CTRL) vs. Type 2 diabetic (IR-HG) mice 4 weeks after tMCAO.
(c,d) Iba-1 (c) and CD68 (d) expression in striatum of control (CTRL) vs. insulin-resistant normo-
glycemic (IR-NG) mice 4 weeks after tMCAO. (e,f) Representative images of Iba-1 (e) and CD68
(f) in ipsilateral striatum of IR-HG and IR-NG and their respective controls. Arrows in (f) (bottom
row) indicate CD68+ cells. Images were taken at 10× (upper row), scale bar = 100 µm, and 40×
(bottom row), scale bar = 20 µm. Statistical significance was calculated using one-way ANOVA with
Tukey’s post hoc test (a,c) or Welch’s t-test (b,d). Results were considered significant if p < 0.05.
** denotes p < 0.01, *** denotes p < 0.001 and **** denotes p < 0.0001. Group sizes: (a,b): CTRL sham
n = 5, contralateral n = 5, ipsilateral n = 5. IR-HG sham n = 5, contralateral n = 5, ipsilateral n = 5.
(c,d): CTRL sham n = 4, contralateral n = 8, ipsilateral n = 8. IR-NG sham n = 5, contralateral n = 7,
ipsilateral n = 7.
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CTRL vs. IR-NG mice (e) at 10× (upper row), scale bar = 100 μm, and at 40× (bottom row), scale bar 
= 20 μm. Statistical significance was calculated using Welch’s t-test (a,c) or one-way ANOVA with 
Tukey’s post hoc test (b,d). Results were considered significant if p < 0.05. ** denotes p < 0.01, and **** 
denotes p < 0.0001. $ depicts significant differences compared to the respective sham group. Group 
sizes: (a,b): CTRL sham n = 5, contralateral n = 5, ipsilateral n = 5. IR-HG sham n = 5, contralateral n 
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spontaneously developed early IR. To verify early IR in middle-aged mice, we performed 
a head-to-head comparison of 10-month-old vs. 1-month-old mice. The comparison 
showed that middle-aged mice remained normoglycemic (Figure 6a), while the response 
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Figure 5. IR affects the number of ChAT+ interneurons both pre- and post-stroke. Number of ChAT+

cells in striatum of sham-operated control (CTRL) vs. Type 2 diabetic (IR-HG) mice (a) and CTRL
vs. insulin resistant normoglycemic (IR-NG) mice (c). Number of ChAT+ cells in striatum 4 weeks
after tMCAO normalized on sham of CTRL vs. IR-HG mice (b) and CTRL vs. IR-NG mice (d).
Representative images of ChAT+ cells in striatum 4 weeks after tMCAO in CTRL vs. IR-HG mice and
CTRL vs. IR-NG mice (e) at 10× (upper row), scale bar = 100 µm, and at 40× (bottom row), scale
bar = 20 µm. Statistical significance was calculated using Welch’s t-test (a,c) or one-way ANOVA
with Tukey’s post hoc test (b,d). Results were considered significant if p < 0.05. ** denotes p < 0.01,
and **** denotes p < 0.0001. $ depicts significant differences compared to the respective sham group.
Group sizes: (a,b): CTRL sham n = 5, contralateral n = 5, ipsilateral n = 5. IR-HG sham n = 5,
contralateral n = 5, ipsilateral n = 5. (c,d): CTRL sham n = 4, contralateral n = 8, ipsilateral n = 8.
IR-NG sham n = 5, contralateral n = 7, ipsilateral n = 7.

After the normalization of insulin sensitivity, Rosiglitazone treatment was withdrawn
for 24 h before transient middle cerebral artery occlusion (tMCAO) to avoid potential acute
neuroprotective effects. The stroke recovery was assessed as previously described by the
grip strength test and corridor test. Rosiglitazone treatment significantly improved the
recovery of grip strength (Figure 6h) and stroke-induced sensory lateralization versus the
vehicle (Figure 6i). In fact, a two-way repeated-measures ANOVA analysis revealed a
significant interaction between treatment (Rosiglitazone) and time (recovery) (grip strength
test p = 0.0002, corridor test p = 0.006). In line with the results obtained in the IR-HG and
IR-NG models (Figure 2o,r), this effect on recovery was not associated with changes in
neuronal cell death (Figure 6j). No differences were recorded in ipsilateral striatal Iba-1
expression between IR-VH and IR-Rosi mice (Figure 6k).
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tial acute neuroprotective effects. The stroke recovery was assessed as previously de-
scribed by the grip strength test and corridor test. Rosiglitazone treatment significantly 

Figure 6. Rosiglitazone treatment normalizes aging-induced IR and significantly improves post-
stroke functional recovery. (a–c) Fasting glucose levels (a) and insulin sensitivity shown as area under
the curve (b) and plotted curve (c) of 1-month-old (young) vs. 9-month-old (aged) mice. (d–f) Body
weight (d), fasting glucose levels (e) and insulin sensitivity shown as area under the curve (f) and
plotted curve (g) of 10-month-old mice treated with vehicle (IR-VH) or Rosiglitazone (10 mg/kg/day)
(IR-Rosi) for 3 weeks. Forepaw grip strength (h) and corridor task (i). Percentage of remaining NeuN+

cells in the ipsilateral stroke-damaged striatum after stroke (j). Percentage of Iba-1 expression in the
ipsilateral stroke-damaged striatum after stroke (k). Data are presented as mean ± SD. Statistical
significance was calculated using Welch’s t-test (a,c–f,j,k) or two-way repeated-measures ANOVA
followed by Benjamini, Krieger and Yekutieli multiple-comparisons test (h,i). Results were considered
significant if p < 0.05. * denotes p < 0.05, ** denotes p < 0.01, *** denotes p < 0.001 and **** denotes
p < 0.0001. Group sizes: (a–c): young n = 5, aged n = 15. (d–j): IR-VH n = 6, IR-Rosi n = 7. (k): IR-VH
n = 5, IR-Rosi n = 4.

Taken together, these results strongly support a causative role of IR in impaired stroke
recovery in both prediabetes and T2D.

3. Discussion

The aim of this study was to determine whether pre-stroke IR affects post-stroke
functional recovery. We also investigated some of the potential cellular mechanisms in-
volved. We show that the induction of IR before stroke worsens post-stroke functional
recovery and that this effect is independent of hyperglycemia. Moreover, we demonstrate
that targeting IR pharmacologically counteracts this effect, supporting a causative role
of IR in impaired stroke recovery. Finally, we show that the detrimental effect of IR on



Int. J. Mol. Sci. 2023, 24, 3989 10 of 21

stroke recovery is associated with increased post-stroke neuroinflammation and impaired
expression of ChAT+ interneurons.

Hyperglycemia is present in 30–40% of people with acute ischemic stroke, even with-
out a history of diabetes [7,9]. However, randomized clinical trials failed to show a benefit
from intensive glucose control acutely (up to 72 h) after stroke [12]. There are potential
explanations for this outcome that need to be addressed in future studies. For instance, hy-
perglycemia at admission could be only a reflection of pre-stroke diabetes-induced cerebral
pathology and therefore it should be treated for a longer time than 72 h, as also suggested in
preclinical studies by our group [29,34]. Regardless, additional and/or alternative avenues
to improve post-stroke functional recovery in T2D need to be investigated considering that
the medical need in this area is dramatically rising and established clinical guidelines for
improving post-stroke functional recovery in T2D are entirely lacking.

IR is a pathogenic condition that is present in both prediabetes and T2D and is in-
volved in several processes that are detrimental to stroke recovery, such as impaired lipid
metabolism and obesity, endothelial dysfunction, hypertension and atherosclerosis [40].
Furthermore, brain IR has been associated with brain dysfunction and neurodegenerative
disorders [41]. A few clinical studies have recently investigated the potential association
between IR and poor functional outcomes after stroke. For instance, IR has been associated
with poor clinical outcomes [42] even after thrombolytic treatment [43,44]. In addition,
two recent studies have shown that β-cell dysfunction is significantly associated with poor
stroke prognosis [45,46]. Moreover, Jing and colleagues demonstrated that IR at 14 days
after stroke was associated with poor outcomes, but not dependence, in non-diabetic stroke
patients [47]. Similarly, Ago and colleagues have shown that IR (assessed 8.3 ± 7.8 days
after stroke onset) was independently associated with poor functional outcomes in patients
with and without T2D [21]. Finally, a recent study in non-diabetic stroke patients proved
that IR was associated with poor stroke outcomes, but, after adjustment for stroke severity,
this association lost significance [23]. Overall, these studies show that IR is associated with
worse stroke outcomes and recovery in both T2D and non-diabetic people. However, these
studies were mainly observational, and they did not prove whether IR is a causal factor of
worsened stroke recovery or if it is rather part of, and/or induced by, the acute/subacute
stroke morbidity. In fact, in all these studies, IR was assessed at admission or later (even
weeks) after stroke onset. This is a key question that needs to be answered to understand
the suitability for potential therapeutics aimed to improve stroke recovery, based on the
targeting of IR. Here, we demonstrated that the selective induction of early IR, without
hyperglycemia as a confounding factor, worsens stroke recovery and that the pharmacolog-
ical treatment of IR with the PPARγ agonist Rosiglitazone counteracts this effect, strongly
supporting IR as a causative factor at the basis of impaired stroke recovery.

In Study 1 and 2, we induced early IR with or without hyperglycemia in adult mice to
determine a potential causative role of IR in impaired stroke recovery. We are aware that
stroke is highly prevalent in the middle-aged population and that aging also significantly
impacts metabolism. However, to avoid aging as a confounding factor and to be able to
determine the specific role of IR in impaired recovery, we specifically chose to use younger
animals (5 months old at stroke induction) in Study 1 and 2. We demonstrated that the
sucrose-supplemented drinking water selectively induced early IR, without confounding
factors such as hyperglycemia, obesity or aging. The observation that, in this model, IR
induction was sufficient to impair stroke recovery could have very important clinical
implications. It is known that increased sugar consumption disrupts immune-mediated
protection from metabolic syndrome [48] and is increasingly considered as a contributor
to the consequent cardiometabolic disease [49]. However, we show here, for the first time,
that excess sugar consumption also impairs functional recovery after stroke. This finding
might have widespread implications for human lifestyle and nutrition guidelines.

To study the efficacy of pre-stroke IR normalization for post-stroke recovery in a more
clinically relevant murine model, we took advantage of middle-aged mice that spontaneously
developed early IR/prediabetes, also in this case without hyperglycemia. Indeed, the high
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prevalence of IR/prediabetes in the elderly is well known [19,20]. Aging is also the strongest
non-modifiable risk factor for stroke [50] and aged people have the highest stroke mortality
and most severe and long-lasting stroke sequelae [22]. Taking into account these strong associ-
ations and the fact that the number of elderly people is expected to double by 2050 according to
the United Nations (https://www.un.org/en/development/desa/population/publications/
pdf/ageing/WorldPopulationAgeing2019-Highlights.pdf accessed on 20 December 2022),
the results of our study, showing that the PPARg agonist and insulin sensitizer Rosigli-
tazone enhances stroke recovery, encourage the launch of new clinical studies aimed at
understanding whether preventive pharmacological interventions to normalize IR in aged
people can improve post-stroke functional recovery. Remarkably, elderly people with IR do
not routinely receive any active treatment to normalize insulin sensitivity. Therefore, a pos-
itive outcome from these studies will have novel clinical implications, which could benefit
an enormous group of people. The PPARγ agonist Pioglitazone was recently associated
with lower risk of recurrent stroke in patients with IR, prediabetes and T2D with a history
of stroke or transient ischemic attack ([51]) (reviewed in [14,52]). Moreover, a preclinical
study using pre-stroke Pioglitazone administration to db/db mice ameliorated neurologi-
cal outcomes 24 h after tMCAO ([53]). However, no study has investigated whether the
pre-treatment of IR (in prediabetes or T2D) by PPARγ agonists can improve post-stroke
functional recovery. Preclinical research using PPARγ agonists has shown that these drugs
also reduce stroke-induced brain damage in animal models of stroke, effects that could be
behind the improved stroke recovery (reviewed in [14,54]). However, these effects were
achieved when the drug was administered acutely around stroke onset, suggesting that
acute neuroprotection, rather than effects by PPARγ agonists through the regulation of IR,
was the main mechanism behind these effects. To avoid the possible confounding factor of
neuroprotection in our studies, Rosiglitazone was administered for 3 weeks before stroke,
but the treatment was withdrawn 24 h before inducing stroke, with the goal to avoid the
concurrency of these acute neuroprotective effects. By showing that Rosiglitazone improves
post-stroke functional recovery, our results are particularly relevant because they strongly
support the hypothesis that this treatment improves stroke recovery independently of
acute neuroprotection. Indeed, these data were indirectly confirmed in Studies 1–2, where
decreased post-stroke recovery in IR-HG and IR-NG mice occurred without significant
effects on neuronal cell death.

Recovering from stroke is a complex process to restore impaired sensorimotor function
but also to overcome, among others, speech and emotional troubles, depression and
attention and memory problems. Therefore, IR can very likely affect stroke recovery
through pleiotropic mechanisms, both peripheral and central, which are too extensive
to be addressed in one study. To start gaining new knowledge in this field, we have
investigated the potential role of neuroinflammation, since the interplay between IR and
increased neuroinflammation is well known [55]. We did not detect differences in Iba-1+

microglia in sham-operated animals, suggesting that pre-stroke neuroinflammation was
likely not involved in the detrimental effects of decreased insulin sensitivity on stroke
recovery. However, we recorded a strong trend towards an increase in Iba-1+ microglia in
the stroke-damaged striatum of IR-HG mice versus healthy CTRL mice in Study 1. This
effect was significant when comparing the striatum of IR-NG mice versus CTRL mice,
suggesting that decreased insulin sensitivity exacerbates the neuroinflammatory response
after stroke. However, when assessing ipsilateral Iba-1 expression, no difference between
the IR-VH and IR-Rosi groups was found and therefore we cannot confirm at this stage
that impaired inflammation plays a direct role in the worsening of stroke recovery by
IR. There are weaknesses in the neuroinflammation assessments of our studies that need
to be acknowledged. First, Iba-1 was quantified at only one time point (4 weeks after
stroke). This likely was too late, since the post-stroke neuroinflammatory response was
probably already in its descending phase, as also suggested by the CD68 data, showing
that the number of these cells was unaffected at this time point. Secondly, we recorded
trends towards increased neuronal loss in both the IR-HG and IR-NG groups versus

https://www.un.org/en/development/desa/population/publications/pdf/ageing/WorldPopulationAgeing2019-Highlights.pdf
https://www.un.org/en/development/desa/population/publications/pdf/ageing/WorldPopulationAgeing2019-Highlights.pdf
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healthy CTRL mice that could in part explain the increased neuroinflammation. Therefore,
future studies will be needed to characterize the microglial response more thoroughly at
additional time points during the post-stroke recovery phase, by also using additional
markers of neuroinflammation. Additionally, the effect of IR on other cell types involved
in the neuroinflammatory process will need to be investigated. For instance, the interplay
between pericytes and macrophages has been recently shown to contribute to brain repair
and recovery [56]. Moreover, pericytes affect oligodendrogenesis and astrogliosis [57].
Therefore, it could be of great interest to investigate whether IR impairs these processes
of repair.

To investigate mechanisms of neuroplasticity, we focused our studies on striatal
cholinergic ChAT+ interneurons, since these cells coordinate the firing of medium spiny
neurons that in turn regulate motor output [38] and also regulate stroke recovery [39].
Other interneurons, such as those positive for Parvalbumin and Somatostatin, have been
recently investigated in other studies from our group [17,25,26,29,34]. We recorded an
overall increased number of ChAT+ interneurons in IR-HG and IR-NG sham-operated mice
versus healthy CTRL mice, likely indicating an upregulation of ChAT expression, making
more cells detectable by IHC. Although speculative, these data suggest an abnormal
condition of this subgroup of striatal interneurons under both IR/hyperglycemic and
IR/normoglycemic conditions, despite “normal” striatal motor function in the absence of
stroke. This abnormality of cholinergic interneurons could, however, manifest functionally
after stroke, as indicated by the impaired grip strength recovery and sensory lateralization
in the corridor test. We also showed that ChAT+ interneurons were decreased significantly
after stroke in the ipsilateral stroke-damaged striatum of IR-NG mice versus both their
correspondent contralateral hemispheres and CTRL mice. However, we did not record a
similar effect in IR-HG. Since both IR-NG and IR-HG mice are IR, the results could suggest
that ChAT+ interneuron-mediated neuroplasticity is not involved in post-stroke recovery.
On the other hand, our assessments were performed at only one time point after stroke
and this represents a limitation of this study, and new experiments (including functional
studies) will need to be performed in the future. However, these results are intriguing
because they are not supported by an overall effect of IR on neuronal death. Therefore,
they could serve as a basis to investigate further the potential neuroplastic role of ChAT+

interneurons after stroke, in the absence of stroke-induced brain damage.
Insulin locally regulates several brain functions, including synaptic plasticity and den-

dritic spine formation, neurotransmitter turnover, vascular function and lipid
metabolism [58]. Thus, impaired insulin production following peripheral IR could di-
rectly affect all these functions, thereby impairing stroke recovery. On the other hand,
“brain IR” itself (failure of brain cells to respond to insulin) could also be involved [58,59].
Neurons are the cells that have been mostly characterized in relation to the insulin-regulated
functions listed above [59]. However, studies investigating the potential neuronal impair-
ment after stroke in IR mice are lacking and will be needed in the future. An impaired
response to insulin from other brain cells could also affect stroke recovery. For instance,
the insulin effects on vascular smooth muscle cells are important for transporting and
communicating nutrients, cytokines, hormones and other signaling molecules [60]. Impair-
ments of insulin action on the vessels are major contributors to macro- and microvascular
diseases [60] and may likely affect negatively post-stroke recovery. Indeed, the impair-
ment of the IRS1/2/PI3K/Akt pathway (triggering insulin signaling) leads to the loss of
pro-angiogenic, anti-oxidative and anti-inflammatory actions in genetically obese Zucker
rats [61] and studies as such should also be performed in the brain after stroke.

Astrocytes are brain cells that play an important but complex role in stroke recovery
in T2D [62]. For instance, insulin signaling in astrocytes modulates synaptic plasticity at
dopaminergic axonal terminals [63]. Moreover, insulin signaling in hypothalamic astro-
cytes controls CNS glucose sensing and systemic glucose metabolism via the regulation
of glucose uptake across the BBB [64]. In relation to stroke recovery, we also recently
showed that HFD feeding results in reduced astrocyte reactivity in association with im-
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paired recovery [17]. It is therefore plausible that impaired insulin signaling in astrocytes
plays an important role in decreased recovery. Interestingly, a recent work by Fernandez
and colleagues showed that insulin receptors in astrocytes participate in neurovascular
coupling by modulating glucose uptake and angiogenesis [65]. Very little is known about
insulin action on oligodendrocytes, but a recent clinical study indicates that insulin and IR
influence white matter myelination [66]. This finding is very important since white matter
myelination is a key process in stroke recovery, thus motivating further studies addressing
the effects of insulin and IR on oligodendrocytes after stroke.

In summary, understanding the effects of impaired metabolism and IR on stroke
recovery is a research field in its infancy. Therefore, future studies will be needed to identify
the individual cells and mechanisms involved, both in the periphery and in the CNS.

4. Materials and Methods
4.1. Sample Size Calculation

Group sizes were determined based on a ≈20% effect size between groups in functional
recovery with α = 0.05, statistical power of 90%. Standard deviation used in sample size
calculation was obtained from pilot experiments. The analyses suggested the sample size
of minimum n = 5 per group. However, after taking into consideration the success rate
of stroke surgery, mortality and likelihood of statistical outliers, the experimental groups
were set at n = 7–10 each.

4.2. Animals

In total, 80 male C57BL/6JRj mice (Janvier Labs, Le Genest-Saint-Isle, France) were
used in this study. Mice were housed in environmentally controlled conditions (22 ± 0.5 ◦C,
12/12 h light/dark cycle with ad libitum access to food and water). The mice were housed
under pathogen-free conditions in type III size, individually ventilated cages with wood
chip bedding and nest material.

4.3. Experimental Design
4.3.1. Study 1 (Pre-Stroke IR and Fasting Hyperglycemia Were Induced by Chronic
High-Fat Diet (HFD) Feeding)

Thirty male mice were used. From 4 weeks of age, the mice were fed for 4 months with
either standard laboratory chow (cat. 2918, 18% kcal from fat, 58% kcal from carbohydrates,
24% kcal from protein, Envigo, Indianapolis, IN, USA; n = 15, CTRL group) or HFD (cat.
E15126-34, 54% kcal from fat, 29% kcal from carbohydrates, 17% kcal from protein, Ssniff,
Soest, Germany; n = 15, IR-hyperglycemia (IR-HG) group). Obesity/T2D development in
the IR-HG group was confirmed by a body weight increase beyond 20%, fasting glucose
levels over 7 mmol/L, hyperinsulinemia and decreased insulin sensitivity (measured by
insulin tolerance test (ITT)). The mice were then subjected to tMCAO (n = 10 CTRL, n = 10
IR-HG) or sham surgery (n = 5 CTRL, n = 5 IR-HG). After tMCAO, the HFD was substituted
with SD in the IR-HG group, to reflect the clinical setting of a balanced post-stroke diet. See
Figure 1a for the experimental design.

One mouse was removed from the IR-HG group (euthanized) shortly after tMCAO
surgery, since the condition reached a humane endpoint. The final number of animals used
in this study was as follows: CTRL group (n = 10) and IR-HG group (n = 9). The forelimb
sensorimotor function (forelimb grip test) and lateralized sensorimotor integration (corridor
test) were then measured weekly or at 1, 2 and 3 weeks after stroke, respectively. The mice
were sacrificed at 4 weeks after stroke (time when the CTRL mice had fully recovered) and
brains were collected for histology. See Figure 1a for the experimental design.

4.3.2. Study 2 (Pre-Stroke IR, without Hyperglycemia, Was Induced by High Content of
Sugar in the Drinking Water)

Thirty male mice were used. From 4 weeks of age, 15 mice were exposed to 30%
sucrose in drinking water for 4 months to induce early IR but not fasting hyperglycemia
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(IR-normoglycemic (IR-NG) group). In the IR-NG group, decreased insulin sensitivity
was verified as for Study 1. Mice drinking regular water were used as controls (n = 15,
CTRL group). The mice were then subjected to tMCAO or sham surgery (n = 5 CTRL,
n = 5 IR-NG), as for Study 1. After tMCAO, sucrose was withdrawn. See Figure 1b for the
experimental design.

Three mice from the IR-NG group and two mice from the CTRL group were euthanized
shortly after surgery, since their condition reached a humane endpoint.

The final number of animals used in this study was as follows: CTRL group (n = 8) and
IR-NG group (n = 7). The upper-limb grip strength and lateralized sensorimotor integration
were assessed as for Study 1. The mice were then sacrificed, and the brains were collected
for histology. See Figure 1b for the experimental design.

We are aware that in order to test the hypothesis behind Studies 1–2, one study
including 3 groups (CTRL, IR-HG, IR-NG) at the same time would have been ideal. Due to
the availability of the mice, two separate studies have been instead conducted. However,
age-matched controls have been used to allow for proper comparisons.

4.3.3. Study 3 (Pre-Stroke IR Was Induced by 10 Months of Aging and Normalized by
Rosiglitazone Treatment)

Twenty male mice were used. To study early IR/prediabetes in a clinically relevant
manner, 10-month-old (middle-aged) mice were used (n = 15) since, at this age, early IR
is spontaneously developed. Decreased insulin sensitivity was verified by ITT in a head-
to-head comparison with 1-month-old young mice (n = 5). Afterwards, the IR mice were
randomly divided into two groups: 7 mice treated with vehicle (IR-VH group), and 8 mice
treated with Rosiglitazone for 3 weeks (10 mg/kg/day perioral; IR-Rosi group). After the
treatment, the mice were subjected to tMCAO. See Figure 1c for the experimental design.

One mouse from the IR-VH group and one mouse from the IR-Rosi group were
euthanized shortly after surgery, since the condition reached a humane endpoint. The final
number of animals used in this study was as follows: IR-VH group (n = 6) and IR-Rosi
group (n = 7). The same behavioral tests to assess stroke recovery were performed as for
Studies 1–2, and the mice were then sacrificed and the brains were collected for histology
at 5 weeks after stroke. See Figure 1c for the experimental design.

4.4. Transient Middle Cerebral Artery Occlusion

Stroke was induced by transient middle cerebral artery occlusion (tMCAO) using
the intraluminal filament technique, as previously described [35]. Briefly, mice were
anesthetized by inhalation of 3% isoflurane. Anesthesia was maintained by 1.5% isoflurane
throughout the surgery. Body temperature was maintained at 37–38 ◦C using a heated pad
with feedback from a thermometer. Left external (ECA) and internal (ICA) carotid arteries
were exposed and a 7–0 silicone-coated monofilament (total diameter 0.17–0.18 mm) was
inserted into the ICA until it blocked the origin of the MCA. After 30 min, the occluding
filament was removed. In Studies 1 and 2, cerebral blood flow in the vicinity of MCA was
monitored by a Laser Doppler Blood Flow Monitor (Moor Instruments Ltd., Axminster, UK)
to evaluate whether the potential differences in stroke outcome between the groups were
associated with differences in blood flow/MCA occlusion. Stroke induction was considered
unsuccessful when the occluding filament could not be advanced within the internal
carotid artery beyond 7–8 mm from the carotid bifurcation, or mice lacked symptoms of
neurological impairment based on the neurological severity score [36]. All mice were given
analgesic (Carprofen, 5 mg/kg) and soft food after the surgery.

4.5. Fasting Glycemia and ITT

Fasting glycemia was measured after overnight fasting using a glucometer and blood
from a tail tip puncture. For ITT, mice were fasted for 3 h and injected intraperitoneally
with human insulin (0.5 unit/kg) in saline. Blood glucose was measured before insulin
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injection (baseline) and at 15, 30, 45, 60, 75 and 90 min after injection. For analyses, the area
under the curve (AUC) was computed.

4.6. Assessment of Sensorimotor Function
4.6.1. Forelimb Grip Strength

The forelimb grip strength [25,34] was measured by using a grip strength meter
(Harvard Apparatus, Holliston, MA, USA) before, at 3 days and at 1–4 weeks after tMCAO.
Briefly, mice were firmly held by the body and allowed to grasp the grid with the right
forepaw. Mice were then dragged backwards until the grip was broken. Ten trials were
performed, and the highest value was recorded, as described previously [25,34].

4.6.2. The Corridor Test

The corridor test was performed in a 50-cm-long, 4-cm-wide and 15-cm-high Plexiglas
corridor to assess the lateralized sensorimotor integration, as described by Wattananit and
colleagues [67]. Briefly, the mice were first habituated to the corridor for 5 min 2 days
before the test. On the day of the testing, mice were fasted for 6 h. Mice were habituated
for 2 min in an empty corridor and then immediately transferred to an identical corridor
with 10 pots on each side, each containing a flavored treat. The number of explorations
made by the mouse at the ipsilateral or contralateral to injury side was counted for 5 min.
The data are presented as the ratio of ipsilateral/contralateral explorations. All behavioral
tests were performed blinded to the experimental groups, although this was not always
possible due to obvious weight differences in Study 1.

4.7. Serum and Tissue Collection

The mice were deeply anesthetized by an overdose of sodium pentobarbital. Then,
blood was collected via cardiac puncture and left to clot at RT for 20 min. Hereafter, blood
samples were centrifuged for 15 min using a benchtop centrifuge at 2000× g. Serum was
collected and stored at −80 ◦C. After cardiac puncture, mice were transcardially perfused
with saline, followed by 4% ice-cold paraformaldehyde. Brains were dissected out and,
after overnight post-fixation, transferred to a solution of phosphate-buffered saline (PBS)
with 25% sucrose until they sank. The brains were then cut into 30-µm-thick coronal
sections using a sliding microtome and stored in anti-freeze solution at −20 ◦C.

4.8. Immunohistochemistry (IHC)

The brain tissue staining was performed by the free-floating method. Briefly, brain
sections were washed in PBS and then incubated with PBS containing 3% H2O2 and 10%
methanol for 20 min at RT to quench endogenous peroxidases. The sections were then
blocked in PBS containing 3–5% normal serum and 0.25% Triton-X-100 for 1h (at RT), and
incubated overnight in primary antibody solution at 4 ◦C.

The following primary antibodies were used: mouse anti-NeuN (1:500 dilution,
#MAB377, Millipore, Burlington, MA, USA; RRID:AB_2298772), a neuronal marker; goat
anti-Iba-1 (1:1000 dilution, #ab5076, Abcam, Cambridge, UK; RRID:AB_2224402), a marker
for microglia; rabbit anti-CD68 (1:2000 dilution, #ab125212, Abcam; RRID:AB_10975465),
a marker for phagocytic microglia and macrophages; goat anti-ChAT (1:1500 dilution,
#AB144P, Millipore; RRID:AB_2313845), a marker for cholinergic interneurons.

After overnight incubation with the primary antibody solution, sections were washed
and incubated for 2 h at RT with the secondary antibody. The following secondary antibod-
ies were used: biotinylated horse anti-mouse (1:200 dilution, #BA-2000, Vector Laboratories;
Newark, CA, USA; RRID:AB_2313581); biotinylated horse anti-goat (1:200 dilution, #BA-
9500, Vector Laboratories; RRID:AB_2336123); biotinylated horse anti-rabbit (1:200 dilution,
#BA-1100, Vector Laboratories; RRID:AB_2336201). Incubation with biotinylated secondary
antibody was followed by incubation with avidin–biotin complex (1:200 dilution for both
reagent A and B, Vectastain Elite ABC kit, Vector Laboratories) for 1 h at RT, followed by
development with DAB.
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4.9. Quantitative Microscopy and Image Analysis
4.9.1. Assessment of Stroke-Induced Brain Damage by Quantifying NeuN+

Surviving Neurons

NeuN+ cells were counted using a computerized setup for stereology, driven by the
StereoInvestigator software (MBF Bioscience, Williston, VT, USA). NeuN staining is a
consistent method for quantifying neural damage because it exclusively stains neurons.
Therefore, it is reliable to evaluate neuronal loss even several weeks post-stroke, unlike
ubiquitous cell markers, such as 3,5-triphenyltetrazolium chloride, which are accurate
only within a few days after the injury because of later inflammatory cell infiltration and
glial scar formation. The number of neurons was quantified using the optical fractionator
method [68,69]. Briefly, brain sections were displayed live on the computer monitor and
the striatum was delineated at 1.25× magnification. Quantifications were performed using
a dry 63× lens. Eight evenly spaced serial sections throughout the entire striatum were in-
cluded. Random sampling was carried out using the counting frame, which systematically
was moved at predefined intervals so that ∼300 immunoreactive cells were counted. The
total number of cells was estimated according to the optical fractionator formula [68,69]
and the percent decrease versus undamaged contralateral striatum was calculated.

4.9.2. Assessment of Neuroinflammation

The Fiji open-source image analysis software was used to evaluate Iba-1 and CD68
immunoreactivity [70]. Briefly, images of Iba-1 staining in the striatum were acquired at
20× magnification using the Olympus BX40 microscope. Images were then converted into
grayscale (8-bit) mode and thresholded. The lowest Iba-1 immunoreactivity in the CTRL
sham group of each study was used as a baseline to determine the threshold. For each
hemisphere, 3 images containing >90% of the striatum were analyzed, resulting in a total
of 9 pictures analyzed per hemisphere per animal. The Iba-1+ area was measured and
expressed as a percentage of the total area. CD68 images were acquired at 4× magnification.
Then, the striatum was delineated and converted into grayscale (8-bit) mode. The lowest
CD68 immunoreactivity in the CTRL sham group of each study was then used as a baseline
to determine the threshold. After thresholding, the CD68+ area was determined and
expressed as a percentage of the total striatal area.

4.9.3. Analysis of Cholinergic Interneurons

Manual counting of ChAT+ cholinergic interneurons in the striatum was performed
on three consecutive sections using the Olympus BX40 microscope. The first section was
chosen based on the anatomical location along the rostral–caudal axis (approximately 1 mm
from Bregma). The second and third sections were 300 and 600 µm caudal from the first
section, respectively. ChAT+ cells were counted manually by experimenters blinded to
experimental groups. Values were then normalized on the respective sham group and
expressed as a fold increase over sham.

4.10. Insulin and Plasminogen Activator Inhibitor-1 (PAI-1) Enzyme-Linked Immunosorbent
Assays (ELISA)

The levels of insulin and PAI-1 were quantified in mouse serum samples using ELISA
kits (CrystalChem, 90,080 for insulin and Abcam, ab197752 for PAI-1) and utilized according
to the manufacturer’s recommendations.

4.11. Data and Statistical Analysis

The data were checked for statistical outliers by using the ROUT method, and for nor-
mality by using the Shapiro–Wilk normality test, to decide whether to perform parametric
or non-parametric tests.

Parametric tests: For pre- and post-stroke metabolic parameters, CD68 and NeuN
analysis, Welch’s t-test was used. For the behavioral tests, two-way repeated-measures
ANOVA with Geisser–Greenhouse’s correction followed by Dunnett T3 was used. For Iba-1
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and ChAT analysis, two-way ANOVA followed by the two-stage linear step-up procedure
of Benjamini, Krieger and Yekutieli was used. All data were analyzed by GraphPad Prism
Version 9.0. Data are expressed as mean ± SD. A p-value less than 0.05 was considered
statistically significant.

5. Conclusions

Neurological deficits are more severe and persist longer (even permanently) in stroke
survivors with T2D and IR/prediabetes [42,47]. This clinical problem, in combination
with the increased predicted number of T2D patients [71] and elderly people, but also
with the increased stroke risk in both groups, will dramatically increase the number of
stroke patients in need of care. We have employed validated animal models to support the
causal role of IR to impair stroke recovery in T2D and aging. This is a very challenging
goal to prove in the clinical setting, where it is essentially impossible to regulate IR in
specific time windows around stroke onset and without affecting glycemia, a confounding
factor, since hyperglycemia worsens stroke recovery. Importantly, we also showed that
a diet supplemented with high sucrose content in the drinking water impaired insulin
sensitivity, providing potentially important clinical implications for the detrimental role
of high sucrose on stroke recovery. Finally, we showed that impaired stroke recovery can
be treated through the normalization of IR. From a clinical perspective, these findings are
very interesting because they might provide the opportunity to clinically investigate the
potential efficacy of a specific and prophylactic targeting of IR to limit long-term sequelae
in two of the largest groups of people at risk of suffering from stroke.
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Abbreviations

AUC Area under the curve
BW Body weight
CD68 Cluster of differentiation 68
ECA External carotid artery
GABA Gamma aminobutyric acid
HFD High-fat diet
Iba-1 Ionized calcium-binding adapter molecule 1
ICA Internal carotid artery
ITT Insulin tolerance test
IR Insulin resistance
MACE Major adverse cardiovascular events
MCA Middle cerebral artery
NeuN Neuronal nuclei
PAI-1 Plasminogen activator inhibitor 1
PBS Phosphate-buffered saline
SD Standard laboratory diet
tMCAO Transient middle cerebral artery occlusion

References
1. Chatterjee, S.; Khunti, K.; Davies, M.J. Type 2 diabetes. Lancet 2017, 389, 2239–2251. [CrossRef] [PubMed]
2. The Emerging Risk Factors Collaboration; Sarwar, N.; Gao, P.; Seshasai, S.R.; Gobin, R.; Kaptoge, S.; Di Angelantonio, E.;

Ingelsson, E.; Lawlor, D.A.; Selvin, E.; et al. Diabetes mellitus, fasting blood glucose concentration, and risk of vascular disease: A
collaborative meta-analysis of 102 prospective studies. Lancet 2010, 375, 2215–2222. [CrossRef] [PubMed]

3. Joseph, J.J.; Deedwania, P.; Acharya, T.; Aguilar, D.; Bhatt, D.L.; Chyun, D.A.; Di Palo, K.E.; Golden, S.H.; Sperling, L.S.; American
Heart Association Diabetes Committee of the Council; et al. Comprehensive Management of Cardiovascular Risk Factors for
Adults With Type 2 Diabetes: A Scientific Statement From the American Heart Association. Circulation 2022, 145, e722–e759.
[CrossRef] [PubMed]

4. Jorgensen, H.; Nakayama, H.; Raaschou, H.O.; Olsen, T.S. Stroke in patients with diabetes. The Copenhagen Stroke Study. Stroke
1994, 25, 1977–1984. [CrossRef] [PubMed]

5. Megherbi, S.E.; Milan, C.; Minier, D.; Couvreur, G.; Osseby, G.V.; Tilling, K.; Di Carlo, A.; Inzitari, D.; Wolfe, C.D.; Moreau, T.;
et al. Association between diabetes and stroke subtype on survival and functional outcome 3 months after stroke: Data from the
European BIOMED Stroke Project. Stroke 2003, 34, 688–694. [CrossRef]

6. Ullberg, T.; Zia, E.; Petersson, J.; Norrving, B. Changes in functional outcome over the first year after stroke: An observational
study from the Swedish stroke register. Stroke 2015, 46, 389–394. [CrossRef]

7. Luitse, M.J.; Biessels, G.J.; Rutten, G.E.; Kappelle, L.J. Diabetes, hyperglycaemia, and acute ischaemic stroke. Lancet Neurol. 2012,
11, 261–271. [CrossRef]

8. Yang, S.; Boudier-Reveret, M.; Kwon, S.; Lee, M.Y.; Chang, M.C. Effect of Diabetes on Post-stroke Recovery: A Systematic
Narrative Review. Front. Neurol. 2021, 12, 747878. [CrossRef]

9. Hou, D.; Zhong, P.; Ye, X.; Wu, D. Persistent hyperglycemia is a useful glycemic pattern to predict stroke mortality: A systematic
review and meta-analysis. BMC Neurol. 2021, 21, 487. [CrossRef]

10. Capes, S.E.; Hunt, D.; Malmberg, K.; Pathak, P.; Gerstein, H.C. Stress hyperglycemia and prognosis of stroke in nondiabetic and
diabetic patients: A systematic overview. Stroke 2001, 32, 2426–2432. [CrossRef]

11. Baird, T.A.; Parsons, M.W.; Phan, T.; Butcher, K.S.; Desmond, P.M.; Tress, B.M.; Colman, P.G.; Chambers, B.R.; Davis, S.M.
Persistent poststroke hyperglycemia is independently associated with infarct expansion and worse clinical outcome. Stroke 2003,
34, 2208–2214. [CrossRef] [PubMed]

12. Johnston, K.C.; Bruno, A.; Pauls, Q.; Hall, C.E.; Barrett, K.M.; Barsan, W.; Fansler, A.; Van de Bruinhorst, K.; Janis, S.; Durkalski-
Mauldin, V.L.; et al. Intensive vs Standard Treatment of Hyperglycemia and Functional Outcome in Patients With Acute Ischemic
Stroke: The SHINE Randomized Clinical Trial. JAMA 2019, 322, 326–335. [CrossRef] [PubMed]

13. DeFronzo, R.A. Insulin resistance, lipotoxicity, type 2 diabetes and atherosclerosis: The missing links. The Claude Bernard Lecture
2009. Diabetologia 2010, 53, 1270–1287. [CrossRef] [PubMed]

14. Krinock, M.J.; Singhal, N.S. Diabetes, stroke, and neuroresilience: Looking beyond hyperglycemia. Ann. N. Y. Acad. Sci. 2021,
1495, 78–98. [CrossRef]

15. Zabala, A.; Darsalia, V.; Lind, M.; Svensson, A.M.; Franzen, S.; Eliasson, B.; Patrone, C.; Jonsson, M.; Nystrom, T. Estimated
glucose disposal rate and risk of stroke and mortality in type 2 diabetes: A nationwide cohort study. Cardiovasc. Diabetol. 2021, 20,
202. [CrossRef]

16. Schmidt, K.; Power, M.C.; Ciarleglio, A.; Nadareishvili, Z.; Group, I.S. Post-stroke cognitive impairment and the risk of stroke
recurrence and death in patients with insulin resistance. J. Stroke Cerebrovasc. Dis. 2022, 31, 106744. [CrossRef]

http://doi.org/10.1016/S0140-6736(17)30058-2
http://www.ncbi.nlm.nih.gov/pubmed/28190580
http://doi.org/10.1016/S0140-6736(10)60484-9
http://www.ncbi.nlm.nih.gov/pubmed/20609967
http://doi.org/10.1161/CIR.0000000000001040
http://www.ncbi.nlm.nih.gov/pubmed/35000404
http://doi.org/10.1161/01.STR.25.10.1977
http://www.ncbi.nlm.nih.gov/pubmed/8091441
http://doi.org/10.1161/01.STR.0000057975.15221.40
http://doi.org/10.1161/STROKEAHA.114.006538
http://doi.org/10.1016/S1474-4422(12)70005-4
http://doi.org/10.3389/fneur.2021.747878
http://doi.org/10.1186/s12883-021-02512-1
http://doi.org/10.1161/hs1001.096194
http://doi.org/10.1161/01.STR.0000085087.41330.FF
http://www.ncbi.nlm.nih.gov/pubmed/12893952
http://doi.org/10.1001/jama.2019.9346
http://www.ncbi.nlm.nih.gov/pubmed/31334795
http://doi.org/10.1007/s00125-010-1684-1
http://www.ncbi.nlm.nih.gov/pubmed/20361178
http://doi.org/10.1111/nyas.14583
http://doi.org/10.1186/s12933-021-01394-4
http://doi.org/10.1016/j.jstrokecerebrovasdis.2022.106744


Int. J. Mol. Sci. 2023, 24, 3989 19 of 21

17. Karampatsi, D.; Zabala, A.; Wilhelmsson, U.; Dekens, D.; Vercalsteren, E.; Larsson, M.; Nystrom, T.; Pekny, M.; Patrone, C.;
Darsalia, V. Diet-induced weight loss in obese/diabetic mice normalizes glucose metabolism and promotes functional recovery
after stroke. Cardiovasc. Diabetol. 2021, 20, 240. [CrossRef]

18. Kernan, W.N.; Inzucchi, S.E.; Viscoli, C.M.; Brass, L.M.; Bravata, D.M.; Shulman, G.I.; McVeety, J.C.; Horwitz, R.I. Impaired insulin
sensitivity among nondiabetic patients with a recent TIA or ischemic stroke. Neurology 2003, 60, 1447–1451. [CrossRef]

19. DeFronzo, R.A. Glucose intolerance and aging. Diabetes Care 1981, 4, 493–501. [CrossRef]
20. Cowie, C.C.; Rust, K.F.; Ford, E.S.; Eberhardt, M.S.; Byrd-Holt, D.D.; Li, C.; Williams, D.E.; Gregg, E.W.; Bainbridge, K.E.; Saydah,

S.H.; et al. Full accounting of diabetes and pre-diabetes in the U.S. population in 1988–1994 and 2005–2006. Diabetes Care 2009, 32,
287–294. [CrossRef]

21. Ago, T.; Matsuo, R.; Hata, J.; Wakisaka, Y.; Kuroda, J.; Kitazono, T.; Kamouchi, M.; Fukuoka Stroke Registry, I. Insulin resistance
and clinical outcomes after acute ischemic stroke. Neurology 2018, 90, e1470–e1477. [CrossRef] [PubMed]

22. Fonarow, G.C.; Reeves, M.J.; Zhao, X.; Olson, D.M.; Smith, E.E.; Saver, J.L.; Schwamm, L.H.; for the Get With the Guidelines–Stroke
Steering Committee and Investigators. Age-related differences in characteristics, performance measures, treatment trends, and
outcomes in patients with ischemic stroke. Circulation 2010, 121, 879–891. [CrossRef] [PubMed]

23. Aberg, D.; Aberg, N.D.; Jood, K.; Holmegaard, L.; Redfors, P.; Blomstrand, C.; Isgaard, J.; Jern, C.; Svensson, J. Homeostasis model
assessment of insulin resistance and outcome of ischemic stroke in non-diabetic patients—A prospective observational study.
BMC Neurol. 2019, 19, 177. [CrossRef] [PubMed]

24. Ding, P.F.; Zhang, H.S.; Wang, J.; Gao, Y.Y.; Mao, J.N.; Hang, C.H.; Li, W. Insulin resistance in ischemic stroke: Mechanisms and
therapeutic approaches. Front. Endocrinol. 2022, 13, 1092431. [CrossRef] [PubMed]

25. Pintana, H.; Lietzau, G.; Augestad, I.L.; Chiazza, F.; Nystrom, T.; Patrone, C.; Darsalia, V. Obesity-induced type 2 diabetes impairs
neurological recovery after stroke in correlation with decreased neurogenesis and persistent atrophy of parvalbumin-positive
interneurons. Clin. Sci. 2019, 133, 1367–1386. [CrossRef] [PubMed]

26. Chiazza, F.; Pintana, H.; Lietzau, G.; Nystrom, T.; Patrone, C.; Darsalia, V. The Stroke-Induced Increase of Somatostatin-Expressing
Neurons is Inhibited by Diabetes: A Potential Mechanism at the Basis of Impaired Stroke Recovery. Cell Mol. Neurobiol. 2020, 41,
591–603. [CrossRef]

27. Zhang, L.; Chopp, M.; Zhang, Y.; Xiong, Y.; Li, C.; Sadry, N.; Rhaleb, I.; Lu, M.; Zhang, Z.G. Diabetes Mellitus Impairs Cognitive
Function in Middle-Aged Rats and Neurological Recovery in Middle-Aged Rats After Stroke. Stroke 2016, 47, 2112–2118.
[CrossRef]

28. Jiang, Y.; Han, J.; Li, Y.; Wu, Y.; Liu, N.; Shi, S.X.; Lin, L.; Yuan, J.; Wang, S.; Ning, M.M.; et al. Delayed rFGF21 Administration
Improves Cerebrovascular Remodeling and White Matter Repair After Focal Stroke in Diabetic Mice. Transl. Stroke Res. 2021, 13,
311–325. [CrossRef]

29. Augestad, I.L.; Dekens, D.; Karampatsi, D.; Elabi, O.; Zabala, A.; Pintana, H.; Larsson, M.; Nystrom, T.; Paul, G.; Darsalia, V.;
et al. Normalisation of glucose metabolism by exendin-4 in the chronic phase after stroke promotes functional recovery in male
diabetic mice. Br. J. Pharmacol. 2021, 179, 677–694. [CrossRef]

30. Prakash, R.; Li, W.; Qu, Z.; Johnson, M.A.; Fagan, S.C.; Ergul, A. Vascularization pattern after ischemic stroke is different in
control versus diabetic rats: Relevance to stroke recovery. Stroke 2013, 44, 2875–2882. [CrossRef]

31. Ergul, A.; Abdelsaid, M.; Fouda, A.Y.; Fagan, S.C. Cerebral neovascularization in diabetes: Implications for stroke recovery and
beyond. J. Cereb. Blood Flow Metab. 2014, 34, 553–563. [CrossRef] [PubMed]

32. Ma, S.; Wang, J.; Wang, Y.; Dai, X.; Xu, F.; Gao, X.; Johnson, J.; Xu, N.; Leak, R.K.; Hu, X.; et al. Diabetes Mellitus Impairs White
Matter Repair and Long-Term Functional Deficits After Cerebral Ischemia. Stroke 2018, 49, 2453–2463. [CrossRef] [PubMed]

33. Jiang, Y.; Liu, N.; Wang, Q.; Yu, Z.; Lin, L.; Yuan, J.; Guo, S.; Ahn, B.J.; Wang, X.J.; Li, X.; et al. Endocrine Regulator rFGF21
(Recombinant Human Fibroblast Growth Factor 21) Improves Neurological Outcomes Following Focal Ischemic Stroke of Type 2
Diabetes Mellitus Male Mice. Stroke 2018, 49, 3039–3049. [CrossRef] [PubMed]

34. Augestad, I.L.; Pintana, H.; Larsson, M.; Krizhanovskii, C.; Nystrom, T.; Klein, T.; Darsalia, V.; Patrone, C. The Regulation
of Glycemia in the Recovery Phase After Stroke Counteracts the Detrimental Effect of Obesity-Induced Type 2 Diabetes on
Neurological Recovery. Diabetes 2020, 69, 1961–1973. [CrossRef]

35. Shukla, V.; Shakya, A.K.; Perez-Pinzon, M.A.; Dave, K.R. Cerebral ischemic damage in diabetes: An inflammatory perspective.
J. Neuroinflamm. 2017, 14, 21. [CrossRef]

36. Altalhi, R.; Pechlivani, N.; Ajjan, R.A. PAI-1 in Diabetes: Pathophysiology and Role as a Therapeutic Target. Int. J. Mol. Sci. 2021,
22, 3170. [CrossRef]

37. Jung, R.G.; Motazedian, P.; Ramirez, F.D.; Simard, T.; Di Santo, P.; Visintini, S.; Faraz, M.A.; Labinaz, A.; Jung, Y.; Hibbert,
B. Association between plasminogen activator inhibitor-1 and cardiovascular events: A systematic review and meta-analysis.
Thromb. J. 2018, 16, 12. [CrossRef]

38. Gritton, H.J.; Howe, W.M.; Romano, M.F.; DiFeliceantonio, A.G.; Kramer, M.A.; Saligrama, V.; Bucklin, M.E.; Zemel, D.; Han,
X. Unique contributions of parvalbumin and cholinergic interneurons in organizing striatal networks during movement. Nat.
Neurosci. 2019, 22, 586–597. [CrossRef]

39. Goncalves, D.F.; Guzman, M.S.; Gros, R.; Massensini, A.R.; Bartha, R.; Prado, V.F.; Prado, M.A.M. Striatal Acetylcholine Helps to
Preserve Functional Outcomes in a Mouse Model of Stroke. ASN Neuro. 2020, 12, 1759091420961612. [CrossRef]

40. White, M.F.; Kahn, C.R. Insulin action at a molecular level—100 years of progress. Mol. Metab. 2021, 52, 101304. [CrossRef]

http://doi.org/10.1186/s12933-021-01426-z
http://doi.org/10.1212/01.WNL.0000063318.66140.A3
http://doi.org/10.2337/diacare.4.4.493
http://doi.org/10.2337/dc08-1296
http://doi.org/10.1212/WNL.0000000000005358
http://www.ncbi.nlm.nih.gov/pubmed/29602916
http://doi.org/10.1161/CIRCULATIONAHA.109.892497
http://www.ncbi.nlm.nih.gov/pubmed/20142445
http://doi.org/10.1186/s12883-019-1406-3
http://www.ncbi.nlm.nih.gov/pubmed/31345181
http://doi.org/10.3389/fendo.2022.1092431
http://www.ncbi.nlm.nih.gov/pubmed/36589857
http://doi.org/10.1042/CS20190180
http://www.ncbi.nlm.nih.gov/pubmed/31235555
http://doi.org/10.1007/s10571-020-00874-7
http://doi.org/10.1161/STROKEAHA.115.012578
http://doi.org/10.1007/s12975-021-00941-1
http://doi.org/10.1111/bph.15524
http://doi.org/10.1161/STROKEAHA.113.001660
http://doi.org/10.1038/jcbfm.2014.18
http://www.ncbi.nlm.nih.gov/pubmed/24496174
http://doi.org/10.1161/STROKEAHA.118.021452
http://www.ncbi.nlm.nih.gov/pubmed/30355111
http://doi.org/10.1161/STROKEAHA.118.022119
http://www.ncbi.nlm.nih.gov/pubmed/30571410
http://doi.org/10.2337/db20-0095
http://doi.org/10.1186/s12974-016-0774-5
http://doi.org/10.3390/ijms22063170
http://doi.org/10.1186/s12959-018-0166-4
http://doi.org/10.1038/s41593-019-0341-3
http://doi.org/10.1177/1759091420961612
http://doi.org/10.1016/j.molmet.2021.101304


Int. J. Mol. Sci. 2023, 24, 3989 20 of 21

41. Heni, M.; Kullmann, S.; Preissl, H.; Fritsche, A.; Haring, H.U. Impaired insulin action in the human brain: Causes and metabolic
consequences. Nat. Rev. Endocrinol. 2015, 11, 701–711. [CrossRef] [PubMed]

42. Chang, Y.; Kim, C.K.; Kim, M.K.; Seo, W.K.; Oh, K. Insulin resistance is associated with poor functional outcome after acute
ischemic stroke in non-diabetic patients. Sci. Rep. 2021, 11, 1229. [CrossRef] [PubMed]

43. Calleja, A.I.; Garcia-Bermejo, P.; Cortijo, E.; Bustamante, R.; Rojo Martinez, E.; Gonzalez Sarmiento, E.; Fernandez-Herranz, R.;
Arenillas, J.F. Insulin resistance is associated with a poor response to intravenous thrombolysis in acute ischemic stroke. Diabetes
Care 2011, 34, 2413–2417. [CrossRef] [PubMed]

44. Bas, D.F.; Ozdemir, A.O.; Colak, E.; Kebapci, N. Higher Insulin Resistance Level is Associated with Worse Clinical Response in
Acute Ischemic Stroke Patients Treated with Intravenous Thrombolysis. Transl. Stroke Res. 2016, 7, 167–171. [CrossRef] [PubMed]

45. Pan, Y.; Chen, W.; Jing, J.; Zheng, H.; Jia, Q.; Li, H.; Zhao, X.; Liu, L.; Wang, Y.; He, Y.; et al. Pancreatic beta-Cell Function and
Prognosis of Nondiabetic Patients With Ischemic Stroke. Stroke 2017, 48, 2999–3005. [CrossRef] [PubMed]

46. Kiyohara, T.; Matsuo, R.; Hata, J.; Nakamura, K.; Wakisaka, Y.; Kamouchi, M.; Kitazono, T.; Ago, T.; Investigators, F.S.R. beta-Cell
Function and Clinical Outcome in Nondiabetic Patients With Acute Ischemic Stroke. Stroke 2021, 52, 2621–2628. [CrossRef]

47. Jing, J.; Pan, Y.; Zhao, X.; Zheng, H.; Jia, Q.; Mi, D.; Chen, W.; Li, H.; Liu, L.; Wang, C.; et al. Insulin Resistance and Prognosis of
Nondiabetic Patients With Ischemic Stroke: The ACROSS-China Study (Abnormal Glucose Regulation in Patients With Acute
Stroke Across China). Stroke 2017, 48, 887–893. [CrossRef]

48. Kawano, Y.; Edwards, M.; Huang, Y.; Bilate, A.M.; Araujo, L.P.; Tanoue, T.; Atarashi, K.; Ladinsky, M.S.; Reiner, S.L.; Wang,
H.H.; et al. Microbiota imbalance induced by dietary sugar disrupts immune-mediated protection from metabolic syndrome. Cell
2022, 185, 3501–3519.e20. [CrossRef]

49. Herman, M.A.; Birnbaum, M.J. Molecular aspects of fructose metabolism and metabolic disease. Cell Metab. 2021, 33, 2329–2354.
[CrossRef]

50. Bejot, Y.; Bailly, H.; Durier, J.; Giroud, M. Epidemiology of stroke in Europe and trends for the 21st century. Presse Med. 2016, 45,
e391–e398. [CrossRef]

51. Spence, J.D.; Viscoli, C.; Kernan, W.N.; Young, L.H.; Furie, K.; DeFronzo, R.; Abdul-Ghani, M.; Dandona, P.; Inzucchi, S.E. Efficacy
of lower doses of pioglitazone after stroke or transient ischaemic attack in patients with insulin resistance. Diabetes Obes Metab.
2022, 24, 1150–1158. [CrossRef] [PubMed]

52. Lee, M.; Saver, J.L.; Liao, H.W.; Lin, C.H.; Ovbiagele, B. Pioglitazone for Secondary Stroke Prevention: A Systematic Review and
Meta-Analysis. Stroke 2017, 48, 388–393. [CrossRef] [PubMed]

53. Guo, Y.; Zuo, W.; Yin, L.; Gu, T.; Wang, S.; Fang, Z.; Wang, B.; Dong, H.; Hou, W.; Zuo, Z.; et al. Pioglitazone attenuates ischaemic
stroke aggravation by blocking PPARgamma reduction and inhibiting chronic inflammation in diabetic mice. Eur. J. Neurosci.
2022, 56, 4948–4961. [CrossRef]

54. White, A.T.; Murphy, A.N. Administration of thiazolidinediones for neuroprotection in ischemic stroke: A pre-clinical systematic
review. J. Neurochem. 2010, 115, 845–853. [CrossRef] [PubMed]

55. Komleva, Y.; Chernykh, A.; Lopatina, O.; Gorina, Y.; Lokteva, I.; Salmina, A.; Gollasch, M. Inflamm-Aging and Brain Insulin
Resistance: New Insights and Role of Life-style Strategies on Cognitive and Social Determinants in Aging and Neurodegeneration.
Front. Neurosci. 2020, 14, 618395. [CrossRef]

56. Shibahara, T.; Ago, T.; Tachibana, M.; Nakamura, K.; Yamanaka, K.; Kuroda, J.; Wakisaka, Y.; Kitazono, T. Reciprocal Interaction
Between Pericytes and Macrophage in Poststroke Tissue Repair and Functional Recovery. Stroke 2020, 51, 3095–3106. [CrossRef]

57. Shibahara, T.; Ago, T.; Nakamura, K.; Tachibana, M.; Yoshikawa, Y.; Komori, M.; Yamanaka, K.; Wakisaka, Y.; Kitazono, T.
Pericyte-Mediated Tissue Repair through PDGFRbeta Promotes Peri-Infarct Astrogliosis, Oligodendrogenesis, and Functional
Recovery after Acute Ischemic Stroke. Eneuro 2020, 7, 0474-19.2020. [CrossRef]

58. Kellar, D.; Craft, S. Brain insulin resistance in Alzheimer’s disease and related disorders: Mechanisms and therapeutic approaches.
Lancet Neurol. 2020, 19, 758–766. [CrossRef]

59. Chen, W.; Cai, W.; Hoover, B.; Kahn, C.R. Insulin action in the brain: Cell types, circuits, and diseases. Trends Neurosci. 2022, 45,
384–400. [CrossRef]

60. Fu, J.; Yu, M.G.; Li, Q.; Park, K.; King, G.L. Insulin’s actions on vascular tissues: Physiological effects and pathophysiological
contributions to vascular complications of diabetes. Mol. Metab. 2021, 52, 101236. [CrossRef]

61. Jiang, Z.Y.; Lin, Y.W.; Clemont, A.; Feener, E.P.; Hein, K.D.; Igarashi, M.; Yamauchi, T.; White, M.F.; King, G.L. Characterization
of selective resistance to insulin signaling in the vasculature of obese Zucker (fa/fa) rats. J. Clin. Investig. 1999, 104, 447–457.
[CrossRef] [PubMed]

62. Pekny, M.; Wilhelmsson, U.; Tatlisumak, T.; Pekna, M. Astrocyte activation and reactive gliosis-A new target in stroke? Neurosci.
Lett. 2019, 689, 45–55. [CrossRef] [PubMed]

63. Cai, W.; Xue, C.; Sakaguchi, M.; Konishi, M.; Shirazian, A.; Ferris, H.A.; Li, M.E.; Yu, R.; Kleinridders, A.; Pothos, E.N.; et al.
Insulin regulates astrocyte gliotransmission and modulates behavior. J. Clin. Investig. 2018, 128, 2914–2926. [CrossRef] [PubMed]

64. Garcia-Caceres, C.; Quarta, C.; Varela, L.; Gao, Y.; Gruber, T.; Legutko, B.; Jastroch, M.; Johansson, P.; Ninkovic, J.; Yi, C.X.; et al.
Astrocytic Insulin Signaling Couples Brain Glucose Uptake with Nutrient Availability. Cell 2016, 166, 867–880. [CrossRef]

65. Fernandez, A.M.; Martinez-Rachadell, L.; Navarrete, M.; Pose-Utrilla, J.; Davila, J.C.; Pignatelli, J.; Diaz-Pacheco, S.; Guerra-
Cantera, S.; Viedma-Moreno, E.; Palenzuela, R.; et al. Insulin regulates neurovascular coupling through astrocytes. Proc. Natl.
Acad. Sci. USA 2022, 119, e2204527119. [CrossRef]

http://doi.org/10.1038/nrendo.2015.173
http://www.ncbi.nlm.nih.gov/pubmed/26460339
http://doi.org/10.1038/s41598-020-80315-z
http://www.ncbi.nlm.nih.gov/pubmed/33441784
http://doi.org/10.2337/dc11-1242
http://www.ncbi.nlm.nih.gov/pubmed/21911778
http://doi.org/10.1007/s12975-016-0453-y
http://www.ncbi.nlm.nih.gov/pubmed/26830777
http://doi.org/10.1161/STROKEAHA.117.018203
http://www.ncbi.nlm.nih.gov/pubmed/28954919
http://doi.org/10.1161/STROKEAHA.120.031392
http://doi.org/10.1161/STROKEAHA.116.015613
http://doi.org/10.1016/j.cell.2022.08.005
http://doi.org/10.1016/j.cmet.2021.09.010
http://doi.org/10.1016/j.lpm.2016.10.003
http://doi.org/10.1111/dom.14687
http://www.ncbi.nlm.nih.gov/pubmed/35253334
http://doi.org/10.1161/STROKEAHA.116.013977
http://www.ncbi.nlm.nih.gov/pubmed/27999139
http://doi.org/10.1111/ejn.15789
http://doi.org/10.1111/j.1471-4159.2010.06999.x
http://www.ncbi.nlm.nih.gov/pubmed/20964688
http://doi.org/10.3389/fnins.2020.618395
http://doi.org/10.1161/STROKEAHA.120.029827
http://doi.org/10.1523/ENEURO.0474-19.2020
http://doi.org/10.1016/S1474-4422(20)30231-3
http://doi.org/10.1016/j.tins.2022.03.001
http://doi.org/10.1016/j.molmet.2021.101236
http://doi.org/10.1172/JCI5971
http://www.ncbi.nlm.nih.gov/pubmed/10449437
http://doi.org/10.1016/j.neulet.2018.07.021
http://www.ncbi.nlm.nih.gov/pubmed/30025833
http://doi.org/10.1172/JCI99366
http://www.ncbi.nlm.nih.gov/pubmed/29664737
http://doi.org/10.1016/j.cell.2016.07.028
http://doi.org/10.1073/pnas.2204527119


Int. J. Mol. Sci. 2023, 24, 3989 21 of 21

66. O’Grady, J.P.; Dean, D.C., 3rd; Yang, K.L.; Canda, C.M.; Hoscheidt, S.M.; Starks, E.J.; Merluzzi, A.; Hurley, S.; Davenport, N.J.;
Okonkwo, O.C.; et al. Elevated Insulin and Insulin Resistance are Associated with Altered Myelin in Cognitively Unimpaired
Middle-Aged Adults. Obesity 2019, 27, 1464–1471. [CrossRef]

67. Wattananit, S.; Tornero, D.; Graubardt, N.; Memanishvili, T.; Monni, E.; Tatarishvili, J.; Miskinyte, G.; Ge, R.; Ahlenius, H.;
Lindvall, O.; et al. Monocyte-Derived Macrophages Contribute to Spontaneous Long-Term Functional Recovery after Stroke in
Mice. J. Neurosci. 2016, 36, 4182–4195. [CrossRef]

68. West, M.J.; Slomianka, L.; Gundersen, H.J. Unbiased stereological estimation of the total number of neurons in thesubdivisions of
the rat hippocampus using the optical fractionator. Anat. Rec. 1991, 231, 482–497. [CrossRef]

69. West, M.J. Stereological methods for estimating the total number of neurons and synapses: Issues of precision and bias. Trends
Neurosci. 1999, 22, 51–61. [CrossRef]

70. Schindelin, J.; Arganda-Carreras, I.; Frise, E.; Kaynig, V.; Longair, M.; Pietzsch, T.; Preibisch, S.; Rueden, C.; Saalfeld, S.; Schmid,
B.; et al. Fiji: An open-source platform for biological-image analysis. Nat. Methods 2012, 9, 676–682. [CrossRef]

71. Shaw, J.E.; Sicree, R.A.; Zimmet, P.Z. Global estimates of the prevalence of diabetes for 2010 and 2030. Diabetes Res. Clin. Pract.
2010, 87, 4–14. [CrossRef] [PubMed]

72. Percie du Sert, N.; Hurst, V.; Ahluwalia, A.; Alam, S.; Avey, M.T.; Baker, M.; Browne, W.J.; Clark, A.; Cuthill, I.C.; Dirnagl, U.; et al.
The ARRIVE guidelines 2.0: Updated guidelines for reporting animal research. J. Physiol. 2020, 598, 3793–3801. [CrossRef]
[PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

http://doi.org/10.1002/oby.22558
http://doi.org/10.1523/JNEUROSCI.4317-15.2016
http://doi.org/10.1002/ar.1092310411
http://doi.org/10.1016/S0166-2236(98)01362-9
http://doi.org/10.1038/nmeth.2019
http://doi.org/10.1016/j.diabres.2009.10.007
http://www.ncbi.nlm.nih.gov/pubmed/19896746
http://doi.org/10.1113/JP280389
http://www.ncbi.nlm.nih.gov/pubmed/32666574

	Introduction 
	Results 
	HFD Induces IR and Hyperglycemia while 30% Sucrose in Drinking Water Leads to Early IR without Hyperglycemia 
	IR with or without Hyperglycemia Similarly Impairs Stroke Recovery 
	IR Significantly Increases Stroke-Induced Inflammation 
	The Number of ChAT+ Interneurons Pre- and Post-Stroke Is Differently Regulated in IR-HG and IR-NG Mice 
	The Pre-Stroke Normalization of IR Improves Functional Recovery in Middle-Aged Mice 

	Discussion 
	Materials and Methods 
	Sample Size Calculation 
	Animals 
	Experimental Design 
	Study 1 (Pre-Stroke IR and Fasting Hyperglycemia Were Induced by Chronic High-Fat Diet (HFD) Feeding) 
	Study 2 (Pre-Stroke IR, without Hyperglycemia, Was Induced by High Content of Sugar in the Drinking Water) 
	Study 3 (Pre-Stroke IR Was Induced by 10 Months of Aging and Normalized by Rosiglitazone Treatment) 

	Transient Middle Cerebral Artery Occlusion 
	Fasting Glycemia and ITT 
	Assessment of Sensorimotor Function 
	Forelimb Grip Strength 
	The Corridor Test 

	Serum and Tissue Collection 
	Immunohistochemistry (IHC) 
	Quantitative Microscopy and Image Analysis 
	Assessment of Stroke-Induced Brain Damage by Quantifying NeuN+ Surviving Neurons 
	Assessment of Neuroinflammation 
	Analysis of Cholinergic Interneurons 

	Insulin and Plasminogen Activator Inhibitor-1 (PAI-1) Enzyme-Linked Immunosorbent Assays (ELISA) 
	Data and Statistical Analysis 

	Conclusions 
	References

