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Diet-induced weight loss in obese/diabetic mice normalizes glucose metabolism and promotes functional recovery after stroke
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Abstract
Background
Post-stroke functional recovery is severely impaired by type 2 diabetes (T2D). This is an important clinical problem since T2D is one of the most common diseases. Because weight loss-based strategies have been shown to decrease stroke risk in people with T2D, we aimed to investigate whether diet-induced weight loss can also improve post-stroke functional recovery and identify some of the underlying mechanisms.

Methods
T2D/obesity was induced by 6 months of high-fat diet (HFD). Weight loss was achieved by a short- or long-term dietary change, replacing HFD with standard diet for 2 or 4 months, respectively. Stroke was induced by middle cerebral artery occlusion and post-stroke recovery was assessed by sensorimotor tests. Mechanisms involved in neurovascular damage in the post-stroke recovery phase, i.e. neuroinflammation, impaired angiogenesis and cellular atrophy of GABAergic parvalbumin (PV)+ interneurons were assessed by immunohistochemistry/quantitative microscopy.

Results
Both short- and long-term dietary change led to similar weight loss. However, only the latter enhanced functional recovery after stroke. This effect was associated with pre-stroke normalization of fasting glucose and insulin resistance, and with the reduction of T2D-induced cellular atrophy of PV+ interneurons. Moreover, stroke recovery was associated with decreased T2D-induced neuroinflammation and reduced astrocyte reactivity in the contralateral striatum.

Conclusion
The global diabetes epidemic will dramatically increase the number of people in need of post-stroke treatment and care. Our results suggest that diet-induced weight loss leading to pre-stroke normalization of glucose metabolism has great potential to reduce the sequelae of stroke in the diabetic population.

Supplementary Information
The online version contains supplementary material available at https://​doi.​org/​10.​1186/​s12933-021-01426-z.
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Background
The prevalence of type 2 diabetes (T2D) has been increasing dramatically over the past decades [1] and it is estimated that people with T2D will reach 642 million by 2040 [2]. Since T2D is a strong stroke risk factor [3, 4], current and future diabetic individuals constitute an enormous group in need of potential post-stroke rehabilitative care. T2D is also an established predictor of poor functional outcome after stroke [5, 6], underlining the high medical need in this area.
Over 80% of T2D individuals are overweight or obese and obesity is also a cardiovascular risk factor [7, 8]. Fortunately, body weight reduction in this group reduces cardiovascular risk [9, 10]. Moreover, deliberate weight loss by lifestyle change in unhealthy obese individuals (including those with T2D) who lost at least 10% of their initial body weight, decreases the risk of all-cause mortality by 16% [11] and cardiovascular disease endpoints by 21% [12], likely by reducing cardiometabolic risk factors such as hyperinsulinemia and hyperglycemia [13]. In patients after bariatric surgery, the total mortality is further reduced by 29%, stroke by 34%, and myocardial infarction by 29% [14]. Although weight loss appears to be a potentially effective strategy for stroke prevention in T2D people [15], whether post-stroke rehabilitation can also be improved by this approach remains to be investigated.
Weight loss before stroke could enhance post-stroke functional recovery by improving glycemia. Admission hyperglycemia is associated with impaired recovery in people with and without T2D [16–18] and poor glycemic control in T2D increases stroke mortality [19]. Since weight loss reduces hyperglycemia [20], strategies decreasing the body weight could also improve post-stroke recovery. Peripheral insulin resistance (IR) is a prevalent metabolic complication and a strong predictor of age-related diseases, such as hypertension, stroke and obesity/T2D [21]. Weight loss reduces IR [22, 23] but studies investigating whether this strategy can also improve post-stroke recovery are lacking.
Neuroinflammation, angiogenesis and the modulation of GABAergic activity are cellular mechanisms implicated in stroke recovery that, among others, could also be affected by weight loss interventions. In fact, obesity and T2D are recognised as states of low-grade, chronic systemic inflammation [24, 25] and T2D/obesity-associated overnutrition leads to neuroinflammation [26]. Although the role of neuroinflammation in stroke is very complex, several studies have described the presence of neuroinflammatory responses, both acutely and in the chronic phase after stroke [27]. Moreover, reactive astrocytes, which are associated with neuroinflammation are thought to play multiple roles in the post-stroke functional recovery, e.g. they are important for the protection of the ischemic penumbra [28–30] or inhibit axonal sprouting and possibly also post-stroke synaptic plasticity that allows functional re-mapping [31, 32]. We have recently shown that T2D/obese mice exhibit increased neuroinflammation after stroke compared to non-T2D mice [33]. However, whether pre-stroke weight loss in T2D decreases stroke-induced neuroinflammation remains to be investigated.
The angiogenic response to ischemic brain injury correlates with improved functional outcome after stroke, in both rodents and humans [34]. Moreover, there is emerging evidence that T2D impairs this stroke-induced reparative neovascularization process, impeding functional recovery [35–37]. Whether pre-stroke weight loss can enhance neurological recovery after stroke by regulating angiogenesis remains to be investigated.
The modulation of GABAergic activity plays a central role in facilitating functional recovery after stroke [38] and we recently showed the association between T2D-induced cellular atrophy of GABAergic neurons positive for parvalbumin (PV) with poor functional stroke recovery [37, 39]. Whether weight loss counteracts this effect remains to be determined.
The aim of this study was to determine whether a pre-stroke dietary change resulting in weight loss in T2D/obese mice improves post-stroke functional recovery. We compared the effects of a short- versus a long-term dietary change to determine whether body weight reduction is sufficient to improve functional recovery or whether the complete normalization of glycemia and peripheral IR is necessary. Finally, we determined whether pre-stroke dietary change leading to weight loss inhibits specific mechanisms involved in neurovascular damage aggravated by T2D in the post-acute phase after stroke: neuroinflammation, impaired angiogenesis and atrophy of PV+ interneurons.
Methods
The work follows the 2010/63/EU directive and has been approved by the regional ethics committee (approval ID1126, Karolinska Institutet). The study is reported according to the ARRIVE guidelines [40].
Sample size calculation
Group sizes were determined based on 20 ± 10%, anticipated difference 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 = 10–15 each.
Animals
Eighty-one male C57BL/6JRj mice (Janvier Labs, 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.
Experimental design
The aim of our study was to compare the effect of a short- and a long-term dietary change leading to weight loss before stroke on post-stroke functional recovery. Although a head-to-head comparison of short- or long-term diet control would have been desirable, the age difference between mice after short- or long-term diet control would not have allowed a fair comparison. Therefore, we performed two independent studies with either a short- or long-term diet intervention groups having their own age-matched control groups exposed to high fat diet (HFD) or standard diet (SD) for the same time duration.
Study 1 (short-term dietary change)
Thirty-six mice were used. From 4 weeks of age, the mice were fed with either SD (n = 10, hereafter referred to as non-T2D group) or HFD (60% energy from fat) (n = 26, hereafter referred to as T2D/Ob group) for 6 months to induce obesity (over 25% BW increase) and T2D features (fasting glucose over 7 mmol/L and insulin resistance). After 6 months of exposure to HFD, to induce weight loss in a sub-group of T2D mice, HFD was replaced with SD (n = 15, hereafter referred to T2D/WL group), while the rest of T2D mice remained on HFD (n = 11). After the weight loss period of 2 months, fasting glucose, insulin sensitivity and body weight were measured and then the mice were subjected to transient middle cerebral artery occlusion (tMCAO) (see below). After tMCAO, the HFD was also substituted with SD in the T2D group, to reflect the clinical setting of a balanced post-stroke diet. See Fig. 1 for the experimental design.[image: ]
Fig. 1Experimental design. a Experimental design of Study 1 (short-term dietary change). b Experimental design of Study 2 (long-term dietary change)


One mouse from the non-T2D group was removed due to unsuccessful tMCAO. Two mice were removed from the T2D group (euthanised) shortly after surgery, since their condition reached a humane endpoint as specified in the ethical approval and two mice were removed from WL group due to unsuccessful tMCAO. The final number of animals used in this study were as following: non-T2D (n = 9), T2D/Ob (n = 9) and T2D/WL (n = 13). The forelimb sensorimotor function was then measured by assessing weekly upper-limb grip strength (see below) for 8 weeks after stroke when the mice were sacrificed (time when the non-T2D mice have fully recovered). Brains were then collected for histology. See Fig. 1 for the experimental design.
Study 2 (long-term dietary change)
Forty-five mice were used. From 4 weeks of age, the mice were fed with either SD (n = 15) or HFD (n = 30) for 6 months. After 6 months of exposure to HFD, in a sub-group of T2D mice, HFD was replaced with SD (n = 15), while the rest of T2D mice remained on HFD (n = 15). After a weight loss period of 4 months, fasting glucose, insulin sensitivity and body weight were measured and then mice were subjected to tMCAO or sham surgery (see below). After tMCAO, the HFD was also substituted with SD in the T2D group, to reflect the clinical setting of a balanced poststroke diet. See Fig. 1 for the experimental design.
Eleven mice were removed due to either unsuccessful tMCAO or after reaching a humane endpoint. The final number of animals used in this study were as following: Sham non-T2D (n = 5), sham T2D/Ob (n = 5), sham T2D/WL (n = 5), stroke non-T2D (n = 7), stroke T2D/Ob (n = 6) and stroke T2D/WL (n = 6). The forelimb sensorimotor function was then measured by assessing weekly upper-limb grip strength for 8 weeks after stroke. We also assessed lateralized sensorimotor integration by the corridor text (see below). The mice were then sacrificed and the brains were collected for histology. See Fig. 1 for the experimental design.
Transient middle cerebral artery occlusion
Stroke was induced by tMCAO by the intraluminal filament technique as previously described [41]. 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 rectal 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. Then the wounds were temporarily closed, and the mice were allowed to wake up. After 30 min, the occluding filament was removed. 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 if mice lacked symptoms of neurological impairment based on the neurological severity score [42]. All mice were given analgesic (Carprofen, 5 mg/kg) and soft food after the surgery.
Fasting glycemia and insulin tolerance test (ITT)
Fasting glycemia was measured using blood from tail tip puncture, after an overnight fasting. For ITT, mice were fasted for 6 h and injected intraperitoneally with human insulin (0.5 unit/kg) in saline. Blood glucose was measured before insulin injection and at 15, 30, 45, 60, 75 and 90 min thereafter. For analyses, the area under the curve (AUC) was computed for each mouse.
Assessment of the sensorimotor function
Forelimb grip strength
The forelimb grip strength [39, 43] was measured by using a grip strength meter (Harvard apparatus, MA, USA) before, at 3 days and at 1–8 weeks after tMCAO. Briefly, mice were firmly held by the body and allowed to grasp the grid with the right forepaw. Mice were gently dragged backward until the grip was broken. Ten trials were performed, and the highest value was recorded as described previously [39, 43].
The corridor task
The corridor task was performed in a 50 cm long, 4 cm wide, and 15 cm high Plexiglas corridor to assess the lateralized sensorimotor integration [44]. The mice were first habituated to the corridor for 5 min for 2 days before the test. On the day of testing, mice were fasted for 6 h. Mice were first habituated for 5 min in an empty corridor and then immediately transferred to an identical corridor containing 10 pots on each side, each containing a flavoured treat. The number of explorations made by the mouse at the ipsilateral or contralateral side was counted for 5 min. The data are presented as the ratio of ipsilateral/contralateral explorations.
The behavioural tests were performed by an experimenter blinded to the experimental groups, although during the first few weeks after tMCAO, group identities were apparent due to the obvious weight differences.
Immunohistochemistry
The mice were terminally anesthetized with an overdose of sodium pentobarbital and transcardially perfused with saline followed by 4% ice-cold paraformaldehyde. Brains were removed and after overnight post-fixation transferred to a solution of phosphate-buffered saline (PBS) with 20% sucrose until they sank. The brains were then cut in 30-μm-thick coronal sections using a sliding microtome and stored in anti-freeze solution at − 20 °C.
Tissue staining was performed using the free-floating method. Briefly, brain sections were washed in PBS. For staining with 3,3′-Diaminobenzidine (DAB) visualisation, sections were incubated with PBS containing 3% H2O2 and 10% methanol for 20 min at RT to quench endogenous peroxidases. For both DAB and immunofluorescence stainings, sections were then blocked in PBS containing 3–5% appropriate normal serum and 0.25% Triton-X100 for 1 h (at RT), and incubated overnight in primary antibody solution (at RT for the CD31 staining and at 4 °C for all other stainings).
After overnight incubation with the primary antibody solution, sections were washed and incubated for 2 h at RT with the secondary antibody. For DAB staining, 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, and development with DAB. For more details about primary and secondary antibodies used, see Additional file 1.
Quantitative microscopy and image analysis
Ischemic volume measurement
Ischemic volume was measured using all serial sections with visible stroke. Briefly, NeuN-labelled brain sections with stroke damage were displayed live on a computer monitor. The volumes of the whole contralateral uninjured hemisphere as well and the volume of the intact region of the ipsilateral hemisphere were measured, using Cavalieri estimator probe (MBF Bioscience, USA). To compensate the stroke-induced tissue shrinkage, ischemic volume was calculated by subtracting the volume of intact region of ipsilateral hemisphere from the volume of the whole contralateral hemisphere.
Assessment of neuroinflammation
Image analyses using Adobe Photoshop 2021 software were used to evaluate Iba-1 and CD68 immunoreactivity. Briefly, images of Iba-1 staining were acquired at 4× magnification using the Olympus BX51 microscope. Striatum was isolated on images and converted into gray-scale (8-bit) mode and thresholded. Lowest Iba-1 immunoreactivity in sham mouse from each group was used as baseline. After the baseline was set, this preset was used to detect Iba-1 immunoreactivity in contralateral and ipsilateral to stroke striatum, and pixel density was calculated. Values were then normalized based on the respective sham group and expressed as -fold increase over sham. Similarly, CD68 staining was detected on images using Adobe Photoshop 2021 software and quantified in ipsilateral striatum.
A Zeiss Axio Observer wide-field microscope was used to acquire tiled images of GFAP immunoreactivity within striatum using 10× objective. Striatum was delineated in the images using Metamorph image analysis software (Molecular Devices, v. 2.8.5) and thresholded for background subtraction. Integrated density of the thresholded pixels was assessed for striatum of sham and stroked mice and the integrated pixel density for contralateral and ipsilateral striatum post-stroke was normalized to the respective sham group and expressed as -fold increase over sham.
Analysis of PV+ interneuron cell body volume
The average soma volume of PV+ interneurons was assessed using the Olympus BX51 microscope connected to the computerized stereology setup from Stereo Investigator (MBF Bioscience, USA). See Additional file 1 for details about this assessment.
Analysis of vessel density
For analysis of CD31+ vessels, the drawing tool in Stereo Investigator (MBF Bioscience, USA) was used to delineate the infarct region in the live image (determined based on NeuN staining), after which images of the CD31 staining were acquired at 10× magnification using the Olympus BX51 microscope (two images per striatum). See Additional file 1 for more details about the image analysis.
Multiplex immunoassay
The levels of plasminogen activator inhibitor-1 (PAI-1) were quantified in mouse serum samples using a mouse Diabetes multiplex magnetic bead kit (Bio-Rad, cat# 171F7001M) and used according to the manufacturer's recommendations (1:4 dilution; 12.5 μL per mouse serum sample). Plates were read using Bio-Plex® MAGPIX™ Multiplex Reader (Luminex) and the results were analyzed using Bio-Plex Manager 6.1 software (Bio-Rad).
Data and statistical analysis
All data were analyzed by GraphPad Prism Version 9.0. The data were first checked for statistical outliers by using the ROUT method, and normality by using the Shapiro–Wilk normality test to decide whether to perform parametric or non-parametric tests.
Parametric tests: Two-way repeated measures ANOVA with Geisser–Greenhouse’s correction followed by Dunnett T3 for metabolic and behavioural tests. One-way ANOVA with Tukey’s post-hoc test was used to analyse the pre-stroke metabolic tests, stroke volume, and parenchymal CD13 density in the ipsilateral striatum. For Iba-1 and CD68 analysis, Brown–Forsythe and Welch ANOVA followed by two-stage linear step-up procedure of Benjamini, Krieger and Yekutieli was used. The same ANOVA test followed by Dunnett’s post hoc test was used for GFAP data analysis. All data are expressed as mean ± SD. A P-value less than 0.05 was considered statistically significant.
Results
Short- (2 months) and long-term (4 months) dietary change leading to weight loss improves or completely normalizes, respectively, the metabolic profile of T2D mice
Six months of exposure to HFD induced obesity, hyperglycemia and IR in both Study 1 (Fig. 2a–c) and Study 2 (Fig. 2l–n). To induce weight loss in a group of mice in both studies the HFD was replaced with SD, which was continued for 2 (Study 1, T2D/WL) or 4 (Study 2, TD2/WL) months.[image: ]
Fig. 2Effects of dietary change on weight, metabolic parameters and functional recovery after tMCAO. a–c Effect of HFD feeding on body weight (a), fasting glucose (b) and insulin sensitivity (c), Study 1. l–n Effect of HFD feeding on body weight (l), fasting glucose (m) and insulin sensitivity (n), Study 2. d–f Effect of short-term dietary change on body weight (d), fasting glucose (e) and insulin sensitivity (f), Study 1. o–q Effect of long-term dietary change on body weight (o), fasting glucose (p) and insulin sensitivity (q), Study 2. g, h Forepaw grip strength after stroke shown as a plotted curve (g) and AUC (h), Study 1. r, s Forepaw grip strength after stroke shown as a plotted curve (r) and AUC (s), t Corridor task, Study 2. Dashed lines on g, r and t indicate the range of pre-stroke grip strength (g, r) and Corridor task (t). i–k Body weight (i), fasting glucose (j) and insulin sensitivity (k) after tMCAO, Study 1. u–w Body weight (u), fasting glucose (v) and insulin sensitivity (w) after tMCAO, Study 2. Data are presented as mean ± SD. a–c, l–n Welch’s t-test. d–f, o–p, h, s Brown–Forsythe and Welch ANOVA followed by Dunnett’s T3 multiple comparisons test. g, r, t, i, u Two-way repeated measures ANOVA followed by Tukey’s multiple comparisons test. j, k, v, w Two-way ANOVA followed by Tukey’s multiple comparisons test. */$/# denotes p < 0.05, **/$$/## denotes p < 0.01, ***/$$$ denotes p < 0.001 and ****/$$$$ denotes p < 0.0001. Group sizes: a, b non-T2D n = 10, T2D/Ob n = 25. c Non-T2D n = 10, T2D/Ob n = 15. d, e Non-T2D n = 10, T2D/Ob n = 10, T2D/WL n = 15. f Non-T2D n = 9, T2D/Ob n = 10, T2D/WL n = 10. g–k Non-T2D n = 9, T2D/Ob n = 9, T2D/WL n = 13. l–n Non-T2D n = 14, T2D/Ob n = 33. o–q Non-T2D n = 10, T2D/Ob n = 10, T2D/WL n = 15. r–w Non-T2D n = 7, T2D/Ob n = 6, T2D/WL n = 6


After the replacement of HFD with SD for 2 months, the T2D/WL group lost significant weight (p < 0.001), reduced fasting glycemia (p < 0.0001) and improved insulin sensitivity (p < 0.05) compared to the mice that were kept on HFD (Fig. 1d–f, T2D/Ob mice). However, all three metabolic parameters (weight, glycemia and IR) remained significantly higher (p < 0.05, p < 0.0001 and p < 0.05 respectively) than those of age-matched healthy, non-T2D controls (Fig. 1d–f). In contrast, the replacement of HFD with SD for 4 months resulted in the complete normalization (same values as age-matched non-T2D controls) of weight, glycemia and IR, so that T2D/WL mice were no longer different from non-T2D controls (Fig. 2o–q).
Long-term dietary change leading to weight loss before stroke improves post-stroke functional recovery in association with the full normalization of glucose metabolism
After 2- and 4-months of dietary change leading to weight loss, mice were subjected to stroke and functional recovery was tracked over 8 weeks. As reported previously [33, 37, 43], T2D significantly impaired forepaw grip strength recovery in comparison with age-matched non-T2D mice (p < 0.0001 and p < 0.01 in Study 1 and 2 respectively; Fig. 2g, h, r, s). The short-term (2 months) dietary change did not improve functional recovery after stroke. Specifically, the forepaw grip strength recovery of T2D/WL mice remained similar to T2D/Ob mice and significantly lower than age-matched non-T2D (p < 0.01; Fig. 2g, h). On the contrary, the long-term (4 months) dietary change (where the improvement of glucose metabolism was complete, see above), entirely normalized functional recovery after stroke. In fact, the T2D/WL mice showed a similar forepaw grip strength recovery as age-matched non-T2D controls, and a significant improvement (p < 0.05) compared to T2D/Ob mice (Fig. 2r, s). Significant improvement of stroke recovery in T2D/WL mice was also recorded after long-term (4 months) dietary change by using the corridor task at 5 (p < 0.01) and 8 (p < 0.001) weeks post-stroke (Fig. 2t). No differences in stroke-induced brain damage were observed between the groups in both studies (Additional file 1: Fig. S1).
We also compared body weight, fasting glucose and IR between dietary change groups [short- (2 months) vs. long-term (4 months)]. The body weight was similar (Additional file 1: Fig. S2a), but the long-term dietary change reduced hyperglycemia below diabetic threshold of 7 mmol/L (p < 0.001, Additional file 1: Fig. S2b) and reduced IR compared to short-term dietary change (p < 0.05, Additional file 1: Fig. S2c).
In summary, these results indicate that both a short- (2 months) and a long-term (4 months) dietary change before stroke leads to similar weight loss. However, the full pre-stroke normalisation of the metabolic profile (hyperglycemia and IR) induced by long-term but not by short-term dietary change loss seems to be key to improve functional recovery after stroke.
Persistent IR prevents functional recovery after stroke
To understand which metabolic parameter played a more pronounced role in improving functional recovery post-stroke after long-term dietary change leading to weight loss, we continued to monitor the metabolic profile also after stroke. Since the long-term (4 months) dietary change normalized all metabolic parameters (weight, fasting glucose and IR) already before stroke (Fig. 2o–q), we relied greatly on the short-term (2 months) dietary change paradigm (Study 1) to infer the answer to this question.
In T2D/Ob mice (in both Study 1 and 2), stroke led to a complete normalization of the weight (equal to non-T2D) already within 1–2 weeks after stroke (Fig. 2i, u). In the T2D/WL group after short-term (2 months) dietary change, the stroke also led to the normalization of weight that reached the same values as non-T2D controls already within the first week after tMCAO (Fig. 2i).
In T2D/Ob mice (in both Study 1 and 2), the fasting glucose remained significantly elevated at 4 weeks after stroke and reached normal values (< 7 mmol/L) only by 8 weeks post-stroke (Fig. 2j, v). In the T2D/WL group after short-term (2 months) dietary change, glycemia normalized quickly and reached normal values already at 4 weeks post-stroke (Fig. 2j), similar to the T2D/WL group after long-term (4 months) dietary change (Fig. 2v). Since both T2D/Ob and T2D/WL groups after 2 months of dietary change showed impaired recovery after stroke (Fig. 2g, h) regardless of the fast normalization of weight and of glycemia regulation, it is likely that neither post-stroke weight loss nor post-stroke glycemia normalization can be linked to stroke recovery.
We also monitored IR at 4 and 8 weeks after stroke. Unlike weight and glycemia, the post stroke change of IR after short- (2 months) and long-term (4 months) dietary change was clearly different. Specifically, while after 4 months of dietary change insulin sensitivity was already normal before stroke and remained so also for the whole recovery phase (Fig. 2w), after short-term (2 months) dietary change, T2D/WL mice showed a reduction of IR compared to T2D/Ob mice (p < 0.01 and p < 0.001 at 4 and 8 weeks after stroke respectively; Fig. 2k). However, IR remained significantly higher than age-matched non-T2D controls during the whole duration of the recovery phase (p < 0.0001 at both 4 and 8 weeks; Fig. 2k).
Taken together, these results suggest that IR before stroke and likely also during the recovery phase is a key factor behind impaired recovery in T2D/Ob mice and T2D/WL after a short-term (2 months) dietary change. These results also suggest the association between the reduction of IR after long-term (4 months) dietary change and the improvement of functional recovery after stroke.
The pre-stroke plasma levels of PAI-1 are significantly downregulated by dietary change leading to weight loss
In order to determine the potential association between additional metabolic markers and stroke recovery induced by dietary change leading to weight loss, we quantified the pre- and post-stroke serum levels of the plasminogen activator inhibitor 1 (PAI-1), which has been associated with the progression of the metabolic syndrome and diabetes, but also with stroke pathophysiology [45]. T2D/Ob mice showed significantly increased pre-stroke levels of PAI-1 (p < 0.0001) vs. non-T2D mice (Additional file 1: Fig. S3a). Remarkably, the dietary change leading to weight loss entirely counteracted this T2D-induced effect (Additional file 1: Fig. S3a). At 8 weeks post-tMCAO, no significant differences between the groups could be observed (Additional file 1: Fig. S3b).
Pre-stroke dietary change leading to weight loss dampens post-stroke neuroinflammation in T2D mice
To determine whether the improved functional recovery after stroke induced by long-term (4 months) dietary change leading to weight loss affected stroke-induced inflammation, we assessed the expression of microglia/macrophage markers Iba-1 and CD68 and astrocyte marker GFAP, respectively, in the striatum 8 weeks after stroke. No significant differences were detected at baseline Iba-1 immunoreactivity in sham animals, although a trend towards reduction was observed in T2D/Ob mice (Fig. 3a). To isolate the effect of T2D and dietary change on specifically stroke-induced inflammation, the data from contralateral and ipsilateral striatum of stroke-subjected mice were normalized on the respective shams. As expected, at 8 weeks post-tMCAO, the expression of Iba-1 was still significantly upregulated in ipsilateral vs. contralateral striatum in all groups (data not shown). However, Iba-1 expression was ≈ fivefold greater in the ipsilateral striatum of T2D/Ob mice compared to non-T2D mice (p < 0.01, Fig. 3c, e). Remarkably, weight loss in T2D/WL mice completely abolished this T2D-induced effect (p < 0.01, Fig. 3c, e). A similar pattern as for the ipsilateral striatum was also found in the contralateral striatum although the effect did not reach statistical significance (p = 0.053, Fig. 3b).[image: ]
Fig. 3Dietary change leading to weight loss normalizes T2D-induced neuroinflammatory changes after tMCAO. a Iba-1 expression in striatum after sham surgery. b Iba-1 expression in contralateral striatum after tMCAO surgery. c Iba-1 expression in ipsilateral striatum after tMCAO surgery. d CD68 expression in ipsilateral striatum after tMCAO surgery. Data are presented as mean ± SD. Brown–Forsythe and Welch ANOVA followed by two-stage linear step-up procedure of Benjamini, Krieger and Yekutieli was used for all analyses. * Denotes p < 0.05, ** denotes p < 0.01. e Representative images of Iba-1 staining in ipsilateral striatum after tMCAO (left panel), with corresponding examples of thresholded images (right panel). Scale bar: 250 µm. f Representative images of CD68 staining in ipsilateral striatum after tMCAO. Black arrows indicate CD68+ cells and red arrows indicate hematoxylin+ cells. Scale bar: 25 µm. Group sizes: a non-T2D n = 5, T2D/Ob n = 4, T2D/WL n = 4. b, c Non-T2D n = 7, T2D/Ob n = 5, T2D/WL n = 6. d Non-T2D n = 6, T2D/Ob n = 6, T2D/WL n = 6


Microglia/macrophage activation was then further analyzed by quantifying CD68 expression in ipsilateral striatum. CD68+ cells were not detected in contralateral striatum of any of the groups. However, CD68 expression showed a strong trend toward an increase in ipsilateral striatum of T2D/Ob mice vs. non-T2D mice (p ≈ 0.1, Fig. 3d, f) and this trend was abolished by weight loss in T2D/WL mice (p ≈ 0.1, Fig. 3d, f).
In unchallenged striatum, the GFAP immunoreactivity in astrocytes is sparse, and we detected no difference between the sham groups (Fig. 4a). The GFAP immunoreactivity, normalized to the respective sham group, was highly increased in the infarcted ipsilateral striatum 8 weeks after stroke and was comparable between the dietary groups (Fig. 4b). Most interestingly, the GFAP immunoreactivity in the striatum contralateral to the infarct was increased in the T2D/Ob mice compared to non-T2D (p < 0.05, Fig. 4c, d), indicating signs of neuroinflammation in the contralateral hemisphere. GFAP immunoreactivity in the T2D/WL mice did not differ from the sham group level. These results suggest that improved functional recovery after stroke after long-term (4 months) dietary change leading to weight loss is associated with a decreased neuroinflammatory response with respect to both microglia activation and astrocyte reactivity.[image: ]
Fig. 4Stroke-induced astrocyte response in contralateral striatum of T2D mice is normalized by weight loss. a GFAP immunoreactivity in striatum after sham surgery. b GFAP immunoreactivity fold increase over sham in ipsilateral striatum after tMCAO. c GFAP immunoreactivity fold increase over sham in striatum contralateral to stroke lesion after tMCAO. Data are presented as mean ± SD. Brown–Forsythe and Welch ANOVA followed by Dunnett’s post hoc test; *p < 0.05. d Representative images of GFAP immunoreactivity in contralateral striatum after tMCAO. Group sizes: a non-T2D n = 5, T2D/Ob n = 4, T2D/WL n = 4. b, c Non-T2D n = 3, T2D/Ob n = 3, T2D/WL n = 3


Pre-stroke dietary change leading to weight loss counteracts the T2D-induced atrophy of parvalbumin-positive interneurons
We previously showed that after stroke, the soma volume of PV+ interneurons is decreased in the peri-infarct region of the striatum and, while in non-T2D mice this effect is transient and the PV soma volume recovers back to normal within 6 weeks after stroke, this atrophy persists in T2D [43]. We here investigated the potential effect of long-term (4 months) dietary change leading to weight loss on atrophy of PV+ interneurons at 8 weeks after stroke. The results in Fig. 5b show a substantial atrophy of PV+ interneuron soma volume in the contralateral and ipsilateral peri-infarct striatum of T2D/Ob mice compared to the corresponding regions in non-T2D mice (p < 0.001 for contralateral striatum, and p < 0.0001 for ipsilateral peri-infarct striatum). In T2D/WL mice, this effect was almost entirely abolished (Fig. 5b, c). Interestingly, we observed the same effects in sham-operated animals (Fig. 5a). The results suggest that T2D and weight loss through dietary change, respectively, impair and restore the morphological phenotype (and likely the function) of this group of GABAergic interneurons. This effect occurs already before stroke and it persists during the whole duration of the post-stroke recovery phase.[image: ]
Fig. 5Dietary change leading to weight loss counteracts T2D-induced atrophy of PV+ interneurons. a Average soma volume of PV+ interneurons in striatum after sham surgery. b Average soma volume of PV+ interneurons in contralateral striatum and peri-infarct ipsilateral striatum after tMCAO. Data are presented as mean ± SD. Brown–Forsythe and Welch ANOVA (a) and Two-way ANOVA (b) followed by two-stage linear step-up procedure of Benjamini, Krieger and Yekutieli was used for analyses. * Denotes p < 0.05, ** denotes p < 0.01, *** denotes p < 0.001. c Representative images of PV+ interneurons in the ipsilateral striatum of non-T2D, T2D/Ob and T2D/WL mice after tMCAO. White dotted lines indicate the infarct region (infarct region is on right side of the dotted line; peri-infarct region is on left side of the dotted line). Scale bar for lower magnification images: 200 µm. Scale bar for higher magnification image inserts: 50 µm. Group sizes: a non-T2D n = 5, T2D/Ob n = 4, T2D/WL n = 4. b Non-T2D n = 7, T2D/Ob n = 6, T2D/WL n = 6


Pre-stroke dietary change leading to weight loss does not significantly affect stroke-induced neovascularization
To assess whether the improved functional recovery after long-term (4 months) weight loss was associated with changes in vascular remodeling, CD31+ vessel density was measured at 8 weeks after stroke in Study 2. A significant stroke-induced increase in vessel density was found in all groups, when comparing the contralateral striatum versus the infarct region (devoid of NeuN-positive neurons) of the ipsilateral striatum (Fig. 6a). However, no effect of T2D/Ob and T2D/WL on vessel density could be observed in the infarct region (Fig. 6a). Interestingly, a trend towards a diminished and normalized vessel density, respectively, in T2D/Ob and in T2D/WL mice, was found in the region analyzed at the border of the infarct (Fig. 6b, c). No significant differences between non-T2D, T2D/Ob and T2D/WL were found in sham mice (Additional file 1: Fig. S4).[image: ]
Fig. 6Pre-stroke T2D and dietary change leading to weight loss do not significantly alter vessel density after tMCAO. a CD31+ vessel density in contralateral striatum and infarct core (ipsilateral striatum) after tMCAO. b CD31+ vessel density in the infarct border (ipsilateral striatum) after tMCAO. Data are presented as mean ± SD. Two-way ANOVA (a) or Brown–Forsythe and Welch ANOVA (b) followed by two-stage linear step-up procedure of Benjamini, Krieger and Yekutieli was used for analyses. * Denotes p < 0.05. c Representative images of CD31+ vessel staining in the ipsilateral striatum of non-T2D, T2D/Ob and T2D/WL mice after tMCAO. White solid lines indicate the infarct region (infarct region is on right side of the solid line; peri-infarct region is on left side of the solid line). White dotted lines delineate the infarct border region that was analyzed in figure (b). Scale bar: 100 µm. Group sizes: a, b non-T2D n = 7, T2D/Ob n = 6, T2D/WL n = 6


Discussion
The goal of this study was to determine the potential efficacy of a pre-stroke dietary change intervention leading to weight loss in T2D/obese mice to improve post-stroke recovery. A short- (2 months) and a long-term (4 months) dietary change were compared. The results show that although both strategies resulted in a similar weight loss, only the long-term (4 months) dietary change enhanced functional recovery after stroke. The effect was associated with the normalization of glucose metabolism and in particular with the reduction of insulin resistance. Stroke recovery after weight loss also occurred in association with the pre-stroke reduction of cellular atrophy of PV+ interneurons and with the decrease of stroke-induced inflammation that was enhanced by T2D in the post-stroke recovery phase.
Several studies indicate that weight loss through dietary change can effectively treat T2D [46]. Although a specific positive effect of weight loss on stroke risk has not yet been proven, weight loss-based strategies are known to prevent macrovascular disease as a whole [10, 47, 48]. Moreover, high body weight variability predicts the development of cardiovascular complications in T2D [49]. This suggests that interventions targeting the body weight could also be efficacious for stroke prevention. An important question that has not been addressed previously is whether weight loss through dietary change (or even bariatric surgery) can also improve post-stroke neurological recovery. The answer to this question is very important since T2D worsens initial stroke outcome and it is a strong predictor of post-stroke dependency on supportive care in activities of daily living [50–53]. Thus, stroke patients with T2D constitute a large group in need of effective rehabilitation therapies. Furthermore, the medical need in this area will continuously grow due to the epidemic rise of diabetes globally [2], which will increase the number of stroke patients in the near future.
We hereby show the significant improvement of functional recovery by pre-stroke weight loss induced by long-term (4 months) dietary change. We also demonstrated that despite a substantial weight loss, a short-term (2 months) dietary change is insufficient to improve recovery, likely because it does not lead to the full normalization of glucose metabolism (i.e. glycemia and IR) as a prolonged, 4 month-long dietary change does. To come to this conclusion, we compared the body weight, glycemia and IR after 2 and 4 months of dietary change leading to weight loss, both before stroke and during the entire post-stroke recovery phase. Although the final body weight after 2 and 4 months of dietary change was similar, both before and after stroke, the fasting glucose levels before stroke were different between the two experimental paradigms. Specifically, 2-months of dietary change improved pre-stroke glycemia versus T2D/Ob mice, but the glycemic levels remained above the T2D threshold of 7 mmol/L. On the contrary, 4 months of dietary change resulted in the full normalization of glycemia pre-stroke. The importance of the pre-stroke normalization of glycemia for stroke recovery is also supported by the data showing that the post-stroke glycemic levels were undistinguishable between the groups that underwent either 2- or 4-months dietary change for the whole post-stroke recovery phase.
Two months of dietary change also improved pre-stroke insulin sensitivity versus T2D/Ob mice, but similarly to glycemia, the full normalization back to the values of the non-T2D control mice was only achieved after 4 months of dietary change. Importantly (and differently from glycemia), IR after 2 months of dietary change remained also significantly higher than non-T2D mice for the whole post-stroke recovery phase, whilst in the mice after 4 months of dietary change this parameter (as the glycemia) was already fully normalized (equal to non-T2D mice) before experimental stroke.
Although correlative, these results suggest that the full normalization of pre-stroke glycemia and IR after 4-months of dietary change versus the partial normalization of these parameters after only 2-months may play a key role in improving functional recovery after stroke. Moreover, the normalization of IR after 4 months of dietary change may play a more determinant role in improving post-stroke recovery, since this parameter was only partially normalized by 2-months of dietary change also during the post-stroke recovery phase while after 4-months of dietary change insulin resistance was fully reversed. Follow-up studies should test the hypothesis of whether the administration of anti-diabetic drugs in addition to diet-induced weight loss could result in additive and/or synergistic effects on stroke recovery. Glucagon-like peptide 1 receptor agonists and dipeptidyl-peptidase 4 inhibitors are very interesting in this respect since many preclinical studies have shown their positive effects on stroke recovery [37, 39, 54]. Sodium–glucose cotransporter-2 (SGLT2) inhibitors are also very attractive drugs as they reduce the rate of adverse cardiovascular outcome and mortality in T2D patients [55]. Furthermore, they produce beneficial effects in the heart [56, 57]. However, no study has investigated the potential efficacy of SGLT2 inhibitors on stroke recovery.
In the search of potential additional metabolic factors involved in improved post-stroke recovery induced by 4 months of dietary change, we focused our studies on PAI-1 which is a key player in the regulation of fibrinolysis and several studies have shown abnormal levels of this protein in both T2D and insulin resistant states [58]. PAI-1 has been also associated with the progression of the metabolic syndrome and diabetes but also with the worsening of stroke pathophysiology [45]. As expected, we recorded a significant increase of PAI-1 in T2D/Ob mice before stroke. Interestingly, this effect was entirely abolished (back to the same levels of non-T2D mice) by 4 months of dietary change, before stroke induction. However, we could not record the same effect post-stroke, since tMCAO reduced the serum levels of PAI-1 in T2D/Ob mice to the levels of the non-T2D mice. Additional experiments will be needed to understand whether the strong pre-stroke downregulation of PAI-1 by dietary change leading to weight loss is linked to improved post-stroke functional recovery.
To identify some of the cellular mechanisms involved in improved post-stroke recovery by weight loss, we investigated T2D-induced mechanisms of neurovascular damage known to hamper functional recovery in the post-acute phase after stroke. We specifically focused on neuroinflammation, stroke-induced angiogenesis and cellular atrophy of GABAergic PV+ interneurons.
Neuroinflammation plays an important role in stroke recovery [59]. We previously found that impaired stroke recovery in T2D mice correlates with increased microglial activation during the post-stroke recovery phase [33]. Our current findings confirm this by showing increased Iba-1 immunoreactivity in the ipsilateral striatum of T2D/Ob mice as compared to non-T2D mice, at 8 weeks after stroke. Strikingly, the aggravated post-stroke microglia activation in T2D/Ob mice could be prevented entirely by 4 months of pre-stroke dietary change leading to weight loss. The beneficial effect of weight loss could also be potentially related to the reduction/normalization of HFD-induced low-grade systemic inflammation, for example the reduction of adipocyte-secreted pro-inflammatory cytokines, interleukin-1 and interleukin-6 as well as high-sensitivity CRP [60–63]. Stroke-induced reactive gliosis protects the ischemic penumbra as shown by larger infarcts in mice in which reactive gliosis was attenuated by genetic ablation of GFAP and vimentin (GFAP−/−Vim−/−) [28, 32] and GFAP−/−Vim−/− astrocytes exhibit less efficient endothelin-3-induced blockage of gap junctional communication [28], lower levels of glutamine [64], lower glutamate transport [28] or increased vulnerability to oxidative stress [65]. Here we found no difference between the dietary groups in GFAP immunoreactivity in the post-stroke ipsilateral striatum 8 weeks after stroke. Strikingly, the GFAP immunoreactivity was increased in the contralateral striatum of T2D/Ob mice, but in the weight loss group was comparable to the sham group levels. This implies that T2D-induced post-stroke neuroinflammatory response of astrocytes in the contralateral striatum is prevented by dietary change prior to stroke. It is tempting to speculate that astrocyte reactivity in the contralesional hemisphere at 8 weeks after stroke reflects persisting neuroinflammation, which might contribute to secondary neurodegeneration. These results provide further support for the role of exacerbated neuroinflammation in the impairment of long-term functional recovery after stroke in T2D, and strongly indicate that a pre-stroke normalization of weight by a dietary change could mitigate this effect.
Vascular remodelling plays a key role in post-stroke recovery [66]. In a recent study [37], we found a significant increase in striatal vessel density in the peri-infarct region compared to the respective contralateral striatum, in both T2D/Ob and non-T2D mice at 8 weeks post-stroke, indicating a post-stroke angiogenic effect. However, this effect was smaller in the T2D/Ob group. In the current study, we only observed a trend towards a decreased angiogenic response in the T2D/Ob group and interestingly this trend was reversed in the T2D/WL group. Although speculative, these results suggest a potential role of a 4-month dietary change leading to weight loss before stroke in restoring the vascular dysfunction caused by T2D in the infarct region. If so, this effect could be potentially associated with the restoration of the long-term functional recovery after stroke. However, additional studies are needed to prove this hypothesis.
PV+ interneurons in striatum play a key role in facilitating movement by modulating the activity of striatal medium spiny neurons [67]. Impaired functioning of PV+ neurons after stroke may therefore contribute to stroke pathology, by causing a disturbed excitation-inhibition balance in brain circuits [68]. We have observed in several studies that T2D/Ob causes atrophy of PV+ interneurons in the ipsilateral striatum after stroke [33, 37, 69]. The current study confirms these findings. Moreover, T2D/Ob-induced atrophy of PV+ interneurons was also found in the contralateral striatum, as well as in striatum of sham T2D/Ob mice. As such, it appears that T2D causes atrophy of striatal PV+ interneurons and that this effect persists after stroke. Although speculative, we hypothesize that T2D hampers post-stroke functional recovery by, among other effects, decreasing the soma size of PV+ interneurons both pre- and post-stroke. Indeed, reduced neuronal soma size has been related with diminished neuronal activity and connectivity [70–73] and decreased neuronal soma volume has also been linked with different diseases, including Huntington’s disease, Down syndrome, Rett syndrome and schizophrenia [71, 73–76]. Accordingly, the beneficial effects of pre-stroke weight loss via dietary change on post-stroke recovery might rely on rescuing PV+ interneurons from T2D-induced atrophy, since weight loss was found to normalize PV+ interneuron soma size in both sham and stroke mice. We are aware that measuring atrophy of PV+ interneurons does not provide direct insights into their functioning and/or activity. Therefore, whether T2D and weight loss induced by dietary change can respectively impair and improve functional recovery after stroke through changes in the soma volume of PV+ interneurons remain to be addressed by functional studies.
Conclusions
The number of diabetic people suffering from stroke is continuously growing and today, more than ever, stroke neurologists are challenged to deeply understand how to treat stroke patients suffering from diabetes. The idea of “treating diabetes to prevent stroke” is very tangible in this respect and supported by several studies [77]. This study extends this concept to promote future clinical trials aimed at determining if treating diabetic people with dietary change leading to weight loss will improve their neurological recovery after stroke. If so, this will facilitate their rehabilitation process and aid secondary prevention. Our results strongly support this type of strategy and specifically suggest that a long-term weight loss able to normalize glucose metabolism and in particular IR can have profound effects in the brain by reducing neuroinflammation, enhancing neuroplasticity and leading to improved functional recovery after stroke.
Acknowledgements
We thank Dr. Fuad Bahram (Södersjukhuset) for technical assistance and Dr. Hans Pettersson for advice on statistical analyses. We also thank Dr. Osama Elabi (Lund University) for kindly sharing his protocols for blood vessel staining and analysis.

Authors’ contributions
DK performed immunohistochemistry studies and stereology analysis; acquired and processed images and figures, performed the ELISA immunoassays; contributed to discussion; edited the manuscript. AZ conceived the study, assisted with in vivo experiments, provided expertise, contributed to discussion, edited the manuscript, and contributed to the revision of the manuscript. UW acquired and processed images and figures, performed part of the immunohistochemistry studies and contributed to discussion and edited the manuscript. DD performed immunohistochemistry studies and part of the metabolic tests, acquired and processed images and figures, contributed to discussion; edited the manuscript. EV contributed to discussion and the revision of the manuscript. ML provided expertise, contributed to discussion and edited the manuscript. TN provided expertise and resources, contributed to discussion and edited the manuscript. MP conceived and provided resources for the part of the study related to the astrocytes, contributed to discussion and edited the manuscript. CP conceived, designed and coordinated the research plan, contributed to discussion and wrote the manuscript. VD conceived and designed the study, performed the stroke experiments and diabetic tests, contributed to discussion and wrote the manuscript. All authors read and approved the final manuscript.

Funding
Open access funding provided by Karolinska Institute. Financial support was provided by the Swedish Medical Research Council (2018-02483 to CP and 2017-02255 to MP), Hjärnfonden/The Swedish Brain Foundation, the FANG foundation, the European Foundation for the Study of Diabetes (EFSD), the Swedish Heart–Lung Foundation, Diabetesfonden, Ulla Hamberg Angeby och Lennart Angebys Stiftelse, the Swedish Stroke Foundation, ALF Stockholm (951953 to TN) and ALF Gothenburg (724421 to MP), Söderbergs’ Foundations, Hagströmer’s Foundation Millennium, Amlöv’s Foundation, and E. Jacobson’s Donation Fund.

Availability of data and materials
The data that support the findings of this study are available from the corresponding authors upon reasonable request.

Declarations
Ethics approval and consent to participate
All applicable international, national, and/or institutional guidelines for the care and use of animals were followed where the studies were conducted under the ethical approval ID1126 (Karolinska Institutet).

Consent for publication
Not applicable. All authors have declared their consent for this publication.

Competing interests
T.N. has received unrestricted grants from AstraZeneca and consultancy fees from Boehringer Ingelheim, Eli Lilly, Novo Nordisk, Merck and Sanofi-Aventis. The other authors declare that they have no competing interests.


Change History
30 March 2022The missing funding information has been updated in Funding Section


References
	1.
Hunt D, Hemmingsen B, Matzke A, Varghese C, Hammerich A, Luciani S, et al. The WHO global diabetes compact: a new initiative to support people living with diabetes. Lancet Diabetes Endocrinol. 2021;9(6):325–7.PubMed

	2.
Lau LH, Lew J, Borschmann K, Thijs V, Ekinci EI. Prevalence of diabetes and its effects on stroke outcomes: a meta-analysis and literature review. J Diabetes Investig. 2019;10(3):780–92.PubMed

	3.
Andrews RC, Cooper AR, Montgomery AA, Norcross AJ, Peters TJ, Sharp DJ, et al. Diet or diet plus physical activity versus usual care in patients with newly diagnosed type 2 diabetes: the Early ACTID randomised controlled trial. Lancet. 2011;378(9786):129–39.PubMed

	4.
Bluher M. Obesity: global epidemiology and pathogenesis. Nat Rev Endocrinol. 2019;15(5):288–98.PubMed

	5.
Jia Q, Zhao X, Wang C, Wang Y, Yan Y, Li H, et al. Diabetes and poor outcomes within 6 months after acute ischemic stroke: the China National Stroke Registry. Stroke. 2011;42(10):2758–62.PubMed

	6.
Nayak AR, Badar SR, Lande N, Kawle AP, Kabra DP, Chandak NH, et al. Prediction of outcome in diabetic acute ischemic stroke patients: a hospital-based pilot study report. Ann Neurosci. 2016;23(4):199–208.PubMedPubMedCentral

	7.
James WP. The epidemiology of obesity: the size of the problem. J Intern Med. 2008;263(4):336–52.PubMed

	8.
Kopelman P. Health risks associated with overweight and obesity. Obes Rev. 2007;8(Suppl 1):13–7.PubMed

	9.
Zomer E, Gurusamy K, Leach R, Trimmer C, Lobstein T, Morris S, et al. Interventions that cause weight loss and the impact on cardiovascular risk factors: a systematic review and meta-analysis. Obes Rev. 2016;17(10):1001–11.PubMed

	10.
Charakida M, Khan T, Johnson W, Finer N, Woodside J, Whincup PH, et al. Lifelong patterns of BMI and cardiovascular phenotype in individuals aged 60–64 years in the 1946 British birth cohort study: an epidemiological study. Lancet Diabetes Endocrinol. 2014;2(8):648–54.PubMed

	11.
Harrington M, Gibson S, Cottrell RC. A review and meta-analysis of the effect of weight loss on all-cause mortality risk. Nutr Res Rev. 2009;22(1):93–108.

	12.
Look ARG. Effect of a long-term behavioural weight loss intervention on nephropathy in overweight or obese adults with type 2 diabetes: a secondary analysis of the look AHEAD randomised clinical trial. Lancet Diabetes Endocrinol. 2014;2(10):801–9.

	13.
Magkos F, Fraterrigo G, Yoshino J, Luecking C, Kirbach K, Kelly SC, et al. Effects of moderate and subsequent progressive weight loss on metabolic function and adipose tissue biology in humans with obesity. Cell Metab. 2016;23(4):591–601.PubMedPubMedCentral

	14.
Sjostrom L. Review of the key results from the Swedish obese subjects (SOS) trial—a prospective controlled intervention study of bariatric surgery. J Intern Med. 2013;273(3):219–34.PubMed

	15.
Clifton PM, Keogh JB. Effects of different weight loss approaches on CVD risk. Curr Atheroscler Rep. 2018;20(6):27.PubMed

	16.
Capes SE, Hunt D, Malmberg K, Pathak P, Gerstein HC. Stress hyperglycemia and prognosis of stroke in nondiabetic and diabetic patients: a systematic overview. Stroke. 2001;32(10):2426–32.PubMed

	17.
Desilles JP, Meseguer E, Labreuche J, Lapergue B, Sirimarco G, Gonzalez-Valcarcel J, et al. Diabetes mellitus, admission glucose, and outcomes after stroke thrombolysis: a registry and systematic review. Stroke. 2013;44(7):1915–23.PubMed

	18.
Chang JY, Kim WJ, Kwon JH, Kim BJ, Kim JT, Lee J, et al. Prestroke glucose control and functional outcome in patients with acute large vessel occlusive stroke and diabetes after thrombectomy. Diabetes Care. 2021;44(9):2140–8.PubMedPubMedCentral

	19.
Zabala A, Darsalia V, Holzmann MJ, Franzen S, Svensson AM, Eliasson B, et al. Risk of first stroke in people with type 2 diabetes and its relation to glycaemic control: a nationwide observational study. Diabetes Obes Metab. 2020;22(2):182–90.PubMed

	20.
Bauman V, Ariel-Donges AH, Gordon EL, Daniels MJ, Xu D, Ross KM, et al. Effect of dose of behavioral weight loss treatment on glycemic control in adults with prediabetes. BMJ Open Diabetes Res Care. 2019;7(1): e000653.PubMedPubMedCentral

	21.
Facchini FS, Hua N, Abbasi F, Reaven GM. Insulin resistance as a predictor of age-related diseases. J Clin Endocrinol Metab. 2001;86(8):3574–8.PubMed

	22.
Schenk S, Harber MP, Shrivastava CR, Burant CF, Horowitz JF. Improved insulin sensitivity after weight loss and exercise training is mediated by a reduction in plasma fatty acid mobilization, not enhanced oxidative capacity. J Physiol. 2009;587(Pt 20):4949–61.PubMedPubMedCentral

	23.
Janssen I, Fortier A, Hudson R, Ross R. Effects of an energy-restrictive diet with or without exercise on abdominal fat, intermuscular fat, and metabolic risk factors in obese women. Diabetes Care. 2002;25(3):431–8.PubMed

	24.
Forsythe LK, Wallace JM, Livingstone MB. Obesity and inflammation: the effects of weight loss. Nutr Res Rev. 2008;21(2):117–33.PubMed

	25.
Pitsavos C, Tampourlou M, Panagiotakos DB, Skoumas Y, Chrysohoou C, Nomikos T, et al. Association between low-grade systemic inflammation and type 2 diabetes mellitus among men and women from the ATTICA study. Rev Diabet Stud. 2007;4(2):98–104.PubMedPubMedCentral

	26.
Han C, Rice MW, Cai D. Neuroinflammatory and autonomic mechanisms in diabetes and hypertension. Am J Physiol Endocrinol Metab. 2016;311(1):E32-41.PubMedPubMedCentral

	27.
Levard D, Buendia I, Lanquetin A, Glavan M, Vivien D, Rubio M. Filling the gaps on stroke research: focus on inflammation and immunity. Brain Behav Immun. 2021;91:649–67.PubMed

	28.
Li L, Lundkvist A, Andersson D, Wilhelmsson U, Nagai N, Pardo AC, et al. Protective role of reactive astrocytes in brain ischemia. J Cereb Blood Flow Metab. 2008;28(3):468–81.

	29.
Pekny M, Pekna M. Astrocyte reactivity and reactive astrogliosis: costs and benefits. Physiol Rev. 2014;94(4):1077–98.PubMed

	30.
Pekna M, Pekny M. The complement system: a powerful modulator and effector of astrocyte function in the healthy and diseased central nervous system. Cells. 2021;10(7):1812.PubMedPubMedCentral

	31.
Pekna M, Pekny M, Nilsson M. Modulation of neural plasticity as a basis for stroke rehabilitation. Stroke. 2012;43(10):2819–28.PubMed

	32.
Pekny M, Wilhelmsson U, Tatlisumak T, Pekna M. Astrocyte activation and reactive gliosis—a new target in stroke? Neurosci Lett. 2019;689:45–55.PubMed

	33.
Augestad IL, Pintana H, Larsson M, Krizhanovskii C, Nystrom T, Klein T, et al. 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(9):1961–73.PubMed

	34.
Ergul A, Alhusban A, Fagan SC. Angiogenesis: a harmonized target for recovery after stroke. Stroke. 2012;43(8):2270–4.PubMedPubMedCentral

	35.
Prakash R, Li W, Qu Z, Johnson MA, Fagan SC, Ergul A. Vascularization pattern after ischemic stroke is different in control versus diabetic rats: relevance to stroke recovery. Stroke. 2013;44(10):2875–82.PubMed

	36.
Ergul A, Abdelsaid M, Fouda AY, Fagan SC. Cerebral neovascularization in diabetes: implications for stroke recovery and beyond. J Cereb Blood Flow Metab. 2014;34(4):553–63.PubMedPubMedCentral

	37.
Augestad IL, Dekens D, Karampatsi D, Elabi O, Zabala A, Pintana H, 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. https://​doi.​org/​10.​1111/​bph.​15524.CrossrefPubMed

	38.
Johnstone A, Levenstein JM, Hinson EL, Stagg CJ. Neurochemical changes underpinning the development of adjunct therapies in recovery after stroke: a role for GABA? J Cereb Blood Flow Metab. 2018;38(9):1564–83.PubMed

	39.
Augestad IL, Pintana H, Larsson M, Krizhanovskii C, Nystrom T, Klein T, et al. 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(9):1961–73.PubMed

	40.
Percie du Sert N, Hurst V, Ahluwalia A, Alam S, Avey MT, Baker M, et al. The ARRIVE guidelines 2.0: updated guidelines for reporting animal research. J Physiol. 2020;598(18):3793–801.PubMed

	41.
Hara H, Huang PL, Panahian N, Fishman MC, Moskowitz MA. Reduced brain edema and infarction volume in mice lacking the neuronal isoform of nitric oxide synthase after transient MCA occlusion. J Cereb Blood Flow Metab. 1996;16(4):605–11.PubMed

	42.
Bederson JB, Pitts LH, Tsuji M, Nishimura MC, Davis RL, Bartkowski H. Rat middle cerebral artery occlusion: evaluation of the model and development of a neurologic examination. Stroke. 1986;17(3):472–6.PubMed

	43.
Pintana H, Lietzau G, Augestad IL, Chiazza F, Nystrom T, Patrone C, et al. 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(13):1367–86.

	44.
Wattananit S, Tornero D, Graubardt N, Memanishvili T, Monni E, Tatarishvili J, et al. Monocyte-derived macrophages contribute to spontaneous long-term functional recovery after stroke in mice. J Neurosci. 2016;36(15):4182–95.PubMedPubMedCentral

	45.
Tjarnlund-Wolf A, Brogren H, Lo EH, Wang X. Plasminogen activator inhibitor-1 and thrombotic cerebrovascular diseases. Stroke. 2012;43(10):2833–9.PubMedPubMedCentral

	46.
Lean ME, Leslie WS, Barnes AC, Brosnahan N, Thom G, McCombie L, et al. Primary care-led weight management for remission of type 2 diabetes (DiRECT): an open-label, cluster-randomised trial. Lancet. 2018;391(10120):541–51.PubMed

	47.
Li G, Zhang P, Wang J, An Y, Gong Q, Gregg EW, et al. Cardiovascular mortality, all-cause mortality, and diabetes incidence after lifestyle intervention for people with impaired glucose tolerance in the Da Qing diabetes prevention study: a 23-year follow-up study. Lancet Diabetes Endocrinol. 2014;2(6):474–80.PubMed

	48.
Sattar N. Prevention of diabetes macrovascular complications and heart failure. Endocrinol Metab Clin N Am. 2021;50(3):415–30.

	49.
Ceriello A, Lucisano G, Prattichizzo F, Eliasson B, Franzen S, Svensson AM, et al. Variability in body weight and the risk of cardiovascular complications in type 2 diabetes: results from the Swedish national diabetes register. Cardiovasc Diabetol. 2021;20(1):173.PubMedPubMedCentral

	50.
Pulsinelli WA, Levy DE, Sigsbee B, Scherer P, Plum F. Increased damage after ischemic stroke in patients with hyperglycemia with or without established diabetes mellitus. Am J Med. 1983;74(4):540–4.PubMed

	51.
Megherbi SE, Milan C, Minier D, Couvreur G, Osseby GV, Tilling K, 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(3):688–94.PubMed

	52.
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(2):389–94.PubMed

	53.
Luitse MJ, Biessels GJ, Rutten GE, Kappelle LJ. Diabetes, hyperglycaemia, and acute ischaemic stroke. Lancet Neurol. 2012;11(3):261–71.PubMed

	54.
Darsalia V, Klein T, Nystrom T, Patrone C. Glucagon-like receptor 1 agonists and DPP-4 inhibitors: anti-diabetic drugs with anti-stroke potential. Neuropharmacology. 2017;136:280–6.PubMed

	55.
Zinman B, Wanner C, Lachin JM, Fitchett D, Bluhmki E, Hantel S, et al. Empagliflozin, cardiovascular outcomes, and mortality in type 2 diabetes. N Engl J Med. 2015;373(22):2117–28.PubMed

	56.
Quagliariello V, De Laurentiis M, Rea D, Barbieri A, Monti MG, Carbone A, et al. The SGLT-2 inhibitor empagliflozin improves myocardial strain, reduces cardiac fibrosis and pro-inflammatory cytokines in non-diabetic mice treated with doxorubicin. Cardiovasc Diabetol. 2021;20(1):150.PubMedPubMedCentral

	57.
Cowie MR, Fisher M. SGLT2 inhibitors: mechanisms of cardiovascular benefit beyond glycaemic control. Nat Rev Cardiol. 2020;17(12):761–72.PubMed

	58.
Altalhi R, Pechlivani N, Ajjan RA. PAI-1 in diabetes: pathophysiology and role as a therapeutic target. Int J Mol Sci. 2021;22(6):3170.PubMedPubMedCentral

	59.
Jayaraj RL, Azimullah S, Beiram R, Jalal FY, Rosenberg GA. Neuroinflammation: friend and foe for ischemic stroke. J Neuroinflammation. 2019;16(1):142.PubMedPubMedCentral

	60.
Cortez M, Carmo LS, Rogero MM, Borelli P, Fock RA. A high-fat diet increases IL-1, IL-6, and TNF-alpha production by increasing NF-kappaB and attenuating PPAR-gamma expression in bone marrow mesenchymal stem cells. Inflammation. 2013;36(2):379–86.PubMed

	61.
McGillicuddy FC, Harford KA, Reynolds CM, Oliver E, Claessens M, Mills KH, et al. Lack of interleukin-1 receptor I (IL-1RI) protects mice from high-fat diet-induced adipose tissue inflammation coincident with improved glucose homeostasis. Diabetes. 2011;60(6):1688–98.PubMedPubMedCentral

	62.
Townsend LK, Medak KD, Peppler WT, Meers GM, Rector RS, LeBlanc PJ, et al. High-saturated-fat diet-induced obesity causes hepatic interleukin-6 resistance via endoplasmic reticulum stress. J Lipid Res. 2019;60(7):1236–49.PubMedPubMedCentral

	63.
Marques-Vidal P, Bochud M, Bastardot F, Luscher T, Ferrero F, Gaspoz JM, et al. Association between inflammatory and obesity markers in a Swiss population-based sample (CoLaus study). Obes Facts. 2012;5(5):734–44.PubMed

	64.
Pekny M, Eliasson C, Siushansian R, Ding M, Dixon SJ, Pekna M, et al. The impact of genetic removal of GFAP and/or vimentin on glutamine levels and transport of glucose and ascorbate in astrocytes. Neurochem Res. 1999;24(11):1357–62.PubMed

	65.
de Pablo Y, Nilsson M, Pekna M, Pekny M. Intermediate filaments are important for astrocyte response to oxidative stress induced by oxygen-glucose deprivation and reperfusion. Histochem Cell Biol. 2013;140(1):81–91.PubMed

	66.
Liu J, Wang Y, Akamatsu Y, Lee CC, Stetler RA, Lawton MT, et al. Vascular remodeling after ischemic stroke: mechanisms and therapeutic potentials. Prog Neurobiol. 2014;115:138–56.PubMed

	67.
Gritton HJ, Howe WM, Romano MF, DiFeliceantonio AG, Kramer MA, Saligrama V, et al. Unique contributions of parvalbumin and cholinergic interneurons in organizing striatal networks during movement. Nat Neurosci. 2019;22(4):586–97.PubMedPubMedCentral

	68.
Povysheva N, Nigam A, Brisbin AK, Johnson JW, Barrionuevo G. Oxygen-glucose deprivation differentially affects neocortical pyramidal neurons and parvalbumin-positive interneurons. Neuroscience. 2019;412:72–82.PubMed

	69.
Pintana H, Lietzau G, Augestad IL, Chiazza F, Nyström T, Patrone C, et al. 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(13):1367–86.

	70.
Sengupta B, Faisal AA, Laughlin SB, Niven JE. The effect of cell size and channel density on neuronal information encoding and energy efficiency. J Cereb Blood Flow Metab. 2013;33(9):1465–73.PubMedPubMedCentral

	71.
Freas CA, Roth T, LaDage L, Pravosudov V. Hippocampal neuron soma size is associated with population differences in winter climate severity in food-caching chickadees. Funct Ecol. 2013;27:1341–9.

	72.
Ito T, Bishop DC, Oliver DL. Two classes of GABAergic neurons in the inferior colliculus. J Neurosci. 2009;29(44):13860–9.PubMedPubMedCentral

	73.
Huo HQ, Qu ZY, Yuan F, Ma L, Yao L, Xu M, et al. Modeling down syndrome with patient iPSCs reveals cellular and migration deficits of GABAergic neurons. Stem Cell Rep. 2018;10(4):1251–66.

	74.
Reiner A, Shelby E, Wang H, Demarch Z, Deng Y, Guley NH, et al. Striatal parvalbuminergic neurons are lost in Huntington’s disease: implications for dystonia. Mov Disord. 2013;28(12):1691–9.PubMedPubMedCentral

	75.
Rajkowska G, Selemon LD, Goldman-Rakic PS. Neuronal and glial somal size in the prefrontal cortex: a postmortem morphometric study of schizophrenia and Huntington disease. Arch Gen Psychiatry. 1998;55(3):215–24.PubMed

	76.
Rangasamy S, Olfers S, Gerald B, Hilbert A, Svejda S, Narayanan V. Reduced neuronal size and mTOR pathway activity in the Mecp2 A140V Rett syndrome mouse model. F1000Res. 2016;5:2269.PubMedPubMedCentral

	77.
Kernan WN, Inzucchi SE. Treating diabetes to prevent stroke. Stroke. 2021;52(5):1557–60.PubMed



Publisher's Note
Springer Nature remains neutral with regard to jurisdictional claims in published maps and institutional affiliations.


OEBPS/navigation.xhtml

    
      Contents


      
        		Diet-induced weight loss in obese/diabetic mice normalizes glucose metabolism and promotes functional recovery after stroke


      


    
    
      Landmarks


      
        		Body Matter


      


    
  

OEBPS/images/12933_2021_1426_Fig3_HTML.png
Iba-1 expression (pixels)

15 15 — 3x105;
E 0053 0053 E %
5% = 5% ¥
= e S o
@ ] | &
> 10 > 10 c 2x10%
. e :
c} 5 g
%G 5 %o 5 2 1x105
E-R s £ o K4
3 z |3
s s 1= g
0 0 0
O o o
& & W & F Y & F
& B L & & &
Contralateral Ipsilateral Ipsilateral

f ~






OEBPS/images/12933_2021_1426_Fig5_HTML.png
PV soma volume (pms)

18004 = _*
1600 E
1400} =
1200
1000
800'—r—|—r—
\0’0 Q‘\V
\\o“ &
Sham

Non-T2D

PV soma volume (um?3)

18004 =
= * o Non-T2D
1600 a o[ ° T2D/Ob
olo o T2D/WL
1400 )
oo © Slo
1200 o &
1000
800 T T
Contralateral Peri-infarct
T2D/Ob T2D/WL






OEBPS/css/envelope.png





OEBPS/images/12933_2021_1426_Fig4_HTML.png
(4]

mvv - 2
* @0@
e
| 2,
. <
% -
.\.oo
! ) 1
o« o~ - <
weys JaAo aseidul pjoj-
‘Aysuap pajesboju|
o
T_'.o - 2
o §
4
| %,
1
AI_PL - Qs
.\.Qo
T T T T Y
(= o o o o
© ©o A ~
weys 19A0 asesoul pjoy-
‘Ayisuep pajesbaju|
e |
&o»
i
= %
Y
(2
2
o e fa
R,
I 7 T 1 ;¥
= =3 =3 =
i : & i
(‘n°e) Ayisuap pajesbaju|

Contralateral

Ipsilateral

Sham

i T2D/WL





OEBPS/images/12933_2021_1426_Fig1_HTML.png
a  Study 1

Weight/ ) Sacrifice/
et “h ;mcsﬁ%/ery grip str‘eiz%th test Fastlng‘]glucose ll-_lC
fasting glucose/ S £
grip strength test

Dy - I { T2DWL

HFD HFD iy SD: : : : : : : .
=L ; 1 L. : Non-T2D

0 6 8§ 3 1 2 3 4 5 6 78
days
Months before surgery Weeks after surgery

b Study 2 Weight! S
tMCAO/ rip strength test/ . acrifice

sham surgery O Sl test Fasting glucose IHC

Weight/ ¢ :
fasting glucose/
grip strength test
=D : T2DIWL
HFD | HFD iy SD: ——
0, —1y0: | : : : Non-T2D
0 6 8 0 3 1 2 3 4 5 6 78

days
Months before surgery Weeks after surgery





OEBPS/css/sidebar.gif





OEBPS/images/12933_2021_1426_Fig2_HTML.png
After dietary change Before dietary change

After stroke

After stroke

Short-term dietary change (Study 1)

Long-term dietary change (Study 2)

a b c | m n -
. put sr Sy
60 15 ZERE 12000 60 ’_l 15 T 12000
£ . —~ Ak S £ ~
8% — E1o | # Som g% | * E10 & g oo
%40 a . % < %: E£404 2 - <
=) =, ~ Q
240 "k'. g5 e~ £ 6000 g £ & g 5 #& E 6000
9 [}
20l L E— 3000 —— 20— O de—— 3000 ——
L ek ke
d - sk f — ik
b °  aw . a
60 |—| S15q 12000 60 S 15 12000:
2 e whkk % s £ o =~ ok
%1 . % ? £E10 & g 9000 I 3% é ? § E10 & S 9000
E40 2 < £ a0 o < %
=) L3 % g 5= + £ 6000 *‘l’ g . Es{® ¥ L e %*?
230 - 3 E -+ 2 30 : E -
20-——7— 0t—7— 3000 -——7— 20— 0= ——7— 3000-+——7—
r s
[5)
b=
Y
>
2
g h g
o R 5 e
120 PR 2 )
L R ot 1 < 8
100 it wy g H
3 3 812335867 8 5
80 8 Weeks
g g t
L 60 g’
40 2
—— =3
3d1 2345678 & 5
Weeks g
* Non-T2D vs.T20/0b s
# Non-T2D vs. T2D/WL 2
$ T2D/Ob vs. T2D/WL %
0.0 T T T
2 5 8
Weeks
* Non-T2D vs.T2D/Ob
$ T2D/Ob vs.T2D/WL
- o, N
i j k M u v s w
| ox =
60 g 1200041 A1 1 60t —HiL TR 120007 7T
. - R, - £ £
=03 £ g 9000 Chla Bee E10 |—; g 9000 T—*F *|*—*|*
g wﬂ g = 0 ‘* ’ %40 g 5 . ofa <(veooo ¢ $
230 S E. 6000 2 Y & = 30 = 4 E 323"
20 9 ody . 30001 — | 20 04— , 30001— Y
3d2 46 8 4 8 4 8 3d2 46 8 4 8 4 8
Weeks Weeks Weeks Weeks Weeks Weeks

% Non-T2D vs.T2D/Ob
$ T2D/Ob vs. T2D/WL

* Non-T2D vs.T2D/Ob
$ T2D/Ob vs. T2D/WL

® Non-T2D e T2D/Ob

e T2D/WL






OEBPS/images/12933_2021_1426_Fig6_HTML.png
Q
o

25 ok Ao 28] Non-T2D
S 204 o . g2 | o T2D/Ob
= 1T = = T2D/WL
» 15 ) T ¢ -+ B
3 v 5
; 10 3 — 75 & s
2 b5 8
O 54 = O 59

c C I. 1 1 -|I 1 0_

I al P &
& & &
& K ¥
T2D/Ob T2D/WL






