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Background: Stroke patients with diabetes suffer from higher mortality rate and worsened neurological outcome. However, the responses of immune system to cerebral ischemia in the setting of diabetes remain poorly understood.

Methods: In this study, we investigated the temporal profile of leukocyte mobilization and brain infiltration following distal middle cerebral artery occlusion (dMCAO) in db/db mouse model of type 2 diabetes (T2D) and its db/+ normoglycemic controls.

Results: We found a significant increase of brain-infiltrating CD4+ T cell at day 3 after dMCAO, and a delayed and dramatic increase of brain-infiltrating neutrophils, CD4+ T cells, CD8+ T cells, and B cells at day 7 after dMCAO in db/db mice vs. db/+ controls. Leukocyte subsets in the circulation and spleen were also measured, however, there is no significant difference between non-diabetic and diabetic groups. Furthermore, we identified an increased expression of activation marker CD69 in brain-infiltrating neutrophils, CD4+ T and CD8+ T cells, and IFN-γ in brain-infiltrating CD4+ T cells in db/db mice at day 7 after dMCAO.

Conclusions: These findings for the first time demonstrate that cerebral ischemia induces a delayed and sustained augmentation of brain infiltration and activation of neutrophils and lymphocytes in type 2 diabetic mice and these altered immune responses might contribute to the severer brain tissue damage and worse neurological outcomes of diabetes stroke, which warrants further investigation.
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INTRODUCTION

Stroke is a leading cause of death and long-term disability accompanied by a major economic and healthcare burden. Among the prominent risk factors of stroke, diabetes mellitus (DM) has been linked to higher mortality rate and worsened neurological outcome in stroke patients (1–3). Approximately 30% of stroke patients are diabetic (4, 5), however, the underlying mechanisms responsible for the increased post-ischemic brain injury in subset of stroke patients remain poorly understood.

Nearly 90% of DM patients suffer from type 2 diabetes (T2D). Emerging evidence suggests that immune and inflammatory response is a critical driver in the pathogenesis of T2D, including obesity-related insulin resistance, impaired insulin secretion, and diabetes-related vascular complications (6–14). Given that inflammation is a key participant in brain injury and recovery after ischemia, and that the immune system and its responses to injury is profoundly altered in diabetes, how the immune system respond to cerebral ischemia in the setting of diabetes remains a fundamental yet unanswered question.

The leptin receptor deficient db/db mice are the most commonly used T2D rodent models in study of diabetes pathophysiology and complications including ischemic stroke (15–18). It has been reported that after focal cerebral ischemia, diabetic db/db mice presented confounding pathological features, including metabolic dysregulation, systemic, and vascular inflammation, aggravated blood-brain barrier integrity disruption and pro-inflammatory response, white matter integrity loss, severer brain damage, and worse neurological deficits (19, 20). These pathological outcomes closely mimic clinical observations (21, 22). In the same distal middle cerebral artery occlusion (dMCAO) stroke model of db/db mice, our previous study showed that compared to the non-hyperglycemic genetic control mice, T2D db/db mice had sustained hyperglycemia after stroke, elevated blood HbA1c level, hyperinsulinemia, and lowered serum adiponectin level (20). Importantly, we also found there are a larger infarct and an aggravated pro-inflammatory response including increased mRNA expression of pro-inflammatory cytokines and elevated M1-like pro-inflammatory microglia/macrophage activation in the T2D db/db mouse brain after dMCAO (20). To explore the potential role of infiltrated leukocytes in the ischemic brain inflammation process of T2D stroke, for the first step, in this study we investigated the temporal profile of leukocyte mobilization and infiltration in adult db/db mice following dMCAO.



MATERIALS AND METHODS

All experiments were conducted in accordance with the standards and procedures of the American Council on Animal Care and Use Committee of Massachusetts General Hospital Neurological Institute. The study design, power calculations, experiments conduct, statistical analyses, and results reporting all fulfilled the ARRIVE guidelines (23).


dMCAO Model

The db/db and db/+ mice (12 weeks) were purchased from Charles River Laboratories. Mice were maintained in Allentown individually ventilated caging with acidified water in bottles and rodent chow fed ad libitum. Lights are on a 12 h/12 h light/dark cycle, ON at 7:00 a.m., OFF at 7:00 p.m. Room temperature is maintained between 22 and 30°C and humidity is maintained between 30 and 70%. Mice were housed in pathogen-free condition at the Massachusetts General Hospital Neurological Institute. Male db/db and db/+ mice were used in this study. Anesthesia was induced by 2.5% isoflurane and maintained with 1.5% isoflurane during surgery. Core body temperatures were monitored with a rectal probe. The distal middle cerebral artery (dMCA) was exposed and cauterized above the rhinal fissure. The bilateral common carotid arteries (CCAs) were occluded for 90 min and then released, whereas the dMCA remained occluded. Animals received intensive care and continuous monitoring until they were capable of functioning normally (24). There was no mortality in each group of present study. Body weight and blood glucose levels have no statistic difference between sham and dMCAO stroke groups neither in db/db nor db/+ group. As reported previously, there are significant differences of body weight and blood glucose levels between db/db and db/+ control mice (Supplementary Figure 1) (20).



Flow Cytometry

Single-cell suspensions were prepared from spleen, blood or brain tissues of sham or dMCAO db/db and db/+ mice at day 3 and 7. To collect cells from brain, brain tissues were grinded and homogenized with 40 mm nylon cell strainers in PBS. Cell suspensions were centrifuged at 2,000 rpm for 5 min, and cell pellets were collected. Thereafter, 5 ml of 30% Percoll solution was used to resuspend the cell pellet. The gradient was centrifuged at 2,000 rpm for 30 min at room temperature. Cell pellets were collected for antibody staining. Then these cells were stained with fluorochrome conjugated antibodies. All antibodies were purchased from BD Bioscience (Franklin lakes, NJ, USA) or Biolegend (San Diego, CA, USA). Antibodies were directly labeled with one of the following fluorescent tags: fluorescein isothiocyanate (FITC), phycoerythrin (PE), allophycocyanin (APC), PerCP-Cy5.5, or PE-Cy7. The following antibody to mouse antigens were used: CD3, CD4, CD8, CD19, CD45, CD11b, F4/80, Ly6G, Interferon gamma (IFN-γ) (XMG1.2), CD69 (H1.2F3), CD86 (GL1), CD206 (MR5D3). Antibodies staining were performed according to their instructions, additional cell fixation and permeabilization were needed for intracellular antigens staining. Cell surface phenotype and intracellular cytokine expression were performed on a FACS FORTESSA flow cytometer (BD Bioscience, Franklin lakes, NJ, USA). Data were analyzed with Flow Jo software version 7.6.1 (Flow J, LLC, Ashland, OR, USA).



Immunohistochemistry

Paraffin-embedded tissue sections at thickness of 8 μm were used in this study. Coronal sections were prepared from 1 mm behind the bregma. For immunostaining, the following primary antibodies were used: anti-CD4, C-Terminal antibody produced in rabbit (1: 200, SAB4503583, Sigma-Aldrich), Purified Rat Anti- Mouse CD8a (1: 200, 550281, BD Biosciences), Alexa Fluor® 647 anti-mouse CD19 Antibody (1: 100, 550281, BioLegend), Purified Rat Anti-Mouse Ly-6G (1: 200, 550291, BD Biosciences), Alexa Fluor® 488 anti-mouse CD45.2 Antibody (1: 100, 109815, BioLegend). Primary antibodies were incubated at 4°C overnight, followed by incubation with species-specific Alexa Fluor (488 and 594)-conjugated secondary antibodies for 1 h. Pictures were acquired with a Nikon Eclipse T300 fluorescence microscope and analyzed using Image Pro Plus (Media Cybernetics, Inc. Rockville, MD). For cell counting, positive cell numbers were counted in every tenth tissue section through the entire tissue block (25–27).



Quantitative Real-Time PCR

Brain tissues of peripheral infarct were obtained from mice 1 and 3 days after distal MCAO model. Total RNA was extracted and reverse-transcribed using RNeasy Lipid Tissue Mini Kit (Qiagen) and QuantiTect reverse transcription system (Qiagen) according to the manufacturer's instructions. Real-time polymerase chain reaction (PCR) was performed on an ABI 7500 Fast Real-Time PCR system using Taqman gene expression assays for CX3CL1 (Mm00436454_m1), CXCL12 (Mm00445553_m1), CCL2 (Mm00441242_m1), CCL9 (Mm00441260_m1), and housekeeping gene B2M (Mm00437762_m1) (Applied Biosystems, USA). Reactions were performed in duplicate according to the manufacturer's instructions. Relative expression levels were measured with the 2−ΔΔCt method.



Statistical Analysis

Based on our publications (20, 27) and power analysis, at least six biological replicates were used for each biochemical and histological analysis, whereas a sample size of 8 per group was used for assessments of leucocytes number and function. Sample size per experimental model was determined a priori by performing a power calculation with G*Power (3.1) software. D'Agostino and Pearson omnibus normality test were performed to determine normal distribution. All surgery and histology measures were performed by researchers who were blinded with respect to the different groups. All results were expressed as mean ± s.e.m. Statistical analysis was performed using Graphpad prism 7.6.1 (Graphpad Software Inc., San Diego). Two-tailed unpaired t-test was used for comparison between two groups. One-way ANOVA followed by Tukey post-hoc test to compare three or more groups.




RESULTS


Augmented Brain Leukocyte Infiltration in db/db Mice Following Cerebral Ischemia

To characterize the profile of immune responses in diabetic stroke, we first measured the counts of brain-infiltrating leukocytes in db/db and db/+ mice subjected to dMCAO using flow cytometry. The gating strategy of immune cell subsets is shown in Figure 1A. At 3 days after ischemia, the total numbers of leucocytes (CD45high), macrophages (CD11b+CD45highF4/80+), neutrophils (CD11b+CD45highLy-6G+), B cells (CD19+), or CD8+ T cells (CD3+CD8+) were significantly increased in the ischemic brains of both db/db and db/+ mice (Figures 1B,C,E–G). Interestingly, db/db mice had significantly higher elevation of increased infiltrating CD4+ T cells (CD3+CD4+) at 3 days after dMCAO compared to db/+ mice (Figure 1D). Importantly, at day 7 after dMCAO, significantly increased numbers of infiltrating leucocyte subsets, including CD4+ T cells, CD8+ T cells, B cells, and neutrophils, were observed in db/db mice as compared to db/+ mice. Next, immunostaining was performed to verify our flow cytometry findings. At day 3 after dMCAO, an increase of infiltrating CD4+ T cells was seen in the peri-infarct area of db/db mice. Similarly, augmented infiltration of CD4+ T cells, CD8+ T cells, B cells, and neutrophils was found in db/db mice at day 7 after dMCAO (Figures 2A,B). Together, these data demonstrate that the augmented infiltration of leukocytes in the ischemic brain of db/db mice involves a significant elevation of CD4+ T cells at day 3, and the delayed and sustained elevation of leukocytes up to 7 days after dMCAO.


[image: Figure 1]
FIGURE 1. Augmented brain infiltration of leukocyte subsets in db/db mice subjected to dMCAO assessed by flow cytometry. Groups of db/db or db/+ mice were subjected to sham or dMCAO surgery. Single-cell suspensions were prepared from brain tissues of indicated groups of mice. (A) Gating strategy of peripheral leukocytes (CD45+), including macrophages (CD45highCD11b+ F4/80+, Mφ), neutrophils (CD45high CD11b+ Ly-6G+), CD4+ T (CD45high CD3+ CD4+), CD8+ T (CD45high CD3+ CD8+), and B (CD45high CD19+) cells in the ischemic brain at day 3 and day 7 after dMCAO. (B–G) Quantification of brain-infiltrating lymphocytes, macrophages and neutrophils from sham and distal MCAO db/+ and db/db mice at indicated time points after ischemia. Data are expressed as mean ± s.e.m. *p < 0.05: db/+ vs. db/db at the same time point, n = 8 per group.



[image: Figure 2]
FIGURE 2. Accumulation of brain-infiltrating leukocyte subsets in the ischemic brain of db/db mice subjected to dMCAO assessed by immune staining. (A) At 7 days after dMCAO, increased counts of CD45+ leucocytes, CD4+ T, CD8+ T, CD19+ B cells, and Ly-6G+ neutrophils were seen in the peri-infarct region of brain sections from db/db mice vs. db/+ controls. The right side of white lines represents infarct area. Scale bars: 50 μm. (B) Quantification of brain-infiltrating immune cell subsets in db/+ and db/db mice subjected to dMCAO at day 7 after ischemia. Data are expressed as mean ± s.e.m. *p < 0.05: db/+ vs. db/db, n = 8 per group.




Leukocyte Subsets in the Circulation and Spleen of db/db Mice vs. db/+ Controls After dMCAO

In addition to the brain, we also measured the counts of macrophages, neutrophils, CD4+ T, CD8+ T, and B cells in the blood (Figure 3A). Our results showed that there was no significant difference in the numbers of CD4+ T cells, CD8+ T cells, B cells, neutrophils, and macrophages in the blood of db/db mice vs. db/+ controls at day 3 and 7 after dMCAO (Figures 3B–F). Similarly, no significant alterations of these leukocyte subsets were seen in the spleen of db/db mice vs. db/+ controls (Figures 4A,B). These data suggest that except elevated and sustained brain infiltration, peripheral inflammatory cell mobilization after ischemic stroke might not be significantly altered by DM, at least in the adult db/db type 2 male mice after dMCAO.


[image: Figure 3]
FIGURE 3. Counts of circulating leucocytes in db/db and db/+ mice following brain ischemia. Groups of db/db and db/+ mice were subjected to sham or dMCAO surgery. The counts of circulating leucocyte subsets were measured by flow cytometry in indicated groups of mice. (A) Gating strategy of macrophages (CD11b+ F4/80+, Mφ), neutrophils (CD11b+ Ly-6G+), CD4+ T (CD3+ CD4+), CD8+ T (CD3+ CD8+), and B (CD19+) cells in the blood at day 3 and 7 after dMCAO. (B) Numbers of CD4+ T cells (CD3+CD4+), (C) CD8+ T cells (CD3+CD8+), (D) CD19+ B cells (CD19+), (E) neutrophils (CD11b+Ly-6G+), or (F) macrophages (CD11b+F4/80+) in the blood of indicated groups of mice. Data are expressed as mean ± s.e.m, n = 8 per group.
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FIGURE 4. Counts of splenic leucocytes in db/db and db/+ mice following brain ischemia. The counts of splenic leucocyte subsets were measured at 3 days after dMCAO in groups of db/db and db/+ mice by flow cytometry (A). Gating strategy of macrophages (CD11b+ F4/80+, Mφ), neutrophils (CD11b+ Ly-6G+), CD4+ T (CD3+ CD4+), CD8+ T (CD3+ CD8+), and B (CD19+) cells in the spleen at day 3 after dMCAO. (B) Quantification of splenic lymphocytes, macrophages and neutrophils in indicated groups of db/+ and db/db mice. Data are expressed as mean ± s.e.m, n = 8 per group.




Upregulation of CD69 and IFN-γ in Brain-Infiltrating Leucocytes of db/db Mice Subjected to dMCAO

Next, we examined the expression of the leukocyte activation marker CD69 and pro-inflammatory cytokine IFN-γ in brain-infiltrating leukocyte subsets after dMCAO. We found an upregulation of CD69 in brain-infiltrating CD4+ T, CD8+ T cells, and neutrophils in db/db mice accompanied by an increased expression of IFN-γ at day 7 after dMCAO (Figures 5A–D).


[image: Figure 5]
FIGURE 5. Upregulation of CD69 and IFN-γ in brain-infiltrating T cells and neutrophils in db/db mice subjected to dMCAO. (A) Gating strategy of brain-infiltrating CD4+ T, CD8+ T cells, and neutrophils expressing CD69 and IFN-γ after dMCAO. The counts of CD4+ T (B), CD8+ T cells (C), and neutrophils (D) expressing CD69 and IFN-γ in groups of db/+ and db/db mice at indicated time points after dMCAO. Mean ± s.e.m.; *p < 0.05: db/+ vs. db/db at the same time point, n = 8 per group.


In contrast, the expression of CD69 and IFN-γ was not significantly altered in splenic CD4+ T, CD8+ T cells, and neutrophils in db/db mice vs. db/+ controls following dMCAO (Figures 6A–D). The expression of CD86 and CD206 was also not altered in splenic macrophages (Figure 6E). Together, these results suggest that the augmentation of leukocyte response primarily occurs in the ischemic brain but not in the periphery in db/db mice after dMCAO.
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FIGURE 6. Expression of CD69 and IFN-γ in splenic leucocytes of db/db and db/+ mice after brain ischemia. (A) Gating strategy of CD4+ T, CD8+ T cells, and neutrophils expressing CD69 and IFN-γ and macrophages expressing CD86 and CD206 in the spleen after dMCAO. The counts of CD4+ T (B), CD8+ T cells (C), and neutrophils (D) expressing CD69 and IFN-γ in the spleen of db/+ and db/db mice at 3 and 7 days after ischemia. The counts of macrophages (E) expressing CD86 and CD206 in the spleen of db/+ and db/db mice at 3 and 7 days after ischemia. Mean ± s.e.m. n = 8 per group.





DISCUSSION

After permanent focal ischemia, diabetic db/db mice presented confounding pathological features, including metabolic dysregulation, more severe brain damage, and neurological impairment, especially aggravated pro-inflammatory response and white matter integrity loss (16, 19, 20). In this study, we provide the first definitive evidence of augmented brain infiltration of neutrophils and lymphocytes in type 2 diabetic mice following cerebral ischemia. We found a delayed and sustained augmentation of brain infiltration of neutrophils and lymphocytes in type 2 diabetic mice up to 7 days after focal cerebral ischemia. There was also a significant upregulation of activation marker in these infiltrated cells. In contrast, the counts of leukocytes were not significantly altered in the periphery.

The finding of augmented brain infiltration of leukocytes in diabetic mice following cerebral ischemia indicates that these cells may contribute to exacerbated ischemic brain injury in diabetes. This speculation is supported by our previous publications showing that blockade of leukocytes homing into ischemic brain has neuroprotective and anti-inflammatory benefits (28, 29). As these infiltrating leukocytes can boost the brain inflammatory environment by producing various effector molecules or inflammatory mediators, they may amplify the pre-existing cerebral microvascular injury in diabetes to augment brain edema and neural injury after ischemia (30). Different than the augmented infiltration of leukocytes in the brain of diabetic stroke mice, the leukocyte responses in the peripheral compartment were relatively unaltered. These findings together suggest that diabetes-associated alterations of leukocyte responses predominantly occur in the ischemic brain. In humans, obesity and T2D induce the expansion of pro-inflammatory T cells such as CD4 (Th1, Th17) and CD8 populations, whereas innate T cells such as invariant natural killer T cells and mucosal-associated invariant T cells were found reduced (31). Peripheral blood monocytes from T2D patients were found constitutively activated (32). T2D has also been associated with changes in neutrophil function including impaired bacterial phagocytosis and killing activity (33). Although the brain infiltration profiles of leukocytes have not been investigated in diabetic patients, the similarity and discrepancy of peripheral immune responses in diabetic patients and db/db mice might involve the complicated effects of diabetes on the immune system and warrant further investigation.

The early upregulation of chemokines in the brain of diabetic mice after ischemia suggests that the augmented brain infiltration of leukocytes in diabetic stroke may involve the upregulation of chemokines in the brain. Because the activity of leukocytes is largely determined by the environment in which they reside, it is logic to infer that diabetes may alter the brain environment that foster the cues to recruit peripheral leukocyte subsets after stroke. Once enter the ischemic brain, infiltrating leukocytes will be exposed to additional factors that are different than those in the peripheral compartment. This notion is supported by our observation of upregulation of activation marker CD69 and IFN-γ in brain-infiltrating leukocytes in diabetic stroke. Future studies will be necessary to identify these unique brain-derived factors that may govern the phenotype and function of infiltrating leukocytes in diabetic stroke.

Preclinical and clinical studies indicate that modulation of the immune system attenuates ischemic brain injury (34, 35). These immune-driven effects may have broad implications for both stroke and diabetes, because inflammation has been established as a link between vascular complications in diabetes and cerebrovascular disease risk. In this regard, anti-inflammatory medications targeting components of the immune system have shown beneficial effects on glycemia, β-cell function, and insulin resistance (36). For example, independent clinical studies conducted with an IL-1 receptor antagonist (anakinra) or IL-1β-specific antibody (canakinumab) have demonstrated beneficial effects on metabolic parameters including decreased HbA1c and enhanced insulin sensitivity and β-cell secretory function, with concomitant improvement in inflammatory markers in diabetes (37, 38) and significantly reduced recurrent cardiovascular events (39). Thus, a combination therapy that can curtail multiple pathophysiological mechanisms including inflammation and hyperglycemia might be a good choice for preventing exacerbated brain damage in diabetic stroke patients. In this study, we found that the immune response of ischemic stroke combined with diabetes is very different from simple ischemic stroke. In terms of future anti-stroke therapeutics, an important goal is to realize the theory of precision medicine, which is based on the concept that the etiology is not the same for all patients. For example, the quantitative contribution of inflammation and immune response will differ between subset patients, such as diabetic stroke complication. For the first step, we investigated the temporal profile of leukocyte mobilization and infiltration in adult db/db male mice following dMCAO. An important future goal is to gain a clear understanding of the underlying molecular mechanisms for the different inflammatory responses of diabetic stroke, which would help in development of specific and effective anti-diabetic stroke therapies.

We are aware that there are several limitations in this study. First, we used C57BLKS-Leprdb T2D mice (db/db T2D mice, Jackson Lab), the leptin receptor mutation does not reflect disease etiology in humans, although this model provides us insight into glucose metabolism and identified novel pathways of its complications (40). However, there are variable pathogenic mechanisms between different T2D animal models, investigation of inflammatory response in other diabetes animal models with ischemic stroke should be pursued in the future. Second, in this pilot study, we characterized the temporal profile of leukocyte mobilization and brain infiltration in T2D stroke mice. This servers as the first step for our long-term goal to understand whether and how infiltrating leukocytes contribute to exacerbated brain infarction in process of T2D stroke. Although augmented neuroinflammation has been linked to worsened neurological outcome in T2D stroke, the contribution from specific components of immune system to T2D-related brain pathology such as microvascular dysfunction and increased BBB permeability remains elusive. In this regard, future studies are warranted to unveil the precise role of immune components in these pathological processes of T2D stroke. Third, we found highly elevated CD4+ T cells in the early stage, delayed and sustained inflammatory cells brain infiltration in T2D stroke mice, but their pathological roles and underlying mechanism in modulating the different inflammatory response needs to be defined in the future. Fourth, although an altered macrophage response was observed in diabetic mice, we did not investigate polarization of macrophages. Considering the central role of macrophage in tissue injury and repair, future studies are required to further investigate macrophage responses in this model. Last, this study was proposed as a proof-of-concept investigation. Indeed, there are multiple pathological factors that dynamically and interactively participate in inflammation-associated T2D stroke brain damage evolution and recovery processes (19), which require further investigation. In addition, although a larger infarct volume in db/db mice might be a contributor to increased brain infiltration of leukocyte, it is also noteworthy that the increase of brain-infiltrating total leukocytes, neutrophils, macrophages, CD8+ T cells, B cells and lymphocytes did not occur at day 3 after stroke. A preferential increase of CD4+ T cells at day 3 after stroke in db/db mice suggests possible involvement of environmental cues in diabetic brain that elicit an early CD4+ T cell response. We also acknowledge the possible limitation of insufficient sample size or relatively large variations, and will extend our studies in the future.



CONCLUSIONS

In summary, experimental results from this study have demonstrated a delayed and sustained augmentation of brain infiltration and activation of neutrophils and lymphocytesafter cerebral ischemia in type 2 diabetic mice. The potential contribution of these altered immune responses to the severer brain damage in diabetes stroke awaits further investigation.



DATA AVAILABILITY STATEMENT

All datasets generated for this study are included in the manuscript/Supplementary Files.



ETHICS STATEMENT

All animal experiments were performed in accordance with the ARRIVE (Animal Research: Reporting in vivo Experiments) guidelines. All procedures were approved by Animal Care and Use Committees of the Massachusetts General Hospital Neurological Institute.



AUTHOR CONTRIBUTIONS

FZ and QZ acquired, analyzed, and interpreted the data and drafted the manuscript. YJ and NL made the stroke mouse model and brain tissue dissection. QL, EL, JH, F-DS, and YX interpreted the data and drafted and edited the manuscript. XW and FZ formulated the study concept, designed the study, and edited the manuscript.



FUNDING

This study was supported in part by Sundry Fund of Massachusetts General Hospital (to XW), and new Research Intensive Fund of Tulane University School of Medicine (to XW).



SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fimmu.2019.02392/full#supplementary-material



ABBREVIATIONS

dMCAO, distal middle cerebral artery occlusion; T2D, type 2 diabetes; DM, diabetes mellitus.



REFERENCES

 1. Luitse MJ, Biessels GJ, Rutten GE, Kappelle LJ. Diabetes, hyperglycaemia, and acute ischaemic stroke. Lancet Neurol. (2012) 11:261–71. doi: 10.1016/S1474-4422(12)70005-4

 2. Putaala J, Liebkind R, Gordin D, Thorn LM, Haapaniemi E, Forsblom C, et al. Diabetes mellitus and ischemic stroke in the young: clinical features and long-term prognosis. Neurology. (2011) 76:1831–7. doi: 10.1212/WNL.0b013e31821cccc2

 3. 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) 42:2758–62. doi: 10.1161/STROKEAHA.111.621649

 4. Hankey GJ, Jamrozik K, Broadhurst RJ, Forbes S, Burvill PW, Anderson CS, et al. Long-term risk of first recurrent stroke in the Perth Community Stroke Study. Stroke. (1998) 29:2491–500. doi: 10.1161/01.STR.29.12.2491

 5. Sarwar N, Gao P, Seshasai SR, Gobin R, Kaptoge S, Di Angelantonio E, et al. Diabetes mellitus, fasting blood glucose concentration, and risk of vascular disease: a collaborative meta-analysis of 102 prospective studies. Lancet. (2010) 375:2215–22. doi: 10.1016/S0140-6736(10)60484-9

 6. Brotfain E, Hadad N, Shapira Y, Avinoah E, Zlotnik A, Raichel L, et al. Neutrophil functions in morbidly obese subjects. Clin Exp Immunol. (2015) 181:156–63. doi: 10.1111/cei.12631

 7. Hatanaka E, Monteagudo PT, Marrocos MS, Campa A. Neutrophils and monocytes as potentially important sources of proinflammatory cytokines in diabetes. Clin Exp Immunol. (2006) 146:443–7. doi: 10.1111/j.1365-2249.2006.03229.x

 8. Zheng C, Yang Q, Cao J, Xie N, Liu K, Shou P, et al. Local proliferation initiates macrophage accumulation in adipose tissue during obesity. Cell Death Dis. (2016) 7:e2167. doi: 10.1038/cddis.2016.54

 9. Lumeng CN, Bodzin JL, Saltiel AR. Obesity induces a phenotypic switch in adipose tissue macrophage polarization. J Clin Investig. (2007) 117:175–84. doi: 10.1172/JCI29881

 10. Wensveen FM, Jelencic V, Valentic S, Sestan M, Wensveen TT, Theurich S, et al. NK cells link obesity-induced adipose stress to inflammation and insulin resistance. Nat Immunol. (2015) 16:376–85. doi: 10.1038/ni.3120

 11. Lee BC, Kim MS, Pae M, Yamamoto Y, Eberle D, Shimada T, et al. Adipose natural killer cells regulate adipose tissue macrophages to promote insulin resistance in obesity. Cell Metab. (2016) 23:685–98. doi: 10.1016/j.cmet.2016.03.002

 12. Bertola A, Ciucci T, Rousseau D, Bourlier V, Duffaut C, Bonnafous S, et al. Identification of adipose tissue dendritic cells correlated with obesity-associated insulin-resistance and inducing Th17 responses in mice and patients. Diabetes. (2012) 61:2238–47. doi: 10.2337/db11-1274

 13. Lu H, Yao K, Huang D, Sun A, Zou Y, Qian J, et al. High glucose induces upregulation of scavenger receptors and promotes maturation of dendritic cells. Cardiovasc Diabetol. (2013) 12:80. doi: 10.1186/1475-2840-12-80

 14. Fay NS, Larson EC, Jameson JM. Chronic Inflammation and gammadelta T Cells. Front Immunol. (2016) 7:210. doi: 10.3389/fimmu.2016.00210

 15. Chen J, Cui X, Zacharek A, Cui Y, Roberts C, Chopp M. White matter damage and the effect of matrix metalloproteinases in type 2 diabetic mice after stroke. Stroke. (2011) 42:445–52. doi: 10.1161/STROKEAHA.110.596486

 16. Akamatsu Y, Nishijima Y, Lee CC, Yang SY, Shi L, An L, et al. Impaired leptomeningeal collateral flow contributes to the poor outcome following experimental stroke in the Type 2 diabetic mice. J Neurosci. (2015) 35:3851–64. doi: 10.1523/JNEUROSCI.3838-14.2015

 17. Yukami T, Yagita Y, Sugiyama Y, Oyama N, Watanabe A, Sasaki T, et al. Chronic elevation of tumor necrosis factor-alpha mediates the impairment of leptomeningeal arteriogenesis in db/db mice. Stroke. (2015) 46:1657–63. doi: 10.1161/STROKEAHA.114.008062

 18. Chen J, Ning R, Zacharek A, Cui C, Cui X, Yan T, et al. MiR-126 contributes to human umbilical cord blood cell-induced neurorestorative effects after stroke in type-2 diabetic mice. Stem Cells. (2016) 34:102–13. doi: 10.1002/stem.2193

 19. Ma S, Wang J, Wang Y, Dai X, Xu F, Gao X, et al. Diabetes mellitus impairs white matter repair and long-term functional deficits after cerebral ischemia. Stroke. (2018) 49:2453–63. doi: 10.1161/STROKEAHA.118.021452

 20. Jiang Y, Liu N, Wang Q, Yu Z, Lin L, Yuan J, 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) 49:3039–49. doi: 10.1161/STROKEAHA.118.022119

 21. Peters SA, Huxley RR, Woodward M. Diabetes as a risk factor for stroke in women compared with men: a systematic review and meta-analysis of 64 cohorts, including 775,385 individuals and 12,539 strokes. Lancet. (2014) 383:1973–80. doi: 10.1016/S0140-6736(14)60040-4

 22. O'Donnell MJ, Chin SL, Rangarajan S, Xavier D, Liu L, Zhang H, et al. Global and regional effects of potentially modifiable risk factors associated with acute stroke in 32 countries (INTERSTROKE): a case-control study. Lancet. (2016) 388:761–75. doi: 10.1016/S0140-6736(16)30506-2

 23. Kilkenny C, Browne W, Cuthill IC, Emerson M, Altman DG. Animal research: reporting in vivo experiments–the ARRIVE guidelines. J Cereb Blood Flow Metab. (2011) 31:991–3. doi: 10.1038/jcbfm.2010.220

 24. Zhao H, Shimohata T, Wang JQ, Sun G, Schaal DW, Sapolsky RM, et al. Akt contributes to neuroprotection by hypothermia against cerebral ischemia in rats. J Neurosci. (2005) 25:9794–806. doi: 10.1523/JNEUROSCI.3163-05.2005

 25. Schmitt C, Strazielle N, Ghersi-Egea JF. Brain leukocyte infiltration initiated by peripheral inflammation or experimental autoimmune encephalomyelitis occurs through pathways connected to the CSF-filled compartments of the forebrain and midbrain. J Neuroinflamm. (2012) 9:187. doi: 10.1186/1742-2094-9-187

 26. Jin WN, Yang X, Li Z, Li M, Shi SX, Wood K, et al. Non-invasive tracking of CD4+ T cells with a paramagnetic and fluorescent nanoparticle in brain ischemia. J Cereb Blood Flow Metab. (2016) 36:1464–76. doi: 10.1177/0271678X15611137

 27. Feng Y, Liao S, Wei C, Jia D, Wood K, Liu Q, et al. Infiltration and persistence of lymphocytes during late-stage cerebral ischemia in middle cerebralartery occlusion and photothrombotic stroke models. J Neuroinflamm. (2017) 14:248. doi: 10.1186/s12974-017-1017-0

 28. Fu Y, Liu Q, Anrather J, Shi FD. Immune interventions in stroke. Nat Rev Neurol. (2015) 11:524–35. doi: 10.1038/nrneurol.2015.144

 29. Zhu Z, Fu Y, Tian D, Sun N, Han W, Chang G, et al. Combination of the immune modulator fingolimod with alteplase in acute ischemic stroke: a pilot trial. Circulation. (2015) 132:1104–12. doi: 10.1161/CIRCULATIONAHA.115.016371

 30. Iadecola C, Anrather J. The immunology of stroke: from mechanisms to translation. Nat Med. (2011) 17:796–808. doi: 10.1038/nm.2399

 31. Touch S, Clement K, Andre S. T cell populations and functions are altered in human obesity and type 2 diabetes. Curr Diab Rep. (2017) 17:81. doi: 10.1007/s11892-017-0900-5

 32. Dasu MR, Devaraj S, Park S, Jialal I. Increased toll-like receptor (TLR) activation and TLR ligands in recently diagnosed type 2 diabetic subjects. Diabetes Care. (2010) 33:861–8. doi: 10.2337/dc09-1799

 33. Park S, Rich J, Hanses F, Lee JC. Defects in innate immunity predispose C57BL/6J-Leprdb/Leprdb mice to infection by Staphylococcus aureus. Infect Immun. (2009) 77:1008–14. doi: 10.1128/IAI.00976-08

 34. Li M, Li Z, Yao Y, Jin WN, Wood K, Liu Q, et al. Astrocyte-derived interleukin-15 exacerbates ischemic brain injury via propagation of cellular immunity. Proc Natl Acad Sci USA. (2017) 114:E396–405. doi: 10.1073/pnas.1612930114

 35. Fu Y, Zhang N, Ren L, Yan Y, Sun N, Li YJ, et al. Impact of an immune modulator fingolimod on acute ischemic stroke. Proc Natl Acad Sci USA. (2014) 111:18315–20. doi: 10.1073/pnas.1416166111

 36. Donath MY. Targeting inflammation in the treatment of type 2 diabetes: time to start. Nat Rev Drug Discov. (2014) 13:465–76. doi: 10.1038/nrd4275

 37. van Asseldonk EJ, Stienstra R, Koenen TB, Joosten LA, Netea MG, Tack CJ. Treatment with Anakinra improves disposition index but not insulin sensitivity in nondiabetic subjects with the metabolic syndrome: a randomized, double-blind, placebo-controlled study. J Clin Endocrinol Metab. (2011) 96:2119–26. doi: 10.1210/jc.2010-2992

 38. Hensen J, Howard CP, Walter V, Thuren T. Impact of interleukin-1beta antibody (canakinumab) on glycaemic indicators in patients with type 2 diabetes mellitus: results of secondary endpoints from a randomized, placebo-controlled trial. Diabetes Metab. (2013) 39:524–31. doi: 10.1016/j.diabet.2013.07.003

 39. Ridker PM, Everett BM, Thuren T, MacFadyen JG, Chang WH, Ballantyne C, et al. Antiinflammatory therapy with canakinumab for atherosclerotic disease. N Engl J Med. (2017) 377:1119–31. doi: 10.1056/NEJMoa1707914

 40. McMurray F, Cox RD. Mouse models and type 2 diabetes: translational opportunities. Mamm Genome. (2011) 22:390–400. doi: 10.1007/s00335-011-9345-3 

Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2019 Zhang, Zhao, Jiang, Liu, Liu, Shi, Hao, Xu, Lo and Wang. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.



OPS/images/fimmu-10-02392-g005.gif





OPS/images/fimmu-10-02392-g006.gif
E

ILd =
o

ol als L)
W_ W_/4 _W_o

= il g
| I E—






OPS/images/fimmu-10-02392-g003.gif





OPS/images/fimmu-10-02392-g004.gif





OPS/xhtml/Nav.xhtml




Contents





		Cover



		Augmented Brain Infiltration and Activation of Leukocytes After Cerebral Ischemia in Type 2 Diabetic Mice



		Introduction



		Materials and Methods



		dMCAO Model



		Flow Cytometry



		Immunohistochemistry



		Quantitative Real-Time PCR



		Statistical Analysis







		Results



		Augmented Brain Leukocyte Infiltration in db/db Mice Following Cerebral Ischemia



		Leukocyte Subsets in the Circulation and Spleen of db/db Mice vs. db/+ Controls After dMCAO



		Upregulation of CD69 and IFN-γ in Brain-Infiltrating Leucocytes of db/db Mice Subjected to dMCAO







		Discussion



		Conclusions



		Data Availability Statement



		Ethics Statement



		Author Contributions



		Funding



		Supplementary Material



		Abbreviations



		References

















OPS/images/cover.jpg
’ frontiers
in Immunology

Augmented Brain Infiltration and
Activation of Leukocytes After
Cerebral Ischemia in Type 2

Diabetic Mice





OPS/images/fimmu-10-02392-g001.gif
ol o

el I

LLJLL.[





OPS/images/fimmu-10-02392-g002.gif
wndiod

209 Neutropnt

13

H

i

1y CO18" B0l

TS

wnssd o










OPS/images/crossmark.jpg
©

2

i

|





OPS/images/logo.jpg
, frontiers
in Immunology





