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Abstract

Diabetes Mellitus (DM) is a major comorbidity that exacerbates ischemic brain injury and hinders functional 

recovery following stroke. Given that angiogenesis and the maintenance of blood-brain barrier (BBB) integrity 

are essential for neurorestoration, understanding how DM influences these processes and the molecular mecha-

nisms involved is critical for improving clinical outcomes. To investigate these effects, a type 1 DM model was 
established in six-week-old mice via intraperitoneal injections of streptozotocin (60 mg/kg/day for 5 days), with 

success confirmed by blood glucose testing two weeks later. Focal ischemic stroke was subsequently induced 
using a photothrombosis model. Functional recovery was assessed using neurological scoring, the Rotarod test, 
and the foot-fault test. Post-stroke neovascularization was quantified via lectin injection, while BBB integrity 
was evaluated through IgG leakage, pericyte coverage, and the expression of tight junction proteins (Zo-1, 
occludin, and claudin-5). Additionally, protein expression within the Slit2/Robo/CRTC1 pathway was analyzed 
1, 7, and 14 days post-stroke using immunofluorescence and western blotting. Our results demonstrated that 
DM significantly impaired sensorimotor recovery and hindered reparative neovascularization in the peri-infarct 
area. Furthermore, DM exacerbated BBB disruption, as evidenced by increased IgG leakage, reduced expres-

sion of occludin and claudin-5, and diminished pericyte coverage. Mechanistically, DM led to a decrease in 

Robo1 and an increase in Robo4 expression without altering Slit2 levels. Additionally, DM further suppressed 
the expression of the co-transcription factor CRTC1 following the ischemic event. Our findings indicate that 
DM impairs post-stroke angiogenesis and BBB repair accompanied by the dysregulation of the Slit2/Robo/
CRTC1 signalling pathway. These results highlight a potential therapeutic target for enhancing stroke recovery 
in diabetic populations.
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Abbreviations

AIS  Acute ischemic stroke

BBB  Blood-brain barrier

DM  Diabetes mellitus

EB  Evan’s blue

EC  Endothelial cells
HT  Hemorrhage transformation

I  Ischemic hemisphere

IgG  Immunoglobulin G

I/R  Ischemia/reperfusion
MCAO  Middle cerebral artery occlusion
NI  Non-ischemic hemisphere
TJPs  Tight junction proteins

Introduction

DM is a critical comorbidity that significantly increases the risk of stroke, the leading cause of global disability, 
while exacerbating ischemic brain injury and worsening functional outcome (Kuwashiro et al. 2013). Clinical 
evidence indicates that the prognosis and survival of stroke patients are positively correlated with the density of 

neovascularization within the ischemic hemisphere of the brain (Krupinski et al. 1994). However, post-stroke 

angiogenesis is a “double-edged sword”: immature new vessels can increase BBB permeability (Yang and Tor-

bey 2020). This loss of BBB integrity is the primary pathological driver of vasogenic cerebral edema and hem-

orrhagic transformation after stroke (Chen et al. 2022; Wang et al. 2023c). DM is known to inhibit endothelial 

progenitor cell-mediated angiogenesis (Peng et al. 2023), a deficit closely linked to impaired sensorimotor and 
cognitive recovery (Abdelsaid et al. 2015; Prakash et al. 2013). Moreover, diabetic patients face a higher risk of 

symptomatic hemorrhagic transformation following acute thrombolysis (Martini and Kent 2007; McCormick et 
al. 2008), as DM further compromises BBB integrity after stroke (Wicha et al. 2021). Despite these observations, 

the precise mechanisms by which DM impairs poststroke angiogenesis and BBB stabilization during the recovery 

phase remain poorly understood. Recent studies suggest that axon guidance factors (AGF), originally identi-
fied in the nervous system, play a pivotal role in vascular development (Adams and Eichmann 2010; Rust et al. 
2019b). For example, Slit2, a secreted glycoprotein, regulates endothelial cell migration, budding, and tube for-
mation through its Robo receptors (Coll et al. 2022; Romano et al. 2018). Specifically, the Slit2-Robo1 pathway 
promotes (Rama et al. 2015), whereas Robo4 inhibits (Suchting et al. 2005) pro-angiogenic activity; recombinant 

Slit2 reduced surgical brain injury -induced BBB hyperpermeability by modulating tight junctions (Sherchan et 

al. 2017). While Slit2 is known to regulate tumor angiogenesis (Beck and Plate 2009) and angiogenesis following 

myocardial infarction (Wong et al. 2026), its role, along with its receptors Robo1/4, in the diabetic post-stroke 
environment has not been established.

Furthermore, the transcriptional co-activator CRTC1 has emerged as a key regulator of the neurovascular unit. 
CRTC1 deficiency exacerbates BBB breakdown and hinders mouse forelimb recovery after ischemia (Yan et 
al. 2021). Conversely, CRTC1 expression typically decreases following MCAO, coinciding with neuronal loss 
(Chen et al. 2022), while its upregulation by inhibiting reactive astrocytes has been shown to improve cognition 

after ischemic stroke (Zhang et al. 2019). In the present study, we utilized a photothrombosis model to investigate 

how DM impairs post-stroke angiogenesis and BBB integrity. We specifically examined the involvement of the 
Slit2/Robo/CRTC1 signaling axis in these pathophysiological processes to identify potential therapeutic targets 
for diabetic stroke recovery.
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Materials and Methods

Animal

Male C57BL/6 mice (8 weeks old), weighing 22–26 g, were provided by the Laboratory Animal Center of 
Capital Medical University. All animal experiments were approved by the IACUC of Capital Medical University 
and were performed in accordance with the NIH Laboratory Animal Care and Use Guidelines. Animals were 
randomly assigned to groups by the study director, who was blinded to all biometric data. Investigators were 

blinded to group allocation when performing all data collection. No animals were excluded for failure to achieve 
the predicted phenotypes.

Model

Type 1 Diabetes Mellitus Model Induction and Confirmation

Inject 1% STZ solution according to the dose of 60 mg/kg, and administer it for 5 days in a row. Once the blood 
glucose level reached above 13.9 mM (250 mg/dl) (Shi et al. 2018), weekly measurements continued for 4 weeks 
until experiments were completed (Fig. 1a).

Photothrombosis Ischemia Model

Focal ischemic stroke was induced by photothrombosis in mice, as described (Chen et al., 2024). In brief, mice 

were anesthetized with sodium pentobarbital (45 mg/kg, i.p) and placed in a stereotaxic apparatus (RWD, China), 
with the body temperature kept constant at 37.5 ± 0.5 °C by a heating pad. Rose Bengal (100 mg/kg, Sigma) was 
intraperitoneally injected. Five minutes later, a cold light source (diameter 2.0 mm; 24,000 lx, RWD, China) was 
positioned 1.5 mm lateral to the bregma of the skull, and the brain was illuminated for 20 min to initiate pho-

tothrombosis, resulting in the ischemic injury of the right motor and somatosensory cortices. The control mice 

underwent the same procedure without illumination. After completion of the surgical procedures, the incision was 

sutured, and the mice were placed in a controlled temperature condition (24–25 °C) to recover from anesthesia.

Tomato Lectin Injection to Label Functional Blood Vessels

Tomato lectin is widely used to label functional blood vessels. On the first, 7th, or 14th days after brain ischemia, 
it is injected through the femoral vein at a dose of 1.25 mg/kg. After 5 min of body circulation, the mice are 
deeply anesthetized and perfused with cold PBS and PFA. All blood vessels with blood flow will be labeled with 
tomato lectin. Take out the brain tissue and soak it in PFA for 4 h, followed by a 10% sucrose solution for 12 h. 
The embedded brain tissue is cut into 20 μm-thick frozen slices. It can be observed directly under the fluorescent 
microscope. The length of the functional blood vessels is analyzed statistically through the “Analyze Skeleton” 

function of the ImageJ software (Qi et al. 2016).

Behavior Test

Neurological Scores

The mNSS assessment consists of motor, reflex, and balance tests and can dynamically evaluate the neurological 
deficits at 1, 3, 7, and 14 days after reperfusion. The mNSS scores range from 0 to 7 points, and the higher the 
score, the more severe the neurological impairment (Du et al. 2026a).
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Rota Rod

The rotarod test was performed to assess post-stroke motor deficits as previously described (Guo et al. 2025). A 

baseline level was recorded before surgery, and then detected at 1, 7, and 14 days after cerebral ischemia. Mice 
were placed on a 3.0-cm-diameter rotarod (Zhongshi Technology, China) and trained to stay on the rotating rod 
for 300 s at a rate of 5 to 40 revolutions per minute.

Fig. 1 DM impairs neural functional recovery after photothrombosis. a Experimental procedure to set up type 1 DM and 
photothrombosis (PT) model. STZ was injected i.p. continuously for 5 days at a dose of 60 mg/kg/day. Photothrombosis 
was performed after 2 weeks of STZ injection, and the brains were removed for further analysis 14 days after ischemia. The 
neural function was assessed. b Blood glucose increased significantly after a week of STZ injection, and c the body weight 
of DM mice significantly decreased compared with the Ctrl mice (n = 13/group). d DM impairs motor function in the foot 
fault test 7 days after ischemia (n = 5–6/group). e DM impairs motor function in the Rotarod test 14 days after ischemia. f 
The DM group showed significantly higher neurological scores from 7 days until 14 days compared to the Ctrl group (n = 13/
group, *P < 0.05, ***P < 0.001 vs. Ctrl. Ctrl, control; DM, diabetes mellitus
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Foot Fault

Foot fault was tested as we previously described (Du et al. 2026c). A baseline level was recorded before surgery, 

and then detected at 1, 7, and 14 days after cerebral ischemia. The mice were placed on a steel gridded floor grid 
(35 × 25 × 25 cm) and video recorded; the grid size is about 1.2 cm2. The number of errors (mice misplacing their 

forelimbs and falling off the grid) was recorded out of a total of 100 steps of the forelimbs of the mice.

BBB Leakage Detection

IgG Leakage Detection

BBB integrity could be determined by detecting IgG leakage, as we described previously (Hu et al. 2024). Briefly, 
the brain sections (20-µm thick) were fixed with 4% paraformaldehyde (PFA) for 20 min at room temperature, 
then incubated with 488-conjugated Affinity Pure Goat anti-mouse IgG (1:200, KPL) for 2 h at room temperature.

Immunofluorescence

Immunostaining was performed on C57BL/6J mice brain sections (Wang et al. 2023a). Mice were deeply anes-

thetized and transcardially perfused with PBS followed by 4% (wt/vol) paraformaldehyde (PFA) in PBS. Brains 
were harvested and fixed with 4% PFA for 4 h at 4 °C, and immersed in 30% (wt/vol) sucrose in PBS; frozen 
serial coronal brain sections (20 μm thick) were prepared on a cryostat (CM1900; Leica). The sections were 
blocked with 5% (wt/vol) BSA (Solarbio, Beijing, China) in 0.3% Triton X-100 for 2 h at room temperature. 
The primary antibodies are used as follows: mouse Robo1 (1: 50, Santa Cruz), mouse Robo4 (1:50, SantaCruz), 
rabbit Slit2 (1:200, Abcam), rabbit CD31 (1:100, Abcam), mouse CD31 (1:100, Abcam), ki67 (1:400, Abcam), 
rabbit PDGFR-β (1:200, Abcam, CA), mouse claudin-5 (1:200, Invitrogen). After rinsing thrice with PBS, the 
samples were incubated with corresponding secondary antibodies for 60 min at RT. The nucleus was stained with 
4, 6-diamidino-2-phenylindole (DAPI, 1:1000, Life Technologies, Mulgrave, VIC, AUS).

Western Blot

Western blot analysis was performed as previously described (Wang et al. 2020). Tissue samples and cells were 

extracted using RIPA buffer (Beyotime Biotechnology, Shanghai, China) that contained protease inhibitor cock-

tails (Sigma, California, USA) and phosphatase inhibitor cocktail tablets (Roche Diagnostics, Basel, Switzerland) 
for 30 min. Protein concentrations were determined using the BCA protein assay kit (Beyotime Biotechnology, 
Shanghai, China). Proteins (30 µg of total protein) were loaded on 10–12% SDS-PAGE gels, and proteins were 
transferred to PVDF membrane (Millipore, Billerica, MA, USA) and blocked for 2 h in 5% nonfat milk in TBS-T 
(Tris-buffered saline and 0.1% Tween-20) for 1 h at room temperature. Membranes were then incubated with 
primary antibodies overnight at 4 °C. The primary antibodies used in this study included mouse Robo1 (1:500, 
Santa Cruz), mouse Robo4 (1:500, SantaCruz), rabbit Slit2 (1:3000, Abcam), CRTC1 (1:1000, CST), rabbit 
occludin, claudin-5 (1:500, Invitrogen), and GAPDH (1:5000, Boster). After incubation with primary antibodies, 
membranes were incubated with HRP-conjugated anti-Rabbit IgG (1:5000, Boster) and HRP-conjugated anti-
Mouse IgG (1:5000, Boster) for 1 h at room temperature. The protein bands were developed with an enhanced 
luminescence reagent (Millipore, California, USA) and photographed with a Chemiluminescence imaging sys-

tem (5200, Tanon, China).
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Statistics

The data are expressed as the mean±standard error of the mean (SEM). Two-way analysis of variance (ANOVA) 
with repeated measures was used for behavior results. One-way ANOVA was applied to detect the difference 
between two groups on the same day. One-way or two-way ANOVA was used to assess the other results. The 
threshold for statistical significance was set at P < 0.05. GraphPad Prism 10.6.0 (GraphPad Software, USA) was 
used for figure preparation, and SPSS Statistics 25 was used for statistical analysis.

Results

Diabetic Mice Exhibit Impaired Sensorimotor Recovery Following Photothrombosis

To establish the DM model, mice received daily STZ injections with a dose of 60 mg/kg for five consecutive days 
following a 12-hour fast (Fig. 1a). One week post-injection, mice exhibited rising blood glucose levels (Fig. 1b) 

and concurrent weight loss (Fig. 1c). By the end of the second week, the blood glucose levels in the STZ group 

exceeded 15 mM and remained elevated throughout the post-photothrombosis observation period, confirming the 
successful induction of chronic diabetes. The success of the photothrombotic stroke model was validated via laser 

speckle monitoring of cerebral blood flow, TTC staining, and Nissl staining (Fig. S1a–c). While control mice 
showed spontaneous functional recovery over time, DM significantly retarded this process. This impairment was 
evidenced by significantly worse performance in the foot fault (Fig. 1d) and Rotarod tests (Fig. 1e), as well as 

higher neurological deficit scores (Fig. 1f) compared to non-diabetic mice. These observations are consistent with 

previous reports suggesting that DM exacerbates neurovascular damage and obstructs brain repair, ultimately 

impairing post-stroke functional recovery (Zhang et al. 2016).

DM Reduces Functional Vascular Intensity and Angiogenesis in the Peri-Infarction Area Following 

Photothrombosis

Given the positive correlation between peri-infarct vascular intensity and stroke prognosis (Krupinski et al. 

1994), we evaluated the functional blood vessels using tomato-lectin. As shown in Fig. 2a, compared with the 

corresponding position of the non-ischemic hemisphere in the control group, there was a significant decrease in 
the lectin-labeled functional blood vessels in the peri-infarction area of the ischemic hemisphere one day after 

focal ischemia. Vascular density in the peri-infarct area was significantly reduced in DM mice, whereas there was 
reparative neovascularization in the peri-infarction area of the ischemic hemisphere in control mice 7 days and 
14 days after focal ischemia (Fig. 2a, b).

To determine if these changes were linked to active angiogenesis, we performed double immunofluorescent 
staining for CD31 and Ki67 in the brain slices. In control mice, prominent Ki67-positive signals were observed 
in peri-infarct blood vessels 7 days post-stroke; however, this angiogenic response was significantly diminished 
in the DM group (Fig. 2c, d).

DM Impairs BBB Integrity, Pericyte Coverage and White Matter Integrity After Photothrombosis

BBB integrity was assessed by measuring IgG leakage (Wang et al. 2016) via western blot and immunofluo-

rescence. Our results showed that while there was no significant difference in IgG leakage between the DM 
and control group 1 day post-stroke (Fig. 3a), DM mice exhibited significantly higher leakage at 7 and 14 days 
after photothrombosis-induced cerebral ischemia (Fig. 3b), indicating exacerbated long-term BBB damage. Fluo-

rescence results confirmed that the DM-induced IgG leakage increased after photothrombosis-induced cerebral 
ischemia (Fig. 3c). Moreover, pericyte coverage, a critical factor for BBB stabilization and recovery (Yang and 
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Fig. 2 DM significantly decreased the functional vascular density and angiogenesis in the peri-infarction area after photo-
thrombosis. a Compared with the non-ischemic hemisphere, the functional vascular labeling of the ischemic hemisphere 
lectin is reduced 1 day after ischemia. As the ischemia duration is prolonged, the density of functional vascular labeling 
marked by lectin increases, and the length of blood vessels increases 14 days after ischemia. The functional blood vessel 
density in the peri-infarction area in the DM group is significantly reduced at 1 day, 7 days, and 14 days (n = 3/group, scale 
bar = 200 μm). b Quantification of lectin-positive vessels in the Ctrl and DM group 7 and 14 days after PT. c DM significantly 
decreased angiogenesis detected by Ki67 (green) and CD31 (red) double staining 7 and 14 days after ischemia. d Quantifi-
cation of Ki67- and CD31-positive cells in Ctrl and DM group 1, 7 and 14 days after PT. (NI, Non-ischemic hemisphere; I, 
ischemic hemisphere. ROI: region of interest. n = 3/group, Scale bar = 50 µM)
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Fig. 3 DM impairs BBB integrity 7 and 14 days after photothrombosis. a, b Western blot results showed that significant IgG 
leakage was detected in the ischemic hemisphere, and DM significantly increased the IgG leakage 7 and 14 days after PT 
(b, n = 3/group). c Seven and fourteen days after ischemia, immunofluorescence staining showed that there was significant 
IgG leakage in the ischemic hemisphere, and DM significantly increased the IgG leakage (n = 4–6/group). d Compared to 
the non-ischemic hemisphere, pericyte coverage stained by PDGF-β was significantly increased 7 or 14 days after ischemia. 
DM decreases pericyte coverage. e The vessel that were covered by pericytes was quantitated; DM significantly decreased 
pericyte coverage after PT (n = 3/group, Scale bar = 50 μm). f Ischemia induced significant MBP degradation, which was 
further exaggerated by DM after PT. g quantification of SIM32/MBP, DM significantly increased SIM32 and decreased MBP 
(n = 3/group, Scale bar = 100 μm, *P < 0.05, **P < 0.01, vs. NI, #P < 0.05, ##P < 0.01 vs. Ctrl. NI, non-ischemic hemisphere; 
I, ischemic hemisphere)
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Torbey 2020), was significantly inhibited in DM mice, as shown by PDGFR-β and CD31 co-staining (Fig. 3d, e). 

Furthermore, DM exacerbated the ischemia-induced SMI32 increase and MBP degradation (Fig. 3f, g), suggest-

ing that DM-mediated functional deficits are also linked to aggravated white matter injury.

 DM Suppresses the Expression of Tight Junction Proteins After Photothrombosis

We examined the expression of Tight junction proteins claudin-5, occludin, and ZO-1, which play a critical role 
in maintaining BBB integrity (Wang et al. 2023d; Zhang et al. 2024). Double immunostaining of claudin-5 and 

CD31 showed that the expression levels of claudin-5 in the microvessels of the ischemic hemisphere were signifi-

cantly reduced on day 1, and there was a recovery on day 7 and day 14. DM significantly hindered the recovery 
of claudin-5 in the microvessels of the ischemic hemisphere (Fig. 4a, upper panel). To more clearly visualize 

the common positioning of claudin-5 and CD31, high-magnification images of claudin-5 and CD31 co-staining 
were shown in Fig. 4a (lower panel). The expression levels of claudin-5 were not significantly recovered with the 
extension of the reperfusion duration, indicating that the DM inhibited claudin-5 expression.

Western blot results showed that compared to the non-ischemic hemisphere, while the expression levels of 

ZO-1, occludin, and claudin-5 in the ischemic hemisphere were initially dropped on day 1, they gradually recov-

ered in control mice by day 7 and day 14. In contrast, DM significantly hindered the recovery of claudin-5 
(Fig. 4b), occludin (Fig. 4c), and ZO1 (Fig. 4d, e) in the ischemic hemisphere.

DM Inhibits the Expression of Robo1, and Increases the Expression of Robo4, But Does Not Affect slit2 

Expression After Photothrombosis

Robo1 is known to promote retinal angiogenesis in the mouse postnatal retina and in a model of ocular neovas-

cular disease (Rama et al. 2015). Using immunofluorescence double staining, we first confirmed that Robo1 is 
expressed in microvessels. DM significantly inhibited the post-stroke Robo1 increase in the peri-infarction area 
of the ischemic hemisphere on day 7 (Fig. 5a) and day 14 (Fig. S2a). The results were further confirmed by 
western blot showing that DM significantly downregulated the post-stroke expression levels of Robo1 on day 1 
(Fig. 5b), day 7, and day 14 (Fig. 5c), suggesting that DM may impair angiogenesis by inhibiting Robo1expres-

sion in a time-dependent manner.

Slit2-Robo4 signaling pathway was reported to play a role in inhibiting angiogenesis (Barquilla and Pasquale 
2015; Hoang et al. 2009; Köhler et al. 2013). Robo4, another receptor of the factor Slit2, was related to angiogene-

sis after the stroke (Jones et al. 2008). Compared to the non-ischemic hemisphere, there was a significant decrease 
in Robo4 expression levels in microvessels in the peri-infarction area of the ischemic hemisphere, detected by 
immunofluorescence. DM significantly upregulated the expression levels of Robo4 on Day 7 (Fig. 5d). The 

results were further corroborated by western blot, showing that DM significantly upregulated the poststroke 
expression of Robo4 on Day 1 (Fig. 5e), Day 7, but not Day 14 (Fig. 5f). These results suggest that DM may 

impair angiogenesis by promoting the expression of Robo4 in a time-dependent manner.
Using immunofluorescence double staining, we confirmed that Slit2 was expressed in microvessels. Focal 

ischemia did not affect the expression of Slit2, and DM did not affect the protein expression of Slit2 on Day 7 
(Fig. 5g) and Day 14 (Fig. S2c). Western blot results showed that there was no significant change in Slit2 expres-

sion levels on Day 1 (Fig. 5h), Day 7 (Fig. 5i), and Day 14 (Fig. S2f).

DM Inhibits the Expression of CRTC1 After Photothrombosis

The expression of CRTC1 has been shown to play a role in BBB damage after focal ischemia (Chen et al. 2022); 

it is not clear whether it plays a role in BBB repair. Using immunofluorescence double staining, our results con-

firmed that CRTC1 was expressed in microvessels. Ischemia induced significant CRTC1 degradation, which was 
further exacerbated by DM on day 7 (Fig. 6a) and day 14 (Fig. 6b). The results were further confirmed by western 
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blot, showing that CRTC1 expression in the peri-infarction area of the ischemic hemisphere was significantly 
decreased relative to the non-ischemic hemisphere. Additionally, DM further decreased CRTC1 expression on 
day 1 (Fig. 6c), day 7, and day 14 (Fig. 6d), suggesting that suppressed CRTC1 expression may contribute to 
impaired BBB repair in diabetic conditions.

Fig. 4 DM decreases the expression of tight junction proteins 7 and 14 days after photothrombosis. a Representative immu-
nofluorescence images of CD31 and claudin-5 staining in the Ctrl and DM groups at days 1, 7, and 14 post-PT (upper panel, 
n = 3/group, scale bar = 100 μm). Representative higher-magnification immunofluorescence images showed that CD31 and 
claudin-5 co-staining in the Ctrl group at day 1 post-PT, and in the DM group at day 1, 7, and 14 post-PT (lower panel, n = 3/
group, scale bar = 50 μm). b Representative western blot images (upper panel) and quantitative analysis (lower panel) of clau-
din-5 in the Ctrl and DM groups at days 7 and 14 post-PT showed that DM significantly reduced claudin-5 expression after 
PT (n = 4–5/group). Representative western blot images (upper panel) and quantitative analysis (lower panel) of occludin (c) 
and ZO-1 (d, e) in the Ctrl and DM groups at days 7 and 14 post-PT demonstrated that DM markedly decreased the expres-
sion of both occludin and ZO-1 after PT (n = 5–7/group). NI nonischemic, I ischemic, *p < 0.05, **p < 0.01, ***p < 0.001 vs. 
the NI, #p < 0.05, ##p < 0.01 vs. the Ctrl group
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Fig. 5 DM decreased Robo1 expression, increased Robo4 expression, and did not alter Slit2 in the peri-infarction area after 
photothrombosis. a Representative images of CD31 and Robo1 immunofluorescence staining in the Ctrl and DM groups at 
day 7 post-PT (n = 3/group, scale bar=50 μm). b, c Representative western blot image and quantitative analysis of Robo1 in 
the Ctrl and DM groups at day 1 (b), 7, and 14 (c) post-PT showed that DM markedly reduced Robo1 levels at 1, 7, and 14 
days after PT (n = 3–5/group). d The representative images of CD31 and Robo4 immunofluorescence staining in the Ctrl and 
DM groups at day 7 post-PT (n = 3/group, scale bar = 50 μm). e, f Representative western blot image and quantitative analysis 
of Robo4 in the Ctrl and DM groups at day 1 (e), 7, and 14 (f) post-PT showed that DM significantly increased Robo4 levels 
7 days after PT (n = 3/group). g The representative images of CD31 and Slit2 immunofluorescence staining in the Ctrl and 
DM groups at day 7 post-PT (n = 3/group, scale bar=50 μm). h, i Representative western blot image and quantitative analysis 
of Slit2 in the Ctrl and DM groups at day 1 (h) and 7 and 14 days (i) post-PT showed that there was no significant change in 
Slit2 level in the DM group after PT (n = 3–6/group). NI, nonischemic; I, ischemic, *p < 0.05, **p < 0.01, ***p < 0.001 vs. the 
NI, #p < 0.05, ##p < 0.01 vs. the Ctrl group
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Fig. 6 DM decreased the expression of CRTC1 in the peri-infarction area after photothrombosis. a, b The representative 
images of CRTC1 and CD31 immunofluorescence staining in the Ctrl and DM groups at days 7 (a) and 14 (b) post-PT 
(n = 3/group, scale bar = 50 μm). c Representative western blot image and quantitative analysis of CRTC1 in the Ctrl and 
DM groups at days 1 (c), 7, and 14 (e) post-PT showed that the level of CRTC1 in the DM group was markedly decreased 
at day 14 after PT (n = 3–7/group). NI nonischemic, I ischemic. *p < 0.05, **p < 0.01, ***p < 0.001 vs. the NI, ##p < 0.01, vs. 
the Ctrl group
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Discussion

DM significantly exacerbates motor and cognitive deficits following stroke (Kuwashiro et al. 2013). Because 

angiogenesis and the maintenance of BBB integrity are fundamental to functional recovery after ischemic stroke 

(Yang and Torbey 2020), understanding how DM impairs these processes is vital. In the present study, using the 

mouse photothrombosis model, we investigated the impact of DM on post-stroke angiogenesis and BBB integrity 

and the Slit2/Robo/CRTC1 signaling pathway after photothrombosis. Our primary findings indicate that: (1) DM 
impairs neurological recovery and reduces both functional vessel density and active angiogenesis in the ischemic 

penumbra; (2) DM disrupts BBB integrity by decreasing tight junction protein expression and pericyte coverage 

at 7 and 14 days post-stroke; (3) DM leads to a significant decrease in Robo1 and an increase in Robo4 expression 
without altering Slit2 levels; (4) DM suppresses the expression of CRTC1 in the ischemic penumbra.

Previous studies have shown that while spontaneous brain repair occurs following acute stroke (Li et al. 2020), 

DM can worsen the motor and cognitive recovery after stroke. For example, Type 1 DM impairs cognitive func-

tion in middle-aged rats and neurological recovery in middle-aged rats after stroke (Zhang et al. 2016). In the 

present study, using mice photothrombosis model, we demonstrated that DM impairs motor function, as evi-

denced by Rotarod and foot-fault tests, and results in poor sensorimotor outcomes as measured by neurological 
scores. Since white matter integrity and angiogenesis are essential for functional recovery (Du et al. 2026b), we 

examined these pathways and found that DM significantly decreased MBP expression while increasing SMI-32 
(a marker of axonal damage). These findings suggest that DM-induced functional decline is closely linked to 
structural white matter injury and impaired angiogenic processes.

Poststroke angiogenesis is essential for restoring oxygen and nutrient supply to injured tissues, providing neu-

rotrophic support for concurrent neurogenesis and synaptogenesis, which ultimately lead to functional recovery 

(Xu et al. 2025). Clinical evidence have shown that vascular density in the penumbra after cerebral ischemia 
correlates positively with stroke patient prognosis and long-term survival (Krupinski et al. 1994). Moreover, 

pathologic analysis and brain imaging studies of patients with subacute and chronic stroke have found that the 

level of angiogenesis and vascular network reconstruction in the ischemic penumbra determines the long-term 

survival rate of patients (Liu et al. 2014). While DM is known to cause pathological neovascularization in the 

retina, it paradoxically impairs restorative angiogenesis in the heart and peripheral limbs, it paradoxically impairs 

restorative angiogenesis in the heart and peripheral limbs (Ergul et al. 2014). In the present study, our results 

align with findings in Type 2 diabetic models where impaired collateral flow contributes to poor stroke outcomes 
(Akamatsu et al. 2015). Here, we demonstrate that DM reduces functional blood vessel density, suggesting that 

suppressed angiogenesis is a primary driver of DM-induced recovery failure.

For neovascularization to be truly “functional,” vessels must mature through the expression of tight junction 
proteins and recruitment of pericytes (Bai et al. 2026). Without these elements, new vessels remain “leaky” or 

non-perfused. This explains why some studies observe increased microvascular density without a corresponding 

increase in cerebral blood flow (Wang et al. 2012), or find “empty” microvessels that fail to provide perfusion 
(Yu et al. 2007). In the present study, our results show that DM decreases tight junction proteins and pericyte 

coverage, leading to compromised BBB integrity. These findings reinforce the idea that protecting the BBB is as 
critical as promoting vessel growth for improving motor and cognitive outcomes (Liu et al. 2017). Current strat-
egies to promote angiogenesis often rely on VEGF; however, VEGF-induced vessels are frequently immature, 
leading to increased BBB leakage (Rust et al. 2019a, 2019b) and brain edema (Reischl et al. 2014). Consequently, 
identifying alternative pathways such as axon guidance molecules, including Netrins, Ephrins, and Semaphorin 
3, is a priority. The Slit2 signaling pathway is a promising candidate, as its effect on endothelial cells depends on 
the balance between Robo1 and Robo4 receptors (Rust et al. 2019b). Consistent with a previous study showing 
that Slit2/Robo1 signaling is involved in angiogenesis of glomerular endothelial cells exposed to a diabetic-like 
environment (Liu et al. 2018), our results indicate that DM shifts this balance by decreasing Robo1 and upregulat-
ing Robo4. This supports previous models suggesting that Slit2-Robo1 signaling stimulates angiogenesis, while 
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Slit2-Robo4 signaling inhibits it (Barquilla and Pasquale 2015; Hoang et al. 2009; Köhler et al. 2013), suggesting 

that there is functional divergence between Robo1 and Robo4, particularly in the context of post-stroke vascular 
remodeling and BBB integrity, and that differential regulation under diabetic conditions has significant biological 
implications.

Endothelial cell-specific CRTC2-knock-out mice showed reduced angiogenesis, exacerbated stroke, and 
impaired neurologic recovery (Kanki et al. 2020). In the present study, we observed a significant reduction in 
CRTC1 expression in diabetic mice. As CRTC1 expression mirrored that of Robo1, we hypothesize that (1) 
CRTC1 serves as a downstream target of the Slit2-Robo pathway. In its dephosphorylated state, CRTC1 trans-

locates from the cytosol to the nucleus to act as a transcriptional co-activator; (2) Slit2-Robo signaling path-

way regulates angiogenesis and BBB repair by regulating the phosphorylated and non-phosphorylated forms of 

CRTC1 and neurological recovery (Wang et al. 2023b). Therefore, based on our results, it is plausible that DM 

may disrupt the phosphorylation state of CRTC1 via the Slit2-Robo pathway, thereby suppressing the transcrip-

tional programs necessary for angiogenesis and BBB repair.

While this study elucidates how DM impairs post-stroke angiogenesis and BBB integrity, several limitations 

regarding clinical translation remain. Only male animals are used; only photothrombosis is used; there are no 

rescue experiments.

In summary, we demonstrate that DM-induced functional deficits after stroke are closely tied to the impairment 
of angiogenesis and BBB integrity. The downregulation of Robo1 and CRTC1, coupled with the upregulation of 
Robo4, provides a mechanistic explanation for this vascular failure. Our findings suggest that the Slit2/Robo1/
CRTC1 axis is a viable therapeutic target for promoting vascular repair and functional recovery in diabetic stroke 
patients.
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