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Objective: Cell division cycle 42 (CDC42) modulates CD4+ T-cell differentiation, blood lipids, and neuronal apoptosis and is involved in the pathogenesis of acute ischemic stroke (AIS); however, the clinical role of CDC42 in AIS remains unanswered. This study aimed to evaluate the expression of CDC42 in a 3-year follow-up and its correlation with disease severity, T helper (Th)1/2/17 cells, and the prognosis in patients with AIS.

Methods: Blood CDC42 was detected in 143 patients with AIS at multiple time points during the 3-year follow-up period and in 70 controls at admission by reverse transcription-quantitative polymerase chain reaction (RT-qPCR). In addition, blood Th1, Th2, and Th17 cells and their secreted cytokines (interferon-γ (IFN-γ), interleukin-4 (IL-4), and interleukin-17A (IL-17A)) in patients with AIS were detected by flow cytometry and enzyme-linked immunosorbent assay (ELISA), respectively.

Results: Compared with controls (p < 0.001), CDC42 was reduced in patients with AIS. CDC42 was negatively correlated with the National Institutes of Health Stroke Scale (NIHSS) score (p < 0.001), whereas, in patients with AIS (all p < 0.050), it was positively associated with Th2 cells and IL-4 but negatively correlated with Th17 cells and IL-17A. CDC42 was decreased from admission to 3 days and gradually increased from 3 days to 3 years in patients with AIS (P<0.001). In a 3-year follow-up, 24 patients with AIS recurred and 8 patients died. On the 3rd day, 7th day, 1st month, 3rd month, 6th month, 1st year, 2nd year, and 3rd year, CDC42 was decreased in recurrent patients than that in non-recurrent patients (all p < 0.050). CDC42 at 7 days (p = 0.033) and 3 months (p = 0.023) was declined in reported deceased patients than in survived patients.

Conclusion: CDC42 is used as a biomarker to constantly monitor disease progression and recurrence risk of patients with AIS.
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INTRODUCTION

Stroke is a common cerebrovascular disease, which has affected nearly 104 million people worldwide in the past three decades and has climbed to the second leading cause of death (second only to ischemic heart disease), besides, stroke is also known for its high disability rate (nearly 33.4–71%) (1–4). Acute ischemic stroke (AIS) is the primary type of stroke (accounting for ~70% of all stroke cases), which is characterized by immune system disorder, severe neurological deficits, etc. (5–10). Gradually, diversified therapeutic strategies (including thrombolysis, antiplatelet treatment, anticoagulants, and neuroprotective agents) have been introduced in an attempt to eliminate arterial occlusion, restore blood flow to the brain, and improve the recovery of neurological function; however, AIS is disease prone to recurrence, which requires continuous attention (11–16). Therefore, it is imperative to develop objective biomarkers to help identify patients with AIS as soon as possible, predict their outcomes, and then adjust the treatment regimens accordingly.

Cell division cycle 42 (CDC42), a small hydrolase of guanosine triphosphate (GTPase), acts as a signal transduction convergence point that mediates many signaling pathways. Moreover, it is reported that CDC42 regulates blood lipids, blood vessel development, CD4+ T-cell differentiation, microglial process, and neuronal apoptosis in some cardiovascular and cerebrovascular diseases (including ischemic brain injury, coronary heart disease, and cerebrovascular malformations) (17–23). For instance, a study found that CDC42 can act as an upstream activator of the c-Jun N-terminal kinase (JNK) signaling pathway to govern neuronal apoptosis in ischemic brain injury (19). Another study explored the correlation between CDC42 and T helper (Th) 2 cells, Th17 cells, and blood lipids in patients with coronary heart disease (20). Interestingly, these CDC42-modulated biological processes (mentioned above) behave as underlying pathogenesis of AIS, implying that CDC42 might be implicated in the development of AIS (6, 8, 24). Additionally, an in vitro study reported that the activation of CDC42 promoted the migration of endogenous neural stem/progenitors cells after ischemic stroke, which facilitates the recovery of injured brain tissue (25). However, the detailed clinical role of CDC42 in patients with AIS remains unanswered.

In this study, the expression of CDC42 was detected in patients with AIS during a 3-year follow-up period with the aim of evaluating the longitudinal changes of CDC42 and its correlation with disease severity, Th1/2/17 cells, and the prognosis in patients with AIS.



METHODS


Subjects

From September 2016 to March 2018, a total of 143 patients with first ever stroke was consecutively reflected in this study. Included patients met the following criteria: (1) a new diagnosis of AIS confirmed by cranial CT scan or magnetic resonance angiography; (2) age over 18 years old; and (3) receiving treatment in our hospital within 24 h after the stroke episode. Patients who (1) had intracranial hemorrhage, (2) were accompanied by autoimmune diseases or inflammatory disease, (3) were complicated with hematological diseases or malignancies, (4) had a history of stroke, and (5) were lactating women or pregnant women, were excluded. Furthermore, this study also recruited 70 subjects with at least two high-stroke-risk factors as controls [the high-stroke-risk factors were defined in a previous study (26), specifically including hypertension, atrial fibrillation, diabetes mellitus, dyslipidemia, smoking, lack of exercise, overweight, self-reported family, and a history of transient ischemic attack]. All controls were required to have no history of stroke, and the exclusion criteria of AIS were also appropriate for controls. The ethical permission was acquired from the Ethic Committee with Approval Number 72 (2021) from Province People's Hospital. A written informed consent form was provided by each subject or by the corresponding guardian.



Data Collection and Sample Collection

After inclusion, the clinical data of patients were explained. The National Institutes of Health Stroke Scale (NIHSS) was applied to assess the severity of the disease, which was classified into normal (0–1 point), mild stroke (2–4 points), moderate stroke (5–15 points), moderate-to-severe (16–20 points) stroke, and severe stroke (21–42 points). Trial of ORG 10172 in Acute Stroke Treatment (TOAST) classification was implemented to identify the stroke subtype (27). All patients received usual treatments, including intravenous thrombolysis (IVT) and mechanical thrombectomy. Peripheral blood (PB) samples were collected from each patient immediately after admission. Subsequently, serum samples were separated by centrifugation, and PB mononuclear cells (PBMCs) were separated by the Ficoll density gradient centrifugation. The blood samples of controls were also collected after enrollment, and the PBMC was also divided. Furthermore, for patients with AIS, additional PB samples were collected at the following time points: 1, 3, and 7 days after admission, and 1 month, 3 months, 6 months, 1 year, 2 years, and 3 years at the follow-up. As described above, PBMC was also isolated. In addition, the modified Rankin Scale (mRS) score of patients at 3 months was assessed and collected for study analysis.



Determination of CDC42

The expression of cell division cycle 42 in PBMCs of patients with AIS and controls was established by RT-qPCR. In brief, PureZOL RNA isolation reagent (Bio-Rad, Hercules, CA, USA) was used to extract the total RNA. Then, iScript™ Reverse Transcription Supermix (Bio-Rad, Hercules, CA, USA) was used to complete the reserve transcription. Subsequently, the qPCR reaction was completed utilizing the QuantiNova SYBR Green PCR kit (QiaGen, Duesseldorf, Nordrhein-Westfalen, Germany). The expression of CDC42 was measured by the 2−ΔΔCt method using glyceraldehyde-3-phosphate dehydrogenase (GAPDH) as an internal reference. Primer sequences were listed in a previous study (20).



Determination of Cytokines and Th Cells

For patients with AIS, serum cytokines, including interferon- γ (IFN-γ, secreted by Th1 cells), interleukin-4 (IL-4, secreted by Th2 cells), and interleukin-17A (IL-17A, secreted by Th17 cells), were determined by using enzyme-linked immunosorbent assay (ELISA) kits: IFN-γ Human ELISA kit (Invitrogen, Carlsbad, CA, USA), IL-4 Human ELISA kit (Invitrogen, Carlsbad, CA, USA), and IL-17A Human ELISA kit (Invitrogen, Carlsbad, CA, USA). In addition, fresh PBMC samples of 78 patients isolated at admission were used to determine the proportion of Th cells (Th1/2/17) in CD4+ T cells by a flow cytometric analysis using the Human Th1/Th2/Th17 Phenotyping kit (BD, Franklin Lakes, NJ, USA). The assay procedures were carried out according to the application instructions provided by the manufacturer. In addition, the ELISA assay was implemented according to the kit instructions supplied by the manufacturers.



Follow-Up

Patients were followed up consecutively at 1 month, 3 months, 6 months, 1 year, 2 years, and 3 years, for a total of 36 months, during which the recurrence of stroke and the death of patients were registered.



Statistical Analysis

The data analysis and graph creation were completed using SPSS 26.0 (IBM Corp., Armonk, NY, USA) and GraphPad Prism 7.02 (GraphPad Software, Inc., San Diego, CA, USA), respectively. The Mann–Whitney U test or Kruskal–Wallis H rank sum test was used to compare the expression of CDC42. The change of CDC42 expression over time was analyzed using the Friedman test. Spearman's rank correlation test examined the association between the two continuous variables. Factors related to the risk of ischemic stroke were analyzed by univariate logistic regression. Receiver operating characteristic (ROC) curves were constructed to assess the correlation of the expression of CDC42 at different time points with a recurrence risk of AIS. A two-sided value of p < 0.05 was taken to define the statistical significance.




RESULTS


Study Flow

A total of 143 patients with AIS and 70 controls were enrolled in the study (Figure 1). For patients with AIS, CDC42, Th1, Th2, Th17 cells, IFN-γ, IL-4, and IL-17A were checked at admission. The mean time of the first sample obtained after admission was 24.9 ± 6.1 min. Then, CDC42 was additionally detected at the following time points: 1 day (n = 143), 3 days (n = 132), and 7 days (n = 128) after admission; 1 month (n = 121), 3 months (n = 114), 6 months (n = 109), 1 year (n = 100), 2 years (n = 83), and 3 years (n = 72) after discharge from the hospital. In addition, it should be noted that 8 (5.6%) cases recurred, 1 (0.7%) died, and 7 (4.9%) were lost a follow-up that happened within the 1st year; 11 (7.7%) recurred, 6 (4.2%) died, and 21 (14.7%) were lost a follow-up that happened within the 2nd year; and 5 (3.5%) recurred, 1 (0.7%) died, and 12 (8.4%) lost a follow-up that happened within the 3rd year. For controls, their CDC42 was observed at the time of admission.


[image: Figure 1]
FIGURE 1. Study flow.




Characteristics of Patients With AIS

The median age of patients with AIS enrolled in this study was 64.9 ± 8.9 years, consisting of 40 (28.0%) women and 103 (72.0%) men (Table 1). Regarding the underlying diseases, 121 (84.6%), 73 (51.0%), 59 (41.3%), 31 (21.7%), and 29 (20.3%) patients suffered from hypertension, hyperlipidemia, hyperuricemia, diabetes mellitus, and chronic kidney disease, respectively. Moreover, the median NIHSS score was 7.0 (interquartile range (IQR): 4.0–11.0). According to the TOAST classification, 58 (40.6%), 34 (23.8%), 22 (15.4%), 17 (11.9%), and 12 (8.4%) patients were classified into large artery atherosclerosis (LAA), small artery occlusion (SAA), cardioembolism (CE), the stroke of undetermined etiology (SUE), and stroke of other determined etiology (SOE), respectively. In terms of the treatment, 101 (70.6%), 22 (15.4%), and 20 (14.0%) patients receive IVT, mechanical thrombectomy, and IVT coupled with mechanical thrombectomy, respectively. The detailed clinical features of patients with AIS are listed in Table 1.


Table 1. Characteristics of AIS patients.
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CDC42 Expression in Patients With AIS and Controls

The expression of cell division cycle 42 was lower in patients with AIS than in controls (p < 0.001). Furthermore, the median CDC42 expression in patients with AIS and in controls was 0.500 (IQR: 0.320–0.800) and 1.005 (IQR: 0.760–1.828), respectively. In addition, the mean CDC42 expression in patients with AIS and in controls was 0.603 ± 0.385 and 1.304 ± 0.716, respectively (Figure 2). Furthermore, there was no difference in the expression of CDC42 among patients with LAA, SAA, CE, SUE, and SOE (p = 0.428, Supplementary Figure S1).


[image: Figure 2]
FIGURE 2. Cell division cycle 42 (CDC42) was decreased in patients with acute ischemic stroke (AIS) than in controls.


Additionally, the correlation of CDC42 with ischemic stroke was further varied in the logistic regression model analysis, which showed that higher CDC42 was related to the decreased risk of ischemic stroke (odds ratio (OR): 0.086, p < 0.001, Supplementary Table S1).



Correlation of CDC42 With Disease Severity and Underlying Diseases in Patients With AIS

Cell division cycle 42 was negatively correlated with the NIHSS score in patients with AIS (rs= −0.341, p < 0.001), which suggested that CDC42 might be negatively related to the overall disease severity in patients with AIS (Figure 3). To lessen statistical bias, the expression of CDC42 was compared among patients who were divided into five grades, showing that CDC42 was the highest in mild patients, followed by moderate patients, then in moderate-to-severe patients, and the lowest in severe patients (p < 0.001) (Supplementary Figure S2).


[image: Figure 3]
FIGURE 3. CDC42 was negatively associated with the National Institutes of Health Stroke Scale (NIHSS) score in patients with AIS.


Moreover, CDC42 was not associated with hypertension (p = 0.057), hyperlipidemia (p = 0.115), hyperuricemia (p = 0.870), diabetes mellitus (p = 0.263), or chronic kidney disease (p = 0.451) in patients with AIS (Supplementary Table S2).



Correlation of CDC42 With Th1/2/17 Cells, and Their Secreted Cytokines in Patients With AIS

Cell division cycle 42 was neither related to Th1 cells (rs= −0.156, p = 0.172) nor its secreted cytokine IFN-γ (rs= −0.133, p = 0.112). However, CDC42 was positively linked with Th2 cells (rs= 0.250, p = 0.027) and its secreted cytokine IL-4 (rs= 0.207, p = 0.013) in patients with, whereas CDC42 was negatively associated with Th17 cells (rs= −0.337, p = 0.003) and its secreted cytokine IL-17A (rs= −0.304, p < 0.001) (Figures 4A–F).


[image: Figure 4]
FIGURE 4. CDC42 was associated with T helper (Th)2, Th17 cells, and their secreted cytokines in patients with AIS. The correlation of CDC42 with Th1 cells (A), Th2 cells (B), Th17 cells (C), interferon-gamma (IFN-γ) (D), interleukin-4 (IL-4) (E), and interleukin-17A (IL-17A) (F) in patients with AIS.




Longitudinal Changes of CDC42 Expression in Patients With AIS

Overall, there are differences in CDC42 in patients with AIS at different time points (p < 0.001, Figure 5). Specifically, in patients with AIS, CDC42 showed a gradual decrease from admission [0.500 (IQR: 0.320–0.800)] to 3 days [0.375 (IQR: 0.220–0.665)], then it showed an increasing trend from 3 days to 3 years [0.865 (IQR: 0.480–1.178)]. Furthermore, CDC42 at 3 days was significantly reduced than that on admission (p < 0.001) while CDC42 at 3 years was significantly increased than that at 3 days (p < 0.001) (Supplementary Figure S3).


[image: Figure 5]
FIGURE 5. Differences of CDC42 at different time points after AIS initiation.




Differences of CDC42 Between AIS Patients With mRS Score ≤ 2 and mRS Score > 2 at Each Time Point

Cell division cycle 42 CDC42 at admission (p = 0.013), 1 day (p = 0.009), 3 days (p = 0.001), 7 days (p = 0.002), 1 month (p = 0.004), 3 months (p < 0.001), 6 months (p = 0.005), 1 year (p = 0.007) was decreased in the mRS score > 2 patients than that in the mRS score ≤ 2 patients while CDC42 at 2 years (p = 0.099) and 3 years (p = 0.270) showed no difference between the patients in those two groups (Supplementary Table S3).



Correlation of CDC42 Expression With Recurrence and Death of Patients With AIS

One-, two-, and three-year cumulative recurrence rates for patients with AIS in this study were 5.6%, 13.3%, and 16.8%, respectively. Consequently, the aggregate cumulative recurrence rate was 16.8% (Figure 6A). One-, two-, and 3three-year cumulative mortality rates for patients with AIS in this study were 0.7%, 4.9%, and 5.6%, respectively. Hence, the total accumulated mortality rate was 5.6% (Figure 6B).


[image: Figure 6]
FIGURE 6. CDC42 was decreased in recurrent patients (vs. non-recurrent patients) and deceased patients (vs. survived patients) at some time points. Accumulating 1-, 2-, and 3-year, total recurrent (A) and mortality (B) rates in patients with AIS. Comparison of CDC42 at different time points in recurrent patients (vs. non-recurrent patients) (C) and deceased patients (vs. survived patients) (D).


Additionally, CDC42 was reduced in recurrent patients at 3 days (p = 0.005), 7 days (p = 0.001), 1 month (p = 0.001), 3 months (p = 0.016), 6 months (p = 0.022), 1 year (p = 0.024), 2 years (p = 0.042), and 3 years (p = 0.006) compared with non-recurrent patients (Figure 6C). In addition, CDC42 at 7 days (p = 0.033) and 3 months (p = 0.023) was declined in deceased patients than survived patients, while it was of no difference at other time points between those two groups (all p > 0.050) (Figure 6D). In detail, it was found that although CDC42 in recurrent and non-recurrent patients with AIS was declined within 3 days, then exhibited a climbing trend from 3 days to 3 years, the difference in CDC42 between these two groups was gradually enlarged over time. Meanwhile, CDC42 displayed a similar trend between survived and deceased patients with AIS to some extent.

In addition, CDC42 at some time points was decreased in 1-, 2-, and 3-year recurrent patients (vs. non-recurrent patients) (all p < 0.050) (Supplementary Table S4). Additionally, ROC curves showed that CDC42 at different time points, to some extent, was correlated with the recurrence risk of patients with AIS (Supplementary Figures S4A–J). Furthermore, CDC42 in a small part of the time points was declined in 1-, 2-, and 3-year deceased patients (vs. survived patients) (all p < 0.050) (Supplementary Table S5).




DISCUSSION

Cell division cycle 42, a small Rho GTPase, is related to neuronal morphology, T-cell differentiation, vascular permeability, etc. in several in vivo and in vitro studies; however, its clinical application in cerebrovascular diseases is still rare. Meanwhile, there is no clinical study focusing on the correlation between CDC42 and disease severity in patients with AIS (28–30). In this study, CDC42 was negatively related to the NIHSS score of patients with AIS, which reflected a negative correlation between CDC42 and disease severity in patients with AIS. Possible explanations might be as follows: (1) CDC42 promoted the regeneration of vascular endothelial cells (ECs) whose injury was associated with elevated vascular hyperpermeability and increased NIHSS score in patients with AIS (31, 32). (2) CDC42 was considered to promote the activated microglia returning to ramify the status, which would be helpful to cope with the injury induced by neuroinflammation. Meanwhile, CDC42 attenuated neuroinflammation via decreasing peripheral immune cell infiltration (33, 34). As to the systemic inflammation, CDC42 prevented the sustained upregulation of pro-inflammatory genes by reducing macrophage recruitment, and inhibiting excessive inflammation would facilitate vascular healing (35–37). (3) CDC42 might reduce the accumulation of low-density lipoproteins via enhancing foam cell formation, resulting in a more severe situation in patients with AIS (8, 38). Thus, CDC42 was negatively related to disease severity in patients with AIS.

Cell division cycle 42 is a key regulator of immune cell homeostasis and T-cell differentiation, according to some in vivo and in vitro studies (39, 40). For instance, one study has concluded that the native T cells lacking CDC42 accelerated differentiation into Th1 cells and CD8+ effector cells (39). In addition, clinical research suggests that CDC42 is positively correlated with Th2 cells but negatively correlates with Th17 cells in patients with coronary heart disease (20). However, there are no relevant clinical studies showing the involvement of CDC42 in Th1, Th2, Th17 cells and their secreted cytokines in patients with AIS. The current study revealed that CDC42 was positively linked with Th2 cells and their secreted cytokine IL-4 but negatively associated with Th17 cells and its secreted cytokine IL-17A in patients with AIS; however, CDC42 was neither related to Th1 cells nor its secreted cytokine IFN-γ. Probable reasons might be that: (1) CDC42 selectively promoted the differentiation of T cells into Th2 cells via 4–1BB and nucleic acid metabolism signaling pathways but suppressed T-cell differentiation into Th17 cells by diminishing glycolysis (40, 41). Consequently, CDC42 was positively related to Th2 cells and IL-4 (Th2 secreted cytokine) but negatively linked with Th17 cells and IL-17A (Th17 secreted cytokine) in patients with AIS. (2) CDC42 mainly enhanced the differentiation of T cells into Th2 cells, and the proportion of Th1 cells was indirectly affected; thus, CDC42 was positively correlated with Th2 cells and IL-4 but not linked with Th1 cells or IFN-γ in patients with AIS. In addition, it could be noticed that IFN-γ, IL-4, and IL-17A of all 143 patients with AIS were detected on admission, while only 78 Th1, Th2, and Th17 cells were detected simultaneously. The reason was that inflammation cytokines could be retained in samples for further measurement. Hence, inflammation cytokines were identified in all patients; however, the detection of Th cells in freshly isolated PBMC should be performed immediately, which some patients could not accomplish. Therefore, Th cells were detected in parts of patients with AIS.

Although various biomarkers for the management of patients with AIS (such as endostatin, sphingosine 1-phosphate, and fatty acid-binding protein 4) have been noticed in some studies, most of them are detected at a single point and multipoint detection study in the long term is rare (42–44). This study detected the expression of CDC42 expression at admission, 1 day, 3 days, 7 days, 1 month, 3 months, 6 months, 1 year, 2 years, and 3 years in patients with AIS and revealed that CDC42 gradually decreased from the day of admission to 3 days, then it showed an increasing trend from 3 days to 3 years in patients with AIS; additionally, CDC42 in recurrent, non-recurrent, survived, and deceased patients with AIS presented the similar longitudinal-change trend. A probable reason might be that stroke injury had a hysteresis effect, which meant that the stroke injury of patients with AIS is initially exacerbated, subsequently facilitated by the elimination of arterial occlusion and the restoration of blood flow to the brain (45). Considering the role of CDC42 on thrombosis and as a protective factor in AIS; therefore, CDC42 slightly decreased within 3 days and then exhibited a climbing trend from 3 days to 3 years in patients with AIS (23). Moreover, CDC42 expression data of several patients were omitted at some time points, which could explain that this was not an intervention study. Patients were monitored regularly according to the needs of their disease condition; therefore, it could not be ensured that patients could revisit on time at every time point.

In addition to the longitudinal changes, we also noted that CDC42 was lower in recurrent than in non-recurrent patients with AIS at most time points. This difference gradually widened over time, but it was quite insignificant in survived and deceased patients. The possible explanations might be as follows: (1) CDC42 contributed to blood vessel regeneration and functional recovery, whereas recurrent patients with AIS were frequently accompanied by worse vascular conditions due to thrombosis (28). Hence, CDC42 was lower in recurrent patients than in non-recurrent patients. (2) CDC42 improved neuronal function by regulating actin polymerization state and neuron cytoskeleton. Meanwhile, recurrent patients with AIS had more neuronal cell damage (46, 47). Therefore, CDC42 was reduced in recurrent patients than in non-recurrent patients. (3) CDC42 attenuated the inflammation level, which was preeminent in recurrent patients with AIS (10, 48–50). Thus, CDC42 was negatively linked with the recurrence rate in patients with AIS. (4) The relatively small number of fatal events resulted in low statistical power. As a result, the difference between CDC42 in survived and deceased patients was relatively insignificant.

There were certain limitations to this study. First, the number of patients in the current study was relatively small (n = 143); therefore, studies with a larger sample size to validate the findings were necessary. Second, some patients lost a follow-up over time, which might affect the results of this study. Third, this study only evaluated the clinical role of CDC42 in patients with AIS but lacked the exploration of other stroke types (such as hemorrhagic stroke).

In conclusion, CDC42 correlates with disease severity, Th2 cells, Th17 cells, and their secreted cytokines, which also serve as a biomarker to constantly monitor disease progression and recurrence risk of patients with AIS.



DATA AVAILABILITY STATEMENT

The original contributions presented in the study are included in the article/Supplementary Material, further inquiries can be directed to the corresponding author/s.



ETHICS STATEMENT

The studies involving human participants were reviewed and approved by ShanXi Province People's Hospital of Shanxi Medical University. The patients/participants provided their written informed consent to participate in this study.



AUTHOR CONTRIBUTIONS

JY conceived and designed this study. XC, XZ, and KM collected and analyzed the data and wrote this manuscript. XC and JY revised this manuscript. All authors read and approved the submitted version.



SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fneur.2022.848933/full#supplementary-material

Supplementary Figure S1. Acute ischemic stroke (AIS) patients with different subtypes showed no difference in Cell division cycle 42 (CDC42).

Supplementary Figure S2. Comparison of CDC42 in AIS patients with different disease severity.

Supplementary Figure S3. Comparison of CDC42 to admission vs. 3 days, and 3 days vs. 3 years in patients with AIS.

Supplementary Figure S4. CDC42 was correlated with recurrence risk in patients with AIS. The correlation of CDC42 at admission (A), 1 day (B), 3 days (C), 7 days (D), 1 month (E), 3 months (F), 6 months (G), 1 year (H), 2 years (I), and 3 years (J) with recurrence risk in patients with AIS.

Supplementary Table S1. Factors related to risk of ischemic stroke by univariate logistic regression model analysis.

Supplementary Table S2. Correlation of CDC42 at admission with underlying diseases in AIS patients.

Supplementary Table S3. Differences of CDC42 at each time point between AIS patients with mRS score ≤2 and mRS score >2.

Supplementary Table S4. Difference of CDC42 expression at each follow-up point between recurrent patients and non-recurrent patients.

Supplementary Table S5. Difference of CDC42 expression at each follow-up point between died patients and survived patients.



REFERENCES

 1. Hankey GJ. Stroke. Lancet. (2017) 389:641–54. doi: 10.1016/S0140-6736(16)30962-X

 2. Disease GBD, Injury I, Prevalence C. Global, regional, and national incidence, prevalence, and years lived with disability for 354 diseases and injuries for 195 countries and territories, 1990-2017: a systematic analysis for the Global Burden of Disease Study 2017. Lancet. (2018) 392:1789–858. doi: 10.1016/S0140-6736(18)32279-7

 3. Virani SS, Alonso A, Aparicio HJ, Benjamin EJ, Bittencourt MS, Callaway CW, et al. Heart disease and stroke statistics-2021 update: a report from the American Heart Association. Circulation. (2021) 143:e254–743. doi: 10.1161/CIR.0000000000000950

 4. Feigin VL, Norrving B, Mensah GA. Global burden of stroke. Circ Res. (2017) 120:439–48. doi: 10.1161/CIRCRESAHA.116.308413

 5. Campbell BCV, De Silva DA, Macleod MR, Coutts SB, Schwamm LH, Davis SM, et al. Ischaemic stroke. Nat Rev Dis Primers. (2019) 5:70. doi: 10.1038/s41572-019-0118-8

 6. Stanzione R, Cotugno M, Bianchi F, Marchitti S, Forte M, Volpe M, et al. Pathogenesis of Ischemic Stroke: Role of Epigenetic Mechanisms. Genes. (2020) 11:89. doi: 10.3390/genes11010089

 7. Jayaraj RL, Azimullah S, Beiram R, Jalal FY, Rosenberg GA. Neuroinflammation: friend and foe for ischemic stroke. J Neuroinflammation. (2019) 16:142. doi: 10.1186/s12974-019-1516-2

 8. Yuan S, Tang B, Zheng J, Larsson SC. Circulating Lipoprotein Lipids, Apolipoproteins and Ischemic Stroke. Ann Neurol. (2020) 88:1229–36. doi: 10.1002/ana.25916

 9. Holmes MV, Millwood IY, Kartsonaki C, Hill MR, Bennett DA, Boxall R, et al. Lipids, lipoproteins, and metabolites and risk of myocardial infarction and stroke. J Am Coll Cardiol. (2018) 71:620–32. doi: 10.1016/j.jacc.2017.12.006

 10. Iadecola C, Buckwalter MS, Anrather J. Immune responses to stroke: mechanisms, modulation, and therapeutic potential. J Clin Invest. (2020) 130:2777–88. doi: 10.1172/JCI135530

 11. Powers WJ, Rabinstein AA, Ackerson T, Adeoye OM, Bambakidis NC, Becker K, et al. Guidelines for the early management of patients with acute ischemic stroke: 2019 update to the 2018 guidelines for the early management of acute ischemic stroke: a guideline for healthcare professionals from the American Heart Association/American Stroke Association. Stroke. (2019) 50:e344–418. doi: 10.1161/STR.0000000000000211

 12. Hasan TF, Hasan H, Kelley RE. Overview of acute ischemic stroke evaluation and management. Biomedicines. (2021) 9:1486. doi: 10.3390/biomedicines9101486

 13. Heit JJ, Zaharchuk G, Wintermark M. Advanced neuroimaging of acute ischemic stroke: penumbra and collateral assessment. Neuroimaging Clin North Am. (2018) 28:585–97. doi: 10.1016/j.nic.2018.06.004

 14. Pennlert J, Eriksson M, Carlberg B, Wiklund PG. Long-term risk and predictors of recurrent stroke beyond the acute phase. Stroke. (2014) 45:1839–41. doi: 10.1161/STROKEAHA.114.005060

 15. Strambo D, Zachariadis A, Lambrou D, Schwarz G, Sirimarco G, Aarnio K, et al. A score to predict one-year risk of recurrence after acute ischemic stroke. Int J Stroke. (2021) 16:602–12. doi: 10.1177/1747493020932787

 16. Kuriakose D, Xiao Z. Pathophysiology and treatment of stroke: present status and future perspectives. Int J Mol Sci. (2020) 21:7609. doi: 10.3390/ijms21207609

 17. Watson JR, Owen D, Mott HR. Cdc42 in actin dynamics: an ordered pathway governed by complex equilibria and directional effector handover. Small GTPases. (2017) 8:237–44. doi: 10.1080/21541248.2016.1215657

 18. Pichaud F, Walther RF, Nunes de Almeida F. Regulation of Cdc42 and its effectors in epithelial morphogenesis. J Cell Sci. (2019) 132:jcs217869. doi: 10.1242/jcs.217869

 19. Zhao J, Pei DS, Zhang QG, Zhang GY. Down-regulation Cdc42 attenuates neuronal apoptosis through inhibiting MLK3/JNK3 cascade during ischemic reperfusion in rat hippocampus. Cell Signal. (2007) 19:831–43. doi: 10.1016/j.cellsig.2006.10.006

 20. Zhou M, Wu J, Tan G. The relation of circulating cell division cycle 42 expression with Th1, Th2, and Th17 cells, adhesion molecules, and biochemical indexes in coronary heart disease patients. Ir J Med Sci. (2021) 1971, 1–6. doi: 10.1007/s11845-021-02836-4

 21. Castro M, Lavina B, Ando K, Alvarez-Aznar A, Abu Taha A, Brakebusch C, et al. CDC42 deletion elicits cerebral vascular malformations via increased mekk3-dependent KLF4 expression. Circ Res. (2019) 124:1240–52. doi: 10.1161/CIRCRESAHA.118.314300

 22. Yoshida Y, Yamada A, Akimoto Y, Abe K, Matsubara S, Hayakawa J, et al. Cdc42 has important roles in postnatal angiogenesis and vasculature formation. Dev Biol. (2021) 477:64–9. doi: 10.1016/j.ydbio.2021.05.002

 23. Duan X, Perveen R, Dandamudi A, Adili R, Johnson J, Funk K, et al. Pharmacologic targeting of Cdc42 GTPase by a small molecule Cdc42 activity-specific inhibitor prevents platelet activation and thrombosis. Sci Rep. (2021) 11:13170. doi: 10.1038/s41598-021-92654-6

 24. Ito TK, Yokoyama M, Yoshida Y, Nojima A, Kassai H, Oishi K, et al. A crucial role for CDC42 in senescence-associated inflammation and atherosclerosis. PLoS ONE. (2014) 9:e102186. doi: 10.1371/journal.pone.0102186

 25. Yang Y, Zhang K, Chen X, Wang J, Lei X, Zhong J, et al. SVCT2 promotes neural stem/progenitor cells migration through activating CDC42 after ischemic stroke. Front Cell Neurosci. (2019) 13:429. doi: 10.3389/fncel.2019.00429

 26. Mi T, Sun S, Zhang G, Carora Y, Du Y, Guo S, et al. Relationship between dyslipidemia and carotid plaques in a high-stroke-risk population in Shandong Province, China. Brain Behav. (2016) 6:e00473. doi: 10.1002/brb3.473

 27. Madden KP, Karanjia PN, Adams HP, Clarke WR. Accuracy of initial stroke subtype diagnosis in the TOAST study. Trial of ORG 10172 in Acute Stroke Treatment. Neurology. (1995) 45:1975–9. doi: 10.1212/wnl.45.11.1975

 28. Flentje A, Kalsi R, Monahan TS. Small GTPases and their role in vascular disease. Int J Mol Sci. (2019) 20doi: 10.3390/ijms20040917

 29. Aguilar BJ, Zhu Y, Lu Q. Rho GTPases as therapeutic targets in Alzheimer's disease. Alzheimers Res Ther. (2017) 9:97. doi: 10.1186/s13195-017-0320-4

 30. Aslan JE, McCarty OJ. Rho GTPases in platelet function. J Thromb Haemost. (2013) 11:35–46. doi: 10.1111/jth.12051

 31. Lv J, Zeng J, Guo F, Li Y, Xu M, Cheng Y, et al. Endothelial Cdc42 deficiency impairs endothelial regeneration and vascular repair after inflammatory vascular injury. Respir Res. (2018) 19:27. doi: 10.1186/s12931-018-0729-8

 32. Hu X, De Silva TM, Chen J, Faraci FM. Cerebral vascular disease and neurovascular injury in ischemic stroke. Circ Res. (2017) 120:449–71. doi: 10.1161/CIRCRESAHA.116.308427

 33. Wang P, Zhang Y, Gong Y, Yang R, Chen Z, Hu W, et al. Sodium butyrate triggers a functional elongation of microglial process via Akt-small RhoGTPase activation and HDACs inhibition. Neurobiol Dis. (2018) 111:12–25. doi: 10.1016/j.nbd.2017.12.006

 34. Sherchan P, Huang L, Wang Y, Akyol O, Tang J, Zhang JH. Recombinant Slit2 attenuates neuroinflammation after surgical brain injury by inhibiting peripheral immune cell infiltration via Robo1-srGAP1 pathway in a rat model. Neurobiol Dis. (2016) 85:164–73. doi: 10.1016/j.nbd.2015.11.003

 35. Xu M, Lv J, Wang P, Liao Y, Li Y, Zhao W, et al. Vascular endothelial Cdc42 deficiency delays skin wound-healing processes by increasing IL-1beta and TNF-alpha expression. Am J Transl Res. (2019) 11:257–68.

 36. Vindegaard N, Munoz-Briones C, El Ali HH, Kristensen LK, Rasmussen RS, Johansen FF, et al. T-cells and macrophages peak weeks after experimental stroke: Spatial and temporal characteristics. Neuropathology. (2017) 37:407–14. doi: 10.1111/neup.12387

 37. El-Koussy M, Schroth G, Brekenfeld C, Arnold M. Imaging of acute ischemic stroke. Eur Neurol. (2014) 72:309–16. doi: 10.1159/000362719

 38. Singh RK, Haka AS, Bhardwaj P, Zha X, Maxfield FR. Dynamic actin reorganization and Vav/Cdc42-dependent actin polymerization promote macrophage aggregated LDL (low-density lipoprotein) uptake and catabolism. Arterioscler Thromb Vasc Biol. (2019) 39:137–49. doi: 10.1161/ATVBAHA.118.312087

 39. Guo F, Zhang S, Tripathi P, Mattner J, Phelan J, Sproles A, et al. Distinct roles of Cdc42 in thymopoiesis and effector and memory T cell differentiation. PLoS ONE. (2011) 6:e18002. doi: 10.1371/journal.pone.0018002

 40. Kalim KW, Yang JQ Li Y, Meng Y, Zheng Y, Guo F. Reciprocal regulation of glycolysis-driven Th17 pathogenicity and regulatory T cell stability by Cdc42. J Immunol. (2018) 200:2313–26. doi: 10.4049/jimmunol.1601765

 41. Yang JQ, Kalim KW Li Y, Duan X, Nguyen P, Khurana Hershey GK, et al. Rational targeting Cdc42 restrains Th2 cell differentiation and prevents allergic airway inflammation. Clin Exp Allergy. (2019) 49:92–107. doi: 10.1111/cea.13293

 42. Zhang C, Qian S, Zhang R, Guo D, Wang A, Peng Y, et al. Endostatin as a novel prognostic biomarker in acute ischemic stroke. Atherosclerosis. (2020) 293:42–8. doi: 10.1016/j.atherosclerosis.2019.11.032

 43. Liu J, Sugimoto K, Cao Y, Mori M, Guo L, Tan G. Serum sphingosine 1-phosphate (S1P): a novel diagnostic biomarker in early acute ischemic stroke. Front Neurol. (2020) 11:985. doi: 10.3389/fneur.2020.00985

 44. Tu WJ, Zeng XW, Deng A, Zhao SJ, Luo DZ, Ma GZ, et al. Circulating FABP4 (Fatty Acid-Binding Protein 4) is a novel prognostic biomarker in patients with acute ischemic stroke. Stroke. (2017) 48:1531–8. doi: 10.1161/STROKEAHA.117.017128

 45. Komurcu HF, Gozke E, Dogan Ak P, Kalyoncu Aslan I, Salt I, Ozgenc Bi Er CI. Changes in neutrophil, lymphocyte, platelet ratios and their relationship with NIHSS after rtPA and/or thrombectomy in ischemic stroke. J Stroke Cerebrovasc Dis. (2020) 29:105004. doi: 10.1016/j.jstrokecerebrovasdis.2020.105004

 46. Chen C, Wirth A, Ponimaskin E. Cdc42: an important regulator of neuronal morphology. Int J Biochem Cell Biol. (2012) 44:447–51. doi: 10.1016/j.biocel.2011.11.022

 47. Govek EE, Wu Z, Acehan D, Molina H, Rivera K, Zhu X, et al. Cdc42 regulates neuronal polarity during cerebellar axon formation and glial-guided migration. iScience. (2018) 1:35–48. doi: 10.1016/j.isci.2018.01.004

 48. Kumar S, Xu J, Perkins C, Guo F, Snapper S, Finkelman FD, et al. Cdc42 regulates neutrophil migration via crosstalk between WASp, CD11b, and microtubules. Blood. (2012) 120:3563–74. doi: 10.1182/blood-2012-04-426981

 49. Tackenberg H, Moller S, Filippi MD, Laskay T. The Small GTPase Cdc42 Is a major regulator of neutrophil effector functions. Front Immunol. (2020) 11:1197. doi: 10.3389/fimmu.2020.01197

 50. Maida CD, Norrito RL, Daidone M, Tuttolomondo A, Pinto A. Neuroinflammatory mechanisms in ischemic stroke: focus on cardioembolic stroke, background, and therapeutic approaches. Int J Mol Sci. (2020) 21:6454. doi: 10.3390/ijms21186454

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.

Publisher's Note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2022 Cheng, Ye, Zhang and Meng. 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/fneur-13-848933-g005.gif
s «»{f@“@' LS

£=58.118.P<0001

e

Aosessodptares G002 oresion.

s

o
1
=
2
B
w
-l

mecon(ar)
080032080
ouo0z0010)
0378 020558)
0510 020088
0800435 10%)
o7 0s8e 1 1)






OPS/images/fneur-13-848933-g006.gif





OPS/images/fneur-13-848933-g003.gif
74--0341, P <0.001

[ [ R
S srors





OPS/images/fneur-13-848933-g004.gif





OPS/images/fneur-13-848933-t001.jpg
Items AIS patients (N = 143)

Demographics
Age (years), mean  SD 640480
Gender, n (%)
Female 40 28.0)
Malo 103 (72.0)
BMI (kg/m2), mean = SD 202£25
History of smoke, n (%) 70(65.2)
Underlying diseases
Hypertension, n (%) 121 (84.6)
Hyperlipidernia, n (%) 73(51.0)
Hyperuricemia, n (%) 50 413)
Diabetes melitus, n (%) 311.7)
Chronic kidney disease, 11 (%) 20 20.3)
Disease features
NIHSS score, median (QR) 7.0 (4.0-11.0)
TOAST classfication, n (%)
LA 58 (40.6)
sAA 34(23.9)
CE 22 (15.4)
SUE 17 (11.9)
SOE 12 (8.4)
Laboratory examination
Thi cells (%), median (IQR) 14.6 (12.0-18.4)
Th2 cells (%), median (IQR) 11.50.0-14.6)
Thi7 cels (%), median (QR) 45@97.9)
IFN-y (pg/mi), median (QR) 1.4 (0.7-2.0)
IL-4 (pg/m, median (QR) 15.4 (12.0-25.6)
IL-17A (pg/mi), median (QR) 34.2(22.6-428)
Treatment
VT, n (%) 101 (706)
Mechanical thrombectomy, n (%) 22 (15.4)
IVT combined with mechanical thrombactomy, n (%) 20 (14.0)

AIS, acute ischemic stroke; SD, standard deviation; BMI, body mass index; IR,
interquartie range; NIHSS, National Institute Health of Stroke Scale; TOAST, Trial of Org
10172 in Acute Stroke Treatment; LAA, lerge artery atherosdlerosis; SAA, smel artery
ocousion; CE, cardioembolism; SUE, stroke of undetermined etiokogy; SOE, stroke of
other determined etiology; Th1 cells, T helper 1 cels; Th2 cells, T helper 2 cells; Th17
cells, T helper 17 cells; IFN-y, interferon gamma; IL-4, interleukin-4; IL-17A, interleukin
17A; IVT, intravenous thrombolysis.
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