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Minimally Invasive Surgery for ICH Evacuation Combined With Deferoxamine Treatment Increased Perihematomal Claudin-5 and ZO-1 Expression Levels and Decreased BBB Permeability in Rabbits
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Objective: To investigate the role of minimally invasive surgery (MIS) in intracerebral hemorrhage (ICH) evacuation combined with deferoxamine (DFX) treatment on perihematomal tight junction protein (claudin-5 and ZO-1) expression levels and blood-brain barrier (BBB) permeability in rabbits.

Methods: We randomly assigned 65 male rabbits (weight: 1.9–2.6 kg) to a normal control group (NC group, 13 rabbits), hemorrhage model group (HM group, 13), DFX treatment group (DFX group, 13 rabbits), MIS group (MIS group, 13 rabbits), or MIS combined with DFX treatment group (MIS + DFX group, 13 rabbits). ICH was established in all of the groups except the NC group. MIS was performed to evacuate the hematoma 6 h after the ICH model was created in the MIS and MIS + DFX groups. The DFX and MIS + DFX groups were treated with DFX (100 mg/kg, dissolved in 2 mL of 0.9% saline solution, administered intramuscularly) at 2 h, and then every 12 h for 7 d. The same dose of 0.9% saline solution was administered to the NC, HM, and MIS groups at the same time points. Sixty-five rabbits were divided into 5 groups, and 13 rabbits in each group. Neurological deficit (i.e., Purdy's score) was recorded in all rabbits before euthanasia (N total = 65). In each group, 2 rabbits were used for iron concentration measurement (N total = 10), 2 rabbits were used for brain water content measurement (N total = 10), 3 rabbits were used for BBB permeability measurement (N total = 15), 3 rabbits were used for claudin-5, ZO-1 expression detection by Western Blotting (N total = 15), and 3 rabbits were used for claudin-5, ZO-1 mRNA detection by real-time PCR (N total = 15). On day 7, the rabbits were sacrificed and the perihematomal brain tissue was harvested to test the iron concentration, brain water content (BWC), tight junction proteins (claudin-5 and ZO-1) expression, and BBB permeability.

Results: Purdy's score, iron concentration, and BWC were lower in the MIS and MIS + DFX groups compared to the HM and DFX groups. The MIS + DFX group showed a significant decrease in these indicators. The use of MIS to evacuate the hematoma led to increased expression levels of claudin-5 and ZO-1, as well as decreased BBB permeability. The MIS + DFX group exhibited a remarkable increase in claudin-5 and ZO-1 expression levels and a significant decrease in BBB permeability.

Conclusions: MIS combined with DFX treatment could increase the expression levels of perihematomal tight junction proteins (claudin-5 and ZO-1) expression, reduce BBB permeability, and improve the neurological function. MIS combined with DFX treatment may also prevent secondary brain damage following ICH.
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INTRODUCTION

Intracerebral hemorrhage (ICH) has the highest mortality rate of any type of stroke; 46% of patients die or still have severe disability 1 year after the ICH. ICH is the most common cause of death and disability among Chinese residents. The severe impact on patients and society has made China the country with the heaviest burden of ICH worldwide (1–3). Nevertheless, there are no effective treatments for ICH, the clinical outcome remains poor and many challenges remain (4). Craniotomy for ICH evacuation is an aggressive treatment option that may lead to iatrogenic injury in some patients. A recent randomized clinical trial from China reported that a minimally invasive craniopuncture technique can improve the independent survival rates of ICH patients compared to conservative treatment. Minimally invasive craniopuncture appears safe and effective for ICH treatment (5, 6).

After ICH onset, red blood cells (RBCs) infiltrate the brain tissue and continuously lyse to release hemoglobin. Hemoglobin/iron deposit-induced oxidative damage leads to neuronal ferroptosis and poor neurological outcomes. Iron, a heme degradation product, plays an important role in ICH-induced brain injury. RBC disintegration leads to brain iron overload following ICH. Iron overload is closely related to poor outcome in ICH patients (7–9). Peroxidation catalyzed by iron is an important cause of brain damage. Iron damages the endotheliocytes and pericytes, which constitute the blood brain barrier (BBB), thereby degrading tight junction (TJ) proteins (claudin-5 and ZO-1), destroying the BBB integrity, and causing secondary brain injury (10).

Minimally invasive surgery (MIS) is an effective treatment option that may have superior benefit for ICH patients compared to other treatment options (11, 12). However, MIS does remove all RBCs, iron, and other neurotoxic substances, which extravasate into the perihematomal brain tissue (13–16). MIS alleviates secondary brain damage, but has limitations. Hematoma evacuation with MIS combined with the use of medications may alleviate secondary brain injury during ICH treatment (13, 17).

DFX, an iron chelator, rapidly penetrates the BBB and accumulates in the brain tissue at a significant concentration after intramuscular or subcutaneous injections (18, 19). DFX can prevent damage caused by iron overload and iron-mediated toxicity after ICH (20). DFX treatment reduces iron deposition and brain edema, and improves neurologic outcomes after ICH (21–23). Similar to MIS, DFX use also has limitations. In particular, DFX treatment did not improve outcomes in a collagenase-induced ICH rat model compared to the use of a whole-blood model (24). To explore the effect of DFX treatment in ICH and determine whether MIS combined with DFX treatment may be appropriate for ICH treatment, we evaluated the effect of MIS in hematoma evacuation combined with intramuscular DFX treatment on secondary brain damage in an ICH rabbit model.



MATERIALS


Main Reagents

Urethane (Hefei BASF Bio-technology Co., Ltd., Anhui, China), penicillin (Harbin Pharmaceutical Group, Harbin, China), urokinase (Wuhan Renfu Pharmaceutical Co., Ltd., Wuhan, China), deferroamine mesylate (Novartis Pharma GmbH, Weil, Germany), iron determination kit (Nanjing Jiancheng Institute of Bioengineering, Nanjing, China), 4% paraformaldehyde (Sinopharm Chemical Reagents Co., Ltd., Shanghai, China), PBS phosphate buffer (Beijing Zhongshan Jinqiao Biotechnology Co., Ltd., Beijing, China), claudin-5, ZO-1 rabbit polyclonal antibody (Boolsen Biotechnology Co., Ltd., Beijing, China), and PrimeScript™ RT reagent Kit with gDNA Eraser and HiScript II One Step QRT-PCR SYBR Green Kit (Nanjing Novus Biotechnology Co., Ltd., Nanjing, China) were used for the experiments. The following reagents were purchased from Kangwei Century Company, Beijing, China: Protease inhibitor, BCA protein quantitative Kit, WB (HRP) Kit (rabbit), WB (HRP) Kit (mouse), Ultrapure RNA Kit, Goat anti-rabbit. claudin-5 and ZO-1 (Boolsen Biotechnology Co., Ltd., Beijing, China), GAPDH and β-actin (Jing Tiancheng Biotechnology Co., Ltd., Beijing, China), formamide (Shanghai Aladdin Biochemical Technology Co., Ltd., Shanghai, China), and Evans Blue (Beijing Solebo Technology Co., Ltd., Beijing, China) were purchased from the respective manufacturers.



Main Instruments

A ZH-Lanxing B-Type rabbit stereotaxic apparatus (Huaibei Zhenghua Biological Instrument & Equipment Co. Huaibei, Anhui, China), UV-visible Spectrophotometer (Beijing Universal Analysis Instrument Co., Ltd., Beijing, China), Real-time Fluorescence Quantifier (RT-PCR) (Step One Plus TM, Applied Biosystems, Foster City, CA, USA), low-temperature centrifuge (Hunan Xiangyi Experimental Instrument Factory, Hunan, China), electrophoresis apparatus (Shanghai Tieneng Technology Co., Ltd., Shanghai, China), electronic balance (Shimadzu Co., Ltd., Kyoto, Japan), and a constant temperature drying oven (Tianjin Tester Co., Ltd., Tianjin, China) were used for the experiments.




METHODS


Experimental Groups

The study protocols were approved by the Animal Care and Use Committee of Guizhou Medical University, China, and performed according to the criteria of satisfactory laboratory practice for drugs. A total of 65 rabbits (1.9–2.6 kg) were provided by the Experimental Animal Center of Guizhou Medical University. The rabbits were kept at 10–25°C by a special animal breeder. Rabbits were fed animal fodder and water. Rabbits were randomly divided into a normal control group (NC group, 13 rabbits), a hemorrhage model group (HM group, 13 rabbits), a DFX medication group (DFX group, 13 rabbits), a MIS group (MIS group, 13 rabbits), and a MIS combined with DFX treatment group (MIS + DFX group, 13 rabbits). ICH was induced in all of the groups except NC group. The rabbits were sacrificed under anesthesia on day 7 after the relevant treatment.



ICH Model Preparation

The methods used in this study for establishing the ICH model were similar to those used in our previous studies (25, 26). First, rabbits were anesthetized using injections of 20% urethane (2 mL/kg) into the marginal ear vein. The anesthetized rabbit was fastened to a stereotaxic apparatus, and the skin in the operative area was disinfected with povidone iodine. The skin was incised (3 cm) to expose the bregma and lambdoid demarcations. The head was adjusted to position the bregma to be 1.5 mm higher than the lambdoid demarcation. The bregma cross-suture junction was used as a reference point; the puncture point was selected 6 mm to the left along the coronal plane and 1 mm parallel to the sagittal plane. The skull was drilled using a dental drill (1 mm in diameter) at the puncture point, and 0.5 mL of autologous arterial blood was extracted from the central ear artery using an insulin syringe. The syringe was connected to a size-7# needle with a flat tip. The size-7# needle was quickly inserted vertically into the puncture point in the skull up to a depth of 12 mm, and 0.3 mL of autologous arterial blood (similar to a 30 mL basal ganglia hematoma in humans) was slowly injected into the basal ganglia. The injection lasted for at least 3 min. The needle was retained in the same position for 8 min after injection, followed by slow removal of the needle. The drill hole was sealed with bone wax to prevent pneumocephalus.

The rabbits were sent back to the experimental animal center and fed as usual for 7 d. Animals received an intramuscular injection of penicillin (400,000 U) once daily for 3 d to prevent infection.

All of the rabbits were underwent pathological analysis of brain tissue at day 7. Neurological deficit scores >2 (recorded before euthanasia) or basal ganglia hematoma, with no empirical evidence of damage or lateral ventricle hematoma, was required for the ICH model to succeed (Figure 1C). Exclusion criteria during and after MIS included backflow along the needle track, blood in the ventricle, and death.


[image: Figure 1]
FIGURE 1. Brain histological sections of ICH model in rabbit. (A) The whole brain specimen of rabbit; the arrow shows the puncture point; (B–F) show histological sections of NC, HM, DFX, MIS, and MIS + DFX groups, respectively. The arrows show hematoma.




MIS Procedures

According to our previous studies, the optimal time of MIS is 6–12 h after ICH (27). MIS was performed to evacuate the hematoma 6 h after the ICH model was established. The rabbits were anesthetized again and placed in the stereotaxic apparatus. A size-7# needle with a flat tip was inserted into the hematoma along the same drill hole, and an insulin syringe was connected to the needle; 0.1 mL/5000 U of urokinase (urokinase 100,000 U dissolved in 2 mL of 0.9% saline solution; 0.1 mL = 5000 U) was injected into the hematoma. The needle was kept inside the hematoma for 1 h, followed by withdrawal of the needle while slowly aspirating the hematoma. The skin was disinfected and sutured. The rabbits in the NC group were treated using the same procedures (i.e., 0.3 mL of 0.9% saline solution was injected into the puncture region, and 0.1 mL of 0.9% saline solution was infused into the same area again at 6 h). In the HM and DFX groups, a sham MIS was performed 6 h after the ICH model was established, by infusing 0.1 mL of 0.9% saline solution into the hematoma at 6 h. The rabbits in the DFX group were given the DFX solution intramuscularly (100 mg/kg, dissolved in 2 mL of 0.9% saline solution) at 2 h, followed by repeat administration every 12 h for 7 d. In the MIS+DFX group, MIS was used to evacuate the hematoma, followed by intramuscular injection of the same amount of DFX solution. The rabbits were sacrificed on day 7 after the corresponding procedures. Histopathological analysis was performed to evaluate the effectiveness of MIS (Figure 1E).



Brain Tissue Preparation

The methods used for preparation of brain tissue were the same as those used in our previous studies (25, 26). We injected 20% urethane (2 mL/kg) to anesthetize the rabbits. The brain was placed on ice. With the hematoma placed at the center, brain tissues around the hematoma were sliced and divided into four parts: anterior, posterior, left, and right. A total of 5 mm of brain tissues surrounding the hematoma were harvested from each part to measure the iron content, brain water content (BWC), expression levels of claudin-5 and ZO-1, and BBB permeability.



Neurological Deficit Score (Purdy's Score) Evaluation

Neurological deficit was recorded after the rabbit awoke from anesthesia and 2 h before euthanasia on day 7 after the corresponding treatments were performed. A neurological deficit scale (Purdy's score) (28) was used to compare the neurological function among the experimental groups. Tests were performed by two researchers who were blinded to the treatments. The tests included an evaluation of the motor function (score of 1–4), conscious level (score of 1–4), head turning (score of 0–1), circling (score of 0–1), and hemianopsia (score of 0–1). A score of 11 indicated maximum impairment (comatose or death), whereas a score of 2 indicated normal examination.



Iron Concentration Measurement

The double steaming water colorimetry method was used to measure perihematomal iron concentration. The perihematomal brain tissues were weighed to determine the iron concentration [weight (g): volume (mL) = 1:9]. Therefore, saline was added at a volume 9 times the weight of the brain tissue. Mechanical homogenization was performed under ice-water bath condition; the homogenate was centrifuged for 10 min at 2,500 rpm. The supernatant was obtained and tested to determine the iron concentration using the Iron Determination Kit (Nanjing Jiancheng Institute of Bioengineering, Nanjing, China).



BWC Measurement

The dry- and wet-weight method was used to measure the BWC. Brain tissues surrounding the hematoma were used to measure the BWC. First, the wet tissues were weighed, and the samples were placed in an oven at 100°C for 48 h. The dried samples were also weighed (with an accuracy of 0.1 μg). BWC was calculated as follows: (wet weight—dry weight)/wet weight × 100%.



BBB Permeability Measurement

Evens Blue (EB) was applied as a tracer to estimate the BBB permeability. Two h before brain harvesting, EB solution (2 mL/kg) was injected into the ear vein of the rabbits. Brain tissues surrounding the hematoma were quickly obtained and weighed on an electronic balance (with an accuracy of 0.1 mg). The samples were placed in a test tube with 4 mL of formamide. The test tube was capped and placed into a 54°C constant-temperature water bath for 24 h for EB staining. The test tube was centrifuged at 2,400 rpm for 5 min. The supernatant was absorbed using a pipette, and the absorbance was measured using a spectrophotometer (λ = 632 nm). Formamide solution was applied as a blank control. EB content was measured from the standard curve, as described in our previous studies (25, 26). The formula used was as follows: EB content in brain tissues (μg/g wet brain) = B × formamide (mL)/wet weight (g); where B is the sample EB content (μg/mL) obtained from the linear regression equation base of the standard curve.



Real-Time PCR for Claudin-5, ZO-1 mRNA Detection

Brain tissues surrounding the hematoma were obtained. An electronic balance (~30 mg, with an accuracy of 0.1 mg) was used to weigh the brain tissues. The brain tissues were pulverized, and total RNA was separated using a Trizol Reagent box. Total RNA was used to produce cDNA using a PrimeScript™ RT reagent Kit with gDNA Eraser. Data were normalized to those of GAPDH. Primer sequences used for claudin-5, ZO-1, and GAPDH are listed in Table 1.


Table 1. Sequences for primers.
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Western Blotting for Claudin-5, ZO-1 Expression Detection

Brain samples were homogenized and centrifuged to determine the protein concentrations. Proteins were separated using 10% sodium dodecyl sulfonate- polyacrylamide gel (SDS-PAGE) electrophoresis and transferred to a nitrocellulose film. The protein concentrations were determined by marking and using one-step fast WB kit (HRP). Antibodies used for incubation were as follows: primary antibody β-actin 1:500, goat anti claudin-5 polyclonal antibody 1:100, mouse anti ZO-1 monoclonal antibody 1:500, and secondary antibody 1:400. The antibodies were incubated overnight at 4°C and rinsed for chemiluminescence, followed by film exposure. Gel-Pro analyzer 4 image analysis software was used to measure the gray values of each band, and the results were expressed as the ratio of integral optical density value for claudin-5/β-actin and ZO-1/β-actin.



Statistical Analysis

SPSS software (version 19.0; IBM Corp., Armonk, NY, USA) was used for statistical analysis. Data are presented as mean ± standard deviation (X ± SD). ANOVA was used to compare the groups. The groups were compared using the Fisher's (F) test when the variances were equal. An F test (Welch test) was used when the variances were not equal. Multiple comparisons with the means were checked using Dunnett's T3 (unequal variances) tests. P-values < 0.05 were considered to be statistically significant.




RESULTS


ICH Model Preparation

After the injection of autologous arterial blood into the basal ganglia, the rabbits manifested with contralateral hemiplegia and were unable to walk or crawl. Neurological deficit scores > 2 demonstrated that the ICH model in this study was successful. A total of 72 rabbits were used in this study, of which 65 underwent the ICH model successfully according to the experimental requirements. Seven rabbits died accidentally. The brains of dead rabbits were dissected and examined, and results showed that two rabbits in the MIS group had died of intracranial infection. One rabbit died due to overdose of anesthetic agents in the NC group. Two rabbits in the MIS+DFX group died of unclear causes. One rabbit in the HM group died of status epilepticus, and one died of lung infection. These seven rabbits were excluded from the study. The other 65 rabbits were included in the experiments. There were 13 rabbits in each group. All of the rabbits tolerated ICH and MIS. They survived until the experiment was terminated.



Brain Histological Sections of the ICH Model in Rabbits

The rabbits were sacrificed on day 7 after the corresponding interventions were performed. The whole brain was observed with the naked eyes (Figure 1A), and the brain was sliced along the coronal puncture point. Analysis of the brain tissues from the NC group revealed clearly discernible, bilaterally symmetrical brain structure; a slight injury focused on the puncture point (Figure 1B). In the HM group, an oval hematoma was observed along with brownish-yellow margins in the left basal ganglia. The midline structures were not displaced and there was severe edema around the hematoma (Figure 1C). Compared with the HM group, the hematoma volume in the DFX group (Figure 1D), MIS group (Figure 1E), and MIS + DFX group (Figure 1F) were smaller and there was less hemosiderin deposition around the hematoma. The MIS + DFX group exhibited excellent results compared to the DFX and MIS groups.



Neurological Deficit Score (Purdy's Score) Changes

The neurological function scores were significantly higher in the HM group compared to the NC group (p < 0.01), suggesting that ICH was associated with impaired neurological function. There was no significant difference in neurological deficit between the DFX and HM groups (p > 0.05). The MIS group exhibited lower neurological function scores compared to those in the HM and DFX groups (p < 0.01). Following MIS combined with DFX treatment, the neurological function scores were significantly decreased compared to those in the DFX or MIS group (p < 0.01), suggesting that MIS combined with DFX treatment was superior to only MIS or DFX treatment (Figure 2).


[image: Figure 2]
FIGURE 2. Changes in neurological deficit (Purdy's score). MIS combined with DFX treatment was superior to both MIS and DFX treatment alone. Evaluating the neurological deficit by Purdy's score. *p < 0.01 vs. NC group; **p > 0.05 vs. HM group; #p < 0.01 vs. HM and DFX groups; ##p < 0.01 vs. DFX and MIS groups. Data are presented as mean ± SD.




Perihematomal Iron Concentration

Iron concentration around the hematoma in the HM group was significantly higher than that in the NC group (p < 0.01), suggesting that hemoglobin was released due to RBC lysis after ICH. In the MIS and DFX groups, iron concentration was decreased compared to that in the HM group (p < 0.01), suggesting that both MIS and DFX treatments could decrease the iron concentration. Additionally, MIS combined with DFX treatment significantly decreased the iron concentration compared to that in the MIS and DFX groups (p < 0.05) (Figure 3).


[image: Figure 3]
FIGURE 3. Changes in perihematomal iron concentration. MIS combined with DFX treatment was found to reduce iron overload surrounding hematoma. Testing the iron concentration by double steaming water colorimetry. *p < 0.01 vs. NC group; **p < 0.01 vs. HM group; #p < 0.01 vs. HM group; #p < 0.05 vs. DFX group; ##p < 0.05 vs. DFX and MIS groups. Data are presented as mean ± SD.




Perihematomal BWC

BWC in the HM group was significantly higher compared to that in the NC group (p < 0.01), suggesting that ICH-induced impaired BBB permeability resulted in brain edema. There was no significant difference in the BWC between the DFX and HM groups (p > 0.05). The MIS group had decreased BWC compared to that in the HM group (p < 0.01). Following MIS combined with DFX treatment, the BWC was significantly decreased compared to those in the DFX and MIS groups (p < 0.01), suggesting that MIS combined with DFX therapy was superior to MIS or DFX treatment alone (Figure 4).


[image: Figure 4]
FIGURE 4. Changes in perihematomal BWC. MIS combined with DFX treatment was found to decrease perihematomal BWC. Evaluating BWC by dry- and wet-weight method. *p < 0.01 vs. NC group; **p > 0.05 vs. HM group; #p < 0.01 vs. HM and DFX groups; ##p < 0.01 vs. DFX and MIS groups. Data are presented as mean ± SD.




Perihematomal BBB Permeability

The perihematomal EB content in the HM group was significantly higher compared to that in the NC group (p < 0.01), suggesting that the BBB was severely damaged after ICH. Although there was no significant difference in perihematomal BBB permeability between the DFX and HM groups (p > 0.05), the MIS group showed lower BBB permeability compared to that in the HM group (p < 0.01). The MIS + DFX group had superior outcomes compared to those in the MIS and DFX groups (p < 0.01). These results demonstrated that MIS to evacuate the ICH reduced the ICH-induced BBB damage, and MIS combined with DFX treatment was superior to decrease BBB permeability (Figure 5).


[image: Figure 5]
FIGURE 5. Changes in perihematomal BBB permeability. MIS combined with DFX treatment was found to decrease perihematomal BBB permeability. Evens Blue was applied as a tracer to estimate the BBB permeability. *p < 0.01 vs. NC group; **p > 0.05 vs. HM group; #p < 0.01 vs. HM and DFX groups; ##p<0.01 vs. DFX and MIS groups. Data are presented as mean ± SD.




Perihematomal Claudin-5 and ZO-1 Proteins

Real-time PCR and western blotting were used to determine the TJ proteins claudin-5 and ZO-1 levels. Claudin-5 and ZO-1 mRNA and protein expression levels were significantly lower in the HM group compared to the NC group, suggesting that the BBB was damaged due to the ICH. Although there was no significant difference in claudin-5 or ZO-1 levels between the DFX and HM groups (p > 0.05), claudin-5 and ZO-1 mRNA and protein expression levels were higher in the MIS group than in the HM and DFX groups (p < 0.01). The MIS group was superior to the DFX treatment group. The MIS+DFX group had better results compared to the MIS group or DFX group (p < 0.01). These outcomes suggested that MIS to evacuate the hematoma increased the TJ protein levels (claudin-5 and ZO-1). MIS was superior to DFX therapy alone and MIS combined with DFX treatment was most effective for ICH-induced BBB damage (Figure 6).


[image: Figure 6]
FIGURE 6. Changes in perihematomal claudin-5 and ZO-1 expression levels. Real-time PCR and Western blotting were used to determine the claudin-5 and ZO-1 expression levels. MIS combined with DFX therapy was found to increase perihematomal claudin-5 and ZO-1 expression levels. (A,C) Claudin-5 mRNA and ZO-1 mRNA levels. *p < 0.01 vs. NC group; **p > 0.05 vs. HM group; #p < 0.01 vs. HM and DFX groups; ##p < 0.01 vs. DFX and MIS groups. (B,D) Claudin-5 and ZO-1 protein expression levels. *p < 0.01 vs. NC group; **p > 0.05 vs. HM group; #p < 0.01 vs. HM and DFX groups; ##p < 0.01 vs. DFX and MIS groups. Data are presented as mean ± SD.





DISCUSSION

ICH is a stroke sub-type and represents a major public health problem worldwide. ICH is associated with poor outcomes and high morbidity, disability, and mortality (29). There are no effective treatment options for ICH (30). In recent years, MIS has been used as an alternative to craniotomy due to its improved survival rate and lower complication rate (31). Several experimental studies have reported that MIS is effective for ICH treatment (25, 32). Although MIS can remove most of the hematoma, thereby reducing its size and alleviating the mechanical brain injury due to compression, neurotoxic substances (e.g., thrombin, hemoglobin, and iron) are not removed because they are extravasated into the surrounding brain tissues. Therefore, the effect of MIS on secondary brain injury is limited.

Brain edema, BBB destruction, and neuronal death are manifestations of secondary brain injury, which may be observed in the perihematomal region. ICH-induced BBB disruption is a key pathophysiological process in brain injury (33). The TJ protein (claudin-5 and ZO-1) expression levels are associated with BBB integrity and are major biomarkers of ICH-induced brain injury (34). Hemoglobin, heme, and iron are released after RBC lysis, which aggravate ICH-induced BBB destruction (35). Iron damages the endotheliocytes and pericytes, destroying the BBB integrity (10). Therefore, MIS for hematoma evacuation followed by treatment with the iron chelator DFX may prevent secondary brain injury.

In the HM group of our study, the hematoma-occupying effects persisted and the neurotoxic substances extravasated into the perihematomal brain tissues, which manifested as iron overload, reduced expression levels of claudin-5 and ZO-1, severe BBB disruption, brain edema, and increased neurological function scores compared to the NC group. These results suggest that after ICH, iron is released from the lysed RBCs, which damages the BBB integrity, leading to secondary brain injury and neurological dysfunction.

In the DFX group, although the iron concentration was significantly decreased, the BWC and BBB permeability were only slightly decreased, and neurological function showed slight improvement. There were no significant differences between the HM and DFX groups. These results suggest that DFX use alone does not significantly improve the neurological outcome.

In the MIS group, MIS to evacuate the hematoma reduced the mass effect and prevented the release of iron and other neurotoxic substances from the RBCs, which manifested as decreased iron content, increased claudin-5 and ZO-1 expression levels, reduced BBB permeability, improved brain edema and neurological function compared to the HM group. These results indicated that MIS could alleviate secondary brain injury after ICH. Previous studies reported that MIS significantly reduced the damage to the internal capsule fibers and improved neurological function in a dog ICH model (36). Moreover, MIS effectively reduced matrix metalloproteinase-9 (MMP-9) expression and BBB permeability (32). A meta-analysis showed that MIS treatment improved the outcome in ICH patients compared to the conservative treatment (37). Our results were consistent with those of previous studies.

Additionally, some studies found that DFX treatment significantly reduced iron overload after ICH, but it did not improve the outcome in a collagenase-induced ICH rat model (24, 38). A recent multicenter, randomized, placebo-controlled, double-blind phase 2 trial showed that DFX treatment was safe for ICH patients, but it was not associated with a favorable clinical outcome (i.e., modified Rankin Scale score of 0–2) at day 90 (39). These results were similar to those of our study. DFX use only significantly decreased iron accumulation, but it did not significantly improve neurological function. The reasons may be related to the delayed removal of the hematoma and to the continuous release of neurotoxic substances. Therefore, combined treatment may be the optimal choice for ICH patients.

In the MIS + DFX group, iron concentration, BBB permeability, and BWC were significantly reduced, and neurological function was markedly improved compared to the MIS and DFX groups. MIS for intracerebral hematoma removal combined with DFX treatment increased the perihematomal claudin-5 and ZO-1 expression levels, as well as decreased the BBB permeability in rabbits. MIS combined with the DFX strategy may be the ideal option for ICH patients.

In conclusion, MIS combined with DFX treatment could relieve the mechanical compression of brain tissue by the hematoma, significantly reduce iron overload around the hematoma, decrease BBB permeability, alleviate brain edema, and improve neurological function. Our findings could offer a novel strategy for ICH treatment.



DATA AVAILABILITY STATEMENT

The raw data supporting the conclusions of this article will be made available by the authors, without undue reservation.



ETHICS STATEMENT

The studies involving animals were reviewed and approved by the Animal Ethics Committee of Guizhou Medical University, China.



AUTHOR CONTRIBUTIONS

SR, SH, and GW drafted the manuscript, conception, design, and data analysis. LW revised the manuscript for content and analysis. YH and JW supervised or coordinated the experiment. All authors contributed to the article and approved the submitted version.



FUNDING

This work was supported by grants from the Science and Technology Foundation of Guizhou Province [No. Qiankehe Foundation (2020) 1Y316], the Cultivation Fund of the Affiliated Hospital of Guizhou Medical University for National Natural Science Foundation of China [No. gyfynsfc (2020)-11], and the Doctoral Research Start-up Fund of the Affiliated Hospital of Guizhou Medical University (No. gyfybsky-2021-30).



ACKNOWLEDGMENTS

We thank LetPub (www.letpub.com) for its linguistic assistance during the preparation of this manuscript.



REFERENCES

 1. van Asch CJ, Luitse MJ, Rinkel GJ, van der Tweel I, Algra A, Klijn CJ. Incidence, case fatality, and functional outcome of intracerebral haemorrhage over time, according to age, sex, and ethnic origin: a systematic review and meta-analysis. Lancet Neurol. (2010) 9:167–76. doi: 10.1016/S1474-4422(09)70340-0

 2. Cao Y, Yu S, Zhang Q, Yu T, Liu Y, Sun Z, et al. Chinese stroke association guidelines for clinical management of cerebrovascular disorders: executive summary and 2019 update of clinical management of intracerebral haemorrhage. Stroke Vasc Neurol. (2020) 5:396–402. doi: 10.1136/svn-2020-000433

 3. Wang W, Jiang B, Sun H, Ru X, Sun D, Wang L, et al. Prevalence, incidence, and mortality of stroke in China: results from a nationwide population-based survey of 480687 adults. Circulation. (2017) 135 :759–71.doi: 10.1161/CIRCULATIONAHA.116.025250

 4. Hostettler IC, Seiffge DJ, Werring DJ. Intracerebral hemorrhage: an update on diagnosis and treatment. Expert Rev Neurother. (2019) 19:679–94. doi: 10.1080/14737175.2019.1623671

 5. Wang W, Jiang B, Liu H, Li D, Lu C, Zhao Y, et al. Minimally invasive craniopuncture therapy vs. conservative treatment for spontaneous intracerebral hemorrhage: results from a randomized clinical trial in China. Int J Stroke. (2009) 4:11–6. doi: 10.1111j./1747-4949.2009.00239.x

 6. Zhou H, Zhang Y, Liu L, Han X, Tao Y, Tang Y, et al. A prospective controlled study: minimally invasive stereotactic puncture therapy versus conventional craniotomy in the treatment of acute intracerebral hemorrhage. BMC Neurol. (2011) 11:76. doi: 10.1186/147-2377-11-76

 7. Wang G, Hu W, Tang Q, Wang L, Sun X, Chen Y, et al. Effect comparison of both iron chelators on outcomes, iron deposit, and iron transporters after intracerebral hemorrhage in rats. Mol Neurobiol. (2016) 53:3576–85. doi: 10.1007/s12035-015-9302-3

 8. Garton T, Keep RF, Hua Y, Xi G. Brain iron overload following intracranial haemorrhage. Stroke Vasc Neurol. (2016) 1:172–84. doi: 10.1136/svn-2016-000042

 9. Li Y, Yang H, Ni W, Gu Y. Effects of deferoxamine on blood- brain barrier disruption after subarachnoid hemorrhage. PLoS ONE. (2017) 12:e0172784. doi: 10.1371/journal.pone.0172784

 10. Imai T, Iwata S, Hirayama T, Nagasawa T, Nakamura S, Shimazawa M, et al. Intracellular Fe accumulation in endothelial cells and pericytes induces blood-brain barrier dysfunction in secondary brain injury after brain hemorrhage. Sci Rep. (2019) 9:6228. doi: 10.38/s41598-019-42370-z

 11. Sun H, Liu H, Li D, Liu L, Yang J, Wang W. An effective treatment for cerebral hemorrhage: minimally invasive craniopuncture combined with urokinase infusion therapy. Neurol Res. (2010) 32:371–77. doi: 10.1179/016164110X12670144526147

 12. Zhou X, Chen J, Li Q, Ren G, Yao G, Liu M, et al. Minimally invasive surgery for spontaneous supratentorial intracerebral hemorrhage a meta-analysis of randomized controlled trials. Stroke. (2012) 43:2923–30. doi: 10.1161/STROKEAHA.112.667535

 13. Zhao X, Grotta J, Gonzales N, Aronowski J. Hematoma resolution as a therapeutic target: the role of microglia/macrophages. Stroke. (2009) 40(Suppl. 3):S92–4. doi: 10.1161/STROKEAHA.108.533158

 14. Moxon-Emrc I, Schliehter LC. Neutrophil deplction reduces blood-brain barrier Breakdown, axon injury, and inflammation after intracerebral hemorrhage. J Neuro pathol Exp Neurol. (2011) 70:218–35. doi: 10.1097/NEN.0b013e31820d94a5

 15. Wang J. Preclinical and clinical research on inflammation after intracerebral hemorrhage. Prog Neurobiol. (2010) 92:463–77. doi: 10.1016/j.pneurobio.2010.08.001

 16. Loftspring CM, Johnson LH, Feng R, Johnson JA, Clark FJ. Unconjugated bilirubin contributes to early inflammation and edema after intracerebral hemorrhage. J Cereb Blood Flow Metab. (2011) 31:1133–42. doi: 10.1038/jcbfm.2010.203

 17. Keep RF, Hua Y, Xi G. Intracerebral haemorrhage: mechanisms of injury and therapeutic targets. Lancet Neurol. (2012) 11:720–31.doi: 10.1016/S1474-4422(12)70104-7

 18. Palmer C, Roberts RL, Bero C. Deferoxamine posttreatment reduces ischemic brain injury in neonatal rats. Stroke. (1994) 25:1039–45.doi: 10.1161/01.str.25.5.1039

 19. Keberle H. The biochemistry of desferrioxamine and its relation to iron metabolism. Ann N Y Acad Sci. (1964) 119:758–68. doi: 10.1111/j.1749-6632.1965.tb54077.x

 20. Ma J, You C, Hao L. Iron chelators for acute stroke. Cochrane Database Syst Rev. (2012) 9:CD009280. doi: 10.1002/14651858.CD009280.pub2

 21. Nakamura T, Keep FR, Hua Y, Schallert T, Hoff TJ, Xi G. Deferoxamine-induced attenuation of brain edema and neurological deficits in a rat model of intracerebral hemorrhage. J Neurosurg. (2004) 100:672–78. doi: 10.3171/jns.2004.100.4.0672

 22. Okauchi M, Hua Y, Keep FR, Morgenstern BL, Schallert T, Xi G. Deferoxamine treatment for intracerebral hemorrhage in aged rats: therapeutic time window and optimal duration. Stroke. (2010) 41:375–82. doi: 10.1161/STROKEAHA.109.569830

 23. Okauchi M, Hua Y, Keep FR, Morgenstern BL, Xi G. Effects of deferoxamine on intracerebral hemorrhage-induced brain injury in aged rats. Stroke. (2009) 40:1858–63. doi: 10.1161/STROKEAHA.108.535765

 24. Warkentin ML, Auriat MA, Wowk S, Colbourne F. Failure of deferoxamine, an iron chelator, to improve outcome after collagenase -induced intracerebral hemorrhage in rats. Brain Res. (2010) 1309:95–103. doi: 10.1016/j.brainres.2009.10.058

 25. Wu G, Li C, Wang L, Mao Y, Hong Z. Minimally invasive procedures for evacuation of intracerebral hemorrhage reduces perihematomal glutamate content, blood-brain barrier permeability and brain edema in rabbits. Neurocrit Care. (2011) 14:118–26.doi: 10.1007/s12028-010-9473-8

 26. Wu G, Jiao Y, Wu J, Ren S, Wang L, Tang Z, et al. Rosiglitazone infusion therapy following minimally invasive surgery for intracranial hemorrhage evacuation decreased perihematomal glutamate content and blood-brain barrier permeability in rabbits. World Neurosurg. (2018) 111:e40–6.doi: 10.1016/j.wneu.2017.11.145

 27. Wu G, Sheng F, Wang L, Wang F. The pathophysiological time window study of performing minimally invasive procedures for the intracerebral hematoma evacuation in rabbit. Brain Res. (2012) 1465:57–65. doi: 10.1016/j.brainres.2012.04.005

 28. Purdy PD, Devous Sr MD, Batjer HH, White CL 3rd, Meyer Y, Samson DS. Microfibrillar collagen model of canine cerebral infarction. Stroke. (1989) 20:1361–67. doi: 10.1161/01.str.20.10.1361

 29. Kuramatsu JB, Huttner HB, Schwab S. Advances in the management of intracerebral hemorrhage. J Neural Transm. (2013) 120 (Suppl. 1):S35–41. doi: 10.1007/s00702-013-1040-y

 30. Rincon F, Mayer SA. Intracerebral hemorrhage: getting ready for effective treatments. Curr Opin Neurol. (2010) 23:59–64. doi: 10.1097/WCO.0b013e3283352c01

 31. Yang Z, Hong B, Jia Z, Chen J, Ge J, Han J, et al. Treatment of supratentorial spontaneous intracerebral hemorrhage using image-guided minimally invasive surgery: initial experiences of a flat detector CT-based puncture planning and navigation system in the angiographic suite. AJNR Am J Neuroradiol. (2014) 35:2170–75. doi: 10.3174/ajnr.A4009

 32. Wu G, Sun S, Long X, Wang L, Ren S. Early stage minimally invasive procedures reduce perihematomal MMP-9 and blood brain barrier disruption in a rabbit model of intracerebral hemorrhage. Neurol Res. (2013) 35:649–58. doi: 10.1179/1743132813Y.0000000189

 33. Keep RF, Xiang J, Ennis SR, Andjelkovic A, Hua Y, Xi G, et al. Blood-brain barrier function in intracerebral hemorrhage. Acta Neurochir Suppl. (2008) 105:73–7. doi: 10.1007/978-3-211-09469-3_15

 34. Wang Y, Peng F, Xie G, Chen Z, Li H, Tang T, et al. Rhubarb attenuates blood-brain barrier disruption via increased zonula occludens −1 expression in a rat model of intracerebral hemorrhage. Exp Ther Med. (2016) 12:250–56. doi: 10.3892/etm.2016.3330

 35. Zheng H, Chen C, Zhang J, Hu Z. Mechanism and therapy of brain edema after intracerebral hemorrhage. Cerebrovasc Dis. (2016) 42:155–69. doi: 10.1159/00000445170

 36. Wu G, Wang F, Wang L, Sh J, Yu H, Zhang Y. Minimally invasive surgery for evacuating the intracerebral hematoma in early stages decreased secondary damages to the internal capsule in dog model for ICH observed by diffusion tensor imaging. J Stroke Cerebrovasc Dis. (2017) 26:701–10. doi: 10.1016/j.jstrokecerebrovasdis.2014.12.013

 37. Tang Y, Yin F, Fu D, Gao X, Lv Z, Li X. Efficacy and safety of minimal invasive surgery treatment in hypertensive intracerebral hemorrhage: a systematic review and mete-analysis. BMC Neurol. (2018) 18:136. doi: 10.1186/s12883-018-1138-9

 38. Auriat MA, Silasi G, Wei Z, Rosalie Paquette R, Phyllis Paterson P, Helen Nichol H, et al. Ferric iron chelation lowers brain iron levels after intracerebral hemorrhage in rats but does not improve outcome. Exp Neurol. (2012) 234:136–43. doi: 10.1016/j.expneurol.2011.12.030

 39. Selim M, Foster DL, Moy SC, Xi G, Hill DM, Morgenstern BL, et al. Deferoxamine mesylate in patients with intracerebral haemorrhage (i-DEF): a multicentre, randomised, placebo-controlled, double-blind phase 2 trial. Lancet Neurol. (2019) 18:428–38. doi: 10.1016/S1474-4422(19)30069-9

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 Ren, Han, Wang, Huang, Wu and Wu. 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-13-835494-g005.gif





OPS/images/fneur-13-835494-g006.gif





OPS/images/fneur-13-835494-g003.gif





OPS/images/fneur-13-835494-g004.gif





OPS/images/fneur-13-835494-t001.jpg
Gene
name

claudin-5

70-1

GAPDH

Forward
reverse
Forward
reverse
Forward
reverse

Primer sequences

&-TCCAGTGCAAAGTCTTCGAC-3
5'-TGTTGCCATACCATGCTGTG-3'
5'-AGGGGCAGCTACAGGAAAAT-3'
5'-TGGTTCAGGATCAGGACGAC-3'
5-CATGTTTGTGATGGGCGTGA-3'
5'-GGAGGCAGGGATGATGTTCT-3

Product
(bp)

243

173

244





OPS/xhtml/Nav.xhtml




Contents





		Cover



		Minimally Invasive Surgery for ICH Evacuation Combined With Deferoxamine Treatment Increased Perihematomal Claudin-5 and ZO-1 Expression Levels and Decreased BBB Permeability in Rabbits



		Introduction



		Materials



		Main Reagents



		Main Instruments







		Methods



		Experimental Groups



		ICH Model Preparation



		MIS Procedures



		Brain Tissue Preparation



		Neurological Deficit Score (Purdy's Score) Evaluation



		Iron Concentration Measurement



		BWC Measurement



		BBB Permeability Measurement



		Real-Time PCR for Claudin-5, ZO-1 mRNA Detection



		Western Blotting for Claudin-5, ZO-1 Expression Detection



		Statistical Analysis







		Results



		ICH Model Preparation



		Brain Histological Sections of the ICH Model in Rabbits



		Neurological Deficit Score (Purdy's Score) Changes



		Perihematomal Iron Concentration



		Perihematomal BWC



		Perihematomal BBB Permeability



		Perihematomal Claudin-5 and ZO-1 Proteins







		Discussion



		Data Availability Statement



		Ethics Statement



		Author Contributions



		Funding



		Acknowledgments



		References

















OPS/images/cover.jpg
, frontiers
in Neurology

Minimally Invasive Surgery for ICH
Evacuation Combined With
Deferoxamine Treatment Increased
Perihematomal Claudin-5 and ZO-1
Expression Levels and Decreased
BBB Permeability in Rabbits





OPS/images/fneur-13-835494-g001.gif





OPS/images/fneur-13-835494-g002.gif









OPS/images/crossmark.jpg
©

2

i

|





OPS/images/logo.jpg
, frontiers
in Neurology





