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Abstract

:

Despite existing strong evidence on oxidative markers overproduction following ischemia/reperfusion (I/R), the mechanism by which oxidative enzyme Cytochrome P450-2E1 (CYP2E1) contributes to I/R outcomes is not clear. In this study, we sought to evaluate the functional significance of CYP2E1 in I/R. CYP2E1 KO mice and controls were subjected to middle cerebral artery occlusion (MCAo-90 min) followed by 24 h of reperfusion to induce focal I/R injury as an acute stage model. Then, histological and chemical analyses were conducted to investigate the role of CYP2E1 in lesion volume, oxidative stress, and inflammation exacerbation. Furthermore, the role of CYP2E1 on the blood-brain barrier (BBB) integrity was investigated by measuring 20-hydroxyecosatetraenoic acid (20-HETE) activity, as well as, in vivo BBB transfer rate. Following I/R, the CYP2E1 KO mice exhibited a significantly lower lesion volume, and neurological deficits compared to controls (p < 0.005). Moreover, reactive oxygen species (ROS) production, apoptosis, and neurodegeneration were significantly lower in the CYP2E1(−/−) I/R group (p < 0.001). The BBB damage was significantly lower in CYP2E1(−/−) mice compared to wild-type (WT) (p < 0.001), while 20-HETE production was increased by 41%. Besides, inflammatory cytokines expression and the number of activated microglia were significantly lower in CYP2E1(−/−) mice following I/R. CYP2E1 suppression ameliorates I/R injury and protects BBB integrity by reducing both oxidative stress and inflammation.
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1. Introduction


Clinically effective treatments to reduce ischemia-reperfusion (I/R) injury are still a major unfulfilled medical need. Several barriers and limitations exist in the wide use of favorite reperfusion methods. For example, reperfusion of ischemic cells results in a reactive oxygen species (ROS) burst that contributes to lipid peroxidation, as well as DNA oxidation and irreversible tissue injury. The most important sources of ROS are mitochondrial dysfunction, NADPH oxidases, cellular enzymes, as well as metabolic enzymes such as the cytochrome P450 family [1]. Cytochrome P450-2E1 (CYP2E1), a subfamily of cytochrome P450, is one of the most active Cytochrome in ROS production [2,3], and inflammation [4]. Its induction has been associated with ROS production in the liver [5].



While CYP2E1 is predominantly expressed in the liver, significant levels of CYP2E1 are expressed and induced in many extrahepatic tissues (e.g., lung, kidney, and the brain) [6,7,8]. Compared to other P450 enzymes, a significant amount of CYP2E1 is expressed in the human brain [6,8,9], as well as the rodent brain [7]. Specifically, Howard et al. have shown that in untreated rodents, low quantities of CYP2E1 were present predominantly in evolutionarily older areas of the allocortex, such as the olfactory bulbs, olfactory cortex, hippocampus, cerebellum, and brainstem [8]. CYP2E1 is endogenously expressed in primary cultures of cerebellar granule neurons [10]. It is also highly inducible in astrocytes following ischemic or mechanical damage [11,12]. CYP2E1 has been found in different cell compartments such as mitochondria, plasma membrane, Golgi apparatus, and the endoplasmic reticulum (for review, see e.g., [13]).



Brain indigenous substrates of CYP2E1 are arachidonic acids, linoleic acids, and oleic acids gluconeogenic precursors and estrogenic metabolites [14]. Metabolites of CYP2E1 are18 and 19-hydroxyecosatetraenoic acid 18-, 19-HETE, hydroxylinoleic acid, and 17-, 18-hydroxyoleic acids that play a vital role in membranes’ structure and function [15,16]. However, it has been shown that reduced CYP2E1 expression and superoxide formation enhances 20-hydroxyecosatetraenoic acid (20-HETE) levels [17]. Using a rat model of ischemia, studies have shown that 20-HETE inhibition reduces infarct and improves cerebral blood flow (CBF) [18]. Moreover, in human neurons, CYP2E1 is known to generate ROS and nitric oxide through the induction of NADPH/xanthine oxidase and nitric oxide synthase [19]. However, a clear connection between I/R insult and cascade of cerebral tissue damage because of CYP2E1 is missing, moreover, it is not known how the CYP2E1 activity impacts the blood-brain barrier (BBB) function if the aging exacerbates oxidative damage via increasing CYP2E1 activity. Therefore, it is important to provide knowledge on how oxidative stress exacerbates by age and how its accumulation plays important role in complications following I/R.



Cerebral ischemia is shown to induce CYP2E1 expression [20]. Increased CYP2E1 expression has been connected to hypoxia and inflammation [21,22]. Though studies imply a vital role for CYP2E1 in oxidative stress and inflammation following ischemia, the most important questions on how CYP2E1 activity exacerbates I/R injury remain unanswered. In the present study, we have therefore investigated the significance of CYP2E1 in cerebral damage, the extent of oxidative stress, and inflammatory markers activity following I/R. In addition, we have investigated the CYP2E1 role in 20-HETE expression and especially on BBB impairment following I/R.




2. Materials and Methods


2.1. Subjects, Legal Issues, Randomization, and Statistical Planning


CYP2E1(−/−) mice (CYP2E1-null) on the C57BL/6 background selected from our breeding colony established at The University of South Florida (breeder on the SV/129 background was kindly provided by Dr. Frank J. Gonzalez; Laboratory of Metabolism, National Cancer Institute, Bethesda, MD USA then converted to C57BL/6 background to ensure consistency in comparing our data with others) [2] for this experiment (M/F, 12–18 w, 25–30 g). The clone of mice maintained by breeding CYP2E1(−/−) males with CYP2E1(−/−) females. A complete absence of CYP2E1 protein and mRNA was confirmed by immunoblotting and northern blotting. C57BL/6 wild-type (WT) mice were purchased from The Jackson Laboratory (Bar Harbor, ME, USA). All mice housed in temperature-controlled animal facilities with 12 h light/12 h dark cycles and permitted consumption of tap water and Purina standard chow ad libitum. All animal procedures were conducted in accordance with the “Guide for the Care and Use of Laboratory Animals” (Institute of Laboratory Animal Resources on Life Sciences, National Research Council, 1996) and approval by USF IACUC #7127R. We also followed the Stroke Therapy Academic Industry Roundtable (STAIR) recommendations [23]. Experiments were strictly randomized and blinded. Statistical planning assumed an α-error of 5% and a β-error of 20%. The data that support the findings of this study are available from the corresponding author upon reasonable request.




2.2. Experimental Groups


Three experimental groups CYP2E1 KO (n = 12F + 12M), WT (n = 12F + 12M), and Sham groups (n = 5M + 5F), unless otherwise mentioned, for both sexes were studied for (1) The role of CYP2E1 on ROS activity, (2) Stroke complication because of CYP2E1 expression (permanent vs. transient), and (3) The role of CYP2E1 in neurovascular inflammation, 20-HETE expression, and the BBB health. Animals were randomly assigned to the experimental groups.




2.3. Cerebral Ischemia/Reperfusion Model


The mice were subjected to 90 min middle cerebral artery occlusion (MCAo) to induce permanent MCAo or followed by 24 h reperfusion to induce focal cerebral I/R injury or transient MCAo (tMCAo). The filament occlusion was omitted to induce sham-operated models. To induce MCAo, mice surgically manipulated to expose the common carotid arteries. A silicon-coated filament inserted into the left common carotid artery, up through the internal carotid artery to block the MCA. For the permanent MCAo model, the filament remained in place permanently. But for tMCAo the filament remained in place for 90 min (occlusion) and then retracted to allow for cerebral region reperfusion. During the surgery, 2.0% isoflurane was used for induction and 1.0–2.0% for maintenance. As for post-surgery treatments, mice were given the same amount of analgesic agents and normal saline 2 h after the operation. Rules for inclusions and exclusions of the models are presented in Materials and Methods in the Data Supplement.




2.4. Neurological Deficit Assessments


The neurological deficits were assessed and scored on a 5-point scale based on the report of Longa et al. [24]. Mouse with no neurological deficit scored 0. Left forepaws with flexion, adduction, and failure to extend fully scored 1. Circulating and rotating to the left when crawling scored 2. Mouse falling to the left scored 3. Not walking spontaneously scored 4, and dead mouse scored 5.




2.5. Assessment of Infarct Size by 2,3,5-Triphenyltetrazolium Chloride (TTC) Staining


After the reperfusion, five mice were randomly selected as samples from each group, the brains were removed and sectioned into five coronal sections, 2 mm thick for TTC staining. Details on TTC staining and infarct volume measurement are presented in Materials and Methods in the Data Supplement.




2.6. Preparation of Brain Membranes


Total cell membranes were prepared because it has been shown that brain CYPs are present more in multiple membrane fractions, including microsomal, mitochondrial, and nuclear membranes [25,26,27]. The whole brain was used to prepare and extract brain membranes for further analysis. The protocol for brain membrane preparation is presented in Materials and Methods in the Data Supplement.




2.7. Screening CYP2E1 Enzyme Activity


CYP2E1 activity was assessed by measuring the rate of p-nitrophenol oxidation to p-nitrocatechol with samples of brain membranes as described previously [28,29,30,31]. Samples from the whole brain membranes were used to screen CYP2E1 activity. Details on the CYP2E1 activity measurement protocol are presented in Materials and Methods in the Data Supplement.




2.8. Terminal Deoxynucleotidyl Transferase-Mediated dUTP-Biotin Nick End Labeling (TUNEL) Assay


TUNEL assay was used to assess neuronal apoptosis in the ischemic hemisphere. Coronal brain slices that contain the ischemic region and the corresponding brain regions in controls were used for the TUNEL assay. Immunohistochemistry protocols and antibodies are presented in Materials and Methods in the Data Supplement.




2.9. Analysis of Inflammation


Tissue samples were taken from the ischemic region of the brain for microglial activity and astrogliosis analysis. Cerebral ionized calcium-binding adaptor protein-1 (Iba-1), glial fibrillary acidic protein (GFAP), and β-actin protein levels were determined at 24 h after I/R because Iba-1 and GFAP protein levels are known to be significantly increased at that time post-ischemia [32]. Immunohistochemistry protocols and antibodies are presented in Materials and Methods in the Data Supplement.




2.10. Enzyme-Linked Immunosorbent Essay Analysis (ELISA)


Protein levels of inflammatory markers; tumor necrosis factor (TNF)-α, interleukin (IL)-6, and monocyte chemoattractant protein 1 (MCP-1) in the brain were measured using an ELISA kit (KMC0061c, BMS607-21NST, BMS6005 respectively, Thermo Fisher Scientific, San Jose, CA, USA) according to the manufacturer’s protocol. Tissue samples were taken from ischemic regions and corresponding regions in control brains. Samples were measured in duplicates. Readings from each sample were normalized for protein concentration. Moreover, tissue 20-HETE levels were assessed using 20-HETE ELISA kits (50-753-4354 R&D Inc, Detroit, MI, USA) according to the manufacturer’s instructions, and results were normalized to dry weight.




2.11. Analysis of Oxidative Stress


ROS generation was measured using the CM-H2DCFDA (Thermo Fisher Scientific, San Jose, CA, USA) a peroxide-sensitive fluorescent probe as described previously with minor modifications [33]. The homogenates from the whole brain were used to analyze the ROS generation. The details on the method are presented in Materials and Methods in the Data Supplement.




2.12. NeuroImaging


Magnetic resonance imaging was performed with 7T BioSpec MR Scanner (Bruker Biospin, Ettlingen, Germany) equipped with 500 mT/m gradient (rise time 80–120 μs), and a cryogenic quadrature RF surface coil (Bruker Biospin) as the RF transmitter/receiver [34] at 24 h of reperfusion. This imaging time was selected because of its importance as one of the milestones for ischemic evolution [35,36,37]. Animal imaging conditions and MR protocols details are presented in Materials and Methods in the Data Supplement.




2.13. Statistical Analysis


We conducted all statistical analyses in the “R” environment (R core team 2017). Study groups were blinded to the person (S.T.) who conducted the statistical analysis. Data are expressed as mean ± standard deviation (SD), and n refers to the number of animals used. All data sets were tested for normality using the Shapiro–Wilk test, and a subsequent unpaired t-test or Mann–Whitney test was applied based on parametric or non-parametric distribution, respectively. One-way analysis of variance (ANOVA) with Dunnett’s post-hoc was used for comparison of more than two data sets. Differences were considered to be significant at p < 0.05.





3. Results


3.1. Infarct Volume and Neurological Outcomes


CYP2E1 inhibition significantly protected the brain from both MCAo (** p < 0.005), and tMCAo (* p < 0.01) as shown in a representative TTC stains and quantitative analysis of total brain infarct volume ratio. Though the lesion volume was higher in tMCAo (both genders) compared to the MCAo group, we did not find any statistically significant differences (Figure 1). We did not find any gender differences between lesion volume in both the MCAo model and tMCAo model. Remarkably, CYP2E1(−/−) mice showed significantly less severe clinical signs of I/R compared to WT mice, particularly the permanent ischemic group (1 ± 0.5 vs. 3 ± 0.5). See Figures S1 and S2 in Results in Data Supplement.




3.2. Expression of CYP2E1 Following I/R Insult


We evaluated whether brain CYP2E1 activity elevates following I/R. We observed that CYP2E1 activity significantly increased (61%) following I/R in WT mice compared with age- and sex-matched controls (** p < 0.005, n = 8). As expected, no significant CYP2E1 activity found in CYP2E1(−/−) group (Figure 2A).




3.3. Expression of ROS Activity Following I/R Insult


Compared with WT controls, the ROS level was decreased by 1.5 fold (p < 0.001) in CYP2E1 KO. The analysis of fluorescence intensity illustrates the significant reduction in ROS production in CYP2E1 KO mice after the insult of I/R in comparison to age-matched WT mice. No fluorescence was detected in wells without the incubation of MC-H2DCFDA. Data are shown as mean + SD. n = 7 M per group, and *** p < 0.001 (Figure 2B).




3.4. Cytoprotective Effects of CYP2E1 Inhibition and Glial Activation


Apoptosis and neurodegeneration were reduced in CYP2E1(−/−) mice following tMCAo. Apoptosis of mice MCAo brain tissue in each group measured by TUNEL (magnification, ×200) in the middle cerebral artery territory of the cortex. TUNEL-positive cells (brown staining) significantly decreased in CYP2E1 compared with those in the WT group, see Figure 3A. CYP2E1 inhibition reduces expression of microglia/macrophage activation (Iba-1 positive cells-Figure 3B). Astrogliosis observed following tMCAo and 24 h reperfusion (GFAP positive cells) in the peri-infarct cortex. Activation of astrocytes (GFAP) was reduced in CYP2E1(−/−) mice (astrocytes stained brown in Figure 3C).



The quantified level of protein expression of Iba-1 (Right) and GFAP (Left) in the peri-infarct region of CYP2E1(−/−), CYP2E1(+/+), and WT control mice brains subject to 90 min I/R are shown in the top panel of Figure 4. A statistically significant difference between the expression of both GFAP and Iba-1 protein in CYP2E1(+/+) and CYP2E1(−/−) is observed (** p < 0.005 and *** p < 0.001, respectively). Representative Western blots of Iba-1 and GFAP protein levels in the ischemic brain are shown at the bottom of the panels respectively. β-actin was used as a control for loading.




3.5. Inflammatory Cytokine Protein Expression Was Reduced in CYP2E1(−/−) Mice Following tMCAo


We observed more than two-fold reduction in protein concentration of (A) IL-6 (p < 0.05), (B) MCP-1 (p < 0.05), and (C) TNF-α (p < 0.0001) in cerebral ischemic tissues at 24 h of I/R, as measured by ELISA. Data are presented as mean ± SD in Figure 5. Sham-operated controls did not show any significant increase in protein levels of assessed inflammatory markers.




3.6. Blood-Brain Barrier Leakage


We have observed that CYP2E1 (−/−) I/R models have a lower area with abnormal BBB transfer rate in comparison to WT in I/R models. Interestingly, there was no significant damage to the BBB of CYP2E1 (−/−) I/R models as measured by the rate of leakage of the contrast agent (Gd-DTPA) from the blood into cerebral tissues through the BBB. The BBB transfer rate maps which represent a pixel-wise calculated BBB transfer rate are depicted for three consecutive slices that cover most of the ischemic lesion volume are shown in panels A and B of Figure 6. Anatomical images representing the lesion anatomy are accompanied by corresponding BBB transfer rate maps on top of panels A and B. Bar plot in panel C statistically compares the BBB transfer rate between CYP2E1(−/−) I/R and WT I/R in three slices. We observe a statistically significant (p < 0.01) difference between the mean of BBB transfer rate of CYP2E1(−/−) I/R and WT I/R. (Figure 6C).




3.7. The 20–HETE Expression in the Brain


We measured the 20-HETE levels in WT controls and CYP2E1(−/−) mice brain with and without I/R insult. The 20-HETE level in WT controls n was 37.1 ± 2.5 ng/mL (Figure 6D). However, I/R insult triggers an increase in 20-HETE synthesis in CYP2E1(−/−) mice brain. The 20-HETE synthesis was increased significantly (p < 0.05) in CYP2E1(−/−) mice following the insult of I/R (52.5 ± 6.8 ng/mL, a 41% increase of WT values). Interestingly we observe that the I/R insult did not significantly increase 20-HETE synthesis in WT controls.





4. Discussion


Here, we report results from an experimental study designed to evaluate the potential of CYP2E1 inhibition as a target for neuroprotection in I/R. Our results suggest that cerebral I/R insult activates CYP2E1 and increases ROS production. Using genetic approaches, we provide evidence that oxidative enzyme CYP2E1 critically defines I/R outcome. Indeed, mice in which CYP2E1 was deleted had the best stroke outcome (Figure 1 and Figure 6). More specifically, CYP2E1(−/−) mice showed reduced GFAP and Iba-1 levels and reduced inflammatory markers following I/R (Figure 4 and Figure 5). Together, our data suggest that CYP2E1 plays a crucial role in provoking inflammation and ROS production following I/R insult. Indeed, we have developed a very interesting genetic model of ROS handling that is applied to the problem of ROS generation during focal I/R in the mouse brain. The various components of this conclusion are discussed below.



CYP2E1 is significantly expressed in different brain cell compartments, including the endoplasmic reticulum, the plasma membrane, the Golgi apparatus, as well as mitochondria [6,38,39,40,41]. The presence of CYP2E1 in these organelles highlights its role in oxidative stress and cytotoxicity in the brain. However, brain CYP2E1 expression is cell- and region-specific. For example, CYP2E1 distribution has been confirmed in the neurons of the cortex, cerebellum, and hippocampus of the human brain. In the rat brain, besides these areas, CYP2E1 is also expressed in the olfactory bulb, striatum, and thalamus [13]. CYP2E1 activation in anatomical regions is also cell-specific. For example, CYP2E1 expression has been reported in astrocytes of the cortical area one week following ischemic injury [12]. Another study using mice displayed CYP2E1 staining in glial cells and sporadic vessels throughout the hippocampus [42].



Various stimulants such as CNS inflammation [43], chronic ethanol treatment [44,45], as well as nicotine [26,46] induce cerebral CYP2E1 activity. The increase of CYP2E1 activity in astrocytes also has been observed following 5 min occlusion of carotid arteries of gerbil and rat model of global ischemia [12]. Notably, the authors of the same study also demonstrated an increased level of this enzyme in cortical areas following ischemic insult. In rats exposed to ethanol, brain CYP2E1 activity positively correlated with the damage to the hippocampus, cerebellum, and brain stem [44].



In this study, we confirmed that CYP2E1 protein is expressed in brain tissues of WT controls when we compare to KO mice brain tissues. Furthermore, we showed that in the MCAo mouse models, I/R insult increases CYP2E1 protein activity by (61% increase) compared to WT controls. Ischemic insult, as well as traumatic brain injury (TBI), increases the activity of phospholipase A2 (PLA2), which hydrolyzes membrane phospholipids to generate arachidonic acid (AA) [47]. An increase in AA (a substrate for CYP2E1) promotes eicosanoids (epoxyeicosatrienoic acid, EETs, and HETEs) production. Of note is that our 24 h I/R model is an acute brain injury model. However, cerebral ischemia develops over periods of hours to days after the primary event. Upstream signals, such as oxidative stress together with neutrophil and/or platelet interactions with activated endothelia, result in up-regulation of matrix metalloproteinases, plasminogen activators, and activation of endogenous adaptive and regenerative mechanisms. These detrimental factors act in orchestration with each other shortly after the ischemic injury of stroke that results in compromised integrity of the BBB and the extent of cellular swelling. The BBB is necessary to provide an optimal chemical environment for cerebral function. Protection of BBB and reduced edema by reducing the free radicals surge are correlated with improved stroke outcomes.



Free radicals surge exacerbates cerebral damage following I/R insult. However, little is known about the CYP2E1 role in free radicals production following I/R. In this study, a marked decrease was observed in cerebral I/R damage following CYP2E1 suppression. In these models, a marked reduction in lesion volume, as well as ROS activity following I/R insult, supports the notion that CYP2E1 activity plays a crucial role in oxidative stress following I/R. Of note is that these observations were not sex-specific. Although there is a sex-specific expression of some hepatic CYPs [48], there is no evidence for the brain expression.



Increased ROS activity is observed in cerebral reperfusion [49]. Considerable effort has been devoted to identifying cellular and molecular sources of excess ROS production following I/R [50]. Several studies have demonstrated multiple cellular sources of ROS production following I/R insult. For example, Kontos et al. found that endothelial cells and vascular smooth muscle cells generate ROS during reperfusion [49]. Activated microglial cells in culture have been shown to produce ROS following ischemia [51]. Authors in the same study have also shown that oligodendroglial cells are more prone to hypoxia than are astrocytes. Moreover, proinflammatory cytokines that enter the ischemic territory within 24 h can contribute to ROS formation [52]. Here, we are presenting CYP2E1 as a ROS-regulating enzyme, though our data are not specific to cerebral cell lines.



Of note is that along with CYP2E1 there are other cellular oxidase scavenger systems such as lipoxygenase (LOX) [53], cyclooxygenase (COX) [54], and NADPH oxidases (NOXs) [55]. It has been shown that the deletion of these oxidative enzymes produces a similar phenotype in protecting the vascular system from oxidative stress [54,56]. Most of the studies on the importance of cellular oxidase scavenger systems focused on using chemical inhibitions. Here, we have used a genetic approach to show the importance of CYP2E1 inhibition on reducing oxidative stress following I/R.



Inflammation contributes significantly to the pathogenesis of post-ischemic insult [57,58,59]. Our data confirmed the activation of inflammatory markers such as IL-6, MCP-1, and TNFα following 90 min I/R at 24 h in WT mice. IL-6, MCP-1, and TNFα are major proinflammatory cytokines that upregulated following I/R insults [60,61]. However, we observed a two-fold decrease in these markers concentration in the CYP2E1(−/−) MCAo mice models of I/R compared with sham and WT controls. These proinflammatory cytokines induce the generation of ROS in non-phagocytic cells such as vascular smooth muscle cells and endothelial cells [1].



These lines of evidence indicate that CYP2E1 not only has a crucial role in oxidative stress but also contributes to proinflammatory markers activation following I/R. The connection between CYP2E1 and inflammatory markers is complicated. For example, studies have shown that IL-6 has a critical role in enabling lipopolysaccharides (LPS) to increase CYP2E1 activity by using IL-6 KO mice [62]. Therefore, positive feedback that was initiated from inflammatory markers could exacerbate CYP2E1 damaging role on I/R injury.



Here, we further explored the role of CYP2E1 activity on damaging BBB integrity following I/R insult. Our data indicate that CYP2E1 suppression alleviates BBB damage following I/R insult. To explore the underlying mechanism by which CYP2E1 suppression impacts BBB health following I/R, here we measured 20-HETE expression. Furthermore, 20-HETE is a cytochrome P450-derived metabolite of AA [63]. 20-HETE has a significant role in vascular tone regulation, CBF autoregulation, neurovascular coupling [63,64], and microvasculature function [65]. It has been shown in a rat model that in acute brain injuries following ischemia or TBI 20-HETE formation significantly increases [66]. Moreover, by using rat models of ischemia, 20-HETE has been implicated in I/R injury [15,16,18]. Our data is in line with previous observations of a surge in 20-HETE following I/R (Figure 6). However, the debate remains on how a 20-HETE surge impacts I/R injury. A study connects 20-HETE vasoconstrictors property to reduced I/R injury [67]. Another study shows that 20-HETE affects vascular function through G protein-coupled receptor 75 (GPR75) [68]. We propose that a 20-HETE surge has a connection with BBB protection following I/R insult in our mouse models. Although this study demonstrates an association between CYP2E1 activity and the extent of BBB damage, additional work is required to establish causality and to explore the functional significance of CYP2E1 activity.



In this study, histochemical experiments were designed to enable us to draw conclusions based on group statistics. On the other hand, MRI data enabled us to draw individual longitudinal analysis, as well as group analysis. We admit that employing a histological group analysis method limits the acquired knowledge of the specific CYP2E1 dynamics in each animal. Another limitation is that knocking CYP2E1 out may interfere with other detoxification mechanisms that may reduce the toxicity of ischemia. Therefore, it may confound with the goals of this study, i.e., the reduction of oxidative stress of ischemia. To avoid this confounding, we monitored animals for their health and also examined serum inflammatory markers at least twice before I/R. We planned to exclude animals if a complication happens, which was not the case in this study. As a future direction of this study, we recommend considering the conditional KO model, which is now available, to study the specific role of CYP2E1 in the brain. However, this study using CYP2E1(−/−) mice enabled us to identify whether cyp2e1 inhibition is a crucial factor for the expression of EETs as an endothelium-derived hyperpolarizing factor (EDHF). Regarding hepatic CYP2E1 expression, it will merit investigating if CYP2E1 plays a role in liver-brain communications. Moreover, it will be interesting to investigate the morphology and 3D architecture of brain vasculature in the CYP2E1 KO mouse.




5. Conclusions


In conclusion, I/R insult activates oxidative enzyme CYP2E1 that induces oxidative stress, increases inflammatory markers, and exacerbates I/R damages. Genetic inhibition of this enzyme significantly reduces oxidative stress, specifically on the BBB tight junctions following I/R. Following I/R insult, the cascade of inflammatory/oxidative stress, that CYP2E1 plays a major role, destroys the BBB tight junctions. Understanding the specific roles of the CYP on exacerbation of oxidative stress and inflammation following I/R may lead to more refined therapeutic strategies.








Supplementary Materials


The following are available online at https://www.mdpi.com/2076-3921/10/1/52/s1, Figure S1: Regional cerebral blood flow (rCBF) as measured by Laser Doppler. rCBF is measured in Contralateral and Ipsilateral of focal ischemia during occlusion and post reperfusion respectively; Figure S2: Neurological deficit following I/R insult.





Author Contributions


The authors J.Y. and H.Z. maintained mice breeding colony, prepared animal models of I/R, conducted histological and biological analysis. The coauthor M.S.K. contributed to the study design, data interpretation, discussion of results and manuscript writing. The corresponding author S.T. worked on the overall study design, maintaining animal models, data collection, MRI data acquisition, data processing and analysis, and manuscript writing. All authors have read and agreed to the published version of the manuscript.




Funding


This work was in part supported by funding from the National Institutes of Health (NIH) (R21AG043718, R01 ES016774-01), VA Merit Award (1I01RX001450-01A1), AHA SFRN (15SFDRN25710468) and AHA (19TPA34910015) grant (M.S.K.). Kindy is a Senior Research Career Scientist in the VA. The views expressed in this article are those of the authors and do not necessarily reflect the position or policy of the Department of Veterans Affairs or the United States government.




Institutional Review Board Statement


Institutional Review Board Statement: All studies were submitted and approved by the Institutional Animal Care and Use Committee (IACUC) at the University of South Florida (USF) protocol #7127R. The approved study adhered to the Guide for the Care and Use of Laboratory Animals developed by the Office of Laboratory Animal Welfare (OLAW).




Informed Consent Statement


Not applicable.




Data Availability Statement


The data presented in this study are available on request from the corresponding author. The data are not publicly available due to privacy issues.




Acknowledgments


We would like to thank Frank J. Gonzalez; Laboratory of Metabolism, National Cancer Institute, Bethesda, MD for providing us with CYP2E1(−/−) breeding pairs. We would like to acknowledge that the MR imaging was conducted at SAIL imaging center at Moffitt Cancer Center, Tampa, FL.




Conflicts of Interest


The authors report no conflict of interest with respect to the research, authorship, and/or publication of this article.




References


	



Nathan, C.; Cunningham-Bussel, A. Beyond oxidative stress: An immunologist’s guide to reactive oxygen species. Nat. Rev. Immunol. 2013, 13, 349–361. [Google Scholar] [CrossRef] [PubMed]

	



Cheung, C.; Yu, A.M.; Ward, J.M.; Krausz, K.W.; Akiyama, T.E.; Feigenbaum, L.; Gonzalez, F.J. The CYP2E1-humanized transgenic mouse: Role of CYP2E1 in acetaminophen hepatotoxicity. Drug Metab. Dispos. 2005, 33, 449–457. [Google Scholar] [CrossRef] [PubMed]

	



Gonzalez, F.J. Role of cytochromes P450 in chemical toxicity and oxidative stress: Studies with CYP2E1. Mutat. Res. 2005, 569, 101–110. [Google Scholar] [CrossRef] [PubMed]

	



Lu, Y.; Cederbaum, A.I. CYP2E1 potentiation of LPS and TNFalpha-induced hepatotoxicity by mechanisms involving enhanced oxidative and nitrosative stress, activation of MAP kinases, and mitochondrial dysfunction. Genes Nutr. 2010, 5, 149–167. [Google Scholar] [CrossRef] [PubMed]

	



Porubsky, P.R.; Meneely, K.M.; Scott, E.E. Structures of human cytochrome P-450 2E1. Insights into the binding of inhibitors and both small molecular weight and fatty acid substrates. J. Biol. Chem. 2008, 283, 33698–33707. [Google Scholar] [CrossRef] [PubMed]

	



Hansson, T.; Tindberg, N.; Ingelman-Sundberg, M.; Kohler, C. Regional distribution of ethanol-inducible cytochrome P450 IIE1 in the rat central nervous system. Neuroscience 1990, 34, 451–463. [Google Scholar] [CrossRef]

	



Yadav, S.; Dhawan, A.; Singh, R.L.; Seth, P.K.; Parmar, D. Expression of constitutive and inducible cytochrome P450 2E1 in rat brain. Mol. Cell. Biochem. 2006, 286, 171–180. [Google Scholar] [CrossRef]

	



Howard, L.A.; Miksys, S.; Hoffmann, E.; Mash, D.; Tyndale, R.F. Brain CYP2E1 is induced by nicotine and ethanol in rat and is higher in smokers and alcoholics. Br. J. Pharmacol. 2003, 138, 1376–1386. [Google Scholar] [CrossRef]

	



Farin, F.M.; Omiecinski, C.J. Regiospecific expression of cytochrome P-450s and microsomal epoxide hydrolase in human brain tissue. J. Toxicol. Environ. Health 1993, 40, 317–335. [Google Scholar] [CrossRef]

	



Valencia-Olvera, A.C.; Moran, J.; Camacho-Carranza, R.; Prospero-Garcia, O.; Espinosa-Aguirre, J.J. CYP2E1 induction leads to oxidative stress and cytotoxicity in glutathione-depleted cerebellar granule neurons. Toxicol. In Vitro 2014, 28, 1206–1214. [Google Scholar] [CrossRef]

	



Kelicen, P.; Tindberg, N. Lipopolysaccharide induces CYP2E1 in astrocytes through MAP kinase kinase-3 and C/EBPbeta and -delta. J. Biol. Chem. 2004, 279, 15734–15742. [Google Scholar] [CrossRef] [PubMed]

	



Tindberg, N.; Baldwin, H.A.; Cross, A.J.; IngelmanSundberg, M. Induction of cytochrome P450 2E1 expression in rat and gerbil astrocytes by inflammatory factors and ischemic injury. Mol. Pharmacol. 1996, 50, 1065–1072. [Google Scholar] [PubMed]

	



Garcia-Suastegui, W.A.; Ramos-Chavez, L.A.; Rubio-Osornio, M.; Calvillo-Velasco, M.; Atzin-Mendez, J.A.; Guevara, J.; Silva-Adaya, D. The Role of CYP2E1 in the Drug Metabolism or Bioactivation in the Brain. Oxid. Med. Cell. Longev. 2017, 2017, 4680732. [Google Scholar] [CrossRef]

	



Ohe, T.; Hirobe, M.; Mashino, T. Novel metabolic pathway of estrone and 17beta-estradiol catalyzed by cytochrome P-450. Drug Metab. Dispos. 2000, 28, 110–112. [Google Scholar] [PubMed]

	



Miksys, S.; Tyndale, R.F. Cytochrome P450-mediated drug metabolism in the brain. J. Psychiatry Neurosci. JPN 2013, 38, 152–163. [Google Scholar] [CrossRef]

	



Roman, R.J. P-450 metabolites of arachidonic acid in the control of cardiovascular function. Physiol. Rev. 2002, 82, 131–185. [Google Scholar] [CrossRef]

	



Schafer, A.; Galuppo, P.; Fraccarollo, D.; Vogt, C.; Widder, J.D.; Pfrang, J.; Tas, P.; Barbosa-Sicard, E.; Ruetten, H.; Ertl, G.; et al. Increased cytochrome P4502E1 expression and altered hydroxyeicosatetraenoic acid formation mediate diabetic vascular dysfunction: Rescue by guanylyl-cyclase activation. Diabetes 2010, 59, 2001–2009. [Google Scholar] [CrossRef]

	



Miyata, N.; Seki, T.; Tanaka, Y.; Omura, T.; Taniguchi, K.; Doi, M.; Bandou, K.; Kametani, S.; Sato, M.; Okuyama, S.; et al. Beneficial effects of a new 20-hydroxyeicosatetraenoic acid synthesis inhibitor, TS-011 [N-(3-chloro-4-morpholin-4-yl) phenyl-N’-hydroxyimido formamide], on hemorrhagic and ischemic stroke. J. Pharmacol. Exp. Ther. 2005, 314, 77–85. [Google Scholar] [CrossRef]

	



Haorah, J.; Ramirez, S.H.; Floreani, N.; Gorantla, S.; Morsey, B.; Persidsky, Y. Mechanism of alcohol-induced oxidative stress and neuronal injury. Free Radic. Biol. Med. 2008, 45, 1542–1550. [Google Scholar] [CrossRef]

	



Cao, X.L.; Du, J.; Zhang, Y.; Yan, J.T.; Hu, X.M. Hyperlipidemia exacerbates cerebral injury through oxidative stress, inflammation and neuronal apoptosis in MCAO/reperfusion rats. Exp. Brain Res. 2015, 233, 2753–2765. [Google Scholar] [CrossRef]

	



Patel, S.A.; Bhambra, U.; Charalambous, M.P.; David, R.M.; Edwards, R.J.; Lightfoot, T.; Boobis, A.R.; Gooderham, N.J. Interleukin-6 mediated upregulation of CYP1B1 and CYP2E1 in colorectal cancer involves DNA methylation, miR27b and STAT3. Br. J. Cancer 2014, 111, 2287–2296. [Google Scholar] [CrossRef] [PubMed]

	



Barnett, C.R.; Petrides, L.; Wilson, J.; Flatt, P.R.; Ioannides, C. Induction of rat hepatic mixed-function oxidases by acetone and other physiological ketones: Their role in diabetes-induced changes in cytochrome P450 proteins. Xenobiotica Fate Foreign Compd. Biol. Syst. 1992, 22, 1441–1450. [Google Scholar] [CrossRef] [PubMed]

	



Liu, S.; Zhen, G.; Meloni, B.P.; Campbell, K.; Winn, H.R. Rodent Stroke Model Guidelines for Preclinical Stroke Trials (1st Edition). J. Exp. Stroke Transl. Med. 2009, 2, 2–27. [Google Scholar] [CrossRef] [PubMed]

	



Longa, E.Z.; Weinstein, P.R.; Carlson, S.; Cummins, R. Reversible Middle Cerebral-Artery Occlusion without Craniectomy in Rats. Stroke 1989, 20, 84–91. [Google Scholar] [CrossRef] [PubMed]

	



Miksys, S.; Hoffmann, E.; Tyndale, R.F. Regional and cellular induction of nicotine-metabolizing CYP2B1 in rat brain by chronic nicotine treatment. Biochem. Pharmacol. 2000, 59, 1501–1511. [Google Scholar] [CrossRef]

	



Joshi, M.; Tyndale, R.F. Regional and cellular distribution of CYP2E1 in monkey brain and its induction by chronic nicotine. Neuropharmacology 2006, 50, 568–575. [Google Scholar] [CrossRef]

	



Hartman, J.H.; Miller, G.P.; Meyer, J.N. Toxicological Implications of Mitochondrial Localization of CYP2E1. Toxicol. Res. 2017, 6, 273–289. [Google Scholar] [CrossRef]

	



Cederbaum, A.I. Methodology to assay CYP2E1 mixed function oxidase catalytic activity and its induction. Redox Biol. 2014, 2, 1048–1054. [Google Scholar] [CrossRef]

	



Koop, D.R.; Laethem, C.L.; Tierney, D.J. The utility of p-nitrophenol hydroxylation in P450IIE1 analysis. Drug Metab. Rev. 1989, 20, 541–551. [Google Scholar] [CrossRef]

	



Ledesma, J.C.; Miquel, M.; Pascual, M.; Guerri, C.; Aragon, C.M. Induction of brain cytochrome P450 2E1 boosts the locomotor-stimulating effects of ethanol in mice. Neuropharmacology 2014, 85, 36–44. [Google Scholar] [CrossRef] [PubMed]

	



Lopez-Islas, A.; Chagoya-Hazas, V.; Perez-Aguilar, B.; Palestino-Dominguez, M.; Souza, V.; Miranda, R.U.; Bucio, L.; Gomez-Quiroz, L.E.; Gutierrez-Ruiz, M.C. Cholesterol Enhances the Toxic Effect of Ethanol and Acetaldehyde in Primary Mouse Hepatocytes. Oxidative Med. Cell. Longev. 2016, 2016, 9209825. [Google Scholar] [CrossRef] [PubMed]

	



Yu, J.; Zhu, H.; Gattoni-Celli, S.; Taheri, S.; Kindy, M.S. Dietary supplementation of GrandFusion((R)) mitigates cerebral ischemia-induced neuronal damage and attenuates inflammation. Nutr. Neurosci. 2016, 19, 290–300. [Google Scholar] [CrossRef] [PubMed]

	



Shinomol, G.K.; Muralidhara. Effect of Centella asiatica leaf powder on oxidative markers in brain regions of prepubertal mice in vivo and its in vitro efficacy to ameliorate 3-NPA-induced oxidative stress in mitochondria. Phytomedicine 2008, 15, 971–984. [Google Scholar] [CrossRef] [PubMed]

	



Baltes, C.; Radzwill, N.; Bosshard, S.; Marek, D.; Rudin, M. Micro MRI of the mouse brain using a novel 400 MHz cryogenic quadrature RF probe. NMR Biomed. 2009, 22, 834–842. [Google Scholar] [CrossRef] [PubMed]

	



Taheri, S.; Candelario-Jalil, E.; Estrada, E.Y.; Rosenberg, G.A. Spatiotemporal correlations between blood-brain barrier permeability and apparent diffusion coefficient in a rat model of ischemic stroke. PLoS ONE 2009, 4, e6597. [Google Scholar] [CrossRef]

	



Pan, J.; Konstas, A.A.; Bateman, B.; Ortolano, G.A.; Pile-Spellman, J. Reperfusion injury following cerebral ischemia: Pathophysiology, MR imaging, and potential therapies. Neuroradiology 2007, 49, 93–102. [Google Scholar] [CrossRef]

	



Wang, L.Y.; Liu, J.; Li, Y.; Li, B.; Zhang, Y.Y.; Jing, Z.W.; Yu, Y.N.; Li, H.X.; Guo, S.S.; Zhao, Y.J.; et al. Time-dependent variation of pathways and networks in a 24-hour window after cerebral ischemia-reperfusion injury. BMC Syst. Biol. 2015, 9, 11. [Google Scholar] [CrossRef]

	



Knockaert, L.; Descatoire, V.; Vadrot, N.; Fromenty, B.; Robin, M.A. Mitochondrial CYP2E1 is sufficient to mediate oxidative stress and cytotoxicity induced by ethanol and acetaminophen. Toxicol. In Vitro 2011, 25, 475–484. [Google Scholar] [CrossRef]

	



Walther, B.; Ghersi-Egea, J.F.; Minn, A.; Siest, G. Subcellular distribution of cytochrome P-450 in the brain. Brain Res. 1986, 375, 338–344. [Google Scholar] [CrossRef]

	



Iscan, M.; Reuhl, K.; Weiss, B.; Maines, M.D. Regional and subcellular distribution of cytochrome P-450-dependent drug metabolism in monkey brain: The olfactory bulb and the mitochondrial fraction have high levels of activity. Biochem. Biophys. Res. Commun. 1990, 169, 858–863. [Google Scholar] [CrossRef]

	



Neve, E.P.; Ingelman-Sundberg, M. Molecular basis for the transport of cytochrome P450 2E1 to the plasma membrane. J. Biol. Chem. 2000, 275, 17130–17135. [Google Scholar] [CrossRef] [PubMed]

	



Boussadia, B.; Ghosh, C.; Plaud, C.; Pascussi, J.M.; de Bock, F.; Rousset, M.C.; Janigro, D.; Marchi, N. Effect of status epilepticus and antiepileptic drugs on CYP2E1 brain expression. Neuroscience 2014, 281, 124–134. [Google Scholar] [CrossRef] [PubMed]

	



Abdulla, D.; Goralski, K.B.; Renton, K.W. The regulation of cytochrome P450 2E1 during LPS-induced inflammation in the rat. Toxicol. Appl. Pharmacol. 2006, 216, 1–10. [Google Scholar] [CrossRef] [PubMed]

	



Zhong, Y.; Dong, G.; Luo, H.; Cao, J.; Wang, C.; Wu, J.; Feng, Y.Q.; Yue, J. Induction of brain CYP2E1 by chronic ethanol treatment and related oxidative stress in hippocampus, cerebellum, and brainstem. Toxicology 2012, 302, 275–284. [Google Scholar] [CrossRef]

	



Roberts, B.J.; Shoaf, S.E.; Jeong, K.S.; Song, B.J. Induction of CYP2E1 in liver, kidney, brain and intestine during chronic ethanol administration and withdrawal: Evidence that CYP2E1 possesses a rapid phase half-life of 6 hours or less. Biochem. Biophys. Res. Commun. 1994, 205, 1064–1071. [Google Scholar] [CrossRef]

	



Joshi, M.; Tyndale, R.F. Induction and recovery time course of rat brain CYP2E1 after nicotine treatment. Drug Metab. Dispos. 2006, 34, 647–652. [Google Scholar] [CrossRef]

	



Wei, E.P.; Lamb, R.G.; Kontos, H.A. Increased phospholipase C activity after experimental brain injury. J. Neurosurg. 1982, 56, 695–698. [Google Scholar] [CrossRef]

	



Ferguson, C.S.; Tyndale, R.F. Cytochrome P450 enzymes in the brain: Emerging evidence of biological significance. Trends Pharmacol. Sci. 2011, 32, 708–714. [Google Scholar] [CrossRef]

	



Kontos, C.D.; Wei, E.P.; Williams, J.I.; Kontos, H.A.; Povlishock, J.T. Cytochemical detection of superoxide in cerebral inflammation and ischemia in vivo. Am. J. Physiol. 1992, 263, H1234–H1242. [Google Scholar] [CrossRef]

	



Granger, D.N.; Kvietys, P.R. Reperfusion injury and reactive oxygen species: The evolution of a concept. Redox Biol. 2015, 6, 524–551. [Google Scholar] [CrossRef]

	



Juurlink, B.H. Response of glial cells to ischemia: Roles of reactive oxygen species and glutathione. Neurosci. Biobehav. Rev. 1997, 21, 151–166. [Google Scholar] [CrossRef]

	



Stoll, G.; Jander, S.; Schroeter, M. Inflammation and glial responses in ischemic brain lesions. Prog. Neurobiol. 1998, 56, 149–171. [Google Scholar] [CrossRef]

	



Jin, G.; Arai, K.; Murata, Y.; Wang, S.; Stins, M.F.; Lo, E.H.; van Leyen, K. Protecting against cerebrovascular injury: Contributions of 12/15-lipoxygenase to edema formation after transient focal ischemia. Stroke 2008, 39, 2538–2543. [Google Scholar] [CrossRef] [PubMed]

	



Candelario-Jalil, E.; Taheri, S.; Yang, Y.; Sood, R.; Grossetete, M.; Estrada, E.Y.; Fiebich, B.L.; Rosenberg, G.A. Cyclooxygenase inhibition limits blood-brain barrier disruption following intracerebral injection of tumor necrosis factor-alpha in the rat. J. Pharmacol. Exp. Ther. 2007, 323, 488–498. [Google Scholar] [CrossRef] [PubMed]

	



Nayernia, Z.; Jaquet, V.; Krause, K.H. New insights on NOX enzymes in the central nervous system. Antioxid. Redox. Signal. 2014, 20, 2815–2837. [Google Scholar] [CrossRef]

	



Drummond, G.R.; Selemidis, S.; Griendling, K.K.; Sobey, C.G. Combating oxidative stress in vascular disease: NADPH oxidases as therapeutic targets. Nat. Rev. Drug Discov. 2011, 10, 453–471. [Google Scholar] [CrossRef]

	



Rust, R.; Gronnert, L.; Schwab, M.E. Inflammation after Stroke: A Local Rather Than Systemic Response? Trends Neurosci. 2018, 41, 877–879. [Google Scholar] [CrossRef]

	



Ng, G.Y.; Lim, Y.A.; Sobey, C.G.; Dheen, T.; Fann, D.Y.; Arumugam, T.V. Epigenetic regulation of inflammation in stroke. Ther. Adv. Neurol. Disord. 2018, 11, 1756286418771815. [Google Scholar] [CrossRef]

	



Martin, A.; Domercq, M.; Matute, C. Inflammation in stroke: The role of cholinergic, purinergic and glutamatergic signaling. Ther. Adv. Neurol. Disord. 2018, 11, 1756286418774267. [Google Scholar] [CrossRef]

	



Wood, H. Stroke: An alarmin’ inflammatory response after stroke. Nat. Rev. Neurol. 2018, 14, 252–253. [Google Scholar] [CrossRef]

	



Wang, Q.; Tang, X.N.; Yenari, M.A. The inflammatory response in stroke. J. Neuroimmunol. 2007, 184, 53–68. [Google Scholar] [CrossRef] [PubMed]

	



Warren, G.W.; van Ess, P.J.; Watson, A.M.; Mattson, M.P.; Blouin, R.A. Cytochrome P450 and antioxidant activity in interleukin-6 knockout mice after induction of the acute-phase response. J. Interferon Cytokine Res. 2001, 21, 821–826. [Google Scholar] [CrossRef] [PubMed]

	



Elshenawy, O.H.; Shoieb, S.M.; Mohamed, A.; El-Kadi, A.O. Clinical Implications of 20-Hydroxyeicosatetraenoic Acid in the Kidney, Liver, Lung and Brain: An Emerging Therapeutic Target. Pharmaceutics 2017, 9, 9. [Google Scholar] [CrossRef] [PubMed]

	



Zhang, C.; Booz, G.W.; Yu, Q.; He, X.; Wang, S.; Fan, F. Conflicting roles of 20-HETE in hypertension and renal end organ damage. Eur. J. Pharmacol. 2018, 833, 190–200. [Google Scholar] [CrossRef]

	



Hall, C.N.; Reynell, C.; Gesslein, B.; Hamilton, N.B.; Mishra, A.; Sutherland, B.A.; O’Farrell, F.M.; Buchan, A.M.; Lauritzen, M.; Attwell, D. Capillary pericytes regulate cerebral blood flow in health and disease. Nature 2014, 508, 55–60. [Google Scholar] [CrossRef]

	



Omura, T.; Tanaka, Y.; Miyata, N.; Koizumi, C.; Sakurai, T.; Fukasawa, M.; Hachiuma, K.; Minagawa, T.; Susumu, T.; Yoshida, S.; et al. Effect of a new inhibitor of the synthesis of 20-HETE on cerebral ischemia reperfusion injury. Stroke 2006, 37, 1307–1313. [Google Scholar] [CrossRef]

	



Renic, M.; Klaus, J.A.; Omura, T.; Kawashima, N.; Onishi, M.; Miyata, N.; Koehler, R.C.; Harder, D.R.; Roman, R.J. Effect of 20-HETE inhibition on infarct volume and cerebral blood flow after transient middle cerebral artery occlusion. J. Cereb. Blood Flow Metab. 2009, 29, 629–639. [Google Scholar] [CrossRef]

	



Garcia, V.; Gilani, A.; Shkolnik, B.; Pandey, V.; Zhang, F.F.; Dakarapu, R.; Gandham, S.K.; Reddy, N.R.; Graves, J.P.; Gruzdev, A.; et al. 20-HETE Signals Through G-Protein-Coupled Receptor GPR75 (G(q)) to Affect Vascular Function and Trigger Hypertension. Circ. Res. 2017, 120, 1776. [Google Scholar] [CrossRef]








[image: Antioxidants 10 00052 g001 550] 





Figure 1. Genetic deletion of cytochrome P450-2E1 (CYP2E1) protects against cerebral ischemia/reperfusion (I/R) injury. Representative photomicrographs sets of 2,3,5-triphenyltetrazolium chloride (TTC)-stained brain slices for transient middle cerebral artery occlusion (MCAo) (tMCAo) and permanent MCAo at 24 h are shown in panels (A,B), respectively. Quantitative analysis of total brain infarct volume ratio (in %) is shown in panel (C). Male (M) and female (F) tMCAo (90 min) followed by 22.5 h of reperfusion and permanent ischemia along with aged-match controls were studied separately for lesion volume by TTC staining at 24 h of ischemic insult. Inhibition of CYP2E1 enzyme significantly decreased infarct volume in comparison with wild-type (WT) male. Values are presented as mean ± SD (n = 8–12 per group). 
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Figure 2. (A) CYP2E1 activity increases following I/R. Mice transient MCAo (tMCAo; 90 min occlusion and 24 h of reperfusion) models are compared with controls for cerebral CYP2E1 activity at 24 h. CYP2E1 activity was assessed by the nitrocatechol method [28]. CYP2E1 activity was increased significantly (61%) following transient MCAo compared with age- and sex-matched controls (n = 7). No significant CYP2E1 activity was found in the CYP2E1(−/−) group. (B). Ninety minutes I/R increases Reactive oxygen species (ROS) production in the brain, as determined by using chloromethyl derivative of dichlorofluorescein diacetate (MC-H2DCFDA) at 24 h post-reperfusion. The fluorescent signals generated with MC-H2DCFDA in the brain were increased with the insult of I/R. The analysis of fluorescence intensity illustrates the significant reduction in ROS production in CYP2E1(−/−) mouse after the insult of I/R in comparison to age-matched WT mice. No fluorescence was detected in wells without the incubation of MC-H2DCFDA. Data are shown as mean + SD. n = 6 male per group. 
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Figure 3. Apoptosis and neurodegeneration were reduced in CYP2E1(−/−) mice following I/R (tMCAo). (A) apoptosis of mice MCAo brain tissue in each group measured by terminal deoxynucleotidyl transferase-mediated dUTP-biotin nick end labeling (TUNEL) (magnification, ×200) in the MCA territory of the cortex. TUNEL-positive cells (brown staining) significantly decreased in CYP2E1 compared with those in the WT group. TUNEL assay was performed in the cortical cerebral sections. TUNEL-positive cells were counted. Representative figures show CYP2E1 inhibition reduces expression of (B) microglia/macrophage activation (ionized calcium-binding adaptor protein-1 (Iba-1) positive cells), and (C) astrogliosis following tMCAo and 24 h reperfusion (astrocytes glial fibrillary acidic protein (GFAP) positive cells) in the peri-infarct cortex. Astrocytes stained brown. 
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Figure 4. The quantified level of protein expression of Iba-1 (right) and GFAP (left) in the peri-infarct region of CYP2E1(−/−), CYP2E1(+/+), and control mice brains subject to 90 min MCAo reperfusion are shown in the (top) of the panel. Detection of the Iba-1 and GFAP in mouse peri-infarct areas CYP2E1 and deficient in CYP2E1 (knock-out; KO), was done by Western blot analysis using rabbit polyclonal anti-Iba-1 and anti-GFAP antibody. Data are represented as mean + SD (fold change relative to mean control value), n = (3,5,5) males per group (control, CYP2E1(+/+), and CYP2E1(−/−) for GFAP analysis and n = (3,4,4) males per group for Iba-1 analysis. A statistically significant difference between the expression of both GFAP and Iba-1 protein in CYP2E1(+/+) I/R and CYP2E1(−/−) I/R is observed. Representative Western blots of Iba-1 and GFAP protein levels in the brain of CYP2E1(−/−) I/R, CYP2E1(+/+) I/R, and WT control mice subject to 90 min MCAo are shown at the (bottom) of the panel. β-actin was used as a control for loading. 
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Figure 5. Inflammatory cytokine protein expression was reduced in CYP2E1(−/−) mice following I/R (tMCAo) insult. Bar graphs show the protein concentration of (A) interleukin (IL)-6, (B) monocyte chemoattractant protein 1 (MCP-1), and (C) tumor necrosis factor (TNF)-α in brain tissues at 24 h of MCAo, measured by ELISA. CYP2E1(−/−) groups show an almost two-fold reduction in inflammatory marker expression following I/R compared to WT I/R. Sham-operated animals did not show a marked increase in IL-6. The levels of brain IL-6, MCP1, and TNF-α were determined by ELISA kits. Data are presented as mean + SD, and n = 6–12. 
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Figure 6. Ischemia/reperfusion triggers an increase in 20-hydroxyecosatetraenoic acid (20-HETE) synthesis and breakdown of the blood-brain barrier (BBB) in the brain of mice. (A) Representative BBB transfer rate map after I/R in CYP2E1(−/−) and (B) in WT control mice, in vivo MR quantification. Representative structural MRI (above) and corresponding quantitative BBB transfer rate map (below) are shown for three consecutive slices covering most of the ischemic lesion for both CYP2E1(−/−) and WT MCAo. Panel (C) represents a statistical comparison of BBB transfer rates between CYP2E1(−/−) MCAo and WT MCAo as measured by MRI. Furthermore, 20-HETE synthesis following the insult of I/R was increased significantly (p < 0.05) in CYP2E1(−/−) mice (36% of control). However, the 20-HETE synthesis increment in WT- I/R was not statistically significant compare to WT controls (12% of WT control). Data are presented as mean ± SD in panel (D). n = 8–10. Mouse MCAo was subjected to 90 min MCA occlusion and 24 h of reperfusion. In this CYP2E1 (−/−) model, in comparison to WT controls, lesion volume was significantly lower. Interestingly, there was no significant damage to BBB as measured by the rate of leakage of the contrast agent (Gd-DTPA) from the blood into cerebral tissues through BBB. Anatomical images acquired with RARE (Rapid Acquisition with Relaxation Enhancement) T2w MRI sequences. The BBB transfer rate maps were constructed from perfusion data acquired by using a dynamic contrast-enhanced MRI technique (DCE-MRI) with Gd-DTPA bolus injection. Images acquired by a 7T research-dedicated Bruker magnet equipped with a cryogenic quadrature RF surface coil as the transmitter/receiver. 
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