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This study aimed to investigate cerebral cortex apoptosis on the early aged hypertension and the effects of green tea flavonoid epigallocatechin-3-gallate (EGCG). Twenty-four rats were divided into three groups: a control Wistar-Kyoto group (WKY, n = 8), a spontaneously early aged hypertensive group (SHR, n = 8), and an early aged hypertension with EGCG treatment group (SHR-EGCG, n = 8; daily oral EGCG 200 mg/kg—94%, 12 weeks). At 48 weeks old, blood pressures (BPs) were evaluated and cerebral cortexes were isolated for TUNEL assay and Western blotting. Systolic, diastolic, and mean blood pressure levels in the SHR-EGCG were reduced compared to the SHR. The percentage of neural cell deaths, the levels of cytosolic Endonuclease G, cytosolic AIF (Caspase-independent apoptotic pathway), Fas, Fas Ligand, FADD, Caspase-8 (Fas-mediated apoptotic pathway), t-Bid, Bax/Bcl-2, Bak/Bcl-xL, cytosolic Cytochrome C, Apaf-1, Caspase-9 (Mitochondrial-mediated apoptotic pathway), and Caspase-3 (Fas-mediated and Mitochondria-mediated apoptotic pathways) were increased in the SHR relative to WKY and reduced in SHR-EGCG relative to SHR. In contrast, the levels of Bcl-2, Bcl-xL, p-Bad, 14-3-3, Bcl-2/Bax, Bcl-xL/Bak, and p-Bad/Bad (Bcl-2 family-related pro-survival pathway), as well as Sirt1, p-PI3K/PI3K and p-AKT/AKT (Sirt1/PI3K/AKT-related pro-survival pathway), were reduced in SHR relative WKY and enhanced in SHR-EGCG relative to SHR. In conclusion, green tea flavonoid epigallocatechin-3-gallate (EGCG) might prevent neural apoptotic pathways and activate neural survival pathways, providing therapeutic effects on early aged hypertension-induced neural apoptosis.
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INTRODUCTION

Hypertension is considered as the common cause of mortality (ESC/ESH, 2018). In hypertension, the brain suffers oxidative stress and inflammatory processes, which lead to neurodegeneration characterized by the progressive loss of neurons (Gąsecki et al., 2013; Hou et al., 2018). Neural apoptosis was reported in either hypertension or aged hypertension (Mignini et al., 2004; Poulet et al., 2006; Li et al., 2012, 2016; Gąsecki et al., 2013). Neural apoptosis in hippocampi is not found in the young (16-week-old) hypertensive brain, is further enhanced in the mature (32 week-old) hypertensive brain, and remarkably augmented in aged (64-week-old) hypertension (Li et al., 2016). Neural apoptosis is promoted by several major apoptotic pathways, including Endonuclease G (EndoG) and Apoptosis-inducing factor (AIF)-related Caspase-independent apoptotic pathway, Fas-mediated Caspase-dependent apoptotic pathway, and mitochondrial-mediated Caspase-dependent apoptotic pathway (Yakovlev and Faden, 2004). EndoG is not only the mitochondrial specific endonuclease but also the Caspase-independent factor, released into the cytosol in brain damage (Yakovlev and Faden, 2004). AIF is a mitochondrial oxidoreductase, also discharged to cytosol in response to death stimuli (Yu et al., 2010). During neural apoptosis, the cytosolic EndoG and AIF translocate into the nucleus, activating the neural Caspase-independent apoptotic manner through large-scale DNA loss and chromatin condensation (Bastianetto et al., 2011). To the best of our knowledge, the alterations of EndoG and AIF-related Caspase-independent apoptotic pathway in the early aged (48-week-old) hypertensive brain have not been investigated yet.

Fas-mediated Caspase-dependent apoptotic pathway in the brain is commenced by the binding of Fas ligand (FasL) and Fas receptor, which in turn recruits Fas-associated protein with death domain (FADD). Then, FADD activates Caspase-8, followed by Caspase-3 cleavage to execute the neural apoptosis (Choi and Benveniste, 2004). Caspase-8 also cleaves Bid to form truncated Bid (t-Bid) which translocates to mitochondria, playing as the intracellular apoptotic signal from the Fas-mediated Caspase-dependent apoptotic pathway to the mitochondrial Caspase-dependent apoptotic pathway (Akhtar et al., 2004). In the early aged hypertensive cerebral cortex, the alterations of the Fas-mediated apoptotic pathway have still not been explored.

The mitochondrial-mediated Caspase-dependent apoptotic pathway in the cerebral cortex is promoted by Bcl-2 pro-apoptotic factors in which t-Bid induces the oligomerization of Bax, Bak, and Bad. Those factors (t-Bid, Bax, Bak, and Bad) augment the release of Cytochrome C from mitochondria to the cytosol (Akhtar et al., 2004). Cytosolic Cytochrome C binds Apaf-1 to activate Caspase-9 and then Caspase-3, promoting the neural apoptotic process (Czabotar et al., 2014). On the contrary, in the Bcl-2 family-related pro-survival pathway, Bcl-2 family pro-survival factors (Bcl-2, Bcl-xL, and p-Bad) prevent the activities of Bax, Bak, and Bad, thereby reducing the levels of cytosolic Cytochrome C and preventing neural apoptosis (Akhtar et al., 2004; Czabotar et al., 2014). Bad is phosphorylated to form p-Bad, then binds with protein 14-3-3, activating pro-survival activity (Akhtar et al., 2004). Previous studies showed that Bcl-2 and Bcl-xL were decreased whereas Bax, cytochrome C, and caspase-3 were not increased in young about 4 weeks old but increased in mature hypertensive brain indicating that hypertension activated the mitochondrial-mediated Caspase-dependent apoptotic pathway and suppressed the Bcl-2 pro-survival pathway in the brain (Li et al., 2012, 2016).

Sirtuin 1 (Sirt1), a key factor of mitochondrial biogenesis, has been proven to provide neuroprotective effects by regulating several mechanisms, including the activation of neural survival pathways (Pfister et al., 2008). The PI3K/AKT related pro-survival pathway is the main pathway which protects the brain against neurodegeneration (Ersahin et al., 2015). Once triggered by many trophic factors, the phosphorylated PI3K (p-PI3K) activates the phosphorylation of AKT (p-AKT), promoting the downstream components to control the neural survival in the brain (Brunet et al., 2001; Ersahin et al., 2015). Besides, Sirt1 has been reported to activate p-AKT to enhance neural survival and reduce neural apoptosis in previous studies (Li and Wang, 2017; Teertam and Prakash Babu, 2021). Furthermore, p-AKT enhances the phosphorylation of Bad to form p-Bad, activating Bcl-2 family-related pro-survival members such as Bcl-2 and Bcl-xL to prevent neural apoptosis (Brunet et al., 2001). A study showed that hypertension reduced the phosphorylation of AKT, which, thereby inhibited the PI3K/AKT related pro-survival pathway in the brain of Stroke-Prone Spontaneously Hypertensive Rats (Yoshitomi et al., 2011).

Epigallocatechin-3-gallate (EGCG)- C22H18O11, the primary flavonoids extraction from green tea are characterized by anti-oxidant and anti-inflammation properties (Singh et al., 2011; Li et al., 2019). EGCG was reported to reduce blood pressure (BP) and improve memory functions in hypertensive individuals (Wang et al., 2012; Yi et al., 2016). Besides, studies have indicated that EGCG was able to attenuate neural apoptosis after stroke or traumatic brain injury (Itoh et al., 2013; Nan et al., 2018), but no previous research investigated the effects of EGCG on the hypertension-promoted cerebral cortex neural apoptosis.

The effects of EGCG on neural apoptotic and pro-survival pathways in the early aged hypertensive brain have remained unclear. We hypothesized that cerebral cortex apoptosis on the early aged hypertension is enhanced as well as that EGCG might prevent neural EndoG and AIF-related Caspase-independent apoptotic pathway, Fas-mediated Caspase-dependent apoptotic pathway, and mitochondrial-mediated Caspase-dependent apoptotic pathway, as well as enhance Bcl-2 family-related and Sirt1/PI3K/AKT related pro-survival pathways, in the cerebral cortex under early aged hypertension.



MATERIALS AND METHODS


Animals

The male normotensive Wistar-Kyoto rats (WKY, n = 8) and male spontaneously hypertensive rats (n = 16) at 28-weeks old were purchased. All of the rats were housed at 22–24°C, 12 h light/dark cycle. They were freely accessed the standard chow (Lab Diet 5001; PMI Nutrition International, Brentwood, MO, United States), water ad libitum. The procedures were approved by the Institutional Animal Care and Use Committee of China Medical University, Taichung, Taiwan.



Animal Experimental Protocol

At 36 weeks old, spontaneously hypertensive rats were randomly allocated into a spontaneously early aged hypertensive group (SHR; n = 8) and an early aged hypertension with EGCG treatment group (SHR-EGCG; n = 8). Rats in the SHR-EGCG group were treated daily by oral TEAVIGO (EGCG 94%; 200 mg/kg/day, once/day, between 7 and 17 am, 12 weeks), whereas the WKY and SHR groups did not receive any treatment. TEAVIGO, a highly purified green tea extract with 94% EGCG, was purchased from Healthy Origins, Pittsburgh, PA, United States.



Blood Pressure Measurement

The BP-98A non-invasive BP system (a tail-cuff method, Softron, Tokyo, Japan) was used to evaluate systolic BP (SBP), diastolic BP (DBP), mean BP (MBP), and pulse pressure (PP) of rats from 32 weeks old to 48 weeks old, 4 weeks once and after EGCG treatment for at least 1 h. In each instance, BP measurements (SBP and DBP) were repeatedly recorded three times, then the average of them was calculated and regarded as SBP and DBP in each rat. MBP was calculated based on formula [MBP = DBP + 1/3 (SBP–DBP)]. Pulse pressure is defined as SBP–DBP. Values of SBP, DBP, MBP and PP in each group were expressed as means ± SEM from n = 8 of different rats in WKY, SHR or SHR-EGCG group.



Brain Tissue Preparation

Rats were weighed before they were anesthetized by inhaled isoflurane 2% in a 70% oxygen mixture. Brains were removed, washed in ice-cold saline, and weighed. The cerebral cortex was dissected and divided into two sections for TUNEL assay-DAPI staining and Western blotting.



TUNEL Assay and DAPI Staining

A neutral formalin solution was used to fix the cerebral cortex tissues. The samples were deparaffinized and rehydrated, incubated with proteinase K, then washed three times with PBS, soaked in permeabilization solution and blocking buffer, followed by 02 washes with PBS. Then, the slides were immersed in terminal deoxynucleotidyl transferase (TdT) and fluorescein isothiocyanate-dUTP conjugated using the in situ Cell Death Detection Kit, Fluorescein (Roche Applied Science), followed by washing with PBS. The slides were mounted by using DAPI fluoromount G (Southern Biotech, Birmingham, AL, United States). TUNEL-positive nuclei fluoresced bright green at 450–500 nm. The DAPI-positive nuclei were fluoresced by blue light at 340–380 nm. All counts were independently conducted by two people in a blinded manner.



Western Blotting Analysis

The cerebral cortex tissues were homogenized in tissue protein extraction reagent (T-PER, Thermo Scientific) with protease inhibitors cocktail (Roche Applied Science, Germany). The protein extracts were obtained and then centrifuged at 12,000 g for 40 min to collect the supernatant. The Bio-Rad Protein assay (Hercules, CA, United States) was used to measure the protein concentrations of the cerebral cortex tissue. Protein samples (100 μg/well) were cataphoresized on a 12% SDS-PAGE at 80 V in the first 20 min, 100 V in the next 2 h, followed by transfer to polyvinylidene difluoride membranes (Millipore, Bedford, MA, United States) at 100 V in 90 min. Membranes were blocked in 5% skimmed milk at 25°C for 1 h, then were incubated overnight at 4°C with primary antibodies which were diluted 1,000 times, including EndoG, AIF, FasL, Fas, FADD, t-Bid, Bax, Bak, Bad, Bcl-2, Bcl-xL, p-Bad, 14-3-3, Cytochrome C, Apaf-1, Caspase-8, Caspase-9, Caspase-3, PI3K, p-PI3K, AKT, p-AKT, α-tubulin (Santa Cruz Biotech), Sirt1 (Cell Signaling Tech, Danvers, MA, United States), and COX IV (Taiclone Biotech Corp., Taipei, Taiwan). We washed the immunoblots four times with TBST. The immunoblots then were immersed 1 h in the HRP-conjugated secondary antibody solution (Santa Cruz), which was diluted 5,000 times, followed by 04 washes with TBST. The protein intensities were visualized using an enhanced chemiluminescence HRP substrate kit (Millipore Corporation) and the Fujifilm LAS-3000 system (Tokyo, Japan). The density of the bands was quantified by densitometry using Gel-Pro Analyzer densitometry software (Media Cybernetics, Silver Spring, MD, United States). The protein levels based on density of the bands was compared among groups expressed as fold changes relative to the control group and mean values ± SEM (n = 6 of different rats in each group).



Statistical Analysis

The data of bodyweight, brain weight, TUNEL-positive cell percentages, and protein levels among WKY, SHR, and SHR-EGCG groups were compared by one-way ANOVA with the post hoc test. To compare BP, we repeated the measurement of ANOVA which was used with two factors (group and week-old) and the Bonferroni-adjusted multiple comparison test. We used SPSS 22.0 software for analysis. P < 0.05 was considered as a significant difference.



RESULTS


Experimental Animal Characteristics

Body weight and brain weight were unchanged among the WKY, SHR, and SHR-EGCG groups (Table 1). The heart rate in the SHR group was higher than those in the WKY group, whereas the heart rate in the SHR-EGCG group was lower than those in the SHR group (Table 1). During the entire study period, the levels of SBP, DBP, MBP, and PP in the WKY group were significantly lower than those in SHR and SHR-EGCG groups (Figure 1). However, after 8 weeks of EGCG treatment, the levels of SBP and MBP in the SHR-EGCG group were significantly reduced when compared to the SHR group (Figure 1). After 12 weeks of EGCG treatment, the levels of SBP, DBP, and MBP in the SHR-EGCG group were significantly reduced when compared to the SHR group (Table 1 and Figure 1). The PP levels were unchanged between the SHR and SHR-EGCG groups after 12 weeks of EGCG treatment (Table 1 and Figure 1).


TABLE 1. Characteristics of the experimental animal groups.
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FIGURE 1. The line chart of systolic blood pressure (SBP), diastolic blood pressure (DBP), mean blood pressure (MBP), and pulse pressure (PP) levels with measurement time points in a control Wistar Kyoto (WKY) group, a spontaneously early aged hypertensive (SHR) group and an early aged hypertension with Epigallocatechin-3-gallate (EGCG) treatment (SHR-EGCG) group. Data were expressed as means ± SEM. ∗∗∗p < 0.001 in the comparison between the SHR group or SHR-EGCG group with the WKY rat group. #p < 0.05 in the comparison between the SHR-EGCG group and the SHR group.




Neural Cell Deaths Comparison Among Three Groups

To determine the effects of EGCG on neural cell deaths in early aged hypertension, TUNEL assay and DAPI staining were carried out on cerebral cortex tissues from WKY, SHR, and SHR-EGCG groups. The number of TUNEL-positive neural cells in the SHR group were significantly increased when compared to the WKY group. On the contrary, the number of TUNEL-positive neural cells in the SHR-EGCG group were significantly reduced in comparison with the SHR group (Figure 2).
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FIGURE 2. The TUNEL-positive neural cells in a control Wistar Kyoto (WKY) group, a spontaneously early aged hypertensive (SHR) group, and an early aged hypertension with Epigallocatechin-3-gallate (EGCG) treatment (SHR-EGCG) group. (A) Representative photomicrographs of DAPI staining (top, blue spots) and TUNEL assay (bottom, green spots) in cerebral cortex sections from the WKY, SHR, and SHR-EGCG groups (400× magnification). (B) The bar chart represents the percentage of TUNEL-positive neural cells relative to total DAPI-stained cells and expresses as mean values ± SEM (n = 6 in each group). ***p < 0.001 in the comparison between the SHR group and WKY rat group; ##p < 0.01 in the comparison between SHR-EGCG group and SHR group.




EndoG and AIF-Related Caspase-Independent Apoptotic Pathway

To evaluate the EGCG effects on neural EndoG and AIF-related Caspase-independent apoptotic pathway in early aged hypertension, Western blotting was carried out to evaluate the protein distributions of EndoG and AIF between mitochondria and cytosol in the cerebral cortex tissue among the WKY, SHR, and SHR-EGCG groups. The protein ratios of cytosolic EndoG to mitochondrial EndoG and cytosolic AIF to mitochondrial AIF in the SHR group were significantly greater than those in the WKY group. In contrast, those ratios in the SHR-EGCG group were significantly lower than those in the SHR group (Figure 3).
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FIGURE 3. The Caspase-independent Endonuclease G (EndoG) and Apoptosis-inducing factor (AIF) apoptotic pathway in a control Wistar Kyoto (WKY) group, a spontaneously early aged hypertensive (SHR) group and an early aged hypertension with Epigallocatechin-3-gallate (EGCG) treatment (SHR-EGCG) group. (A) Representative Western blotting images of cytosolic AIF, mitochondrial AIF, cytosolic EndoG and mitochondrial EndoG in the cerebral cortex tissues from WKY, SHR, and SHR-EGCG groups with α-tubulin as an internal control. (B) Bars represent the protein quantification of cytosolic EndoG to mitochondrial EndoG as well as cytosolic AIF to mitochondrial AIF normalized by α-tubulin and COX IV, expressed as fold changes relative to the WKY group and mean values ± SEM (n = 6 in each group). **p < 0.01 and ***p < 0.001 in the comparison between the SHR group and WKY rat group; ##p < 0.01, in the comparison between the SHR-EGCG group and SHR group.




Upstream Components of Fas-Mediated Caspase-Dependent Apoptotic Pathway

In order to determine the EGCG effects on the upstream components of neural Fas receptor Caspase-dependent apoptotic pathway in early aged hypertension, we evaluated the protein expressions of FasL, Fas, and FADD in the cerebral cortex tissues from the WKY, SHR, and SHR-EGCG groups. The protein expressions of FasL, Fas, and FADD in the SHR group were significantly increased in comparison with the WKY group. However, those levels in the SHR-EGCG group were significantly reduced in comparison with the SHR group (Figure 4).
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FIGURE 4. The upstream components of the Fas-mediated Caspase-dependent apoptotic pathway in a control Wistar Kyoto (WKY) group, a spontaneously early aged hypertensive (SHR) group and an early aged hypertension with Epigallocatechin-3-gallate (EGCG) treatment (SHR-EGCG) group. (A) Representative Western blotting images of Fas ligand (FasL), Fas receptor (Fas), and Fas-associated death domain (FADD) in the cerebral cortex tissues from the WKY, SHR, and SHR-EGCG groups with α-tubulin as an internal control. (B) Bars represent the protein quantification of FasL, Fas, and FADD normalized by α-tubulin, expressed as fold changes relative to the WKY group and mean values ± SEM (n = 6 in each group). **p < 0.01 and ***p < 0.001 in the comparison between the SHR group and the WKY rat group. #p < 0.05 and ##p < 0.01, in the comparison between SHR-EGCG group and SHR group.




Upstream Components of Mitochondrial-Mediated Caspase-Dependent Apoptotic Pathway and Bcl2 Family-Related Pro-survival Pathway

To determine the effects of EGCG on the upstream components of mitochondrial-mediated Caspase-dependent apoptotic pathway and Bcl-2 family-related pro-survival pathway in the early aged hypertensive brain, Bcl-2 family-related pro-apoptotic factors (t-Bid, Bax, Bak, and Bad) as well as Bcl-2 family-related pro-survival factors (Bcl-2, Bcl-xL, p-Bad and 14-3-3) expressions in cerebral cortex tissue from WKY, SHR, SHR-EGCG groups were evaluated by Western blotting. The levels of t-Bid, Bax/Bcl-2, Bak/Bcl-xL, but not Bad in the SHR group were significantly higher than those in the WKY group, whereas those levels in SHR-EGCG group were significantly lower than those in the SHR group. Bad levels were unchanged among the WKY, SHR, and SHR-EGCG groups. In contrast, the protein levels of Bcl-2, Bcl-xL, p-Bad, and 14-3-3, as well as pro-survival indices Bcl-2/Bax, Bcl-xL/Bak, and p-Bad/Bad, were significantly reduced in the SHR group when compared to the WKY group, whereas those indices were significantly increased in the SHR-EGCG group when compared to the SHR group (Figure 5).
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FIGURE 5. The upstream components of the mitochondrial-mediated Caspase-dependent apoptotic pathway in a control Wistar Kyoto (WKY) group, a spontaneously early aged hypertensive (SHR) group and an early aged hypertension with Epigallocatechin-3-gallate (EGCG) treatment (SHR-EGCG) group. (A) Representative Western blotting images of the truncated BH3 Interacting Domain Death Agonist (t-Bid), Bcl-2 associated protein X (Bax), Bcl-2 homologous antagonist/killer (Bak), Bcl-2 associated agonist of cell death (Bad), B-cell lymphoma 2 (Bcl-2), B-cell lymphoma-extra large (Bcl-xL), p-Bad, and 14-3-3 in the cerebral cortex tissues from the WKY, SHR, and SHR-EGCG groups with α-tubulin as an internal control. (B,C) Bars represent the protein quantification of t-Bid, Bax/Bcl-2, Bak/Bcl-xL, and Bad, as well as Bcl-2, Bcl-xL, pBad and 14-3-3 normalized by α-tubulin, expressed as fold changes relative to the WKY group and mean values ± SEM (n = 6 in each group). **p < 0.01 and ***p < 0.001, in comparison between the SHR and WKY rat group; #p < 0.05, ##p < 0.01, and ###p < 0.001 in comparison between the SHR-EGCG group and SHR group.




Downstream Components of Fas- Mediated and Mitochondrial-Mediated Caspase-Dependent Apoptotic Pathway

To determine whether EGCG attenuates downstream components of neural Fas-mediated and mitochondrial-mediated Caspase-dependent apoptotic pathways in early aged hypertension, Western blotting was carried out to compare the protein expressions of Caspase-8 (Fas-mediated), mitochondrial Cytochrome C, cytosolic Cytochrome C, Apaf-1, Caspase-9 (mitochondrial-mediated), and Caspase-3 (Fas-mediated and mitochondrial-mediated) in cerebral cortex tissues among WKY, SHR, and SHR-EGCG groups. The levels of Caspase-8 (Fas-mediated), Apaf-1, Caspase-9, cytosolic Cytochrome C to mitochondrial Cytochrome C ratio (mitochondrial-mediated), Caspase-3 (Fas-mediated and mitochondrial-mediated), in the SHR group were significantly increased when compared to the WKY group. However, those levels in the SHR-EGCG group were significantly reduced in comparison with the SHR group (Figure 6).
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FIGURE 6. The downstream components of the Caspase dependent-apoptotic pathway in a control Wistar Kyoto (WKY) group, a spontaneously early aged hypertensive (SHR) group and an early aged hypertension with Epigallocatechin-3-gallate (EGCG) treatment (SHR-EGCG) group. (A) Representative Western blotting images of Caspase-8 (Fas downstream), cytosolic Cytochrome C, mitochondrial Cytochrome C, Apaf-1, Caspase-9 (Mitochondrial downstream), Caspase-3 (Fas and Mitochondrial downstream) in the cerebral cortex tissues from the WKY, SHR, and SHR-EGCG groups with α-tubulin as an internal control. (B) Bars represent the protein quantification of Caspase-8, cytosolic Cytochrome C to mitochondrial Cytochrome C ratio, Apaf-1, Caspase-9, Caspase-3 normalized by α-tubulin, expressed as fold changes relative to the WKY group and mean values ± SEM (n = 6 in each group). **p < 0.01 and ***p < 0.001 in comparison between the SHR group and WKY rat group; ##p < 0.01, ###p < 0.001 in comparison between the SHR-EGCG group and SHR group.




Sirt1/PI3K/AKT-Related Pro-survival Pathway

To evaluate the effects of EGCG on neural pro-survival pathway under early aged hypertension, the levels of Sirt1, PI3K, p-PI3K, AKT, and p-AKT in the cerebral cortex tissue from WKY, SHR, and SHR-EGCG groups were determined by Western blotting. The levels of Sirt1, p-PI3K to PI3K ratio and the p-AKT to AKT ratio in the SHR group were significantly reduced in comparison with the WKY group. However, those levels in the SHR-EGCG group were significantly increased when compared to the SHR group (Figure 7).
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FIGURE 7. The Sirt1/PI3K/AKT-related survival pathway in a control Wistar Kyoto (WKY) group, a spontaneously early aged hypertensive (SHR) group, and an early aged hypertension with EGCG treatment (SHR-EGCG) group. (A) Representative Western blotting images of Sirt1, PI3K, p-PI3K, AKT, and p-AKT in the cerebral cortex tissues from the WKY, SHR, and SHR-EGCG groups with α-tubulin as an internal control. (B) Bars represent the protein quantification of Sirt1, p-PI3K/PI3K, and pAKT/AKT normalized by α-tubulin, expressed as fold changes relative to the WKY group and mean values ± SEM (n = 6 in each group). **p < 0.01, in comparison between the SHR group and WKY rat group; ##p < 0.01, in the comparison between the SHR-EGCG group and SHR group.




DISCUSSION

In the current study, the new findings were found as follows: (1) Early aged hypertension activated neural EndoG and AIF-related Caspase-independent, Fas-mediated Caspase-dependent, and mitochondrial-mediated Caspase-dependent apoptotic pathways as well as inhibited Bcl-2 family-related and Sirt1/PI3K/AKT related pro-survival pathways in the cerebral cortex. (2) EGCG treatment for 12 weeks decreased systolic blood pressure, diastolic blood pressure, and mean blood pressure in early aged hypertensive rats. (3) EGCG treatment reduced early aged hypertension-induced TUNEL positive cells in the cerebral cortex; (4) EGCG treatment reduced the early aged hypertension-activated EndoG and AIF-related Caspase-independent apoptotic pathway, in which the evidence was based on decreases in ratios of cytosolic EndoG to mitochondrial EndoG as well as cytosolic AIF to mitochondrial AIF. (5) EGCG treatment reduced early aged hypertension-activated Fas-mediated Caspase-dependent apoptotic pathway, in which the evidence was based on decreases in expression levels of FasL, Fas, FADD, Caspase-8, and Caspase-3 in the cerebral cortex. (6) EGCG treatment attenuated early aged hypertension-activated neural mitochondrial-mediated Caspase-dependent apoptotic pathway, in which the evidence was based on decreases in expression levels of t-Bid, Bax/Bcl-2, Bak/Bcl-xL, Apaf-1, cytosolic Cytochrome C, Caspase-9, and Caspase-3 in the cerebral cortex; (7) EGCG treatment enhanced Bcl-2 family-related pro-survival protein levels (Bcl-2, Bcl-xL, p-Bad, 14-3-3) and Sirt1/PI3K/AKT related pro-survival protein levels (Sirt1, p-PI3K/PI3K, p-AKT/AKT) in the early aged hypertensive cerebral cortex. Taken our findings and the previously apoptotic theories together, we drew the hypothesized diagram (Figure 8), which suggests that the cerebral cortex EndoG and AIF-related Caspase-independent, Fas-mediated Caspase-dependent and mitochondrial-mediated Caspase-dependent apoptotic pathways were augmented by early aged hypertension and were attenuated by EGCG treatment. In contrast, the cerebral cortex Bcl-2 family-related and Sirt1/PI3K/AKT related pro-survival pathways were suppressed by early aged hypertension and were enhanced after EGCG treatment. Our study found that EGCG appeared to attenuate neural apoptosis and enhance neural survival in the early aged hypertensive cerebral cortex.
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FIGURE 8. The hypothesized diagram. We proposed that the cerebral cortex EndoG and AIF-related Caspase-independent, Fas-mediated Caspase-dependent and mitochondrial-mediated Caspase-dependent apoptotic pathways were promoted in early aged hypertension, whereas those pathways were suppressed after EGCG treatment. This hypothesis was evidenced by which early aged hypertension increased the levels of EndoG, and AIF-related Caspase-independent apoptotic proteins (EndoG, AIF), Fas-mediated Caspase-dependent apoptotic proteins (FasL, Fas, FADD, Caspase-8, Caspase-3), and mitochondrial-mediated Caspase-dependent apoptotic proteins (Bax, Bak, t-Bid, Cytochrome C, Apaf-1, Caspase-9, Caspase-3), whereas EGCG treatment reduced those levels in the early aged hypertensive brain. On the contrary, the Bcl-2 family-related and Sirt1/PI3K/AKT related pro-survival pathways were inhibited in the early aged hypertensive brain, while those pathways were enhanced by EGCG treatment. This hypothesis was evidenced in which early aged hypertension suppressed Bcl-2 family-related pro-survival proteins (Bcl-2, Bcl-xL, pBad, 14-3-3) and Sirt1/PI3K/AKT related pro-survival proteins (Sirt1, p-PI3K/PI3K, p-AKT/AKT), whereas EGCG treatment enhanced those levels in the early aged hypertensive brain.


Chronic hypertension or aged hypertension is a high-risk factor of neurodegeneration (Kruyer et al., 2015). Neural apoptosis of the brain was augmented by oxidative stress in hypertension or aged hypertension (Poulet et al., 2006; Li et al., 2012). A previous study showed that the Bax/Bcl-2 ratio was increased in the mature hypertensive cerebral cortex (Li et al., 2012). Another study observed the elevated levels of Bax and Cytochrome C proteins along with the reduced levels of Bcl-2 protein in the mature or aged hypertensive brain when compared to the age-match normal brain (Li et al., 2016). Besides, hypertension has been shown to reduce the protein levels of PI3K and p-AKT in the cerebral cortex of stroke-prone spontaneously hypertensive rats (Yoshitomi et al., 2011). Consistent with those data, we found that early aged hypertension not only activated the mitochondrial-mediated Caspase-dependent apoptotic pathway but also inhibited Bcl-2 family-related and PI3K/AKT related pro-survival pathways in the cerebral cortex. Furthermore, our study additionally clarified that early aged hypertension also augmented the EndoG and AIF-related Caspase-independent and Fas-mediated Caspase-dependent apoptotic pathways. This new finding added more evidence of hypertension-induced neural apoptosis via EndoG/AIF-related and Fas-mediated pathways.

Our study found that the systolic blood pressure, diastolic blood pressure, and mean blood pressure in hypertensive rats were reduced by 12 weeks of EGCG treatment. In agreement with our findings, a previous study showed that EGCG treatment decreased blood pressure via balancing neurotransmitters and cytokines in the hypothalamic paraventricular nucleus (Yi et al., 2016). Another study observed that EGCG treatment attenuated the endothelial dysfunction in vessels, leading to reduced blood pressure in spontaneously hypertensive rats with myocardial ischemia/reperfusion injury (Potenza et al., 2007). Besides, a study suggested that the renin-angiotensin system, a major hormone system that regulates blood pressure, was inhibited by EGCG treatment in vitro (Li et al., 2013). Taken together, our findings supported that EGCG treatment could reduce blood pressure.

The current study demonstrated that EGCG treatment reduced the percentage of neural cell deaths in the early aged hypertensive cerebral cortex, suggesting that EGCG treatment could attenuate neural deterioration in the cerebral cortex against early aged hypertension. Consistent with our study, a previous study reported that 20 mg/kg EGCG intraperitoneal administration suppressed the TUNEL-positive neural cells in the brain of ischemic stroke rats (Nan et al., 2018). Additionally, another study observed that 2 mg/kg/day EGCG subcutaneous injection attenuated the TUNEL-positive hippocampal cells in aging mice (He et al., 2009). Therefore, we confirmed that EGCG treatment could provide the protective effects on neural cells in the cerebral cortex under early aged hypertension.

As reported in this study, EGCG treatment prevented overactive EndoG and AIF-related Caspase-independent apoptotic pathway in early aged hypertension, as evidenced by reductions in the ratios of cytosolic EndoG to mitochondrial EndoG as well as cytosolic AIF to mitochondrial AIF proteins in the early aged hypertensive cerebral cortex after EGCG treatment, suggesting that EGCG treatment could alleviate the translocation of EndoG and AIF from neural mitochondria to neural cytosol. Our study is the first to report the EGCG treatment attenuates early aged hypertension-induced EndoG and AIF caspase-independent pathway in the cerebral cortex. A previous study investigating different organs with different disease models has reported that EGCG treatment reduced the level of AIF protein in the rats model with nicotine-induced cardiac apoptosis (Nacera et al., 2017). Of note, due to its permeability through the brain-blood barrier (Bastianetto et al., 2011), EGCG treatment could directly adjust neuronal mitochondrial membrane permeability and calcium homeostasis, which thereby may prevent the release of EndoG and AIF from mitochondria and inactivate Caspase-independent apoptotic pathway (Campos-Esparza et al., 2009).

Our results indicated the new finding that EGCG treatment was able to prevent the early aged hypertension-activated Fas-mediated Caspase-dependent neural apoptotic pathway, as evidenced by the down-regulated levels of FasL, Fas, FADD, Caspase-8, and Caspase-3 in the hypertensive cerebral cortex. Supportively, a previous study observed that 1 μM EGCG treatment reduced the mRNA level of Fas ligand in the neuronal cell line (SH-SY5Y cells) in vitro (Weinreb et al., 2003). In addition, EGCG has been reported to decrease Caspase-8 protein levels in radiation-induced hippocampal apoptosis in vivo (El-Missiry et al., 2018) and nitrite oxide-induced neuronal cell death (PC12 cells) in vitro (Jung et al., 2007). Therefore, EGCG treatment could diminish the early aged hypertension-activated Fas-mediated Caspase-dependent neural apoptotic pathway in the cerebral cortex.

In the present study, we found that EGCG inactivated both upstream components (t-Bid, Bax/Bcl-2, and Bak/Bcl-xL) and downstream components (cytosolic Cytochrome C, Apaf-1, Caspase-9, Caspase-3) of the mitochondrial-mediated Caspase-dependent apoptotic pathway in the early aged hypertensive cerebral cortex. Supportively, previous studies showed that EGCG attenuated the overexpression of Bax, Caspase-9, Cytochrome C protein levels in the radiation-induced hippocampal apoptosis in vivo (El-Missiry et al., 2018) and nitrite oxide-induced neuronal cell death (PC12 cells) in vitro (Jung et al., 2007). Another study observed that EGCG decreased the Bax protein level in the cerebral ischemia brain (Nan et al., 2018). Hence, we suggested that EGCG could significantly reduce the early aged hypertension-activated mitochondrial-mediated Caspase-dependent apoptotic pathway in the brain.

We identified that EGCG treatment activated the Bcl-2 family-related pro-survival pathway against early aged hypertension in the cerebral cortex, as evidenced by the up-regulated levels of Bcl-2, Bcl-xL, pBad, and 14-3-3. Although there was no previous evidence that mentioned the effects of EGCG on Bcl-2 family-related pro-survival pathway in the early aged hypertensive brain, previous studies showed that EGCG enhanced Bcl-2 protein levels in the cerebral ischemia brain (Nan et al., 2018) and in radiation-induced hippocampal apoptosis (El-Missiry et al., 2018). Likewise, EGCG has been reported to increase the mRNA and protein levels of Bcl-2 and Bcl-xL in quinolinic acid-induced neuronal cell death (N18D3 cells) in vitro (Jang et al., 2010). Those data suggested that EGCG treatment could enhance the Bcl-2 pro-survival pathway in the brain against early aged hypertension.

Moreover, in this study, EGCG activated the Sirt1/PI3K/AKT pro-survival pathway by increasing Sirt1 levels as well as promoting the phosphorylation of PI3K and AKT in the hypertensive cerebral cortex. Supportively, a study has shown that EGCG reduced neural apoptosis in the cerebral ischemic brain by enhancing the neural PI3K/AKT pathway (Nan et al., 2018). Another study reported that the activation of the PI3K/AKT pathway by EGCG protected the brain against amyloid-beta accumulation, which thereby slowed down Alzheimer’s disease progression (Yamamoto et al., 2017). In addition, EGCG has been shown to directly improve neural survival in the aging hippocampus, both in vivo and in vitro, by enhancing the PI3K/AKT pathway (Ortiz-López et al., 2016). Therefore, we hypothesized that EGCG not only reduced neural cell loss but also enhanced neural survival in the early aged hypertensive cerebral cortex through regulating the Sirt1/PI3K/AKT pathway. Of note, Sirt1 not only activates p-AKT, but also play a key role in mitochondrial quality-control. The activation of Sirt1 might attenuate the damage on neural mitochondrial biogenesis, and thus, mitigate neural apoptosis in the cerebral cortex (Li and Wang, 2017; Teertam and Prakash Babu, 2021). This question need to be addressed in further studies.


Study’s Limitation

There were several limitations in our study which need to be mentioned. Firstly, 6% of unknown micronutrients in the chosen-EGCG product (TEAVAGO) might induce the apoptotic effects on the hypertensive cerebral cortex, leading to reduce the anti-apoptotic effects of EGCG treatment observed in this study. Secondly, the TUNEL assay cannot distinguish apoptosis from necrosis, and thus, we were unable to rule out hypertension-related neural necrotic cell deaths. Finally, the effects of EGCG on neural apoptosis in the early aged hypertensive cerebral cortex noted here cannot be distinguished or attributed to specific factors because EGCG treatment affects multiple factors such as anti-hypertension, enhanced-neuronal stem cells, anti-inflammation, anti-oxidative stress, and baroreflex regulation (Itoh et al., 2013; Legeay et al., 2015; Li et al., 2019). Our study proved the therapeutic effects of EGCG on early aged hypertension-induced neural apoptosis in the cerebral cortex, but cannot provide the cause-effect of why EGCG treatment could reduce neural apoptosis and enhance neural survival in the early aged hypertensive cerebral cortex. Thus, the mechanisms of EGCG against neural apoptosis in the early aged hypertensive brain need to be clarified in further studies.



Conclusion and Perspective

Since early aged hypertension augments neural apoptosis in the cerebral cortex, chronic hypertensive patients should be aware of the progressive development of neurodegenerative diseases. It is difficult to extract the cerebral cortex tissues from the human brain, and thus, the cerebral cortex in the spontaneously early aged hypertensive rats with EGCG treatment here should provide a critical explanation on how EGCG treatment prevents apoptosis-related cerebral cortex disorders in hypertensive patients. If EGCG prevents the neural apoptosis in the hypertensive cerebral cortex, EGCG may slow down the progression of early aged hypertension-induced neurodegeneration. Our findings demonstrated that EGCG reduced hypertensive-augmented neural apoptosis in the cerebral cortex through preventing overactive neural EndoG and AIF-related Caspase-independent apoptotic pathways, Fas-mediated Caspase-dependent apoptotic pathway and mitochondrial-mediated Caspase-dependent apoptotic pathways as well as enhancing the cerebral cortex Bcl2-related and PI3K/AKT-related pro-survival pathways. Thus, we might further hypothesize that EGCG represents the natural therapeutic agent for attenuating early aged hypertension-induced cerebral cortex apoptosis, which might prevent the early aged hypertension-augmented neurodegeneration. Regarding clinical applications, although EGCG treatment reportedly reduced blood pressure and improved neurobehavioral performance in patients (Legeay et al., 2015; Cascella et al., 2017), the dosage of EGCG used was varied. Additionally, it was unclear whether EGCG treatment could reduce neurodegenerative progression in early aged hypertensive patients. Therefore, clinical studies are required to determine the long-term effects of EGCG treatment with dosage comparison in neurodegenerative patients.



DATA AVAILABILITY STATEMENT

The datasets presented in this study can be found in online repositories. The names of the repository/repositories and accession number(s) can be found below: https://1drv.ms/x/s!Ag29XwtG6G8vg8sqI-Zhf9FiX1DtgQ.



ETHICS STATEMENT

The animal study was reviewed and approved by Institutional Animal Care and Use Committee of China Medical University.



AUTHOR CONTRIBUTIONS

S-DL, Z-YC, A-LY, and X-BW: conceptualization. M-HH, S-YT, A-LY, and S-DL: experimental resources. M-HH, S-YT, Y-YL, and A-LY: performing the experiments. M-HH, S-YT, and S-DL: data analysis. NTN, S-HY, and Y-JC: writing—original draft preparation. S-DL, NTN, and Z-YC: writing—review and editing. All authors have read and agreed to the published version of the manuscript.



FUNDING

This study was supported by Jen-Ai Hospital and Asia University (1108HJ158). This study was partially supported by the Taiwan Ministry of Science and Technology (MOST 107-2314-B-468-002-MY3). This study was partially supported by Weifang Medical University and Shanghai University of Traditional Chinese Medicine (A1-GY011008).



ACKNOWLEDGMENTS

Our gratitude goes to Michael Burton, Asia University.



REFERENCES

Akhtar, R. S., Nessc, J. M., and Roth, K. A. (2004). Bcl-2 family regulation of neuronal development and neurodegeneration. Biochim. Biophys. Acta 1644, 189–203. doi: 10.1016/j.bbamcr.2003.10.013

Bastianetto, S., Krantic, S., Chabot, J.-G., and Quirion, R. (2011). Possible involvement of programmed cell death pathways in the neuroprotective action of polyphenols. Curr. Alzheimer Res. 8, 445–451. doi: 10.2174/156720511796391854

Brunet, A., Datta, S. R., and Greenberg, M. E. (2001). Transcription-dependent and -independent control of neuronal survival by the PI3K–Akt signaling pathway. Curr. Opin. Neurobiol. 11, 297–305. doi: 10.1016/s0959-4388(00)00211-7

Campos-Esparza, M. R., Sánchez-Gómez, M. V., and Matute, C. (2009). Molecular mechanisms of neuroprotection by two natural antioxidant polyphenols. Cell Calcium 45, 358–368. doi: 10.1016/j.ceca.2008.12.007

Cascella, M., Bimonte, S., Muzio, M. R., Schiavone, V., and Cuomo, A. (2017). The efficacy of Epigallocatechin-3-gallate (green tea) in the treatment of Alzheimer’s disease: an overview of pre-clinical studies and translational perspectives in clinical practice. Infect. Agents Cancer 12:36.

Choi, C., and Benveniste, E. N. (2004). Review: Fas ligand/Fas system in the brain: regulator of immune and apoptotic responses. Brain Res. Rev. 44, 65–81. doi: 10.1016/j.brainresrev.2003.08.007

Czabotar, P. E., Lessene, G., Strasser, A., and Adams, J. M. (2014). Control of apoptosis by the BCL 2 protein family: implications for physiology and therapy. Mol. Cell Biol. 15, 49–63. doi: 10.1038/nrm3722

El-Missiry, M. A., Othman, A. I., El-Sawy, M. R., and Lebede, M. F. (2018). Neuroprotective effect of epigallocatechin-3-gallate (EGCG) on radiation-induced damage and apoptosis in the rat hippocampus. Int. J. Radiat. Biol. 94, 798–808. doi: 10.1080/09553002.2018.1492755

Ersahin, T., Tuncbag, N., and Cetin-Atalay, R. (2015). The PI3K/AKT/mTOR interactive pathway. Mol. Biosyst. 11, 1946–1954. doi: 10.1039/c5mb00101c

ESC/ESH (2018). Guidelines for the management of arterial hypertension: the Task Force for the management ofarterial hypertension of the European Society of Cardiology and the European Society of Hypertension. J. Hypertens. 36, 1953–2041.

Gąsecki, D., Kwarciany, M., Nyka, W., and Narkiewicz, K. (2013). Hypertension, brain damage and cognitive decline. Curr. Hypertens. Rep. 15, 547–558. doi: 10.1007/s11906-013-0398-4

He, M., Zhao, L., Wei, M.-J., Yao, W.-F., Zhao, H.-S., and Chen, F.-J. (2009). Neuroprotective Effects of (-)-Epigallocatechin-3-gallate on Aging Mice Induced by D-Galactose. Biol. Pharm. Bull. 32, 55–60. doi: 10.1248/bpb.32.55

Hou, L., Li, Q., Jiang, L., Qiu, H., Geng, C., Hong, J.-S., et al. (2018). Hypertension and diagnosis of Parkinson’s Disease: a metaan-alysis of cohort Studies. Front. Neurol. 9:162. doi: 10.3389/fneur.2018.00162

Itoh, T., Tabuchi, M., Mizuguchi, N., Imano, M., Tsubaki, M., Nishida, S., et al. (2013). Neuroprotective effect of (–)-epigallocatechin-3-gallate in rats when administered pre- or post-traumatic brain injury. J. Neural Transm. 120, 767–783. doi: 10.1007/s00702-012-0918-4

Jang, S., Jeong, H.-S., Park, J.-S., Kim, Y.-S., Jin, C.-Y., Seol, M. B., et al. (2010). Neuroprotective effects of (-)-epigallocatechin-3-gallate against quinolinic acid-induced excitotoxicity via PI3K pathway and NO inhibition. Brain Res. 1313, 25–33. doi: 10.1016/j.brainres.2009.12.012

Jung, J. Y., Han, C. R., Jeong, Y. J., Kim, H. J., Lim, H. S., Lee, K. H., et al. (2007). Epigallocatechin gallate inhibits nitric oxide-induced apoptosis in rat PC12 cells. Neurosci. Lett. 411, 222–227. doi: 10.1016/j.neulet.2006.09.089

Kruyer, A., Soplop, N., Strickland, S., and Norris, E. H. (2015). Chronic hypertension leads to neurodegeneration in the TGSWDI mouse model of Alzheimer’s disease. Hypertension 66, 175–182. doi: 10.1161/hypertensionaha.115.05524

Legeay, S., Rodier, M., Fillon, L., Faure, S., and Clere, N. (2015). Epigallocatechin Gallate: a review of its beneficial properties to prevent metabolic syndrome. Nutrients 7, 5443–5468. doi: 10.3390/nu7075230

Li, D., Wang, R., Huang, J., Cai, Q., Yang, C. S., Wan, X., et al. (2019). Effects and mechanisms of tea regulating blood pressure: evidences and promises. Nutrients 11:1115. doi: 10.3390/nu11051115

Li, F., Takahashi, Y., and Yamaki, K. (2013). Inhibitory effect of catechin-related compounds on renin activity. Biomed. Res. 34, 167–171. doi: 10.2220/biomedres.34.167

Li, H., and Wang, R. (2017). Blocking SIRT1 inhibits cell proliferation and promotes aging through the PI3K/AKT pathway. Life Sci. 190, 84–90. doi: 10.1016/j.lfs.2017.09.037

Li, Y., Duan, Z., Gao, D., Huang, S., Yuan, H., and Niu, X. (2012). The new role of LOX-1 in hypertension induced neuronal apoptosis. Biochem. Biophys. Res. Commun. 425, 735–740. doi: 10.1016/j.bbrc.2012.07.143

Li, Y., Liu, J., Gao, D., Wei, J., Yuan, H., Niu, X., et al. (2016). Age-related changes in hypertensive brain damage in the hippocampi of spontaneously hypertensive rats. Mol. Med. Rep. 13, 2552–2560. doi: 10.3892/mmr.2016.4853

Mignini, F., Vitaioli, L., Sabbatini, M., Tomassoni, D., and Amenta, F. (2004). The cerebral cortex of spontaneously hypertensive rats: a quantitative microanatomical study. Clin. Exp. Hypertens. 26, 287–303. doi: 10.1081/ceh-120034135

Nacera, H., Gregory, T., Sihem, B., Salah, A., and Souhila, A.-B. (2017). Green tea beverage and Epigallocatechin Gallate attenuate nicotine cardiocytotoxicity in rat. Acta Pol. Pharm. Drug Res. 74, 277–287.

Nan, W., Zhonghang, X., Keyan, C., Tongtong, L., Wanshu, G., and Zhongxin, X. (2018). Epigallocatechin-3-Gallate Reduces Neuronal Apoptosis in Rats after Middle Cerebral Artery Occlusion Injury via PI3K/AKT/eNOS Signaling Pathway. Biomed Res. Int. 2018:6473580.

Ortiz-López, L., Márquez-Valadez, B., Gómez-Sánchez, A., Silva-Lucero, M. D. C., Torres-Pérez, M., Téllez-Ballesteros, R. I., et al. (2016). Green tea compound Epigallo-Catechin-3-Gallate (EGCG) increases neuronal survival in adult hippocampal neurogenesis in vivo and in vitro. Neuroscience 322, 208–220. doi: 10.1016/j.neuroscience.2016.02.040

Pfister, J. A., Ma, C., Morrison, B. E., and D’mello, S. R. (2008). Opposing effects of sirtuins on neuronal survival: SIRT1-mediated neuroprotection is independent of its deacetylase activity. PLoS One 3:e4090. doi: 10.1371/journal.pone.0004090

Potenza, M. A., Marasciulo, F. L., Tarquinio, M., Tiravanti, E., Colantuono, G., Federici, A., et al. (2007). EGCG, a green tea polyphenol, improves endothelial function and insulin sensitivity, reduces blood pressure, and protects against myocardial I/R injury in SHR. Am. J. Physiol. Endocrinol. Metab. 292, E1378–E1387.

Poulet, R., Gentile, M. T., Vecchione, C., Distaso, M., Aretini, A., Fratta, L., et al. (2006). Acute hypertension induces oxidative stress in brain tissues. J. Cereb. Blood Flow Metab. 26, 253–262. doi: 10.1038/sj.jcbfm.9600188

Singh, B. N., Shankar, S., and Srivastava, R. K. (2011). Green tea catechin, epigallocatechin-3-gallate (EGCG): mechanisms, perspectives and clinical applications. Biochem. Pharmacol. 82, 1807–1821. doi: 10.1016/j.bcp.2011.07.093

Teertam, S. K., and Prakash Babu, P. (2021). Differential role of SIRT1/MAPK pathway during cerebral ischemia in rats and humans. Sci. Rep. 11:6339.

Wang, M.-H., Chang, W.-J., Soung, H.-S., and Chang, K.-C. (2012). (–)-Epigallocatechin-3-gallate decreases the impairment in learning and memory in spontaneous hypertension rats. Behav. Pharmacol. 23, 771–780. doi: 10.1097/fbp.0b013e32835a3bc8

Weinreb, O., Mandel, S., and Youdim, M. B. H. (2003). Gene and Protein Expression Profiles of Anti- and Pro-apoptotic Actions of Dopamine, R-Apomorphine, Green Tea Polyphenol (-)-Epigallocatechine-3-gallate, and Melatonin. Ann. N. Y. Acad. Sci. 993, 351–361. doi: 10.1111/j.1749-6632.2003.tb07544.x

Yakovlev, A. G., and Faden, A. I. (2004). Mechanisms of neural cell death: implications for development of Neuroprotective treatment strategies. J. Am. Soc. Exp. Neurother. 1, 5–16. doi: 10.1602/neurorx.1.1.5

Yamamoto, N., Shibata, M., Ishikuro, R., Tanida, M., Taniguchi, Y., Ikeda-Matsuo, Y., et al. (2017). Epigallocatechin Gallate induces extracellular degradation of Amyloid β-Protein by increasing neprilysin secretion from astrocytes through activation of ERK and PI3K pathways. Neuroscience 362, 70–78. doi: 10.1016/j.neuroscience.2017.08.030

Yi, Q.-Y., Li, H.-B., Qi, J., Yu, X.-J., Huo, C.-J., Li, X., et al. (2016). Chronic infusion of epigallocatechin-3-O-gallate into the hypothalamic paraventricular nucleus attenuates hypertension and sympathoexcitation by restoring neurotransmitters and cytokines. Toxicol. Lett. 262, 105–113. doi: 10.1016/j.toxlet.2016.09.010

Yoshitomi, H., Xu, Q., Gao, M., and Yamori, Y. (2011). Phosphorylated Endothelial NOS Ser1177 via the PI3K/Akt pathway is depressed in the brain of stroke-prone spontaneously hypertensive rat. J. Stroke Cerebrovasc. Dis. 20, 406–412. doi: 10.1016/j.jstrokecerebrovasdis.2010.01.014

Yu, W., Mechawar, N., Krantic, S., and Quirion, R. M. (2010). Evidence for the involvement of apoptosis-inducing factor–mediated caspase-independent neuronal death in Alzheimer Disease. Am. J. Pathol. 176, 2209–2218. doi: 10.2353/ajpath.2010.090496

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 © 2021 Hsieh, Cui, Yang, Nhu, Ting, Yu, Cheng, Lin, Wu and Lee. 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/cross.jpg
3,

i





OPS/xhtml/Nav.xhtml




Contents





		Cover



		Cerebral Cortex Apoptosis in Early Aged Hypertension: Effects of Epigallocatechin-3-Gallate



		INTRODUCTION



		MATERIALS AND METHODS



		Animals



		Animal Experimental Protocol



		Blood Pressure Measurement



		Brain Tissue Preparation



		TUNEL Assay and DAPI Staining



		Western Blotting Analysis



		Statistical Analysis







		RESULTS



		Experimental Animal Characteristics



		Neural Cell Deaths Comparison Among Three Groups



		EndoG and AIF-Related Caspase-Independent Apoptotic Pathway



		Upstream Components of Fas-Mediated Caspase-Dependent Apoptotic Pathway



		Upstream Components of Mitochondrial-Mediated Caspase-Dependent Apoptotic Pathway and Bcl2 Family-Related Pro-survival Pathway



		Downstream Components of Fas- Mediated and Mitochondrial-Mediated Caspase-Dependent Apoptotic Pathway



		Sirt1/PI3K/AKT-Related Pro-survival Pathway







		DISCUSSION



		Study’s Limitation



		Conclusion and Perspective







		DATA AVAILABILITY STATEMENT



		ETHICS STATEMENT



		AUTHOR CONTRIBUTIONS



		FUNDING



		ACKNOWLEDGMENTS



		REFERENCES

















OPS/images/cover.jpg
, frontiers

in Aging Neuroscience

Cerebral Cortex Apoptosis in Early
Aged Hypertension: Effects of
Epigallocatechin-3-Gallate







OPS/images/fnagi-13-705304-g007.jpg
Sirtl / ce-tubolin

SHR-
—EY _SHR = _EGCG yp,
o—tubulin | _ ' e
PI3K
pPI3K (T508) -- '! 85
AKT | 7
pAKT (5473) B S L . 60
nTT———
0,60 s 0.4 .
” | L
01,45 2 0.3 E 0.36-
0304 guz- gn.u
0,151 = g 0.1 % 0.12-
0.00 L 0.0 0.00 .
WEY SHR SHR-EGCG e e WKY

==

EHR SHR-EGCG






OPS/images/fnagi-13-705304-g006.jpg
Caspase-8 / c.-tubulin

Caspase-3 / c.-tubulin

Downstream SHR-

WKY SHR
(Fas Pathway) —— — ﬂ kDa

Caspase-8 = = 18

(Mitochondria Pathway)
cytosolic Cytochrome C = . 14
mitochondria Cytochrome C -— e . — - 14
Apaf-1 T T S 135

Caspase-9 . ‘ R 2 37

(Fas-Mitochondria Pathway)

Caspase-3 “ - 17
o—tubulin S 54

- e %k
0.60- * % 2.8 0.60 0.500-
)
= *%
B , 1 = £ He
0.45- 5 B £ 045 2 0375-
= = g
o gy & | T pug -
0.30 o 14 3 0.30- = 02504
: . :
- . - -
0.15- 5 077 #it & 0.15- 2 0.125-
g “ -
0.00 ! " o.0- 0.00 L 0.000 '
WKY SHR SHR-EGCG WKY SHR SHR-EGCG WKY SHR SHR-EGCG WKY SHR SHR-EGCG
0.60- *kk
0.45
HHH
0.30
0.15

WEKY SHR SHR-EGCG





OPS/images/fnagi-13-705304-t001.jpg
WKY

Number of animals 8

Body weight, g 403 + 4
Brain weight, g 2.25 +£0.02
Heart rate, beats/min 277 £10
Systolic blood pressure, mmHg 112+ 4
Diastolic blood pressure, mmHg 89 +5
Mean blood pressure, mmHg 95 +4
Pulse pressure, mmHg 24+ 2

Values are expressed as means + SEM.

SHR

8

404 +£ 6
2.29+0.04
387 £ 16*
194 + 2*
156 + 2*
169 + 2*

39 £ 27

SHR-EGCG

8
412+ 6
2.33 4 0.04
341 £ 7+
174 £ 2*#
138 + 5+
150 + 3*#
36 + 5

WKY, Wistar Kyoto rats; SHR, spontaneously early aged hypertensive rats; SHR-
EGCG, spontaneously early aged hypertensive rats with Epigallocatechin-3-gallate

(EGCG) treatment.

o < 0.05 in comparison between the SHR group or SHR-EGCG

group and WKY group.

#p < 0.05 in comparison between the SHR-EGCG group and SHR group.






OPS/images/fnagi-13-705304-g008.jpg
Caspase Fas dependent Mitochondrial Mitochondrial Sirt1/PI3K/AKT

independent apoptotic dependent dependent anti-
apoptotic pathway apoptotic apoptotic
pathway pathway

pathway

survival
pathway

Cerebral apoptosis

‘ Cerebral survival ‘






OPS/images/fnagi-13-705304-g003.jpg
A SHR-
_SHR  EGCG
Cytosolic —— kba

Endonuclease G r - - 35

AIF F----- | 57

O—tubulin . S e 54

COX 1V 14
Mitochondria . .
Endonuclease G - - e e ﬁ : 35
AIF S8 . m -
o—tubulin 54

COX TV s e . 14

*%

[
=
]
o
=]
J

Hit

]

WEKY SHR SHR-EGCG WEKY SHER SHR-EGCG

)

=

=

= )
Y g
L S
U 1.0- S 144
g Z
= 3
[ 2]

: =
[—]

=]

=

(5

e
=





OPS/images/fnagi-13-705304-g002.jpg
SHR-EGCG

DAPI

TUNEL

MERGE

TUNEL (+) cells (%%)

WEY SHE SHRE-EGCG





OPS/images/logo.jpg
’ frontiers
in Aging Neuroscience





OPS/images/fnagi-13-705304-g005.jpg
(Pro-apoptotic)

(Pro-survival)

pBad (5130 | -

23
14-3-3 . —“ 20
o—tubulin (N WA S GNP S 5
Pro-apoptotic
y o - 0.60+
= —
4 0.6 0.9 H 0457
i -
i g ag £ | T E
3 0.2 =04 - 2 0s Raad
— ! - e
- 2 2 3
= 0,14 0.2 0.3+ " 0.154
e —— b0t - 00— 0,004
WKY SHR SHR-EGCG WKY SHR SHR-EGCG i WEY  SHR SHREGCG
C Pro-survival
0.60- .45 ## 0.4= 0.4
| s 5 Ht T
S pasd - 5 0360 303 - ﬁ 0.3+
E Z 5
B & . 3
5 030 & 0.24- Rk & "2 L
3 z : 3
L . ~ z g
F 0.154 F &k E 0,124 = 0.1 *x® =0l
2
oo 0.00 - 00 1 il , -
WEY SHR SHR-EGOG WEY SHE SHR-EGCG WEY 5HR SHR-EGCG WEY SHE SHR-EGCG





OPS/images/fnagi-13-705304-g004.jpg
FasL / a-tubulin

o

WKY

SHR SHR-ECCC

A

WKY

SHR SHR-EGCG

o=

WKY

SHR SHR-ECGCCG





OPS/images/fnagi-13-705304-g001.jpg
n
-
3t i
-3
- 9
e ————————— ; 8
- &
g § & 8 s
(BHum)
amssaid poojq orjosei|
*
:
— 1
3t =i
3t -3
- S
o e e e ol e e . e . e . . o -+ 8
- 8

T

g 8 8 g 8

- - -

(BHww)
amssaid poojq o1ois£g

Weeks of age

Weeks of age

e Started treatment time point

—9— SHR-EGCG

—&— WKY
—O— SHR

o= Started treatment time point

—9— SHR-EGCG

&~ WKY
=O— SHR

amssaid poojq usap

=l
- — | @
- 3
%
[+
C—
o
‘w“
3
=
s L B i — — G ||I.-3
- o
2 8 % ¢ 2 8 8 8
(B
amssaid poojq asm
-
:
—— |
3t &
a - 3
%
(.-}
s
S =
-t
3
=
Tp—— . R ———— I..x
- o
8 2 g 8 8
(T

- SHR-EGCG
= = Started treatment time point

—@— WKY
—O— SHR

~—9— SHR-EGCG
== Started treatment time point

—@— WKY
—O— SHR






