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Abstract

:

Featured Application


For uneventful wound healing, endothelial cell differentiation is a vital component, and transforming growth factor-β1 (TGF-β1) orchestrates this process. The administration of 4-hexylresorcinol increased transforming growth factor-β1 expression in endothelial cells via endoplasmic reticulum (ER) and mitochondrial stress combined with its histone deacetylase inhibitor activity.




Abstract


In our previous study, 4-hexylresorcinol (4HR) increased the expression level of vascular endothelial growth factor in human umbilical vein endothelial cells (HUVECs) via the transforming growth factor-β1 (TGF-β1)-mediated pathway. Endoplasmic reticulum (ER) and mitochondrial stress is a positive regulator of cellular differentiation. As TGF-β1 is a master regulator for cellular differentiation, 4HR treatment may increase TGF-β1 expression via ER stress. In this study, HUVECs were treated using 4HR (1–100 μM) for 24 h. The 4HR treatment increased ER stress-associated markers and mitochondrial stress. Increased TGF-β1 expression by 4HR administration was alleviated by tauroursodeoxycholate (ER stress inhibitor) treatment. Combining these activities with the elevated acetylation level of histone 3 (H3) by 4HR treatment, TGF-β1 expression was increased in HUVECs. Overall, 4HR increased TGF-β1 expression through upregulation of the stress response of ER as well as H3 acetylation in HUVECs.
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1. Introduction


Some phenolic compounds such as resorcinolic lipids can bind to proteins and change their conformation [1]. The administration of resorcinolic lipids suppresses microbial growth and induces dormancy [2]. Although it is hard to define dormancy as a biochemical aspect, a life in dormancy shows decreased metabolism with resistance to environmental stress [2,3]. Therefore, resorcinolic lipids can be considered chemical chaperones. Resorcinolic lipids can be produced by cells or synthesized chemically [1]. When a chemical chaperone is applied from outside, most active proliferating microorganisms will die [3]. Thus, chemical chaperones have two conflicting aspects: one protects them from environmental stress [2], while the other kills actively proliferating competitors to save the available energy resources [3]. Translating the activity of a chemical chaperone from a microorganism to multi-cellular life, such as mammals, is a logical leap, and many variables should be considered. However, the application of chemical chaperones may have therapeutic benefits. Application of some phenolic compounds having chaperone-like properties induces apoptosis or differentiates cancer cells [4,5]. Endoplasmic reticulum (ER) and mitochondria are the main intracellular organelles that control this response [6,7]. Chemical chaperones may stimulate ER and mitochondrial production of proteins inducing cellular differentiation or apoptosis. If resorcinolic lipids are used in a controlled manner, their administration may differentiate cells via ER and mitochondrial stress, which could be helpful for wound healing.



4-Hexylresorcinol (4HR) is a resorcinolic lipid and has been studied for angiogenesis and wound healing [ref]. In our previous study, application of 4HR on human umbilical vein endothelial cells (HUVECs) increased vascular endothelial growth factor (VEGF) via the hypoxia-inducible factor (HIF)-independent pathway [8]. 4HR-induced apoptotic stress increased the expression of transforming growth factor-β1 (TGF-β1) [9]. Treatment of TGF-β1 siRNA decreased VEGF expression in HUVECs, and TGF-β1-mediated angiogenesis increased capillary formation in a diabetic animal model [9]. The application of TGF-β1 supplemented with VEGF resulted in early wound closure and improved angiogenesis and vasculogenesis [10]. The application of TGF-β1 on stem cells induced cellular differentiation into functional pericyte-like cells [11]. However, the mechanism of 4HR-induced TGF-β1 is unclear.



Cellular stress is mainly transmitted to mitochondria and ER, inducing physiological or pathological events [7]. Stressed mitochondria and ER perform important functions in cellular differentiation and apoptosis [7]. If mitochondria and the ER fail to maintain cellular homeostasis, apoptosis can be activated. A successful adaptive response may introduce cellular growth and differentiation. As ER stress increases the expression level of TGF-β1 [12], an elevated level of TGF-β1 after 4HR administration may be induced by ER stress. Tauroursodeoxycholate (TUDCA) has been used as an ER stress reliever [13]. If 4HR increases TGF-β1 expression via an ER stress-mediated pathway, the application of TUDCA will alleviate TGF-β1 expression after 4HR administration. Accordingly, the association between 4HR administration and ER stress can be evaluated by investigating the change in TGF-β1 expression with or without TUDCA addition.



Many proteins are involved in the adaptive response of the ER. Sirtuins (SIRTs) are class III histone deacetylases (HDACs) and have seven distinct isoforms (SIRT1-7) [14]. SIRTs are mainly localized in the nucleus and mitochondria [15]. The expression level of SIRTs increases in response to cellular stress [15]. SIRTs help cells to maintain cellular homeostasis in stressful situations [12,15]. 4HR induced several antioxidant proteins in RAW 264.7 cells [16] and HUVECs [17] and has similar antioxidant activity to resveratrol in HUVECs [8] and lymphocytes [18]. As SIRTs induce antioxidant enzymes, 4HR may have a role as an SIRT activator. These responses may be associated with reducing mitochondrial and ER stress. Inhibition of specificity protein 1 (Sp1) disrupts ER homeostasis [19]. Sp1 is a transcription factor for TGF-β1 [20]. Interestingly, 4HR also increases Sp1 expression in oral cancer cells and SCC-9 cells [21]. In addition, 4HR is a class I histone deacetylase inhibitor (HDACi) [22]. It is known that hyper-acetylated histone 3 (H3) is important for TGF-β1 expression [23]. The inhibition of class I HDACs by 4HR might induce the hyper-acetylation of H3 and consequent TGF-β1 expression.



The aim of this study was to clarify the cellular mechanism of TGF-β1 expression after 4HR administration in HUVECs. To answer this question, the relationship between 4HR application and ER and mitochondrial stress was studied. To clarify ER stress, changes in the expression levels of ER stress marker proteins were observed after 4HR administration. The ATP level in the mitochondria, mitochondrial membrane potential (MMP), and cytochrome c level were checked for the evaluation of mitochondrial stress. Additionally, the level of acetylated H3 and Sp1 activity after 4HR application was also clarified.




2. Materials and Methods


2.1. HUVEC Culture


HUVECs (Lonza, Walkersville, MD, USA) were cultured as described in our previous publications [15,24]. The medium was endothelial cell growth medium-2 (Clonetics®, Lonza). Cells were cultured in a CO2 incubator. To prevent mycoplasma contamination, tests were performed on a regular basis. All cellular experiments were performed at least in triplicate.




2.2. Western Blot and Sp1 Transcription Factor Assay


When HUVECs were grown (approximately 70% confluent), cells were treated with 1, 10, and 100 µM 4HR for 2, 8, or 24 h; control cells were treated with 0.1% dimethyl sulfoxide in culture medium. TUDCA, a known ER stress inhibitor, was purchased from Sigma-Aldrich (CAT#: T0266, St. Lois, MO, USA). TUDCA inhibits ER stress with an EC50 value of 100 μM [25]. Accordingly, 100 μM TUDCA was applied. Cultured cells were harvested with protein lysis buffer (PRO-PREPTM, iNtRON Biotechnology INC, Sungnam, Korea) and underwent Western blotting for TGF-β1, VEGF-A, VEGF-C, Sp1, p-Sp1, GRP78, PERK, p-PERK, eIF2, p-eIF2, ATF4, ATF6α, Ac-lys, H3, and Ac-H3. Mithramycin is an Sp1 inhibitor and was purchased from Sigma-Aldrich (CAT#: M6891). Mithramycin inhibits Sp1 with an EC50 value of 25 μM. Additional Western blot analyses for SIRT1, SIRT3, and SIRT6 were also carried out. Antibodies against TGF-β1, VEGF-A, VEGF-C, Sp1, p-Sp1, GRP78, PERK, p-PERK, eIF2, p-eIF2, ATF4, ATF6α, Ac-lys, H3, and Ac-H3 were purchased from Santa Cruz Biotechnology (Santa Cruz, CA, USA). Antibodies against SIRTs were purchased from Abcam (Cambridge, UK). Quantification of the proteins was performed as described previously [16,17]. For the assessment of apoptosis by 4HR administration, a cytochrome c apoptosis antibody cocktail (CAT: ab110415, Abcam) was used. The final concentration of the antibody cocktail was 3.6 μg/mL. The cell collection was separated into mitochondrial and cytoplasmic fractions. Each fraction underwent Western blot analysis using an antibody cocktail.



Sp1 activation detection was performed using an Sp1 transcription factor assay kit (CAT: ab207226, Abcam). To detect GC box-bound Sp1, an oligonucleotide with an Sp1 consensus binding site coated plate was used. To assess the effect of 4HR administration on Sp1 activation levels, 1, 10, and 100 μM 4HR were applied, and nuclear extracts were collected after 2, 8, and 24 h. The subsequent procedure was in accordance with the manufacturer’s protocol. Briefly, samples were added to appropriate wells and the plate was incubated for 1 h at room temperature. Primary antibody was then added to the wells, and the plate was incubated again for 1 h at room temperature. After the washing process, HRP-conjugated secondary antibody was applied, and the plate was incubated for 1 h at room temperature. After another washing process, a developing solution was added, and we waited until the medium color turned dark blue. Then, a stop solution was added, and the absorbance was measured at 450 nm.




2.3. ATP, Mitochondrial Membrane Potential (MMP), and Oxygen Consumption Assay


ATP detection was performed using a luminescent ATP detection assay kit (CAT: ab113849, Abcam). HUVECs were seeded into 6 well plate. The number of seeded cells was 2 × 105 cells per well. To assess the effect of 4HR administration on ATP levels, 1, 10, and 100 μM 4HR were applied, and cellular lysates were collected after 8 and 24 h. The subsequent procedure was in accordance with the manufacturer’s protocol. Briefly, ATP standard was added into standard wells, and medium was added into control wells. The detergent solution was added and incubated for 5 min. Then, the substrate solution was added and incubated for 5 min. The plate was stored in a dark room for 10 min. The luminescence was measured using a plate reader.



MMP was measured using a commercially available kit (CAT: MAK159, Sigma-Aldrich). Cells were prepared on a 96-well plate. The number of seeded cells was 5 × 104 cells per well. The JC-10 Dye Loading Solution was prepared by adding 50 μL of 100× JC-10 to 5 mL of Assay Buffer A. Cells were treated with 10 μL of 10× test compounds to induce apoptosis. In parallel, we set up negative (vehicle only) and 4HR-treated samples. The cells were incubated for 24 h. JC-10 Dye Loading Solution (50 μL) was added to each well. Cells were protected from light and incubated in a 5% CO2 incubator at 37 °C for 30 min. Assay Buffer B was added at 50 mL to each well. The fluorescence intensity was measured at 490 and 540 nm. The ratio of red/green intensity was used to determine MMP.



Oxygen consumption assay was performed using an oxygen consumption assay kit (CAT:ab197243, Abcam). Briefly, HUVECs (4.0 × 104 cells/well) were plated on 96-well cell culture plates and incubated overnight. After removing the media from all wells, they were replaced with 150 μL of fresh culture media. Reconstituted extracellular O2 consumption reagent (10 μL) was added to each sample well. For the blank control wells, 10 μL of fresh culture media was added. Each well was sealed by adding 100 μL of pre-warmed high sensitivity mineral oil. For the measurement, the prepared plate was inserted into a fluorescence plate reader pre-set to the measurement temperature (37 °C).




2.4. Confocal Microscopic Exam


When HUVECs were grown on chamber slides at approximately 70% confluence, they were treated with 1, 10, and 100 µM 4HR for 24 h. After fixation, the slides were washed with phosphate-buffered saline with Tween20. Then, protein blocking was performed with a blocking reagent (DAKO, Glosturp, Denmark) for 30 min. The cytochrome c apoptosis ICC antibody kit (CAT: ab110417, Abcam) was composed of cytochrome c monoclonal antibody and ATP synthase V subunit alpha monoclonal antibody. Cytochrome c and ATP synthase V are localized in mitochondria, and only cytochrome c is released from mitochondria during apoptosis. As cytochrome c was conjugated with FITC and ATP synthase V with TXRD, the cells with cytochrome c leakage showed isolated green fluorescence. They were applied to slides and incubated in a humidified dark chamber for 1 h. After washing, each slide was mounted. The mounted slide was examined with Stellaris 5 (Leica Microsystems, Wetzlar, Germany) at the Center for Scientific Instruments, Gangneung-Wonju National University.




2.5. Immunoprecipitation High-Performance Liquid Chromatography (IP-HPLC)


IP-HPLC detects every modified target protein containing epitopes against specific polyclonal or monoclonal antisera, while Western blot shows only the precursor protein migrated to the expected molecular size. In this study, IP-HPLC was performed to detect the expressional changes of antioxidant and survival-related proteins to know the activities of target proteins undergoing modification. While 70–80% confluent HUVECs were treated with 10 μg/mL 4HR for 8, 16, and 24 h, control cells were treated with 100 μL of normal saline. Cultured cells were harvested with protein lysis buffer (PRO-PREPTM, iNtRON Biotechnology, Daejeon, Korea) on ice, and the protein samples were immunoprecipitated using antisera of NRF2, HO-1, GSTO1, SOD-1, NOS-1, HSP-70, HSP-90, Sp1, and Sp3, followed by HPLC analysis [16,23]. Proportional data (%) were plotted on a line graph and a star plot. The expression of housekeeping proteins, i.e., β-actin, α-tubulin, and glyceraldehyde 3-phosphate dehydrogenase (GAPDH), was compared to that of the non-responsive control (≤5%) at 8, 16, or 24 h after 4HR treatment.




2.6. Statistical Analysis


Numerical data are shown as average ± standard deviation. Independent samples t-tests were performed for the comparison of two independent groups. For the comparison of more than three independent groups, analysis of variance was used. For post hoc tests, Bonferroni’s method was used. The statistical significance level was set as p < 0.05.





3. Results


3.1. 4HR Increased Mitochondrial Stress


To clarify the effect of 4HR administration on mitochondrial stress, ATP level and MMP were measured. Mitochondria are the main cellular power factories for the production of ATP, a cellular energy source. Oxygen consumption decreased after 4HR administration (Supplementary Figure S1), dropping to 94.7% of that of the untreated control when HUVECs were treated with 100 μM 4HR (p < 0.001). Thereafter, the production of ATP was decreased after 4HR administration in HUVECs (Figure 1a). MMP increased by 20% after 100 μM 4HR administration (Figure 1b). Increased MMP following cellular stress can protect cells from apoptosis [26].



Mitochondrial stress would decrease the cytochrome c level in mitochondria. The administration of 4HR decreased cytochrome c levels at 100 μM but not at other concentrations in the mitochondrial fraction (Figure 1c). The level of PDH-E1α was also decreased following 100 μM 4HR administration, which might have caused the decreased ATP level and oxygen consumption (Figure 1c and Supplementary Figure S2). The administration of 100 μM 4HR significantly decreased the cytochrome c level of mitochondria when compared to the 1 and 10 μM 4HR administration groups (p = 0.029 and 0.005, respectively, Figure 1d). Decreased cytochrome c following 100 μM 4HR administration was not detected in the cytoplasmic fraction. This may be due to a negligible amount of cytochrome c leakage. Interestingly, there was no significant difference in cytochrome c level between the 100 μM 4HR administration group and the untreated control group (p > 0.05). This finding was confirmed through subsequent confocal microscopy observations (Supplementary Figure S3).




3.2. 4HR Increased ER Stress


To clarify the effect of 4HR administration on ER stress, the expression levels of ER stress markers were evaluated. The administration of 4HR increased ER stress markers such as phosphorylated protein kinase R-like endoplasmic reticulum kinase (p–PERK), phosphorylated eukaryotic initiation factor 2 (p-eIF2), activating transcription factor 4 (ATF4), and ATF6α (Figure 2a and Supplementary Figure S4). The results of quantification are shown in Supplementary Figure S3. TUDCA is an inhibitor of ER stress [13], the administration of which decreased the expression of ER stress markers which were increased by 4HR administration (Figure 2b and Supplementary Figure S5). TGF-β1 increases VEGF expression in HUVECs and helps differentiate them, and the administration of TUDCA decreased 4HR-induced TGF-β1 expression (Figure 2c and Supplementary Figure S6).



The phosphorylation level of Sp1 is increased by mitochondrial and ER stress [27]. Dissociation of p-Sp1 from HDAC increases the expression level of TGF-β1 [20]. The administration of 4HR increased Sp1 phosphorylation and TGF-β1 expression (Figure 3a). Mithramycin is an Sp1 inhibitor [28], the administration of which decreased 4HR-induced TGF-β1 expression (Figure 3b). The transcription level of Sp1 was significantly increased following 100 μM 4HR administration (p < 0.05; Figure 3c). Hyper-acetylated H3 binds to TGF-β1 promoter and increases the expression level of TGF-β1 [23]. The administration of 4HR to HUVECs increased the expression level of acetylated proteins (Supplementary Figure S7). The administration of 4HR increased H3 acetylation, too (Figure 3d). The data for the quantification of Western blot are shown in Supplementary Figure S7.




3.3. 4HR Increased Antioxidant Proteins and Sp1/Sp3 Ratio


Immunoprecipitation high-performance liquid chromatography (IP-HPLC) was conducted to evaluate the cellular survival mechanism against mitochondrial and ER stress. The IP-HPLC results also demonstrated that 4HR increased the expression of the antioxidant proteins glutathione s-transferase omega-1 (GSTO1, by 17% at 8 h) and superoxide dismutase-1 (SOD-1, 13.6% at 8 h) while decreasing the expression of the protective proteins heme oxygenase-1 (HO-1, by 5.2% at 12 h), nitric oxide synthase-1 (NOS-1, 11% at 12 h), heat shock protein-70 (HSP-70, 12.6% at 8 h), and HSP-90 (10.6% at 12 h).



A transcription factor regulating antioxidant proteins, nuclear factor erythroid-2-related factor 2 (NRF2), was downregulated by 4HR by 8.9% at 24 h, but the survival transcription factor Sp1/Sp3 ratio gradually increased at 8 (86.3%), 16 (103%), and 24 h (122.2%) after 4HR administration (Figure 4). These data indicate that 4HR showed an antioxidant effect by upregulation of GSTO1 and SOD-1 and downregulation of NOS-1 and also enhanced cell survival by Sp1/Sp3 ratio increase.




3.4. 4HR Increased SIRT Activity


To clarify the cellular survival mechanism against mitochondrial and ER stress after 4HR administration, the expression level of SIRTs and SIRT activity were evaluated. The administration of 4HR did not change the expression of SIRT1 and SIRT3 in HUVECs (Figure 5a). Interestingly, the administration of 4HR did increase the expression of SIRT6 in HUVECs (Figure 5b). Quantitative RT-PCR results also demonstrated that the SIRTs mRNA expression level was increased at 24 h after 4HR administration (Figure 5c). A pan-SIRTs activity assay kit can detect the activity of all SIRT enzymes (SIRT1–7). Pan-SIRTs enzyme activity increased significantly with 10 and 100 μM 4HR after 8 h and with 10 μM 4HR after 24 h (Figure 5d, p < 0.05). The data for the quantification of Western blot are shown in Supplementary Figure S9.



Nicotinamide adenine dinucleotide+ (NAD+) is a substrate for SIRTs. NAD+ and the NAD+/NADH ratio were increased after 4HR administration (Figure 5e,f). NADH levels were increased significantly upon the administration of 100 μM 4HR after 8 and 24 h (Supplementary Figure S10, p < 0.05).





4. Discussion


In this study, we found that 4HR increased TGF-β1 expression through upregulation of stress responses in both mitochondria and the ER in HUVECs. ER stress-associated markers such as GRP78, ATF4, ATF6α, p-eIF2, and p-PERK were increased after 4HR administration (Figure 2a). The administration of TUDCA, an ER stress inhibitor, attenuated 4HR-induced TGF-β1 expression (Figure 2c). The mitochondrial-stress-inducing chemical carbonyl cyanide m-chlorophenylhydrazone increases TGF-β1 expression [29]. Decreased mitochondrial activity following 4HR administration reduced both ATP production (Figure 1a) and oxygen consumption (Supplementary Figure S1).



As noted in our previous study, 4HR is a class I HDACi [22]. HDACis induce TGF-β1 expression via activation of Sp1 [20]. In this study, 4HR increased the expression level of p-Sp1. Hyper-acetylated H3 is also required for the expression of TGF-β1, and this response is enhanced by HDACi [23]. In this study, H3 was hyper-acetylated by 4HR administration (Figure 3d). 4HR exhibited a wide variety of functions, such as anti-cancer effects [21], pro-angiogenic effects [8,17], anti-inflammatory effects [30], and increased bone formation [31]. These divergent effects are likely to be involved in the broad-spectrum regulation of cellular events [24,32]. In this study, 4HR increased TGF-β1 expression via hyper-acetylated H3 and p-Sp1 (Figure 5).



Sp1 is a transcription factor for TGF-β1, and its expression is increased by histone deacetylase inhibitors [20]. Interestingly, 4HR also increases Sp1 expression in oral cancer cells and SCC-9 cells [21]. Therefore, increased TGF-β1 expression as a result of 4HR administration might be associated with its HDACi activity and the subsequent promotion of Sp1 expression (Figure 3). In fact, 4HR is a class I HDACi [22]. Hyper-acetylated H3 is also required for the expression of TGF-β1, and this response is enhanced by HDACi [23]. Therefore, 4HR administration might increase acetylated H3. In this study, the Sp1/Sp3 ratio gradually increased at 8, 16, and 24 h after 4HR administration (Figure 4). In addition, 4HR administration increased p-Sp1 and TGF-β1 expression (Figure 3a). The administration of mithramycin inhibited 4HR-induced p-Sp1 and TGF-β1 expression (Figure 3b). Sp1 transcription activity and (Figure 3c) acetylated H3 were also increased by 4HR administration (Figure 3d).



When cells face ER stress, the mechanism for restoring ER homeostasis is activated [8]. As active protein synthesis increases ER loading, protein translation activity is decreased [33]. To neutralize ER stress, the expression of chaperones is increased [34]. Organic chemicals which may induce ER stress can bind to intracellular decoy proteins and change the protein conformation. This process may increase the production of misfolded proteins. ATF6 is activated by ER stress [35], which leads to the removal of misfolded proteins [36]. In this study, the expression level of ATF6α was increased by 4HR administration (Figure 2a). Increases in p–PERK, p-eIF2, and ATF4 reduce protein translation activity [37]. The expression levels of p–PERK, p-eIF2, and ATF4 were increased by 4HR administration (Figure 2a). TUDCA is an inhibitor of ER stress [13], the administration of which decreased the expression of ER stress markers such as ATF6α, p–PERK, p-eIF2, and ATF4, which were increased by 4HR administration (Figure 2b). TGF-β1 increases VEGF expression in HUVECs and helps differentiate HUVECs [9]. The administration of TUDCA decreased 4HR-induced TGF-β1 expression (Figure 2c).



The expression levels of SIRT1 and SIRT3 were not dramatically changed by 4HR administration (Figure 5a). Interestingly, the expression level of SIRT6 was increased by 4HR (Figure 5b). SIRTs gene expression was increased by 4HR administration (Figure 5c). A discrepancy between the quantity of SIRT1 and -3 proteins and their mRNA molecules was observed. This type of discrepancy has been frequently observed [38]. Though the detailed mechanism remains elusive, interaction with microRNA has been suggested as a reason for this discrepancy [39]. Interestingly, many types of microRNAs interact with SIRT1 [40]. Pan-SIRTs activity was increased by 4HR administration (Figure 5d). To increase SIRT activity, NAD+ (which is the substrate of SIRT) should be increased [41]. NADH and the NAD+/NADH ratio were significantly increased by 4HR administration (p < 0.05, Figure 5e,f). The NAD+/NADH ratio has been reported as 2–10, and it is different to the cellular type and metabolic status [42,43]. In this study, the NAD+/NADH ratio was 3–5 and increased following 4HR administration (Figure 5f). In addition, NAD+ and NADH distribute differently to cellular compartments [44]. In the case of hepatocytes, the NAD+/NADH ratio in cytoplasm is 725, and that in mitochondria is 8 [45]. When cells undergo stress, maintaining the mitochondrial NAD+ level is important for cell survival, despite its drop in the nucleus and cytoplasm [46]. Thus, the change in NAD+ level following 4HR administration in each cellular compartment could be an interesting topic for future study. The increased apoptotic stress by ER and mitochondria seemed to be ameliorated by SIRT activation. 4HR and resveratrol (10–100 μM) show antioxidant activity after hydrogen peroxide treatment in lymphocytes [18]. Resveratrol activates SIRT and ameliorates mitochondrial stress [47]. The increased apoptotic stress induced by 4HR seemed to be ameliorated by SIRT activation as with resveratrol, which was also induced by 4HR as a delayed response.



In this study, the administration of 4HR on HUVECs induced ER stress (Figure 2a). As 4HR has a long alky group, it can bind to any hydrophobic domain of proteins with different ranges of affinity [1]. Some proteins show high affinity to 4HR, which has been confirmed by chromatography with 4HR-bound beads [16]. The protein conformation would be changed after binding to 4HR and could be considered as misfolded protein. GRP78 binds to misfolded proteins and is transported to the ER [47]. This protein complex phosphorylates PERK and subsequently activates ATF4 (Figure 6). As a consequence, apoptotic stress increases. In this study, ATP synthesis in mitochondria was decreased (Figure 1a), and NAD+ level was increased by 4HR administration (Figure 5e). Reduced ATP synthesis and increased NAD+ level increase SIRT transcription [48]. The activation of several kinases by mitochondrial and ER stress phosphorylates Sp1 [27]. By increasing phosphorylation, Sp1 is dissociated from HDACs, and gene promoter activity is increased [49]. 4HR could bind to class I HDACs and inhibits their enzyme activity [22]. Accordingly, Ac-H3 was increased by 4HR administration (Figure 3d). When 4HR binds to HDACs, they dissociate from p-Sp1 via conformation change. In fact, HDACi binding to HDACs induces HDAC conformation change and dissociation from Sp1 [20]. HDACis such as trichostatin A and suberoylanilide hydroxamic acid increase TGF-β1 expression through this mechanism [20]. These events activated the transcription of TGF-β1 (Figure 6). Topical application of 4HR accelerated capillary regeneration in a diabetic animal model [9]. Besides the above results of different ER and mitochondrial stress, the expression levels of antioxidant and protection-related proteins through IP-HPLC showed consistent upregulation of GSTO1 and SOD-1 and downregulation of NOS-1 (an enzyme responsible for the synthesis of NO) and NRF2 (a transcription factor regulating antioxidant proteins to protect against oxidative damage). On the other hand, the expression levels of the protection-related proteins HO-1, HSP-70, and HSP-90 were simultaneously downregulated. Therefore, it is suggested that 4HR has a potent antioxidant effect in HUVECs, and its local administration should be safe given the lack of oxidative cellular damage.



4HR is known as an antiseptic and kills actively proliferating microorganisms [50]. Therefore, 4HR should be considered a serious stress on proliferating microorganisms. However, some microorganisms reduce their metabolic rate and enter a state of dormancy after 4HR administration [51]. In this case, 4HR may play a role as a chemical chaperone, and it has an amphiphilic structure like other chemical chaperones [1]. Microorganisms in a state of dormancy are more resistant to environmental stress [51]. Based on these observations, 4HR in eukaryotes may mimic its action in prokaryotes. However, there may be differences in the details, and this should be clarified in future studies. TUDCA has an amphiphilic structure similar to 4HR and is considered a chemical chaperone [13]. However, TUDCA alleviates ER stress [13]. The difference in chemical structure between the two chemicals may result in different patterns of cellular reaction after their administration.



The limitation of the current study was that the data on mitochondrial stress were not sufficient. Particularly, the relation between mitochondrial stress and kinase activation was unclear. Kinases activated after 4HR administration should be clarified in a further study. In addition, we assumed that SIRT activation might ameliorate mitochondrial stress induced by 4HR administration. This could be clarified by the suppression of SIRT activity. As SIRT activity is associated with longevity [42,46], increased SIRT activity after 4HR administration could be an interesting topic for further studies.




5. Conclusions


4HR induced mitochondrial and ER stress in HUVECs. 4HR-induced ER stress seemed to be ameliorated by an increase in the expression of SIRTs and SIRT activity. Therefore, administration of 1–100 μM 4HR did not lead to apoptosis induction. The mild increase in mitochondrial and ER stress by 4HR administration increased p-Sp1 and Ac-H3. Both the ER stress inhibitor (TUDCA) and the Sp1 inhibitor (mithramycin) reduced the expression level of TGF-β1, which was increased by 4HR administration.
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Figure 1. ATP and mitochondrial membrane potential (MMP) assay. (a) Administration of 4HR slightly decreased the ATP levels in HUVECs (* p < 0.05 compared to the control group; RLU, relative light units). (b) MMP was slightly increased by 4HR administration in HUVECs. In the case of 10 and 100 µM 4HR administration, MMP was increased by approximately 20 % compared to the untreated control (* p < 0.05). (c) Administration of 4HR (100 μM) decreased the cytochrome c level in the mitochondrial fraction in HUVECs. However, cytoplasmic leakage of mitochondrial cytochrome c was not clearly detected in the cytoplasmic fraction. (d) Cytochrome c level relative to mitochondrial β-actin was calculated and compared. There was no significant difference in the cytochrome c level of the mitochondria among the untreated control and the 1 and 10 µM 4HR administration groups (p > 0.05). In the case of 100 µM 4HR administration, the cytochrome c level of the mitochondria was decreased significantly compared to the untreated control and the 10 µM 4HR administration group (* p < 0.05). 
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Figure 2. The expression of ER stress-associated markers. (a) 4HR administration increased ER stress markers such as p-PERK, p-eIF2, ATF4, and ATF6α. TUDCA is an inhibitor of the ER stress-mediated signaling pathway. (b) The expression of ER stress-associated markers was decreased by the administration of the inhibitor. (c) The administration of TUDCA decreased 4HR-induced TGF-β1 expression. All blots were performed in triplicate, and the statistical analysis of the relative expression level is shown in Supplementary Figures S3–S5. 
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Figure 3. Sp1 and H3 acetylation by 4HR administration. (a) 4HR administration increased the expression level of p-Sp1 and TGF-β1. (b) Mithramycin is an inhibitor of Sp1. The expression of Sp1-associated proteins was decreased by the administration of mithramycin. (c) The administration of 4HR increased Sp1 activity (* p < 0.05 compared to control). (d) 4HR administration increased the expression level of Ac-H3. All blots were performed in triplicate, and the statistical analysis of the relative expression level is shown in Supplementary Figure S8. 
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Figure 4. IP-HPLC analysis. Expression of antioxidant- and protection-related proteins in 4HR-treated HUVECs. The antioxidant proteins GSTO1 and SOD-1 were upregulated by 4HR compared to the untreated control, while the antioxidant regulating transcription factor NRF2 and the protection-related proteins HO-1, HSP-70, and HSP-90 were downregulated. On the other hand, Sp-1 expression gradually increased by 5.7%, 15.1%, and 17.8% at 8, 16, and 24 h, respectively, while Sp-3 expression increased up to 122.4% at 8 h but gradually decreased to a normal level at 24 h. The line graph (a) shows protein expression (%) at 8, 16, and 24 h after 4HR administration, whereas the star plot (b) shows the differential expression levels (%). 
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Figure 5. 4HR administration and SIRT expression. (a) The administration of 4HR did not change the expression of SIRT1 and SIRT3 in HUVECs. (b) The administration of 4HR increased the expression of SIRT6 in HUVECs. (c) Quantitative RT-PCR results showed that the SIRTs mRNA expression level was significantly increased by 4HR administration (* p < 0.05, ** p < 0.01 compared to untreated control). (d) The administration of 4HR (1–100 μM) increased pan-SIRTs enzyme activity (* p < 0.05 compared to the control group). (e) The administration of 4HR increased NAD+ production (* p < 0.05 compared to the control group). (f) 4HR also increased the NAD+/NADH ratio (* p < 0.05 compared to the control group). All blots were performed in triplicate, and the statistical analysis of the relative expression level is shown in Supplementary Figure S8. 
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Figure 6. Schematic drawing of signaling pathway. 4HR administration induced both mitochondrial and ER stress. ER stress-induced ATF4 expression may increase SIRT, and SIRT may alleviate mitochondrial stress and kinase activation. Mitochondrial stress induced kinase activation and increased Sp1 phosphorylation. To activate TGF-β1 transcription, not only p-Sp1 but also hyper-acetylated H3 is required. Since 4HR is a class I HDAC inhibitor and reduces the expression levels of HDAC4 and HDAC5 [22], H3 could be hyper-acetylated by 4HR administration. 
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