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Abstract

:

Vascular endothelial injury is important in anthracycline-induced cardiotoxicity. Anthracyclines seriously damage the mitochondrial function and mitochondrial homeostasis. In this study, we investigated the damage of epirubicin to vascular endothelial cells and the protective role of metformin from the perspective of mitochondrial homeostasis. We found that epirubicin treatment resulted in DNA double-strand breaks (DSB), elevated reactive oxygen species (ROS) production, and excessive Angiotensin II release in HUVEC cells. Pretreatment with metformin significantly mitigated the injuries caused by epirubicin. In addition, inhibited expression of Mitochondrial transcription factor A (TFAM) and increased mitochondria fragmentation were observed in epirubicin-treated cells, which were partially resumed by metformin pretreatment. In epirubicin-treated cells, knockdown of TFAM counteracted the attenuated DSB formation due to metformin pretreatment, and inhibition of mitochondrial fragmentation with Mdivi-1 decreased DSB formation but increased TFAM expression. Furthermore, epirubicin treatment promoted mitochondrial fragmentation by stimulating the expression of Dynamin-1-like protein (DRP1) and inhibiting the expression of Optic atrophy-1(OPA1) and Mitofusin 1(MFN1), which could be partially prevented by metformin. Finally, we found metformin could increase TFAM expression and decrease DRP1 expression in epirubicin-treated HUVEC cells by upregulating the expression of calcineurin/Transcription factor EB (TFEB). Taken together, this study provided evidence that metformin treatment was an effective way to mitigate epirubicin-induced endothelial impairment by maintaining mitochondrial homeostasis.
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1. Introduction


Despite its well-known cardiotoxicity, the anthracyclines, including epirubicin, idarubicin and doxorubicin (DOX), continue to be extensively available for the treatment of solid tumors and hematologic malignancies, such as breast cancer, esophageal cancer, osteosarcoma, soft tissue sarcomas, lymphomas, leukemias and childhood tumors. The irreversible cardiac damages of anthracyclines, such as cardiomyopathy and heart failure, are cumulative-dose dependent, which in turn affects the prognosis of cancer survivors. The cumulative lifetime doses up to 400 mg/m2 of DOX could result in a 5% incidence of congestive heart failure (CHF); When the cumulative lifetime dose reaches 700 mg/m2, the incidence of CHF could be as high as 48% [1]. Because of the lack of multicenter randomized controlled clinical studies, the traditional medicines for CHF, such as β-blockers, angiotensin-converting enzyme inhibitors or angiotensin II receptor antagonists, are still in dispute [2,3,4]. Dexrazoxane is the only drug approved by FDA to protect against anthracycline-induced cardiotoxicity, but it also has not shown a definite effect.



Previous studies indicated that anthracyclines damaged cardiomyocytes by inducing excess ROS and inflammation and inhibiting topoisomerase 2β [5,6]. Recently, more attention has been paid to investigating anthracycline-induced vascular endothelium injury and the countermeasures [7,8]. Tao RH et al. demonstrated that vascular damage, which results in decreased cardiac blood flow, also contributed to Dox-induced cardiotoxicity [9]. In addition, DOX-induced endothelial damage has contributed to severe chronic vascular diseases, such as atherosclerosis [10]. In a population-based matched cohort study involving 7289 childhood cancer survivors, even at relatively young ages, survivors still experienced an obviously increased incidence of coronary artery disease compared to the general population (Cause-Specific Hazard Ratio = 3.4, 95% CI) [11]. In the Markus Räsänen et al.’s study, endothelial protection therapy with vascular endothelial growth factor-B(VEGF-B) could inhibit cardiac atrophy and capillary rarefaction of myocardial, and improve endothelial function in DOX-treated Mice, thus exert protection against DOX-induced cardiotoxicity [12]. In addition, another clinical study found that thrombomodulin, a serum biomarker of endothelial dysfunction, was a candidate for predicting the risk of early sub-clinical DOX-induced cardiotoxicity in patients with breast cancer [13].



In this study, compared with patients with normal left ventricular ejection fraction (LVEF), patients with significantly reduced LVEF (>10%) had a higher serum level of thrombomodulin both before and after the first dose of DOX. Epirubicin, an analogue of DOX, is widely used, particularly in patients with established cardiovascular risk factors or a history of anthracyclines use because of comparable antitumor efficacy and lower risk of cardiotoxicity [14]. In a randomized clinical study involving 172 patients with soft-tissue sarcoma, after a median follow-up of 27.7 months, there was an obviously increased incidence of clinically manifest cardiomyopathy in DOX-treated patients (108 cases) receiving a median cumulative dose of 240 mg/m2 than that in epirubicin-treated patients (60 cases) receiving a median cumulative dose of 450 mg/m2 (0.9% vs. 0%). [15]. One reported side effect of epirubicin was that it led to endothelial cell injury through the oxidative stress-induced activation of p38-MAPK [16]. However, much remains to be done in order to comprehend the mechanisms underlying vascular endothelial injury caused by epirubicin and develop efficient methods for minimizing them.



Anthracyclines specifically bind to phospholipid cardiolipin in the inner mitochondrial membrane where anthracyclines disrupt the electron transport chain (ETC) by inhibiting complexes I and II, then leading to ROS production, thus influencing cellular physiological processes, such as calcium handling, intracellular signaling and apoptosis [17,18,19]. The maintenance of mitochondrial homeostasis is an ideal way to keep the functions of cardiac cells during anthracyclines therapy. Metformin, a widely used antidiabetics, has been found to have cardioprotective effects against anthracycline-induced cardiotoxicity via reducing excessive oxidative stress, inflammation, apoptosis, and improving mitochondrial functions in cultured cells and animal models [20,21,22]. In this study, we investigated the damage mechanism of epirubicin from the perspective of mitochondrial homeostasis and found that metformin could alleviate epirubicin-induced endothelial impairment by restoring mitochondrial homeostasis via the calcineurin/TFEB pathway. The study further expanded the protective effect of metformin and provided new evidence for preventing anthracyclines toxicity.




2. Results


2.1. Metformin Alleviates Epirubicin-Induced HUVEC Cells Dysfunction


Epirubicin is a cell-permeable topoisomerase Ⅱ inhibitor. Its treatment resulted in DNA double-strand breaks in a concentration-dependent manner in HUVEC cells (Figure 1A). If the HUVEC cells were pretreated with 1 mM metformin for 12 hours before epirubicin treatment, attenuated γ-H2A.X levels were observed (Figure 1A). This indicated that metformin can mitigate epirubicin-induced DNA damage. Next, the levels of ROS in 5 μM epirubicin-treated HUVEC cells were detected (Figure 1B). Epirubicin enhanced ROS production by around 89%, and metformin pretreatment notably reversed the ROS accumulation. Angiotensin II (Ang II), an important member of renin-angiotensin-aldosterone system, contributes to many cardiovascular diseases, such as cardiomyopathy and heart failure, hypertension, atherosclerosis and arrhythmia. The elevated release of Ang II reflects dysfunction of cardiovascular endothelia. The levels of Ang II in the supernatant of epirubicin-treated HUVEC cells were measured by ELISA. As shown in Figure 1C, 5 μM epirubicin treatment increased the release of Ang II around two folds. Consistent with the tendencies of DNA damage and ROS level, pretreatment with metformin reduced epirubicin-induced Ang II releasement to a level 70% higher than that of the control cells. Together, these results indicated that metformin protected HUVEC cells against the damage and improved their functions under epirubicin treatment.




2.2. Metformin Restores Mitochondrial Biogenesis


TFAM, an important regulator of mitochondrial biogenesis, plays a key role in the process of replication, transcription and repair of mitochondrial DNA (mtDNA). Since DOX accumulates in mitochondria, we next investigated whether metformin protected HUVEC cells via regulating mitochondrial homeostasis under epirubicin treatment. As shown in Figure 2A, with the increase of epirubicin concentration (0.5 μM, 1 μM, 5 μM, 10 μM), the expression levels of TFAM decreased gradually. At the same time, it was observed that the longer treatment time of epirubicin resulted in lowered expression levels of TFAM. Peroxisome proliferator-activated receptor-γ coactivator1a (PCG-1α) is another major player in mitochondrial biogenesis, which was also inhibited by epirubicin. Pretreatment with 1 mM metformin mitigated the downregulation of TFAM and PCG-1α expression (Figure 2A). To find out how TFAM protected HUVEC against DOX, we inhibited the expression of TFAM in HUVEC cells by small interfering RNA (siRNA) and then treated the cells with epirubicin. As displayed in Figure 2B, metformin mitigated epirubicin-induced DNA damage. However, this was partially reversed by the knockdown of TFAM. These results showed that metformin exerted cardioprotection by promoting TFAM expression.




2.3. Metformin Restores Mitochondrial Dynamics


Mitochondrial morphology changes closely associate with mitochondrial functions. As shown in Figure 3A, mitochondria in HUVEC cells showed elongated tubules, connecting each other to form networks. By comparison, if the cells were treated with 5 μM epirubicin for 24 h, the mitochondria became dots or short rods without any connection between each other, indicating that epirubicin resulted in mitochondrial fragmentation. In the control group, around 75.5% of HUVEC cells showed tubular mitochondria, and 20.1% of HUVEC cells showed fragmented mitochondria. In the epirubicin-treated HUVEC cells, 3.8% of HUVEC cells showed tubular mitochondria, and 94.6% of HUVEC cells showed fragmented mitochondria. However, metformin pretreatment alleviated epirubicin-induced mitochondrial fragmentation. Percentages of 58.9% and 33.7% of the HUVEC cells in this group bore tubular mitochondria and fragmented mitochondria, respectively.



Mitochondrial morphology is regulated by mitochondrial fusion- or fission-related proteins. DRP1 is involved in mitochondria fission. As shown in Figure 3B, the level of Ser616-phosphorylated DRP1, which promoted mitochondrial fission, was upregulated in epirubicin-treated cells, and the level of Ser637-phosphorylated DRP1, which inhibited mitochondrial fission, was downregulated. In addition, dynamin-like 120 kDa protein, OPA1, MFN1 and Mitofusin 2 (MFN2) are key regulators of mitochondrial fusion. It was observed in Figure 3B that the protein expression levels of MFN1 and OPA1 were repressed by epirubicin treatment, while the expression of MFN2 was not affected. Meanwhile, if HUVEC cells were pretreated with metformin before epirubicin treatment, the changes in the expression of Ser616-DRP1, Ser637-DRP1, OPA1 and MFN1 were partially reversed.



Then. we used Mdivi-1, a specific inhibitor of DRP1, to prevent HUVEC cells from mitochondrial fragments. It was found that the decreased expression of TFAM caused by epirubicin was attenuated (Figure 3C), and the DNA damage caused by epirubicin was also mitigated by Mdivi-1 (Figure 3D). The level of released Ang II in epirubicin-treated cells was consistently decreased by Mdivi-1 pretreatment (Figure 3E). Taken together, epirubicin damaged HUVEC cells, resulting in excessive mitochondrial fission and downregulation of TFAM. The blockage of mitochondrial fission led to notable mitigation of epirubicin-induced damages.




2.4. Metformin Restores Mitochondrial Dynamics via Calcineurin/TFEB Pathway


TFEB also plays an important role in the maintenance of mitochondrial homeostasis. In our study, the protein levels of TFEB and its upstream regulator calcineurin were downregulated by epirubicin. The metformin pretreatment reversed the epirubicin-induced declines in calcineurin and TFEB protein expression (Figure 4A). In addition, Cyclosporin A(CsA), an inhibitor of calcineurin, alleviated the effect of metformin on the upregulation of TFEB expression. Next, we detected whether TFEB participated in the expression of TFAM after epirubicin and metformin treatment. As shown in Figure 4B, two siRNAs targeted to human TFEB used in this study effectively inhibited the expressions of TFEB. The recovered expression of TFAM in epirubicin-treated HUVEC cells, which were pretreated with metformin, was attenuated by both TFEB siRNAs. In addition, DRP1 expression, which was reduced by metformin in epirubicin-treated HEVEC cells, was upregulated in the condition that TFEB was further knockdown (Figure 4C). Finally, the level of epirubicin-induced DNA damage, which was mitigated by metformin pretreatment, was exacerbated when TFEB expression was knocked down (Figure 4D). Taken together, these results indicated that TFEB is important in regulating the protective role of metformin via maintaining mitochondrial homeostasis and TFAM expression in epirubicin-treated cells.





3. Discussion


In recent years, more and more studies have shown that metformin has many functions beyond its hypoglycemic effects, such as suppressing tumor growth, prolonging lifespan, and reducing the incidence of cardiovascular diseases in animal models [23,24,25,26]. In the study, we found metformin could alleviate the epirubicin-induced endothelial injury by decreasing ROS level, DNA damage and the excessive synthesis of Ang II. In addition, we identified metformin exerts an endothelial protective effect by restoring mitochondrial homeostasis via the calcineurin/TFEB pathway.



Oxidative stress plays an important role in DOX-induced cardiotoxicity, and mitochondrial dysfunction, excessive ROS production and reduced expression of the endogenous antioxidant enzyme are all involved in oxidative stress induced by DOX in cardiomyocytes [27,28,29]. Similarly, oxidative stress is also a major reason for anthracycline-induced endothelial injury [16,30], and antioxidant treatment could also alleviate endothelial injury [30] in animal models. In recent years, some clinical studies have also found that metformin has an antioxidant effect. Metformin could decrease the risk of atherogenicity and cardiovascular events in type 2 diabetes (T2D) patients by alleviating oxidative injury in apolipoprotein B100 of LDL [31]. In addition, in coronary artery disease patients without diabetes, metformin could reduce the serum level of thiobarbituric acid reactive substances (TBARs), a marker of oxidative stress [32]. In this study, metformin pretreatment was found to reduce the total cellar ROS in epirubicin-treated HUVEC cells. Pretreatment with metformin could prevent insulin-induced elevated expression of γH2A.X in trophoblast cells [33]. In addition, a clinical study showed that metformin treatment for 3 months (850 mg/day) could reduce γH2A.X expression in the lymphocytes of obese people (body mass index > 30 kg/m2) [34]. Consistent with these studies, we found that pretreatment with metformin could alleviate epirubicin-induced γH2A.X in HUVEC cells. Ang II is an important risk factor for many cardiovascular diseases. DOX increased Ang II synthesis in both myocardium and plasma in DOX-treated rats [35,36]. In our study, epirubicin also could increase Ang II synthesis in HUVEC cells which could be alleviated by metformin pretreatment. These results indicated that metformin pretreatment was an effective way to mitigate epirubicin-induced endothelial injury.



TFAM, as a key regulator of mitochondrial DNA (mtDNA) replication, repair and transcription, plays an important role in mitochondrial biogenesis. The study of Zhang D et al. showed that TFAM inactivation induced excessive ROS production, aggravated DNA damage and cardiomyocyte cell cycle arrest, and led to lethal cardiomyopathy [37]. The study of Koh JH et al. showed that besides lowering ROS emissions and oxidative stress, TFAM could increase mitochondrial lipid oxidative capacity and β-oxidative capacity, remodel ETC in a post-translational manner, and attenuate fatty acid-induced membrane depolarization [38]. In the study, TFAM also attenuated insulin resistance by increasing glucose uptake and disposal and enhanced skeletal muscle energy metabolism [38]. In addition, the above-mentioned functions of TFAM were performed through molecular changes rather than a result followed by the replication and transcription of mtDNA [38]. Similar to the result that DOX inhibited TFAM and PGC1α expression in cardiomyocytes [22,39,40], we found that epirubicin suppressed TFAM and PGC1α expression in this study. Previous studies have shown that metformin upregulates TFAM expression in C2C12 myoblasts under hyperglycemia [41] and in the placenta of mice with a high-fat diet [42]. Furthermore, metformin was also found to upregulate myocardial TFAM and PGC1α expression in doxorubicin-treated rats [22]. In our study, the pretreatment with metformin significantly resumed TFAM and PGC1α expression in epirubicin-treated HUVEC cells, as well as decreased the intracellular ROS level, the DNA damage level and the secretion of Ang II. However, in epirubicin-treated HUVEC cells, if TFAM expression was further lowered by siRNA, the effect of metformin on lowering γH2A.X level was attenuated. This indicated that the cardio-protection functions of metformin were in part attributed to its capability to promote TFAM expression and improve mitochondrial biogenesis.



Physiological mitochondrial fission is essential to energy production and impaired mitochondrial clearance. However, excessive mitochondrial fission, also known as mitochondrial fragmentation, can be harmful to endothelial cells. For example, excessive mitochondrial fission induced by silencing MFN1 or MFN2 could damage the mitochondrial function and reduce angiogenic capacity and viability in HUVEC cells [43]. In addition, both in cultured endothelial cells and animal models, excessive mitochondrial fission induced by hyperglycemia could lead to the reduction of nitric oxide (NO) bioavailability, the increase of mitochondria-derived superoxide production, and the induction of apoptosis [44,45,46]. On the contrary, inhibition expression of mitochondrial fission protein 1 (FIS1) or DRP1 could alleviate the hyperglycemia-induced reduction in eNOS activity and NO bioavailability [44].



The mitochondrial dynamics are co-regulated by mitochondrial fusion and fission. The separated mitochondria undergo fusion to form an elongated interconnected reticulated structure which keeps electrical and biochemical connectivity and repairs the damaged mitochondria. Therefore, appropriate mitochondrial fusion appears to be beneficial, and inhibition of mitochondrial fusion can impair cell function. Transfection with siRNA against OPA1 significantly increased mitochondrial ROS in Ang II-treated vascular smooth muscle and endothelial cells [47]. Furthermore, the knockdown of MFN1 or MFN2 led to reduced endothelial cell viability and increased apoptosis under low mitogen conditions [43]. Previous studies showed that anthracyclines could induce excessive mitochondrial fission in cardiomyocytes [22,48,49,50], and mitochondrial fission inhibitor (Mdivi-1) and mitochondrial fusion promoter (M1) could protect against DOX-induced cardiotoxicity by inhibiting mitochondrial fission [39,50]. Epirubicin was confirmed to result in excessive mitochondrial fission in HUVEC cells in this study. In addition, mdivi-1 could improve TFAM expression, attenuate DNA damage and reduce Ang II secretion in epirubicin-treated HUVEC cells, revealing that preventing mitochondria from excessive fission could be an effective way to reduce the epirubicin-induced endothelial impairment



We investigated the proteins involved in mitochondrial dynamics to find out the mechanism of epirubicin-induced mitochondrial fission. Inactive DRP1, located in the cytosol, generally makes mitochondrial balance towards fusion. Once DRP1 is activated via phosphorylation under the conditions of stress, FIS1 and MFF recruit DRP1 to the mitochondrial outer membrane where DRP1 GTPase activity makes a multimeric ringlike structure to constrict, finally becoming a pair of separated daughter mitochondria [51]. There is no doubt that phosphorylation at serine 616 of DRP1 promotes mitochondrial fission, and phosphorylation at serine 637 of DRP1 promotes mitochondrial fusion [51]. In our study, compared with the control group, epirubicin slightly increased DRP1 expression and significantly increased DRP1 phosphorylation at Ser616, together with an obvious decrease in DRP1 phosphorylation at Ser637. However, epirubicin did not change MFF expression. Furthermore, epirubicin decreased the expression of mitochondrial fusion-related proteins, such as MFN1 and OPA1, but had no obvious effects on MFN2 expression.



Metformin inhibited high glucose-induced mitochondrial fission in HUVEC cells by reducing DRP1 expression [45], ameliorated Pb-induced mitochondrial fragmentation in SH-SY5Y cells by reducing Drp-1 phosphorylation at the ser616 site [52], inhibited ROS-induced mitochondrial fragmentation by increasing Drp-1 phosphorylation at ser637 site and reducing DRP1 recruitment to mitochondria in adipocytes [53]. In the study of de Marañón AM [54], compared to the control (135 cases), leukocytes from patients with T2D (39 cases) exhibited lower expression of MFN1, MFN2 and OPA1 but higher expression of FIS1 and DRP1, and enhanced leukocyte adhesion to endothelial. Interestingly, in T2D patients (81 cases) with metformin treatment (1700 mg/day for at least 1 year), excessive mitochondrial fission of leukocytes and enhanced leukocyte adhesion could be alleviated. In our study, metformin decreased epirubicin-induced DRP1 upregulation, inhibited DRP1 phosphorylation at the ser616 site, and enhanced DRP1 phosphorylation at the ser637 site in HUVEC cells. In addition, metformin pretreatment could reverse the epirubicin-induced decline of MFN1 and OPA1 expression. Our results differed slightly from Apiwan Arinno‘s study in which metformin could upregulate the expression of MFN1, MFN2 and OPA1 and decrease phosphorylation DRP1 at Ser616 in the myocardium of DOX-treated rats, but neither metformin nor DOX had obvious effects on DRP1 expression [22].



TFEB is a master regulator of the autophagy/lysosomal pathway, which could be activated when exposed to all kinds of stresses, such as mitochondrial stress, oxidative stress, inflammation, endoplasmic reticulum (ER) stress, and pathogen or drug exposure. In recent years, increasing numbers of studies have demonstrated that TFEB could regulate mitochondrial homeostasis in addition to its functions in regulating lysosome biogenesis/autophagy and immune responses [55,56,57,58]. TFEB regulates vascular and vascular endothelial cell functions in a variety of ways. TFEB overexpression inhibited endothelial cell inflammation and attenuated endothelial oxidative injury both in vivo and in vitro [59,60,61], whereas TFEB knockdown aggravated inflammation [59]. In addition, endothelial TFEB can positively regulate angiogenesis and vascular development in animal models by improving the tube formation, proliferation and migration ability of vascular endothelial cells [62,63].



Limited research shows DOX inhibited TFEB expression in cardiomyocytes, and overproduction and/or activation of TFEB in cardiomyocytes prevented DOX-induced ROS overproduction and inflammation [64,65]. Similarly, in our study, epirubicin also could decrease endothelial TFEB expression, which could be reversed by metformin pretreatment. However, the capacity of metformin to remodel mitochondrial homeostasis and to reduce endothelial damage was counteracted partly in epirubicin-treated HUVEC cells with TFEB knockdown, suggesting metformin could exert a protective role by upregulating TFEB expression in epirubicin-treated HUVEC cells. Likewise, in the study of Mansueto G et al., the overexpression of TFEB enhanced mitochondrial biogenesis in mouse skeletal muscle and was accompanied by increased expression of PGC-1α, nuclear respiratory factors 1 (NRF1), nuclear respiratory factors 2 (NRF2), and TFAM [66]. In contrast, the knockout TFEB with siRNA abrogated the increased mRNA expression of PGC1α, NRF1, and TFAM in primary hepatocytes treated with CO-releasing molecules CORM2 [67]. Overexpression of TFEB mitigated excessive mitochondrial fission by decreasing the mRNAs expression of DRP1 and Fis1, thus, reducing cardiomyocyte necrosis and cardiac dilatation in MAO-A Tg mice. [68]. Calcineurin regulates the activity and expression of TFEB [67,69,70]. Even though the mechanisms have not been fully studied, metformin was found to increase the activity [71] and expression of calcineurin [72]. Consistently, our study found that metformin pretreatment reversed the reduction of calcineurin and TFEB expression induced by epirubicin, and the metformin‘s effect on TFEB expression was attenuated by CsA, indicating that metformin could increase TFEB expression via calcineurin in epirubicin-treated HUVEC cells.



In summary, our study indicated that metformin was effective in protecting HUVEC cells against epirubicin-induced injury and disorder of mitochondrial homeostasis. Previous studies have shown that metformin has antitumor effects [73,74] and a synergy effect to enhance the antitumor ability of DOX [75,76,77]. Thus, the application of metformin in tumor patients treated with epirubicin may be beneficial in reducing epirubicin-induced vascular endothelial damage and increasing the antitumor efficacy of epirubicin




4. Materials and Methods


4.1. Chemicals


The following primary antibodies were utilized: anti-TFAM and anti-β-actin were purchased from Santa Cruz Biotechnology (Dallas, TX, USA), anti-DRP1, anti-P-Ser616-DRP1, anti-P-Ser637-DRP1, anti-Mitochondrial fission factor (MFF), anti-Mitofusin 1 (MFN1), anti-OPA1 and anti-PGC1α were purchased from Cell Signaling Technology (Danvers, MA, USA), anti-TFEB was from ProteinTech (Wuhan, China), anti-calcineurin A was from Abcam, (Shanghai, China). Mitochondrial division inhibitor-1 (Mdivi-1) was purchased from Sigma (Merck KGaA, Darmstadt, Germany). Metformin, epirubicin and Cyclosporin A (CsA) were purchased from MedChemExpress (Monmouth Junction, NJ, USA).




4.2. Cell Culture


HUVEC cells line was obtained from the American Type Culture Collection (Manassas, VA, USA) and cultured in Dulbecco’s modified Eagle’s medium/ F12 (Sigma, Merck KGaA, Darmstadt, Germany) supplemented with 10% fetal bovine serum (ShuangRu BioTech, Shanghai, China) and 1% (v/v) penicillin/streptomycin (Solarbio, Beijing, China) at 37 °C in a humidified 5% CO2 atmosphere.




4.3. Enzyme-Linked Immunosorbent Assays (ELISA)


Angiotensin II (Ang II) ELISA kit (Elabscience Biotechnology Co., Ltd., Wuhan, China) was used to measure the levels of Angiotensin II released by the cells according to the user’s manual provided by the manufacturer.




4.4. Measurement of Cellular Reactive Oxygen Species


Total ROS levels in HUVEC cells were measured using the fluorescence probe DCFH-DA (Molecular Probes, Eugene, OR, USA) according to the manufacturer’s instructions. Cells were mixed with serum-free media containing a 5 mM DCFH-DA probe and incubated at 37 °C in the dark for 30 min. The fluorescent signal intensity was measured with an Olympus IX83 inverted fluorescence microscope equipped with a U-FBNA filter cube (Tokyo, Japan). ImageJ software (National Institutes of Health, Bethesda, MD, USA) was used to analyze the fluorescence intensity. At least 200 cells were analyzed for each sample.




4.5. Western Blot


After washing HUVEC cells with cold PBS, the cell lysate was prepared using RIPA buffer containing protease inhibitors cocktail (Roche Diagnostics GmbH, Mannheim, Germany) and protein phosphatase inhibitors cocktail (Sigma, Merck KGaA, Darmstadt, Germany). BCA kit (Sangon Biotech Co., Ltd., Shanghai, China) was used to measure protein concentrations. Based on the molecular weight of the proteins, 8%, 10% or 12% SDS-PAGE were prepared. After transferring onto a polyvinylidene fluoride (PVDF, Roche Diagnostics GmbH, Germany) membrane and incubation in 5% skim milk for 2 h at room temperature, the PVDF membrane was incubated with the primary antibody at 4 °C overnight. Then, the PVDF membrane was washed with TBST (Tris-HCl buffer containing 0.1% Tween-20) three times and incubated with the corresponding HRP-conjugated secondary antibody for two h at room temperature. Protein bands were visualized using a chemiluminescence substrate (Boster, Wuhan, China), and band density was analyzed with ImageJ software.




4.6. SiRNA Transfection


The siRNA oligonucleotides targeting human TFAM (siTFAM1: GGACGAAACUCGUUAUCAU; siTFAM2: GGCAAGUUGUCCAAAGAAA) and TFEB (siTFEB1: GCUACAUCAAUCCUGAAAU; siTFEB2: GGCAGAAGAAAGACAAUCA) were synthesized in GenePharma (Shanghai, China) When the cells were grown to 80% confluence in a cell culture dish; the siRNA was mixed with Lipofectamine 2000 (Thermo Fisher, Carlsbad, CA, USA) and loaded into the cell culture. After incubation for 6 h, the medium was refreshed, and the cells were cultured until further treatments and harvest.




4.7. Mitochondrial Morphology Analysis


HUVEC cells were seeded and grown on glass coverslips. Mitochondrial morphology was visualized after staining with 100 nM Mito Tracker Green (Keygen Biotech, Nanjing, China) for 30 min and imaged under a fluorescence microscope following the instruction from the manufacturer. Mitochondrial morphologies were divided into three types. “Tubular” meant that over 70% of cellular mitochondria showed tubular morphology. “Fragmented” meant that over 70% of cellular mitochondria showed fragmented morphology. Others were classified as “tubular + fragmented”. At least 300 cells were analyzed for each sample.




4.8. Statistical Analysis


All data were presented as mean ± standard deviation from at least three independent experiments performed in triplicate. Statistical significance between the two groups was evaluated using Student’s t-test with GraphPad Prism 5 (GraphPad Software, Inc., San Diego, CA, USA). Statistical significance between multiple groups was evaluated using a one-way analysis of variance with SPSS 12.0 software (SPSS, Inc., Chicago, IL, USA). p < 0.05 was considered to indicate a statistically significant difference.
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Figure 1. Metformin alleviates epirubicininduced HUVEC cell dysfunction. (A) Expression levels of γ−H2A.X. HUVEC cells were respectively incubated with 0.5 μM, 1 μM, 5 μM or 10 μM EPI for 12 h with or without the pretreatment of 1 mM metformin for 12 h. The 5 µM epirubicin treatment group was used as the reference. (B) Levels of ROS. HUVEC cells were treated with 5 μM epirubicin for 6 h with or without the pretreatment of 1 mM metformin for 12 h. ROS levels were then detected by 5 mM DCFH−DA probe. (C) Levels of Ang II in the supernatant. HUVEC cells were treated with 5 μM epirubicin for 24 h with or without the pretreatment of 1 mM metformin for 12 h. Then, the levels of Ang II in the supernatant were detected by ELISA. EPI—epirubicin, MET—metformin, ns—not significant, * p < 0.05, ** p < 0.01, *** p < 0.001. 
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Figure 2. Metformin restores mitochondrial biogenesis. (A) Expression levels of TFAM and PGC1α. HUVEC cells were treated with incubated with 0.5 μM, 1 μM, 5 μM or 10 μM EPI, respectively, for 6 h or 24 h with or without the pretreatment of metformin (1 mM) for 12 h. TFAM expression was detected by Western blotting. HUVEC cells were treated with 5 μM epirubicin for 24 h with or without the pretreatment of 1 mM metformin for 12 h, then PGC1α expression was detected by Western blotting. (B) Expression levels of γ−H2A.X. HUVEC cells were incubated with TFAM siRNA or control siRNA for 48 h. HUVEC cells were treated with 5 μM epirubicin for 24 h with or without the pretreatment of 1 mM metformin for 12 h. The levels of γ−H2A.X were detected by Western blotting. The epirubicin treatment group was used as the reference. EPI—epirubicin, MET—metformin, ns—not significant, * p < 0.05, ** p < 0.01, *** p < 0.001. 
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Figure 3. Metformin restores mitochondrial dynamics. (A) Mitochondrial morphology analysis by MitoTracker Green. HUVEC cells were treated with 5 μM epirubicin for 24 h with or without the pretreatment of 1 mM metformin for 12 h. Then, the cells were stained with 100 nM MitoTracker Green at 37 °C in the dark for 30 min and imaged. (B) HUVEC cells were treated with 5 μM epirubicin for 24 h with or without the pretreatment of 1 mM metformin for 12 h. The expression levels of mitochondrial dynamics related proteins were detected by Western blotting. (C). HUVEC cells were treated with 5 μM epirubicin for 12 h with the pretreatment of 1 mM metformin for 12 h or 20 μM mdivi−1 for 2 h, respectively. The expression levels of TFAM were detected by Western blotting. (D). HUVEC cells were treated with 5 μM epirubicin for 24 h with the pretreatment of 1 mM metformin for 12 h or 20 μM mdivi−1 for 2 h, respectively. The levels of γ−H2A.X were detected by Western blotting. The epirubicin treatment group was used as the reference. (E). HUVEC cells were treated with 5 μM epirubicin for 24 h with the pretreatment of 1 mM metformin for 12 h or 20 μM mdivi−1 for 2 h, respectively. The levels of Ang II in the supernatant were measured by ELISA. EPI—epirubicin, MET—metformin, ns—not significant, * p < 0.05, ** p < 0.01, *** p < 0.001. 






Figure 3. Metformin restores mitochondrial dynamics. (A) Mitochondrial morphology analysis by MitoTracker Green. HUVEC cells were treated with 5 μM epirubicin for 24 h with or without the pretreatment of 1 mM metformin for 12 h. Then, the cells were stained with 100 nM MitoTracker Green at 37 °C in the dark for 30 min and imaged. (B) HUVEC cells were treated with 5 μM epirubicin for 24 h with or without the pretreatment of 1 mM metformin for 12 h. The expression levels of mitochondrial dynamics related proteins were detected by Western blotting. (C). HUVEC cells were treated with 5 μM epirubicin for 12 h with the pretreatment of 1 mM metformin for 12 h or 20 μM mdivi−1 for 2 h, respectively. The expression levels of TFAM were detected by Western blotting. (D). HUVEC cells were treated with 5 μM epirubicin for 24 h with the pretreatment of 1 mM metformin for 12 h or 20 μM mdivi−1 for 2 h, respectively. The levels of γ−H2A.X were detected by Western blotting. The epirubicin treatment group was used as the reference. (E). HUVEC cells were treated with 5 μM epirubicin for 24 h with the pretreatment of 1 mM metformin for 12 h or 20 μM mdivi−1 for 2 h, respectively. The levels of Ang II in the supernatant were measured by ELISA. EPI—epirubicin, MET—metformin, ns—not significant, * p < 0.05, ** p < 0.01, *** p < 0.001.
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Figure 4. Metformin restores mitochondrial homeostasis via calcineurin/TFEB. (A) Metformin restores the calcineurin/TFEB pathway. HUVEC cells were treated with 5 μM epirubicin for 24 h with pretreatment of 1 mM metformin for 12 h or 5 μM CsA for 2 h, respectively. The expression levels of calcineurin and TFEB were detected by Western blotting. (B) Expression levels of TFAM. The expression of TFEB in HUVEC cells was inhibited by siRNA. Then, HUVEC cells were treated with 5 μM epirubicin for 12 h with or without the pretreatment of 1 mM metformin for 12 h. Western blotting was used to measure the TFAM expression. (C) Expression levels of DRP1. The expression of TFEB in HUVEC cells was inhibited by siRNA. Then, HUVEC cells were treated with 5 μM epirubicin for 24 h with or without the pretreatment of 1 mM metformin for 12 h. DRP1 expression was detected by Western blotting. (D) Expression levels of γ−H2A.X. The expression of TFEB in HUVEC cells was inhibited by siRNA. Then, HUVEC cells were treated with 5 μM epirubicin for 24 h with or without the pretreatment of 1 mM metformin for 12 h. Levels of γ−H2A.X were detected by Western blotting. The epirubicin treatment group was used as the reference. EPI—epirubicin, MET—metformin, ns—not significant, * p < 0.05, ** p < 0.01, *** p < 0.001. 
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