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Abstract

:

Brown/beige adipocyte thermogenesis is a process that is important for energy balance. The thermogenesis of brown/beige adipocytes occurs in the mitochondria, which is modulated by the dynamic balance between mitochondrial fusion and fission. Mitophagy is also involved in mitochondrial dynamics. The sorting and assembly machinery (SAM) complex protein, SAMM50, plays a key role in mitochondrial dynamics and quality control through regulating mitophagy. However, the roles of SAMM50 in the thermogenesis of beige adipocytes remain unknown. Thus, the objective of this study was to conduct functional analyses of SAMM50. The expression of mitochondrial fusion genes was repressed by SAMM50 knockdown but was not altered by SAMM50 overexpression. These results agreed with the distribution of the fluorescence-stained mitochondria and an mtDNA copy number. In contrast, the expression of mitochondrial fission genes showed an opposite outcome. As a result, suppression by the SAMM50 shRNA inhibited the expression of thermogenic genes (UCP1, PPARGC1A, DIO2, ELOVL3, CIDEA, and CIDEC) and mitochondrial-related genes (CYCS, COX7A1, TFAM, CPT1B, and CPT2). Conversely, SAMM50 overexpression promoted the expression of the thermogenic genes and mitochondrial genes. Thus, SAMM50 links the balance between the mitochondrial dynamics and thermogenesis of beige adipocytes.
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1. Introduction


In mammals, adipose tissues are classified into three types: white adipose tissues (WAT), brown adipose tissues (BAT), and brown-like (beige or brite) adipose tissues. Each is composed of diverse morphological and physiological adipocyte communities [1]. WAT generally stores energy as triglycerides (TG), whereas the BAT and beige adipose tissues burn energy by uncoupling protein 1 (UCP1)-mediated thermogenesis. Morphologically, white adipocytes have single large lipid droplets and a small number of mitochondria, while the brown and beige adipocytes have multilocular lipid droplets and large numbers of mitochondria. Both the brown and beige adipocytes express UCP1, a key thermogenic marker. They are physiologically and morphologically similar [1,2]. However, they can be distinguished into different cell types based on their developmental properties. The brown adipocytes develop from Myf5-positive progenitors, whereas the beige adipocytes form in WAT depots and derive from a variety of origins depending on the depot [3,4]. In particular, beige adipocytes can be activated within many WAT depots by cold exposure or β-adrenergic stimuli, thus exhibiting a higher degree of thermogenic plasticity. This process is known as browning (or beiging) [5,6,7]. Because BAT is rarely present in adult humans, the browning of the white adipocytes could be an attractive strategy to combat obesity and metabolic disorders [8].



UCP1-mediated thermogenesis can uncouple the ATP synthesis and control the proton concentration, producing heat in mitochondrial respiration [2]. The presence of UCP1 in the inner mitochondrial membrane reveals that mitochondria are essential organelles in beige adipocytes [6]. These organelles go through a sequence of dynamic processes, including degradation, biogenesis, fusion, and fission. Mitochondrial biogenesis increases mitochondrial volume density, as observed in BAT and the browning of WAT [9]. Mitochondrial fusion and fission can regulate mitochondrial morphology and quality [10]. Fusion is associated with mitofusins (MFN1 and MFN2) and optic atrophy 1 (OPA1), whereas fission is regulated by dynamin-related protein 1 (DRP1). MFN2 deletion in adipose tissues can reduce thermogenesis, however, it can protect against a high-fat diet [11,12]. In addition, it has been reported that OPA1 can promote the browning of WAT [13]. The dynamic modification of mitochondrial shape and morphology can affect mitochondrial function. In patients with obesity and type 2 diabetes (T2D), it has been observed that mitochondrial fusion is decreased, but that fission is increased, indicating that an abnormal mitochondrial morphology is linked to the development of obesity-related metabolic disorders [14,15]. As such, it is very important to balance the mitochondrial biogenesis and dynamics in the thermogenesis of beige adipocytes.



Mitochondrial degradation is promoted by mitophagy, a type of autophagy. Mitophagy plays a key role in mitochondrial quality control, which involves the degradation of defected or redundant mitochondria through a selective pathway [16,17]. When thermogenic stimuli are removed, beige adipocytes activate mitophagy and return to a white adipocyte phenotype [18,19]. Mitophagy is initiated and regulated by PTEN-induced kinase 1 (PINK1) and Parkin in defected or redundant mitochondria [20]. The accumulation of PINK1 in the outer membrane of mitochondria (OMM) induces the phosphorylation of Parkin and results in the ubiquitination of OMM proteins, leading to mitophagy [21,22]. There are several translocases in OMM, including the channel-forming protein, TOM40, for protein transport into mitochondria, and the sorting and assembly machinery (SAM) for membrane integration and assembly [23]. A member of the SAM complex, SAMM50, is essential for mitochondrial membrane organization and respiratory complex assembly, regulating cristae stability by interacting with the mitochondrial contact site and cristae organizing system complex [24,25,26]. Recent studies have reported that SAMM50 is a key regulator of mitochondrial dynamics and mitophagy, which is mediated by PINK1-Parkin through interactions with PINK1 [27,28].



However, its role in the thermogenesis of human-beige adipocytes remains unknown. Based on the beige adipocyte physiology, this study hypothesizes that SAMM50 has a positive role in the thermogenesis of beige adipocytes by regulating mitochondrial dynamics. Therefore, the purpose of this study was to investigate the physiological role of SAMM50 in thermogenesis and mitochondria in the established human-beige adipocytes.




2. Results


2.1. Characterization of Adipogenic Differentiation and SAMM50 Expression of Beige Adipocytes


The human adipose-derived stem cells (hADSCs) were differentiated into white and beige adipocytes by treating them with an adipogenic cocktail for 12 days (Figure 1A). Oil Red O (ORO) staining showed significantly increased lipid accumulation in the differentiated groups than in the hADSC group (Figure 1B, p < 0.005). Additionally, the expression levels of adipogenic markers were significantly elevated in the beige and white groups compared with the hADSC group (Figure 1C, p < 0.05). To determine whether beige adipocytes were properly differentiated, a beige adipogenic marker, UCP1, was investigated, and it was highly expressed in the beige group compared to the hADSC group and the white group (Figure 2A and Figure S1, p < 0.005). Thermogenic markers, including PPARGC1A, DIO2, ELOVL3, CIDEA, and CIDEC were expressed significantly higher in the beige group compared with the hADSC group and the white group (Figure 2B, p < 0.005). Moreover, the expression levels of beige-specific markers, including PAT2, SLC25A20, FABP3, PDK4, and CITED1, were also higher in the beige group compared to the hADSC and white groups (Figure 2C, p < 0.005). In particular, the SAMM50 mRNA and protein levels were significantly higher in the beige group compared with both the hADSC and white groups (Figure 2D,E, p < 0.005).




2.2. The Expression of Mitochondrial Dynamics Genes Is Regulated by Modulating the Expression of SAMM50 in Beige Adipocytes


The regulatory action of SAMM50 in the beige adipocyte’s physiology was analyzed using the short hairpin RNA (shRNA) and expression vectors. Firstly, the knockdown of SAMM50 inhibited both the mRNA and protein levels of SAMM50 in the infected hADSCs. Especially, the expression of SAMM50 was significantly suppressed in the shSAMM50-2 group compared to the NT group (Figure 3A,B, p < 0.01). Meanwhile, the FLAG-tagged SAMM50, which was infected in hADSCs with the use of a lentivirus, significantly increased the SAMM50 mRNA and protein levels in the FLAG group (Figure 3C,D, p < 0.05). Additionally, the protein level of FLAG was evaluated, confirming the overexpression of FLAG protein in the FLAG-SAMM50 group (Figure S2, p < 0.01). In order to identify the role of SAMM50 in the mitochondria of beige adipocytes, the expression levels of the mitochondrial dynamics-related genes were analyzed. These results showed that the expression levels of the mitochondrial fusion markers, including MFN1, MFN2, and OPA1 were significantly down-regulated in the shSAMM50-2 group compared with the NT group (p < 0.005), however, there was no significant difference shown in the FLAG-SAMM50 group compared with the FLAG group (Figure 4A). On the contrary, the expression levels of the mitochondrial fission regulatory factors DNM1L, DNM2, and MFF were significantly promoted in the shSAMM50-2 group, however, they were inhibited in the FLAG-SAMM50 group when compared to the NT group and the FLAG group, respectively (Figure 4B, p < 0.005). As a result, it was shown that the expression ratio of the fusion/fission genes activated fission in knockdown and fusion in overexpression, according to the expression change in SAMM50 (Figure 4C, p < 0.005).




2.3. SAMM50 Regulates Mitochondrial Biogenesis in Beige Adipocytes


To demonstrate whether regulated thermogenesis in beige adipocytes was due to SAMM50 expression, mitochondrial biogenesis was investigated. The mitochondrial markers, CYCS, COX7A1, TFAM, CPT1B, and CPT2 were inhibited in the shSAMM50-2 group, whereas up-regulated in the FLAG-SAMM50 group (Figure 4D,E, p < 0.01). As SAMM50 regulated the expression of the mitochondrial genes in beige adipocytes, MitoTracker and mtDNA copy number analyses were performed to determine whether SAMM50 controlled the mitochondrial content in beige adipocytes. Fluorescence-stained mitochondria with MitoTracker were decreased in the shSAMM50-2 group, however, they increased in the FLAG-SAMM50 group when compared to that in the NT group and the FLAG group, respectively (Figure 4F). The same tendency, in regards to the mtDNA copy number, was also observed (Figure 4G, p < 0.05).




2.4. SAMM50 Regulates Thermogenic Factors in Beige Adipocytes


The expression of UCP1 was significantly reduced in the shSAMM50 groups compared with the NT group (Figure 5A, p < 0.01). In contrast, the mRNA level of UCP1 was significantly up-regulated in the FLAG-SAMM50 group compared with the FLAG group (Figure 5B, p < 0.01), along with a decreased intracellular UCP1 in the shSAMM50-2 group but an increase in the FLAG-SAMM50 group (Figure 5C,D). The expression levels of thermogenic genes, including PPARGC1A, DIO2, ELOVL3, CIDEA, and CIDEC were down-regulated by SAMM50 knockdown (Figure 6A, p < 0.005). On the other hand, the overexpression of SAMM50 up-regulated the expression of these thermogenic genes in beige adipocytes (Figure 6B, p < 0.05). Furthermore, the protein levels of PPARGC1A and UCP1 were significantly suppressed in the shSAMM50-2 group when compared to the NT group (Figure 6C, p < 0.01), while the overexpression of SAMM50 elevated the protein levels of PPARGC1A and UCP1 in the FLAG-SAMM50 group when compared to the FLAG group (Figure 6D, p < 0.01).





3. Discussion


The thermogenesis of brown/beige adipocytes plays an important role in the controlling energy balance in the treatment of obesity and metabolic disorders [8,29]. The location of UCP1 in the inner mitochondrial membrane suggests that the mitochondrion is an important cytoplasmic organelle for the thermogenesis of brown/beige adipocytes [6]. Mitochondrial properties exert a reversible effect on the metabolism and energy balance of cells overall. Therefore, quality control, regulated through the mitochondrial dynamics of movement, fusion, and fission, is essential [30]. Moreover, mitochondrial dynamics are reported to play a role in maintaining electrical and biochemical connectivity, modulating metabolic efficiency, protecting mitochondrial DNA, regulating apoptosis, and interacting with other cellular organelles [30]. Additionally, mitochondrial morphology acts as the consequence of a balance between fission and fusion activities [30], and it has been reported that the regulation of morphology and energy metabolism through mitochondrial dynamics is related to the thermogenesis of brown/beige adipocytes [31]. The mitochondrial dynamics that regulate thermogenesis involve not only the respiratory complex assembly and production of ROS, but additionally, the modulation of mitochondria interaction with intracellular organelles (endoplasmic reticulum and lipid droplets) [31,32]. Therefore, several studies have shown that the balancing of the mitochondrial dynamics has the potential to regulate the thermogenesis of beige adipocytes [31].



Generally, beige adipocytes are characterized by the high expression of UCP1 [2], and additionally, the gene expression of PPARGC1A, DIO2, ELOVL3, CIDEA, and CIDEC has been reported as a biomarker for thermogenic activity [2,6]. Particularly, PPARGC1A acts as a transcriptional key regulator of thermogenesis through the regulation of mitochondrial biogenesis, which is involved in the initialization of adipocyte browning [3]. As biomarkers determine beige adipocytes, the expression of genes, such as PAT2, SLC25A20, FABP3, PDK4, and CITED1 has been observed [2,3,33,34]. In this study, the differentiation of hADSCs into beige adipocytes was established. Additionally, lipid accumulation and adipogenic markers, CEBPA, PPARG, ADIPOQ, and FASN were significantly increased in both the white and beige adipogenic differentiation of hADSCs when compared with the undifferentiated hADSCs (Figure 1B,C). Similarly, the expression of thermogenic and beige-specific genes, including UCP1, significantly increased in the beige group when compared with the white and hADSC group, confirming the differentiation of hADSCs into beige adipocytes (Figure 2A,C).



Another characteristic feature of beige adipocytes is their active metabolic function through a high mitochondrial concentration [6]. Specifically, mitophagy can induce mitochondrion degradation through PINK1-Parkin-mediated autophagy [20]. Moreover, recent studies have shown that mitophagy is involved in the conversion of beige adipocytes to white adipocytes in humans [19]. Recently, SAMM50 has been reported as a key regulator of PINK1-Parkin-mediated mitophagy and mitochondrial dynamics [28]. Based on all of these findings, it was hypothesized that SAMM50 could regulate the mitochondrial dynamics in the thermogenesis of beige adipocytes. The significantly elevated levels of SAMM50 mRNA and protein in the established beige adipocytes (Figure 2D,E) were corresponding to its function analyzed by the lentiviral system (Figure 3). Either the suppression or overexpression of SAMM50 was correlated with the expression profile of thermogenic factors, including UCP1 and PPARGC1A (Figure 5 and Figure 6), indicating that SAMM50 regulates the thermogenesis of differentiated beige adipocytes from hADSCs.



SAMM50 is essential for mitochondrial membrane organization and respiratory complex assembly and regulates the cristae stability through an interaction with the mitochondrial contact site and the cristae organizing system complex [25,26]. According to a recent study, SAMM50 can bind to the PINK1 and mitochondrial dynamic factors, including MFN1, MFN2, and MFF and, SAMM50 deficiency causes PINK1-Parkin-mediated activity [28]. This report indicates that SAMM50 plays an important role in mitochondrial dynamics and quality control and that SAMM50 inhibits PINK1-Parkin-mediated mitophagy. Additionally, it has been reported that PINK1-Parkin-mediated mitophagy is highly associated with mitochondrial dynamics [35]. Mitophagy is facilitated through either the increased fission or decreased fusion of mitochondria, whereas it is inhibited by an increased fusion or decreased fission [36]. In this study, the expression levels of the mitochondrial fusion genes, including MFN1, MFN2, and OPA1, were decreased in SAMM50 knockdown, however, no change was observed in SAMM50 overexpression (Figure 4A). Furthermore, the expression levels of the mitochondrial fission genes, including DRP1, DNM2, and MFF, were promoted in SAMM50 knockdown, while they were suppressed in SAMM50 overexpression (Figure 4B). In the knockdown of SAMM50, the mitophagy was promoted by a decreased fusion and increased fission, which is consistent with previous studies. However, in the overexpression of SAMM50, the fusion remained unchanged, but the fission was strongly suppressed, exhibiting results opposite to the previous study with HeLa cells [36]. These results are assumed to be characteristic of beige adipocytes having unique functions and morphology with different mitochondrial populations [37]. The results obtained in this study indicate that the expression of SAMM50 regulates the balance of mitochondrial fusion/fission. In addition, the expression levels of mitochondrial-related genes, including CYCS, COX7A1, CPT1B, and CPT2, were all inhibited by the inhibition of SAMM50, whereas it was all elevated in the overexpression of SAMM50 (Figure 4D,E). To confirm this role, the MitoTracker staining revealed that the mitochondrial content fluctuated when the expression of the SAMM50 changed, with the mtDNA copy number showing a consistent trend (Figure 4F,G). It was postulated that the number of mitochondria decreased as mitochondrial degradation was promoted through the inhibition of the fusion gene and the promotion of the fission gene in SAMM50 knockdown. These results are thought to increase mitochondrial biogenesis by inhibiting mitophagy as SAMM50 regulates fusion/fission. As a result, in the thermogenesis of beige adipocytes, the expression of SAMM50 was positively correlated with the expression profile of thermogenic factors, including UCP1 and PPARGC1A (Figure 5 and Figure 6), indicating that SAMM50 could regulate the thermogenesis of differentiated beige adipocytes from hADSCs. Thus, these findings demonstrate that, along with the mitochondrial-related genes, thermogenic genes are also regulated in accordance with the mitochondrial content that is regulated through the expression of SAMM50. Especially, SAMM50, in these roles, may be involved in improving obesity. The thermogenesis of beige adipocytes induces energy consumption with a higher degree of thermogenic plasticity, thus contributing to the treatment of energy-accumulation-induced obesity [7]. In addition, it has been reported that the mitochondrial quality control mechanisms, including the mitochondrial dynamics of beige adipocytes, effectively regulate thermogenesis as well as ameliorate several metabolic disorders [14]. In this study, the SAMM50-induced mitochondrial quality control of beige adipocytes could serve as a counter to obesity by promoting thermogenesis.



In conclusion, an altered expression of SAMM50 in human-beige adipocytes affects the mtDNA and mitochondrial biogenesis through the regulation of mitochondrial fusion/fission gene expression, which leads to the regulation of mitochondria-related thermogenesis of beige adipocytes. Therefore, these results demonstrate that SAMM50 regulates mitochondrial biogenesis and controls the thermogenesis of differentiated beige adipocytes from hADSCs via controlling the balance of mitochondrial dynamics. This study suggests that SAMM50 has a potential role in obesity and related metabolic disorders through the thermogenesis of beige adipocytes by targeting mitochondrial dynamics.




4. Materials and Methods


4.1. Cell Culture and Differentiation


The hADSCs were obtained from Biosolution Co., Ltd. (Korea) and grown in a 1:1 mixture of Dulbecco’s Modified Eagle’s Medium and Ham’s F-12 (DMEM/F12) containing 1% penicillin/streptomycin and 10% fetal bovine serum (FBS) (all from Thermo Fisher Scientific, Waltham, MA, USA) at 37 °C in a humidified atmosphere with 5% CO2. For the white and beige adipogenic differentiation, the cells were cultured for 48 h after becoming fully confluent and were then induced to differentiate in an induction medium supplemented with 0.5 mM isobutylmethylxanthine (IBMX), 100 nM dexamethasone, 1 µM of rosiglitazone, 2 nM 3 3′5-triiodo-L-thyronine (T3), and 100 nM insulin (Sigma-Aldrich, St. Louis, MI, USA) for 7 days. They were then further cultured for 5 days until adipogenic differentiation was completed in the maintenance medium supplemented with 2 nM T3 and 100 nM insulin. For the beige adipocyte differentiation, it was induced by adding 1 µM of rosiglitazone to the maintenance medium.




4.2. Quantitative Reverse Transcription PCR


The total RNA was prepared from cultured cells (hADSCs at day 0, white and beige adipocytes at day 12) using TRIzol (Thermo Fisher Scientific, Waltham, MA, USA), and was quantified using Nanodrop, ND-100 (Thermo Fisher Scientific, Waltham, MA, USA), whereby 1 µg of total RNA was then synthesized to cDNA using a cDNA synthesis kit (CellSafe, Yongin, Gyeonggi, Korea), according to the manufacturer’s instructions. Quantitative PCR (qPCR) was performed with a Step One Plus Real-Time PCR system (Thermo Fisher Scientific, Waltham, MA, USA) using a Premier qPCR kit (NanoHelix, Daejeon, Korea), and the specific sequences of primers used in this study are described in Table S1.




4.3. Western Blot Analysis


The differentiated white and beige adipocytes, for 12 days, were lysed in a radio-immunoprecipitation assay (RIPA) lysis buffer supplemented with a protease inhibitor cocktail (Bio Basic Inc., Markham, ON, Canada). Cell lysates (20 µg) were then separated by 12% sodium dodecyl sulfate–polyacrylamide gel electrophoresis (SDS-PAGE) and then transferred to polyvinylidene fluoride (PVDF) membranes (GE Healthcare, Chicago, IL, USA). The membranes were blocked with 3% skim milk in tris-buffered saline with 0.1% tween 20 (TBS-T) buffer and probed with primary antibodies against β-Actin (SC47778) (Santa Cruz Biotechnology, Dallas, TX, USA), PPARGC1A (A12348), SAMM50 (A3401), and UCP1 (A5857) (ABclonal Inc., Woburn, MA, USA). The membranes were then washed with TBS-T buffer and probed with horseradish peroxidase (HRP)-conjugated secondary antibodies (SC2004) (Santa Cruz Biotechnology, Dallas, TX, USA). The proteins were detected through an enhanced chemiluminescence system (ATTO, Amherst, NY, USA) using an ImangeQuant LAS 4000 mini (GE Healthcare, Chicago, IL, USA), and the relative protein levels were quantified with the ImageJ program (NIH, Bethesda, MD, USA).




4.4. Plasmid Construction and Lentivirus Transduction


Two individual SAMM50 shRNA target sequences were selected from the Genetic Perturbation Platform (GPP) (Table S2) and then cloned into a commercial pLKO.1-puro lentiviral vector (AgeI/EcoRI) (gifted from David Root, Addgene plasmid #10879; http://n2t.net/addgene:10879; RRID:Addgene_10879) [38], and the non-targeting shRNA (NT) pLKO.1 vector (gifted by David Sabatini, Addgene plasmid #1864; http://n2t.net/addgene:1864; RRID:Addgene_1864) was used as a control [39]. The HEK293FT cells (Thermo Fisher Scientific, Waltham, MA, USA) in 100 mm plates were transfected with 1 µg of pLKO.1-NT-puro, 1 µg of pLKO.1-shSAMM50-puro, and the lentiviral packaging vectors (3 µg of CMV delta 8.9 and 4 µg of VSV-G), respectively, using Lipofectamine 2000 (Thermo Fisher Scientific, Waltham, MA, USA) according to the manufacturer’s protocol, and the lentiviral packaging vectors were kindly provided by Dr. Hyunggee Kim (Korea University, Seoul, Korea). The lentiviral medium for shSAMM50 was harvested at 48 h after transfection. The hADSCs were infected with lentiviral supernatants in the presence of 6 µg/mL of polybrene (Sigma-Aldrich, St. Louis, MI, USA). The infected hADSCs were selected with 2 µg/mL of puromycin (Sigma-Aldrich, St. Louis, MI, USA) over 7 days.



For the overexpression, human SAMM50 cDNA was obtained through PCR amplification and cloned into a pLL-EF1α-FLAG-PGK-BSD, as described previously [40], with the plasmid kindly provided by Dr. Hyunggee Kim (Korea University, Seoul, Korea). The HEK293FT cells were transfected with 1 µg of pLL-EF1α-FLAG-PGK-BSD, 1 µg of pLL-EF1α-FLAG-SAMM50-PGK-BSD, and the lentiviral packaging vectors (3 µg of CMV delta 8.9 and 4 µg of VSV-G) using Lipofectamine 2000 (Thermo Fisher Scientific, Waltham, MA, USA) according to the manufacturer’s protocol. The lentiviral medium for FLAG-SAMM50 was harvested at 48 h after transfection, and the infected hADSCs were selected with 4 µg/mL of blasticidin S (Sigma-Aldrich, St. Louis, MI, USA) over 14 days.




4.5. Oil Red O Staining


The differentiated white and beige adipocytes, for 12 days, were washed with PBS and fixed with 4% paraformaldehyde at room temperature for 1 h, and then stained with a 0.5% filtered Oil Red O (ORO) solution (Sigma-Aldrich, St. Louis, MI, USA) in 60% isopropanol and then washed with PBS. The lipid accumulation analysis was extracted by incorporating the ORO dye using isopropanol and then measuring at 490 nm using a PowerwaveTM XS microplate spectrophotometer (Agilent, Santa Clara, CA, USA). The cell images were detected with a microscope (CKX41, Olympus, Tokyo, Japan) with a digital camera (UCMOS05100KPA, ToupTek, Hangzhou, Zhejiang, China).




4.6. Immunofluorescence Staining


Mature adipocytes (day 12) were fixed with 4% paraformaldehyde and washed with PBS, and then permeabilization and blocking were performed with PBS containing 0.3% Triton X-100 and 3% BSA. These cells were then incubated with the primary antibody anti-UCP1 (A5857, diluted 1:500, ABclonal Inc., Woburn, MA, USA) at 4 °C overnight. After PBS washing, the cells were incubated with the secondary antibody Alexa Fluor 488 (AS053, diluted 1:1000, ABclonal Inc., Woburn, MA, USA) for 90 min at room temperature in the dark. The cell images were observed through a fluorescence microscope (IX71) with a digital camera (DP71) (both from Olympus, Tokyo, Japan) after 4′,6-diamidino-2-phenylindole (DAPI) (Vector Laboratories Inc., Burlingame, CA, USA) staining.




4.7. MitoTracker Staining


To stain the mitochondria, a pre-warmed staining solution containing 200 nM MitoTracker Red probe (Thermo Fisher Scientific, Waltham, MA, USA) was added to the mature adipocytes (day 12) followed by incubation at 37 °C for 40 min in a humidified atmosphere with 5% CO2, and the cell images were observed with a fluorescence microscope (IX71) with a digital camera (DP71).




4.8. Mitochondrial DNA Copy Number Determination


The total DNA of differentiated hADSCs, for 12 days, was isolated using a genomic DNA isolation kit (Bioneer, Daejeon, Korea) according to the manufacturer’s instructions, and the mitochondrial DNA copy number performed and analyzed the relative expression ratio of the mitochondrial-encoded gene (mt-RNR2) and nuclear-encoded gene (B2M) using a Step One Plus Real-Time PCR system (Thermo Fisher Scientific, Waltham, MA, USA).




4.9. Statistical Analysis


All data are presented as means ± standard error of the mean (SEM), and the unpaired two-tailed Student’s t-test was performed to compare the two groups. The differences between groups were analyzed through Tukey’s one-way analysis of variance (ANOVA) or a two-way ANOVA using GraphPad Prism 6 (San Diego, CA, USA), and a p < 0.05 was considered significant.
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Figure 1. The adipogenic differentiation of human adipose-derived stem cells. (A) Schematic images of human adipose-derived stem cell differentiation into white and beige adipocytes. (B) The cells were stained with Oil Red O. The lipid accumulation levels were measured by absorbance at 490 nm by extracting Oil Red O dye with isopropanol. (C) The expression levels of adipogenic genes were assayed by qPCR. Results are shown as mean ± SEM. * p < 0.05; ** p < 0.01; *** p < 0.005 compared to the hADSC group. 
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Figure 2. The establishment of beige adipocytes differentiated from human adipose-derived stem cells and SAMM50 expression in beige adipocytes. (A) qPCR analysis assessed UCP1 mRNA levels in the human adipose-derived stem cells and differentiated cells. (B,C) The expression levels of thermogenic (B) and beige-specific (C) genes were investigated by qPCR. (D,E) qPCR and Western blot analyses were performed to examine mRNA and protein levels of SAMM50 in the human adipose-derived stem cells and the differentiated cells. The protein levels of SAMM50 were quantified using ImageJ software. Results are shown as mean ± SEM. *** p < 0.005 compared to the hADSC and white group. 
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Figure 3. Knockdown and overexpression of SAMM50 in human adipose-derived stem cells. (A,B) qPCR and Western blot analyses were performed to determine mRNA and protein levels of SAMM50 in the shSAMM50-infected human adipose-derived stem cells using lentivirus. (C,D) qPCR and Western blot analyses were performed to assess mRNA and protein levels of SAMM50 in the human adipose-derived stem cells infected with FLAG-tagged SAMM50 using lentivirus. The protein levels of SAMM50 were quantified using ImageJ software. Results are shown as mean ± SEM. * p < 0.05; ** p < 0.01; *** p < 0.005 compared to the controls (NT and FLAG group, respectively). 
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Figure 4. Effects of SAMM50 knockdown and overexpression on the mitochondrial dynamics and biogenesis of beige adipocytes. (A,B) Relative mRNA levels of mitochondrial fusion (A) and fission (B) genes in beige adipocytes infected with shSAMM50 and FLAG-tagged SAMM50 were analyzed by qPCR. (C) The expression ratio of fusion/fission was calculated as the ratio of fusion genes to fission genes. (D,E) The expression levels of mitochondrial genes in beige adipocytes infected with shSAMM50 (D) and FLAG-tagged SAMM50 (E) were assayed by qPCR. (F) Representative fluorescence images of beige adipocytes infected with shSAMM50 and FLAG-tagged SAMM50 were stained with MitoTracker (red). The fluorescence levels of MitoTracker were quantified using ImageJ software. (G) Relative mtDNA copy numbers in beige adipocytes infected with shSAMM50 and FLAG-tagged SAMM50 were investigated by qPCR. Results are shown as mean ± SEM. * p < 0.05; ** p < 0.01; *** p < 0.005 compared to the controls. 
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Figure 5. Effects of SAMM50 knockdown or overexpression on the expression of UCP1 in beige adipocytes. (A,B) The expression levels of UCP1 in beige adipocytes infected with shSAMM50 (A) and FLAG-tagged SAMM50 (B) were analyzed using qPCR. (C,D) Representative fluorescence images of beige adipocytes infected with shSAMM50 (C) and FLAG-tagged SAMM50 (D) were stained with DAPI (blue) and anti-UCP1 (green), respectively. The fluorescence levels of UCP1 were quantified using ImageJ software. Results are shown as mean ± SEM. * p < 0.05; ** p < 0.01; *** p < 0.005 compared to the controls. 
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Figure 6. The effects of SAMM50 knockdown and overexpression on the thermogenesis of beige adipocytes. (A,B) The expression levels of thermogenic genes in beige adipocytes infected with shSAMM50 (A) and FLAG-tagged SAMM50 (B) were analyzed by qPCR analysis. (C,D) Western blot analysis was performed to determine the protein levels of PPARGC1A and UCP1 in the shSAMM50 (C) and FLAG-tagged SAMM50 (D) -infected beige adipocytes. The protein levels of PPARGC1A and UCP1 were quantified using ImageJ software. Results are shown as mean ± SEM. * p < 0.05; ** p < 0.01; *** p < 0.005 compared to the controls. 
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