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Background

Previous studies had suggested that electroacupuncture (EA) can promote white adipose tissue (WAT) browning to counter obesity. But the mechanism was still not very clear.



Aim

In this study, we aim to study the effect of EA on promoting inguinal WAT (iWAT) browning and its possible mechanism.



Method

Three-week-old rats were randomly divided into a normal diet (ND) group and a high-fat diet (HFD) group. After 10 weeks, the HFD rats were grouped into HFD + EA group and HFD control group. Rats in the EA group were electro-acupunctured for 4 weeks on Tianshu (ST25) acupoint under gas anesthesia with isoflurane, while the rats in HFD group were under gas anesthesia only. Body weight and cumulative food intake were monitored, and H&E staining was performed to assess adipocyte area. The effect of EA on WAT was assessed by qPCR, immunoblotting, immunoprecipitation and Co-immunoprecipitation. Mitochondria were isolated from IWAT to observe the expression of mitochondrial transcription factor A (TFAM).



Results

The body weight, WAT/body weight ratio and cumulative food consumption obviously decreased (P < 0.05) in the EA group. The expressions of brown adipose tissue (BAT) markers were increased in the iWAT of EA rats. Nevertheless, the mRNA expressions of WAT genes were suppressed by 4-week EA treatment. Moreover, EA increased the protein expressions of SIRT-1, PPARγ, PGC-1α, UCP1 and PRDM16 which trigger the molecular conversion of iWAT browning. The decrease of PPARγ acetylation was also found in EA group, indicating EA could advance WAT-browning through SIRT-1 dependent PPARγ deacetylation pathway. Besides, we found that EA could activate AMPK to further regulate PGC-1α-TFAM-UCP1 pathway to induce mitochondrial biogenesis.



Conclusion

In conclusion, EA can remodel WAT to BAT through inducing SIRT-1 dependent PPARγ deacetylation, and regulating PGC-1α-TFAM-UCP1 pathway to induce mitochondrial biogenesis. This may be one of the mechanisms by which EA affects weight loss.
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Introduction

Obesity has become an epidemic concern and brought on global public health consequences, Over one third of U.S. adults suffer from obesity (1), even 20–30% of entire populations have become obese in only 50 years (2), causing a series of severe comorbidities; for example, obesity was associated with a five-fold risk of type 2 diabetes regardless of genetic predisposition (3). Ranging from drugs to calorie restriction, the existing anti-obesity ways don’t yield the desired effect, among which white adipose tissue-browning intensified the interests in uncovering the underlying mechanisms due to its therapeutic potential for the remedy of metabolic diseases.

Adipose tissue falls into two categories: White adipose tissue (WAT) and brown adipose tissue (BAT); however the two kinds of adipose tissue have distinct functions and forms: WAT mainly stores energy as triglycerides with the feature of unicellular fat cells and single large lipid droplets, which distributes in quantity in body (4). Inversely, BAT, with non-shivering thermogenic function, is characterized by yellow-brown color on account of its plentiful content of mitochondria which are able to thermogenesis highly in virtue of the abundant uncoupling protein 1(UCP1) (5). Whereas, the thermogenic function of BAT is limited by its small proportion of total body mass (6). Indeed, it has been largely reported that WAT in rodents can undergo “browning” and acquire features of BAT following cold exposure (7), chronic endurance exercise (8, 9), and β3-adrenergic stimulation (10). This process had been mentioned as “browning” of WAT or WAT-browning. The interest in WAT-browning has been raised by evidence showing that WAT-browning is a new pathway in tackling metabolic diseases.

Acupuncture, as a technique of complementary and alternative therapy in the field of traditional Chinese medicine (TCM), has been applied in treating obesity for centuries in China and recognized by both the NIH and the WHO. The underlying mechanism of acupuncture for anti-obesity are researched via multiple pathways, including regulating lipid metabolism, modulating inflammation, suppressing appetite and promoting WAT browning (11).

Previous work has showed that EA can induce the browning of subcutaneous WAT via upregulating the expression of UCP1 by stimulating Zusanli (ST36) and Neiting (ST44) (12). Moreover, the study did by Lu ‘s groups implied that EA promoted the protein and mRNA expressions of UCP1, PR domain containing 16 (PRDM16), and peroxisome proliferator-activated receptor γ coactivator 1α (PGC-1α) in adipose tissue, and activated sympathetic nerves via phosphorylation of tyrosine hydroxylase (p-TH), the adenosine 2A receptor (A2AR), and β3-adrenoceptors (β3AR) in white adipose tissue (13), but the specific molecular mechanism is not clear yet, and requires more rigorous studies on it.

Mitochondria are key organelles that control the physiological role of adipocytes and normal mitochondrial function has vital effects on the health and function of adipose tissue, besides, the downregulation of mitochondrial biogenesis in obesity has long-term consequences for the metabolism of adipose tissue and the whole body (14, 15). PGC-1α, the co-activator of PPARγ, the expression of which symbols the appearance of beige cells in white adipose tissue, participating in energy expenditure and lipid metabolism, stimulating mitochondrial biogenesis in muscle cells through an induction of the nuclear respiratory factors (NRFs) and TFAM, a direct regulator of mitochondrial DNA replication/transcription (16).

Sirtuin 1 (SIRT-1), an NAD+-dependent deacetylase, plays a vital role in regulating the browning program in WAT, which is also a principal modulator of pathways downstream of calorie restriction (17), and a key mediator of AMP-activated kinase (AMPK) action on PGC-1α transcriptional activity, the expression of mitochondrial and lipid metabolism genes and O2 consumption (18). SIRT-1-dependent deacetylation of PPARγ on Lys268 and Lys293 makes PRDM16, a key coactivator in browning process, forming a complex with PPARγ, regulating the expression of browning genes such as UCP1, then inhibiting WAT genes, and promoting the browning of WAT (19). Furthermore, the phosphorylation of AMPK upregulates its downstream regulators PGC-1α and SIRT-1 to increases mitochondria biogenesis (18, 20).

In this work, we aim to figure out whether EA can activate SIRT-1-dependent PPARγ deacetylation pathway and PGC-1α-TFAM-UCP1 pathway to promote the browning of WAT and mitochondria biogenesis, so as to combat obesity.



Materials and Methods


Animals and Grouping

Three-week-old Sprague–Dawley male rats, suppling by the Model Animal Research Center of Nanjing Medical University and feeding in Animal Lab Center of Nanjing university of Chinese Medicine at room temperature of 28–29°C and with humidity of 40–60%, were randomly assigned to the following two groups: normal diet group (ND) and high-fat diet group (HFD). Rats in ND group were fed with normal diet, and HFD group were fed with D12451 Rodent Diet with 45 kcal% Fat (purchased from Shanghai SLAC Laboratory animal Co. Ltd). Rats were weighted each week after fasting for 8 h. After 10 weeks, obese rats were defined by a 20% increase in body weight compared to the ND ones, and then the rats in HFD group were randomly reallocated into HFD group and HFD with electroacupuncture (HFD + EA) group. The study was approved by the Institutional Animal Care and Use Committee of Nanjing University of Chinese Medicine (Animal Committee Number: 201809A015), and all procedures were conducted in accordance with the guidelines of the National Institutes of Health Animal Care and Use Committee.



Electroacupuncture Treatment

The rats in the HFD + EA group received EA administration on ST25 (Tianshu, locating 5 mm laterally to the intersection between the upper 2/3 and the lower 1/3 in the line joining the xiphoid process and the upper border of the pubic symphysis) after gas anesthesia with isoflurane, meanwhile the same anesthesia was given to rats in the HFD groups, but without preforming EA. For the HFD + EA rats, two stainless steel acupuncture needles of 0.18 mm in diameter were inserted at a depth of 5 mm into the ST25 acupoint; the needles were connected to the output terminals of the EA instrument (Han Acuten, WQ1002F, Beijing, China), We selected continuous-wave stimulation at a frequency of 2/15 Hz (intensity 2 mA). An individual EA session was administered daily for 30 min, 6 days per week, for a total of 4 weeks. Body weight and cumulative food intake were monitored every week. After 4-week EA treatment, all the rats were sacrificed with pentobarbitone so as to collect WAT and BAT samples.



Hematoxylin and Eosin Staining of White Adipose Tissue

Adipose tissues were taken from all the animals and fixed with 4% paraformaldehyde, which were embedded in paraffin and then sectioned at 8-μm thickness. Hematoxylin and eosin staining (H&E staining) were performed on the slides. H&E staining was performed to assess adipocyte size. The tissue slides were incubated for 5 min in the hematoxylin solution. After water ﬂushing and adding 0.5% ammonium hydroxide for 30 s, the tissue slides were put in 0.5% eosin for 2-min dyeing and measured under microscope (Nikon TE2000, Japan). We used Image-Pro Plus software to collect image fields of each rat for adipocyte area, and more than 250 cells per rat were selected for measuring (13).



Immunoblotting

The total protein of inguinal white adipose tissue was extracted using the Adipose Protein Extraction Kit (Minute AT-022). BCA Protein Assay Kit (23227) was used to measured protein concentrations. Then, 20 µg of protein was separated by SDS-PAGE and transferred to PVDF membranes. After blocking for 2 h with 5% BSA, the membrane was then probed with primary antibodies under 4°C overnight. Reaction with the corresponding secondary antibodies was performed at room temperature for 1 h. Sources of antibodies are shown in Table 1.


Table 1 | Antibodies.





RT-PCR

Total RNA was extracted from 200 mg of IWAT using Trizol (TaKaRa, Japan). The total RNA was reverse-transcribed to produce cDNA by a thermal cycler (Bio-Rad, United States) with Prime Script RT Master Mix (TaKaRa, Japan) at 37°C for 15 min and 98°C for 15s. The PCR reaction mixture (20 µl) contained of 4 µl of forward primer, 4 µl of reverse primer, 2 µl of cDNA, and 10 µl of SYBR Green Mix (TaKaRa, Japan).The PCR protocol was as follows: 40 cycles of ampliﬁcation for 30 s at 95°C, 5s at 95°C, 30 s at 60°C. The primers used in the experiment are shown in Table 2.


Table 2 | Primers used in this study.





Isolation Mitochondria From Inguinal Adipose Tissue

Differential centrifugation was used to isolate mitochondrial from Inguinal adipose tissues. After rinsing and weighing, tissues were homogenized and suspended in pre-chilled isolation buffer (1 ml/100 mg tissue) contained with 250 mM sucrose, 5 mM HEPES, 2 mM EGTA, 2% fatty acid-free BSA, PH 7.2. The homogenized tissue was centrifuged at 900 ×g for 10 min at 4°C, then the supernatant was transferred into a new pre-cold 10 ml tube, leaving the fat layer in the original tube and re-suspending with isolation buffer. The two tubes were centrifuged again at 900× g for 10 min at 4°C and then transferred into 2 ml tubes and centrifuged twice at 9,000 ×g for 10 min at 4°C. After that, the pellets were re-suspended in SHS without BSA, and protein concentration was determined by BCA (21).



IP and Co-IP

Protein was precleared using protein A/G agarose beads and incubated with anti-acetylated lysine antibody or PPARγ antibody overnight at 4°C. then protein A/G agarose beads were added and incubated for 2 h at 4°C. Beads were pelleted by centrifugation and washed three times with lysis buffer and resolved on SDS-PAGE and analyzed by immunoblotting with PPARγ, PRDM-16 or PGC-1α antibodies.



Statistical Analysis

The data are presented as the mean ± standard deviation (SD), performing by Prism 8.0.2, Groups were compared using one-way analysis of variance (ANOVA) followed by Dunnett t3 post hoc test. P <0.05 was considered statistically significant between the comparing groups.




Results


Electroacupuncture Treatment Significantly Reduced the Body Weight, Cumulative Food Intake, Area of Adipocytes, and the Ratio of the Weights of White Adipose Tissue to Body Weight

Compared with the ND group, there was an expected enhancement in the body weight (BW) of the HFD group after 10-week high fat diet (Figure 1A) and EA effectively suppressed HFD-induced weight gain (Figure 1A). To evaluate the specific effect of EA on adipose tissue, we isolated the epididymal white adipose tissue (EWAT) and brown adipose tissue (BAT) from the rats in each group and calculated the ratios of EWAT and BAT to their individual body weight. We found that the ratio of EWAT/BW in the HFD group was higher than that in the ND group, but was significantly decreased by EA and the ratio of BAT/BW in HFD group was also reduced by EA (Figure 1C). After treating by EA, we observed there was a distinct decrease of the cumulative food intake in HFD+EA group compared to HFD group (Figure 1B), which suggested that EA may inhibit appetite to a certain extent in these rats. We analyzed the form of adipocytes by H&E staining and observed distinctive smaller area of adipocytes of the IWAT in the HFD+EA rats compared with that in the HFD rats (Figures 1D, E), suggesting that EA might promote lipolysis and decreasing adipocyte size in obese rats.




Figure 1 | Effect of EA on body weight, food intake, adipose weight or adipocyte area. (A, B) Body weight and cumulative food intake of normal diet (ND), high-fat diet (HFD) and high-fat diet + EA (HFD + EA) groups during 14 weeks (n = 5). (C) Epididymal white adipose tissue/body weight, brown adipose tissue/body weight in the ND group, HFD group and HFD + EA group (n = 5). (D, E) H&;E staining and adipocyte area of IWAT adipocyte size (20×, scale bar = 100 µm) in ND, HFD and HFD + EA group. Data represent the mean ± SD (n = 3). ##P < 0.01 vs. the ND group; *P < 0.01, **P < 0.05 vs. the HFD + EA group.





Electroacupuncture Can Improve Mitochondrial Biogenesis in Inguinal White Adipose Tissue

We can differentiate WAT from BAT by the number of mitochondrion, which is one of the most distinct features of BAT and a marker of thermogenesis. We isolated mitochondria from IWAT to observe the protein expression of TFAM using western blot, and the result showed that a 4-week EA treatment evidently increased the protein expression of TFAM, which displayed a low expression in ND and HFD groups (Figures 2A, D). In addition, PGC-1α, the main regulator during WAT mitochondrial biogenesis and BAT thermogenesis, was also significantly enhanced after treating by EA (Figures 2A, C). UCP1, which uncouples the electron transport chain from ATP synthesis to provide non-shivering thermogenesis in the inner mitochondrial membrane, was increased by EA obviously (Figures 2A, B).




Figure 2 | Effect of EA treatment on mitochondrial biogenesis in IWAT from ND, HFD or HFD+EA group. Western blot image of UCP1, PGC-1a and TFAM (A) staining and relative protein levels of UCP1 (B), PGC-1a (C) and TFAM (D). Data was represented as mean ± SD (n = 3). ##P < 0.01 vs. the ND group; *P < 0.01, **P < 0.05 vs. the HFD + EA group.





The mRNA Expressions of White Adipose Tissue Genes Were Suppressed by 4-Week Electroacupuncture Treatment, Moreover, Electroacupuncture Increased the mRNA Expressions of Brown Adipose Tissue-Specific Thermogenic Genes in Inguinal White Adipose Tissue

In this study, we observed that EA made a distinct decrease in the mRNA levels of resistin, TIMP metallopeptidase inhibitor 2 (Timp2), homeobox C9 (Hoxc9) and endothelin receptor type A (Ednra), which were WAT-related genes in IWAT (Figure 3A). Conversely, there was a promotion in the expression of integrin subunit alpha 6 (Itga6) in the HFD + EA group (Figure 3A). The phenomenon of WAT-browning is associated with an increase in the expression of the BAT-specific thermogenic genes in WAT. The 4-week EA treatment obviously upregulated the mRNA levels of beige fat marker genes in IWAT, including Elov1 fatty acid elongase 6 (Elovl6), cell death-inducing DFFA-like effector a (Cidea), T-box transcription factor 1 (Tbx1) and T-box transcription factor 15 (TBX15) (Figure 3B).




Figure 3 | EA treatment induced the mRNA expression of WAT and BAT related genes in IWAT. Fold change of WAT (A) and BAT (B) relating genes mRNA expressions. Data were represented as mean ± SD (n = 3). *P < 0.05, **P < 0.01 vs. the HFD+ EA group.





Electroacupuncture Increased the Expression of Proteins That Trigger the Molecular Conversion of White Adipose Tissue Browning

We performed western blot to observe the expression of WAT-browning related protein. The protein expression of SIRT-1 in the HFD + EA group showed an apparent increase after 4-week EA treatment (Figures 4A, B). In addition, the key protein PRDM16 responsible for WAT-browning was notably improved in HFD+EA group (Figures 4C, D). Additionally, the expression of p-AMPK in IWAT was raised by EA, which was apparently decreased in HFD group (Figures 4E, F).




Figure 4 | EA increased WAT-browning related proteins in IWAT of HFD + EA group but not in HFD group. SIRT-1 (A, B), PRDM16 (C, D), and p-AMPK (E, F) expression in IWAT obtained from ND-fed, HFD-fed or HFD + EA-fed rats following 14 weeks of treatment. Data were represented as mean ± SD (n = 3). ##P < 0.01 vs. the ND group, *P < 0.05 vs. the HFD + EA group.





Electroacupuncture Induced Sirtuin-1-Dependent Deacetylation of PPARγ and Peroxisome Proliferator-Activated Receptor γ Coactivator-1α and Promotes PPARγ-PR PR Domain Containing16 Interaction

We evaluated the acetylation status of PPARγ and PGC-1α in each group and also determined PPARγ-PRDM16 interaction by co-immunoprecipitation (Co-IP) technique. As shown in Figure 5A, the interaction between PPARγ and PRDM16 was improved by EA treatment. We used acetylated lysine antibody to assess the acetylated states of PPARγ and PGC-1α (Figure 5B); the result illustrated that EA notably reduced the ratios of acetylated PPARγ and PGC-1α ((Figures 5C, D) which were elevated in HFD group.




Figure 5 | EA treatment facilitated the interaction between PPARγ and PRDM-16 and decreased PPARγ and PGC-1α acetylation. IWAT tissues from ND, HFD and HFD + EA groups were immunoprecipitated with acetylated lysine (AcK) antibody and immunoblotted with PPARγ and PGC-1α antibodies. (A) Western blot for Co-IP studies of PPARγ and PRDM16. (B) Acetylation of PPARγ and PGC-1α in white adipose tissue. The ratios of acetylated PPARγ to PPARγ (C) and acetylated PGC-1α to PGC-1α (D). Data were represented as mean ± SD (n = 3). ##P < 0.01 vs. the ND group; **P < 0.01 vs. the HFD + EA group.






Discussion

Obesity poses a severe threat to worldwide public health, and the people suffering from obesity is growing in quantity at an alarming rate resulting from the convenient calorie-dense food and sedentary lifestyle. Identiﬁcation of specific molecular mechanism that EA suppresses diet-induced obesity will advance the development of effective strategies to counter obesity. The main focus of the EA anti-obesity is mostly on the crosstalk between brain and nerves, but little on the target organ-adipose tissue. In this study, we put emphasis on the WAT and the specific molecular mechanism about how the WAT-browning occurs under the treatment of EA.

The studies from clinical and experiments indicate that EA can promote peptide levels of α-MSH in the arcuate nuclear of hypothalamus (ARH) neurons (22), and the expression of the cocaine and amphetamine-regulated transcript (CART) peptide to approach normal level, resulting in an inhibition of food intake and a reduction of body weight in DIO rats (23), and EA can suppress appetite through regulating appetite regulatory hormones and downstream signaling pathway (11, 24). In addition, it has been reported that EA reduces body weight and food intake by up-regulating the WAT-browning related proteins UCP1, PRDM16 and PGC-1α of WAT in high-fat-diet induced mice (13). In this study, there were significantly reduced levels of cumulative food intake and weight gain in the HFD + EA group (Figures 1A, B). Moreover, the ratio of the WAT to body weight and the adipocytes area significantly decreased after EA (Figures 1C–E). These indicated that EA can suppress appetite, promote WAT lipolysis and restrict adipose tissue synthesis to achieve weight-loss.

It has been reported that the raise of SIRT-1-mediated PPARγ deacetylation further facilitated the interaction of PPARγ and PRDM16, which eventually promoted brown features in white adipocytes to prevent obesity (19). We observed the mRNA expression of BAT/Beige related-genes and WAT related-genes in IWAT by RT-PCR, the result revealed that EA treatment selectively induced the mRNA expression of BAT genes and repressed WAT genes in IWAT (Figures 3A, B). Furthermore, the increased protein expression of SIRT-1 was found in the HFD + EA group (Figures 4A, B). Consequently, we further detected the acetylated status of PPARγ using acetylated lysine antibody. It demonstrated that the acetylation of PPARγ was prominently decreased by EA (Figures 5B, C), but the binding of PPARγ and PRDM16 was increased (Figure 5A). Besides, the protein expression of PRDM16 was effectively boosted by EA (Figures 4C, D). The results above indicated BAT program occurred in the HFD + EA group. For the first time, we found that EA activated SIRT-1-dependent deacetylation of PPARγ to induce WAT-browning. For further study, we want to use SIRT-1 knockout mice to verify the important role of pathway.

UCP1, in the inner mitochondrial membrane, uncouples the electron transport chain from ATP synthesis to provide non-shivering thermogenesis (25). UCP1 null mice are cold sensitive and unable to maintain their body temperature (26). Mitochondria, essential organelles for maintaining the function of adipocytes in metabolic homeostasis (15), provide the largest part of cellular thermogenesis, participating in the differentiation and maturation of adipocytes (27). Mitochondrial biogenesis is a vital link in the process of WAT-browning, which is regulated by a chain of molecular mechanisms. PGC-1α induces its downstream activator nuclear respiratory factors 1 and 2 (NRF1, NRF2), which interactives the nucleus with mitochondrion and combine with the antioxidant response element (28), subsequently activates the TFAM (29), one of the major regulators of mitochondrial biogenesis, to trigger mitochondrial DNA replication and the transcription of mitochondrial DNA (16, 30). The activation of this PGC-1α-NRF-TFAM pathway leads to synthesis of mitochondrial DNA and proteins and generation of new mitochondria (31). Moreover, in adipocyte-specific TFAM-knockout mice, the activity of the proteins in complexes I, III, and IV was significantly decreased, which resulted in adipocyte death and inflammation in the WAT (32). And in high-fat-diet-fed rats, mitochondrial biogenesis and the copy number of mitochondrial DNA (mtDNA) were decreased in white adipose tissues (33). In previous researches, EA can prevent obesity to induce the expression of PGC-1α both in WAT and BAT (13, 34), and UCP1 expression is also remarkably elevated by EA (35, 36). We formulated a hypothesis that the PGC-1α-TFAM-UCP1 pathway may contribute to the induction of WAT-browning by EA treatment. The protein expression of TFAM was elevated in mitochondria of the HFD + EA group (Figures 2A, D). Meanwhile, EA treatment enhanced the protein expressions of PGC-1α and UCP1 (Figures 2A–C). These demonstrated that the coordination between PGC-1α and TFAM in the process of mitochondria biogenesis. Above all, these observations suggested that EA activated the PGC-1α-TFAM pathway to induce UCP1 transcription to promote mitochondrial biogenesis and adaptive thermogenesis.

AMPK, the cellular energy sensor, plays a major role in regulating cellular energy balance and is activated by low ATP (37). AMPK can activate SIRT-1 to trigger deacetylation of PGC-1α (18). In addition, AMPK activation also increases mitochondrial biogenesis by upregulating PGC-1α (20). Our study demonstrated that EA treatment could trigger phosphorylation of AMPK and then down-regulate acetylation of PGC-1α, suggesting the up-regulation deacetylation of PGC-1α by EA (Figures 5B, D). PGC-1α as a transcriptional co-activator interacts with other transcription factors, which regulate the expression of fatty acid oxidation, oxidative phosphorylation, and mitochondrial biogenesis related genes. We found beige fat marker genes, including Elov1, Elovl6, Cidea, Tbx1, and Tbx15, which may result from the activity of PGC-1α.



Conclusion

Taking together (Figure 6), EA may regulate SIRT-1 dependent PPARγ deacetylation and further improve the interaction of PPARγ with PRDM16 to acquire the ability for uncoupled respiration. In addition, EA treatment can trigger phosphorylation of AMPK and then activate PGC-1α-TFAM-UCP1 pathway to promote mitochondrial biogenesis. These results have implications for EA treatment for obesity.




Figure 6 | The effect of EA stimulation on WAT. EA can remodel WAT to BAT through inducing SIRT-1 dependent PPARγ deacetylation, and regulating PGC-1α-TFAM-UCP1 pathway to induce mitochondrial biogenesis. The red rows mean promotion, and the black rows mean reduction.
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