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Editorial on the Research Topic
 Novel Strategies Targeting Obesity and Metabolic Diseases



The obesity pandemic poses one of the most serious problems threatening public health with its staggering morbidity/mortality rate and its close link to multiple diseases including diabetes, cardiovascular disease, hypertension, non-alcoholic hepatic steatosis, and certain types of cancer. The imbalance of energy intake/expenditure and the genetic susceptibility of the individual both impact obesity development. With the prevalent sedentary life style in modern society, the obesity incidence soars yet efficient pharmacotherapeutic solutions targeting appetite or energy expenditure are limited and often with undesired side effects. Nowadays, it is urgent to seek better understandings of obesity to seek effective strategies that target obesity and related metabolic diseases. With the opportunity of the current Frontiers Research Topic, we focus on obesity and discuss analytic tools for obese phenotypes, potential therapeutic gene targets, as well as novel strategies against obesity and over-nutrition induced metabolic derangements, with the hope to provide a comprehensive summary of the latest metabolic studies.

Obesity features excessive lipid accumulation in adipose tissues. As the saying goes, “a handy tool makes a handyman,” it makes good sense to start this research topic with handy tools accessing the obese phenotypes. Zhi et al. present a novel adipocyte counting system, AdipoCount, which provides automatic quantification of the number and diameter of adipocytes with higher accuracy and supports manual correction compared to existing tools. It serves as a necessary step to accurately access the obese phenotype in humans and animal models for further scientific studies.

Secondly, we discuss advances in our understanding in the development of obesity and potential therapeutic targets against it. Research article from Wang et al. reveals novel functions of GPR54, a family member of G protein-coupled receptors (GPCRs), in promoting adipocyte differentiation and triglyceride accumulation by regulating lipogenic genes including PPARγ via ERK1/2 phosphorylation. GPR54 deficient mice are resistant to central obesity, insulin resistance, and inflammation under high fat diet (HFD). Thus, it would be worthwhile to develop GPR54 inhibitors as potential treatment for obesity and metabolic diseases.

Unlike GPR54, a relatively novel player in the metabolic field, the functions of AMP-Activated Protein Kinase (AMPK) are extensively studied in many metabolic organs. However, how AMPK regulates energy metabolism in adipose tissues is not fully understood. Using Adipose tissue-specific AMPK α1/α2 KO (AKO) mice, Wu et al. demonstrate that AMPKα deficiency in adipocytes causes impairment in the browning capability in inguinal fat (iWAT, mainly consists of beige adipocytes). AMPKα KO mice are cold intolerant and poised to obesity, whereas chronic AMPK activation by its allosteric activator A-769662 promotes iWAT browning and protects mice against diet-induced obesity and related metabolic dysfunction. It is well established that beige fat plays a vital role in promoting thermogenesis and energy expenditure, as well as in maintaining glucose and lipid homeostasis as metabolic sinks in both rodents and human. Thus, Wu et al's. report lends strong support to implicating AMPK agonists as potential therapeutics for obesity and metabolic diseases.

Meanwhile, in the review article from Kuang et al., spotlight is focused on another key regulator in obesity and metabolic diseases, Sirt6. As an important member of the Sirtuin family, Sirt6 impacts multiple physiological and pathological processes including aging, cancer, obesity, and energy metabolism. Sirt6 level and function decrease under aging and over nutrition, resulting in abnormal glucose and lipid metabolism. In vivo studies indicate that Sirt6 deficiency promotes diet-induced obesity, insulin resistance and liver steatosis, suggesting a protective role of Sirt6 activation of in obesity and diabetes.

Thirdly, in the everlasting quest for effective therapeutic leads targeting obesity and metabolic diseases, we discuss novel inspirations emerging from areas both new and old. Gut microbiota, a relatively new yet critical player in the battle against obesity, has been shown to actively contribute to the pathogenesis and intervention of obesity through their interaction with the host, a myriad of metabolites they produce, or their dynamic composition, all of which are in turn influenced by diet. In the systematic review from Zhang et al. the impacts of dietary substrates and host genotype/enterotype on microbiota composition and metabolites are discussed. These factors contribute to the maintenance of a health commensal homeostasis between gut microbiota and the host, which is vital for host metabolic fitness and obesity prevention. In addition, Madsen et al. focus on the impact of different dietary protein sources on gut microbiota. Different dietary protein sources vary in amino acid composition and other factors such as fatty acids and pollutions, which could modulate the composition of gut microbiota and thereby affect energy efficiency and obesity development. These studies emphasize the importance of gut microbiota on metabolic health, while at the same time offer dietary intervention as a promising strategy in combating obesity and metabolic diseases.

In the original study from Sun's lab, a daily supplement, branched-chain amino acid (BCAA), is highlighted. BCAA (including essential amino acids leucine, isoleucine, and valine) has been shown to be beneficial for metabolic fitness by regulating lipid and glucose homeostasis in liver and adipose tissues, as well as protein synthesis and degradation in skeleton muscle. In this regard, Liu et al. demonstrate that BCAA negatively targeting Krüppel-like factor 15, a master regulator of glucose, lipid, and amino acids metabolism, via PI3K-AKT signaling, which offer new mechanistic insights underlying BCAA's multiple functions in metabolic regulation.

On the other hand, two articles explore the possibility of finding effective therapeutic strategies from traditional Chinese medicine. Zhao et al. examine the effects of Er-Miao-Fang, a traditional Chinese Medical prescription, on HFD-induced adipose tissue dysfunction and find that its extracts reduce fatty acids and glycerol release from adipose tissue, thus block fatty acids and inflammatory molecules trafficking from adipose tissues to the liver, which in the end inhibits adipose tissue inflammation and ameliorates hepatic steatosis and insulin resistance under HFD. Likewise, Du et al. find that Astragaloside IV, the main active ingredient in the medicinal herb Astragalus membranaceus, suppresses adipocyte HSL activity through cAMP/Akt/PDE3B signaling, which results in reduced lipolysis and decreased circulating free fatty acid levels, thus limits hepatic lipid deposition and restrains excessive hepatic glucose production.

Last but not least, obesity and its associated metabolic derangements, i.e., chronic low-grade inflammation, insulin resistance, abnormal lipid profiles, often lead to a range of diseases and complications including diabetes, cardiovascular diseases, renal pathological changes etc., which are our next focus of discussion. For example, diabetic cardiomyopathy (DCM) is partially initiated by prolonged disturbances in energy substrates in diabetes. With ultra-high-performance liquid chromatography coupled to a quadruple time of flight mass spectrometer (UPLC/Q-TOF/MS) approach, Dong et al. reveal lipidomic biomarkers in the rat model of diabetic cardiomyopathy including 17 potential biomarkers of phosphatidylcholines, phosphatidylethanolamines, and sphingolipids. They also offer berberine administration as an effective treatment in the protection against cardiac diastolic and systolic dysfunctions partially via reversing the lipid profiles. With similar strategy, Li et al. evaluate lipid metabolites in endometriosis and indicate phosphatidylcholine (18:1/22:6), (20:1/14:1), (20:3/20:4), and phosphatidylserine (20:3/23:1) and increased phosphatidic acid (25:5/22:6) as early diagnostic biomarkers for endometriosis.

Prolonged diabetes may lead to the development of diabetic nephropathy (DN). Zhang et al. report the inhibition of (pro)renin receptor (PRR) contributes to renoprotection against DN by Angiotensin II type 1 receptor (AT1R) blockade. They thus highlight a potential therapeutics for renoprotection using combined blockade of AT1R with losartan, and PRR with a decoy peptide of prorenin.

Additionally, the study from Fan et al. links male subfertility with obesity-induced chronic inflammatory status in male genital tract, while Yang et al. show that immune status impacts insulin sensitivity in Hashimoto's Thyroiditis (HT) patients and HT mice. In HT mice, reinfusion of regulatory T cells (Tregs) from peripheral blood of normal mice improves insulin sensitivity and decreases inflammation. They also report increased resident Tregs and enhanced cytokine production in visceral adipose tissues (VAT) in HT mice, suggesting a critical role of VAT resident Tregs in HT associated insulin resistance.

In conclusion, the current research topic provides comprehensive and in depth understandings on various aspects of the researches on obesity, offering novel quantitative methods, diagnostic biomarkers, targeting molecules, and their action of mechanisms, as well as potential therapeutics toward obesity and metabolic diseases. Together, these studies would facilitate future development of effective prevention, diagnosis, and personalized therapeutic strategies to combat obesity and other metabolic diseases.
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High-fat-diet (HFD) feeding induces adipose dysfunction. This study aims to explore whether the Traditional Chinese Medical prescription Er-Miao-Fang could ameliorate adipose dysfunction and prevent hepatic glucose output. Short-term HFD feeding induced adipose lipolysis accompanied with enhanced hepatic glucose output in mice. Adipose lipolysis is initiated by cyclic adenosine monophosphate (cAMP)/protein kinase A (PKA) signaling. Oral administration Er-Miao-Fang inhibited inflammation in adipose tissue by dephosphorylation of JNK and reducing TNF-α and IL-1β production, and thus preserved phosphodiesterase 3B (PDE3B) induction, contributing to preventing cAMP accumulation. As a result, from suppression of PKA activation, Er-Miao-Fang reduced fatty acids and glycerol release from adipose tissue due to the inhibition hormone-sensitive lipase (HSL). By blocking the traffic of fatty acids and inflammatory mediators from adipose tissue to the liver, Er-Miao-Fang attenuated hepatic cAMP/PKA signaling by protecting phosphodiesterase 4B (PDE4B) induction from inflammatory insult, and thereby reduced hepatic glucose production by suppression of hepatic glucagon response in HFD-fed mice. In conclusion, Er-Miao-Fang prevented adipose lipolysis by suppression of inflammation, contributing to reducing excessive hepatic glucose output. These findings present a new view of regulating gluconeogenesis and provide the guiding significance for the regulation of multi-link targets with Traditional Chinese Medicine.

Keywords: Er-Miao-Fang, inflammation, PDE3B, PDE4B, glucagon, gluconeogenesis

INTRODUCTION

Adipose tissue functions as a site of fat storage, while adipose dysfunction in obesity and diabetes induces lipolysis and increases circulating free fatty acids to promote ectopic fat deposits. It is generally accepted that lipid accumulation in the liver and muscle is the main cause for insulin resistance (Lafontan and Girard, 2008; Kowalski et al., 2015; Zhao et al., 2016). The action of insulin in liver is to suppress hepatic glucose production and lipolysis-induced lipid accumulation in the liver is shown to attenuate insulin sensitivity and increase hepatic glucose production, responsible for hyperglycemia during fasting in diabetes (Perry et al., 2014). These events suggest the functional interaction between adipose lipolysis and abnormal hepatic gluconeogenesis.

Several hormones and effectors can induce lipolysis in adipose tissue though the activation of cAMP-dependent protein kinase A (PKA), in which hormone-sensitive lipase (HSL), a key enzyme in the mobilization of fatty acids from stored triacylglyceride (TG), is activated (Greenberg et al., 2001; Greenberg et al., 2011; Schweiger et al., 2014). Insulin regulates post-prandial glucose levels by promoting glucose disposal, while maintains glucose homeostasis during fasting conditions by promoting hepatic glucose output. Several lines of evidence demonstrate that enhanced hepatic glucagon response is responsible for hyperglycemia during fasting (Unger and Cherrington, 2012). In liver, hepatic gluconeogenesis responded to glucagon is also initiated by cAMP/PKA signaling, transcriptionally regulating gene encoding to gluconeogenesis enzymes, including G6Pase and PEPCK (Leahy et al., 1999; Streeper et al., 2001; Yang and Yang, 2016). Blocking cAMP/PKA signaling suppresses HSL activation to inhibit lipolysis (Zhao et al., 2016). Hepatic glucagon response is restrained by blocking cAMP/PKA signaling and inhibiting transcriptional regulation of G6Pase and PEPCK (He et al., 2009). All these well elucidate that cAMP/PKA signaling plays a vital role in regulation of lipid and glucose metabolism.

As a second messenger, cAMP is synthesized by adenylate cyclase (AC) while phosphodiesterases (PDEs) could prevent cAMP accumulation through degradation. PDEs are invariably diverse, for instance, PDE3 and PDE4 provide the major portion of cAMP hydrolyzing activity in most cells (Francis et al., 2011). PDE3B is proposed to be the predominant isoform of PDEs in adipose tissue. Inflammation is demonstrated to regulate PDE3B induction. TNF-α inhibited PDE3B activity with suppression of PDE3B induction and thus increases lipolysis, indicative of the involvement of inflammation in lipolysis (Mei et al., 2002). In the liver, the members of the PDE3 and PDE4 subfamilies are both expressed. While PDE4B is the predominant regulator for hepatic cAMP degradation (Miller et al., 2013). Similarly, it is documented that inhibiting cAMP accumulation by preserving PDE4B activity contributes to suppress hepatic glucagon response (Xiao et al., 2017). So, decreased PDEs expression is associated with the dysfunction in adipose and liver, and these events emphasize the possible relevance of inflammation in the regulation of fatty acid and hepatic glucagon response.

Er-Miao-Fang is a famous Traditional Chinese Medical prescription first recorded in Dan Xi Xin Fa in 1481. It is composed of two medicinal herbs: Phellodendron chinense Schneid and Atractylodes lancea (Thunb.) DC or Atractylodes chinensis (DC.) Koidz and it has been widely used to treat arthritis, urinary tract infections, and diarrhea for decades. Studies about the pharmacological mechanism of this ancient prescription are performed mainly focused on its anti-inflammatory activity (Chen et al., 2014; Bae et al., 2015). The alkaloids are the main components in the Er-Miao-Fang extracts with abundant berberine (4.019%) and phellodendrine (0.371%), the main effective ingredients (Feng et al., 2017). Berberine was documented to reduce lipid droplet accumulation and improve insulin sensitivity (Lee et al., 2006). Treatment of berberine reduces the levels of fasting blood glucose and inhibits the expression of G6Pase and PEPCK (Wei et al., 2016). Phellodendrine ameliorated oxidative stress by downregulating NF-κB phosphorylation (Li et al., 2016). These studies suggest the potential role of Er-Miao-Fang extracts in the metabolism disorder. Hence, in this study, we explored the possible pharmacological action of Er-Miao-Fang extracts in regulation of lipolysis and hepatic gluconeogenesis by inhibiting adipose inflammation.

MATERIALS AND METHODS

Preparation of Er-Miao-Fang

Phellodendron chinense Schneid and A. lancea (Thunb.) DC. were purchased from Shanghai Kangqiao Chinese Medicine Yinpian Co., Ltd. (Shanghai, China) and authenticated by Yan Ke (Experiment Center for Teaching and Learning, Shanghai University of Traditional Chinese Medicine). Qualities of the crude drugs meet the standards of “Pharmacopoeia of the People’s Republic of China” (2015 edition). P. chinense Schneid with the same weight of A. lancea (Thunb.) DC. was boiled three times with 10 times the volume (v/w) of 70% ethanol for 2 h each time after soaking 30 min. The extracts were filtered, concentrated and decompression vacuum drying fewer than 65°C was adopted. Er-Miao-Fang extracts were prepared and the yield was 24.7%. The chemical components of Er-Miao-Fang extracts were analyzed by UPLC-MS/MS, and the followings are the chief six components and contents tested in the extracts: berberine, 4.019%; phellodendrine, 0.371%; chlorogenic acid, 0.158%; ferulic acid, 0.141%; magnoflorine, 0.107 %; and palmatine, 0.039% (Feng et al., 2017).

Reagents

Metformin (purity ≥ 99%) was purchased from Sangon Biotech (Shanghai, China) and dissolved in 0.3% (w/v) sodium carboxymethylcellulose (CMC-Na) for animal administration or in dimethyl sulfoxide (DMSO) for cell experiment [the final concentration of DMSO was 0.1% (v/v)]. Glucagon (purity ≥ 98%) was obtained from Kinase Chemicals Ltd. (Suffolk, United Kingdom). Sodium pyruvate (purity ≥ 99%) was provided by Sigma-Aldrich (Shanghai, China). Palmitate (PA, Sinopharm, Shanghai, China) was dissolved in ethanol to prepare 200 mM stock solution, and then diluted with medium containing 10% non-esterified fatty acid (NEFA)-free bovine serum albumin (BSA) before use (v/v, 1:19). Mouse cAMP, AMP, TNF-α, and IL-1β ELISA kits were provided by Shuojia Biotechnology Co., Ltd. (Shanghai, China). The following items were purchased from the cited commercial sources: anti-phospho-(Ser/Thr) PKA substrate (9621), anti-phospho-HSL (Ser660) (4126), anti-HSL (4107), anti-phospho-SAPK/JNK (Thr183/Tyr185) (4668), anti-SAPK/JNK (9252), anti-β-actin (4970), Cell Signaling Technology (Beverly, MA, United States); anti-TNF-α (ab6671), anti-CREB (phospho S133) (ab32096), anti-CREB (ab32515), goat anti-rabbit IgG H&L (Alexa Fluor®488) (ab150077), Abcam (Cambridge, MA, United States); PDE3B (H-300) (sc-20793), PDE4B (H-56) (sc-25812), Santa Cruz Biotechnology (Dallas, TX, United States); peroxidase-conjugated affinipure goat anti-Rabbit IgG (H&L) (111-035-003), Jackson ImmunoResearch Laboratories Inc. (West Grove, PA, United States); mouse IL-1β (AF-401-NA), R&D System (Minneapolis, MN, United States); RNAiso Plus (9108), RT Reagent Kit (RR037A), SYBR® Premix Ex Taq (RR420A), Takara Bio Inc. (Dalian, China).

Animals

Male ICR mice (6 weeks) were purchased from Sino-British Sippr/BK Lab. Animal Ltd. (Shanghai, China, production license: SCXK (Shanghai) 2013-0016). Mice were housed with 12 h light/dark cycles under a constant temperature (22 ± 2°C) and free access to water and food. This study was carried out in accordance with the recommendations of Provision and General Recommendation of Chinese Experimental Animals Administration Legislation. The protocol was approved by Animal Ethics Committee of Shanghai University of Traditional Chinese Medicine.

Mice were fed a regular chow diet or high-fat-diet (HFD) (10% yolk, 10% Lard, 0.2% cholate, 1% cholesterol and 78.8% standard diet, 36.45% Kcal fat) for 10 days (Wang et al., 2016; Zhao et al., 2016) with oral administration of saline, Er-Miao-Fang extracts (1 g/kg) or metformin (200 mg/kg), respectively every day. Blood was collected after 8 h fasting and blood glucose was assayed with commercial kits (Jiancheng, Nanjing, China). Levels of insulin and glucagon in blood were tested using ELISA kits (Shuojia, Shanghai, China). Mice were sacrificed after fasting for 8 h and the epididymis adipose tissue and liver tissue were isolated or cultured for assay. Epididymal adipose tissue or liver tissue was grinded in RIPA lysis buffer (Beyotime, Haimen, China). The lysates were centrifuged for collection of supernatants. The contents of cAMP, AMP, TNF-α, and IL-1β in the supernatant were measured by commercial ELISA Kits. The results were normalized by the amount of protein.

Preparation of Conditioned Medium (CM) of Adipose Tissue From HFD-fed Mice

Epididymis adipose tissue was collected from chow-fed or HFD-fed mice and cut into small pieces, then incubated with the same weight in 2 mL DMEM (25 mM glucose, Gibco, Grand Island, NY, United States) containing 10% FBS, 100 U/mL penicillin and 100 μg/mL streptomycin) for 24 h at 37°C in a 5% CO2 incubator (Wang et al., 2016; Zhao et al., 2016). Collected the DMEM, centrifuged at 3,000 g for 5 min at 4°C and the supernatant was harvested as conditioned medium (CM). For the preparation of glucose-free CM, the chow-fed or HFD-fed mice adipose tissue was incubated in Krebs-Ringer phosphate-HEPES buffer (KRH buffer, containing 118 mM NaCl, 5 mM KCl, 1.3 mM CaCl2, 1.2 mM MgSO4, 1.2 mM KH2PO4, and 30 mM HEPES, containing 0.5% BSA, pH 7.4). The CM was used to culture hepatocytes to explore the crosstalk between adipose and liver. The levels of free fatty acids and glycerol in CM were detected with commercial kits following the manufacturer’s instructions (Jiancheng, Nanjing, China).

Isolated Adipose Tissue Treatment

To study the pathway whereby Er-Miao-Fang inhibits lipolysis in vitro, epididymis adipose tissue was collected from sacrificed normal male mice, cut into small pieces, and then incubated in DMEM. Isolated adipose tissue was treated with Er-Miao-Fang (100 μg/mL), TNF-α antibody (1 μg/mL), or IL-1β antibody (0.6 μg/mL) for 30 min before challenged with PA (100 μM) for 24 h. The adipose tissue was homogenized in PBS and cAMP contents in the suspension were measured by ELISA kits. The PDE3B in the isolated adipose tissue was extracted with RIPA lysis buffer (Beyotime, Haimen, China). The lysates were centrifuged and the expression of PDE3B in the supernatant was determined by Western blot.

Glucose and Pyruvate Tolerance Tests

Oral glucose tolerance testing (GTT) was performed in mice using glucose (2 g/kg) after overnight fasting. For pyruvate tolerance test (PTT), mice were injected intraperitoneally with pyruvate (2 g/kg) after fasting for 16 h. Blood was collected at regular intervals for the assay of glucose contents and calculated blood glucose area under the curve (AUC-G) with the methods mentioned before (Zhao et al., 2014).

Hepatocytes Culture and Measurement of Cellular cAMP

BNL CL.2 hepatocytes (Cell storeroom of Chinese Academy of Sciences, Shanghai, China) were cultured in DMEM and maintained at 37°C in a 5% CO2 incubator. The cells were treated with adipose-derived CM or TNF-α antibody (1 μg/mL) and IL-1β antibody (0.6 μg/mL) in the presence or absent of glucagon (100 nM) for 24 h. After treatment, cells were collected and extracted with RIPA lysis buffer. The lysates were centrifuged and the contents of cAMP in the supernatant were measured by commercial ELISA Kits.

Hepatocytes Glucose Output

BNL CL.2 hepatocytes were cultured with glucose-free adipose-derived CM or TNF-α antibody (1 μg/mL) and IL-1β antibody (0.6 μg/mL) for 24 h. After washing, the cells were incubated in KRH buffer supplemented with 20 mM pyruvate, with or without 100 nM glucagon for 6 h. The supernatant was collected for glucose analysis with commercial kits.

Quantitative Real Time RT-PCR

Total mRNA was extracted from tissue or cells using RNAiso plus following the manufacture’s protocol and cDNA synthesis were preformed using RT reagent kit. Relative cDNA levels were determined using the SYBR Premix Ex Taq and amplified with ABI 7500 system. Target mRNA was normalized by ribosomal 18s RNA, an endogenous control. PCR primers were used as follows: mouse PGC-1α (134 bp), Forward Primer: 5′-TATGGAGTGACATAGAGTGTGCT-3′, Reverse Primer: 5′-CCACTTCAATCCACCCAGAAAG-3′; mouse Pepck (159 bp), Forward Primer: 5′-CTGCATAACGGTCTGGACTTC-3′, Reverse Primer: 5′-CAGCAACTGCCCGTACTCC-3′; mouse G6pase (G6pc, 173 bp), Forward Primer: 5′-CGACTCGCTATCTCCAAGTGA-3′, Reverse Primer: 5′-GTTGAACCAGTCTCCGACCA-3′; mouse 18s RNA (151 bp), Forward Primer: 5′-GTAACCCGTTGAACCCCATT-3′, Reverse Primer: 5′-CCATCCAATCGGTAGTAGCG-3′. Relative quantification was calculated based on the following equation: relative quantification = 2ξ-ΔΔCt. Ct is the threshold cycle to detect fluorescence.

Western Blot Analysis

Tissue or cells were homogenized in RIPA lysis buffer with PMSF (RIPA: PMSF = 100:1, v/v). The lysates were centrifuged for collection of supernatants. Bicinchoninic acid (BCA) Protein Assay Kit (Beyotime, Haimen, China) was used to test the supernatant proteins contents. The protein samples were separated by 10% SDS–PAGE, transferred to PVDF membranes (Millipore Co., Ltd. MA, United States), blocked with 5% BSA/TBST buffer (5 mM Tris-base, pH 7.6, 136 mM NaCl, 0.05% Tween-20), immunoblotted with primary and secondary antibody. ECL Western Blotting Detection System and Image-Pro Plus 6.0 software (IPP 6.0, IPWIN Applicaton, Inc., Rrockville, MD, United States) was applied to analysis antibody-antigen complexes. The original images are provided as Supplementary Image 1.

Statistical Analysis

All the results were expressed as mean ± SD and were subjected to one-way ANOWA analysis of variance followed by Student-Newman-Keuls multiple comparison test if significant (IBM SPSS Statistics 21.0, SPSS Inc., Chicago, IL, United States). p < 0.05 was considered statistically significant.

RESULTS

Er-Miao-Fang Attenuated Lipolysis in Adipose Tissue

Short-term HFD feeding induced lipolysis from adipose tissue in mice, demonstrated by increased free fatty acids and glycerol released from isolated epididymal adipose tissue, whereas the increased lipolysis was inhibited by oral administration of Er-Miao-Fang extracts during HFD feeding (Figures 1A,B). Because adipose lipolysis is mediated by cAMP/PKA signaling, we examined the effects of Er-Miao-Fang in adipose tissue, and found that HFD feeding increased cAMP accumulation with reducing AMP contents in adipose tissue, whereas the changes were reversed by oral administration of Er-Miao-Fang (Figures 1C,D). HFD feeding induced PKA activation, but Er-Miao-Fang treatment inactivated PKA by dephosphorylation of PKA 62KDa substrate (Figure 1E). These results suggested that Er-Miao-Fang prevented PKA activation by downregulation of cAMP. The phosphorylation of PKA substrate at 62 KDa corresponds to the molecular weight of perilipin. As the major substrate for phosphorylation of PKA, perilipin facilitates lipolysis by HSL hydrolyzing triacylglycerol and diacylglycerol to induce fatty acid release (Miyoshi et al., 2006; Brasaemle, 2007; Gauthier et al., 2008). We found that oral administration of Er-Miao-Fang suppressed HSL activation by dephosphorylation (Figure 1F). These results suggested that Er-Miao-Fang prevented adipose lipolysis by blocking cAMP/PKA signaling. Anti-diabetic agent metformin also effectively reduced lipolysis from adipose tissue in HFD-fed mice.


[image: image]

FIGURE 1. Er-Miao-Fang attenuated lipolysis in adipose tissue. Mice were fed with chow diet or HFD for 10 days with oral administration of Er-Miao-Fang extracts (EMF, 1 g/kg) or metformin (Met, 200 mg/kg). (A,B) Adipose tissue from chow diet fed or HFD fed mice were incubated in DMEM for 24 h. The fat-derived CM in DMEM was collected and detected the contents of free fatty acids (FFAs) and glycerol released from adipose tissue. The results were expressed as the mean ± SD (n = 5∼6). (C,D) cAMP and AMP in epididymal adipose tissue were determined by ELISA kits (mean ± SD, n = 5∼6). (E) Phosphorylation of PKA substrate and (F) Ser-660 motif of HSL in epididymal adipose tissue were detected by Western blot. The results were showed as the mean ± SD from four independent experiments. ∗p < 0.05 vs. HFD feeding only treatment, #p < 0.05 vs. the indicated treatment.



Er-Miao-Fang Inhibited Inflammation in Adipose Tissue

Adipose dysfunction is associated with inflammation. HFD feeding evoked inflammatory response, whereas Er-Miao-Fang and metformin inhibited inflammation in adipose tissue by attenuating JNK phosphorylation and reducing TNF-α and IL-1β production (Figures 2A–C). The protein expression of PDE3B was decreased in adipose tissue of HFD-fed mice. Nevertheless, administration of Er-Miao-Fang and metformin preserved PDE3B induction (Figure 2D). To investigate the impact of inflammation on lipolysis, we isolated adipose tissue from normal mice and treated with saturated fatty acid palmitate (PA). PA stimulation inhibited PDE3B expression and increased cAMP accumulation, but these alternations were reversed by Er-Miao-Fang treatment at concentration of 100 μg/ml (Figures 2E,F). Neutralizing pro-inflammatory cytokines TNF-α and IL-1β with special antibodies preserved PDE3B protein expression and decreased cAMP accumulation in adipose tissue (Figures 2E,F).
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FIGURE 2. Er-Miao-Fang inhibited inflammation in adipose tissue. Mice were fed with chow diet or HFD for 10 days with oral administration of Er-Miao-Fang extracts (EMF, 1 g/kg) or metformin (Met, 200 mg/kg). (A) JNK protein expression was assessed by Western blot (n = 4). (B,C) TNF-α (n = 6) and IL-1β (n = 8∼10) were measured by ELISA kits. (D) PDE3B protein expression was determined by Western blot (n = 4). (E,F) Isolated adipose tissue from normal mice were cultured in DMEM and treated with Er-Miao-Fang (EMF, 100 μg/mL), TNF-α antibody (1 μg/mL), or IL-1β antibody (0.6 μg/mL) for 30 min before challenged with PA (100 μM) for 24 h. PDE3B expression and cAMP contents in isolated adipose tissue were determined by Western blot (n = 4) or ELISA (n = 5∼6), respectively. The results were expressed as the mean ± SD. ∗p < 0.05 vs. HFD feeding or PA challenge only treatment, #p < 0.05 vs. the indicated treatment.



Er-Miao-Fang Improved Pyruvate Tolerance in HFD-fed Mice

High-fat-diet feeding increased fasting blood glucose with glucose intolerance in mice. Oral administration of Er-Miao-Fang and metformin reduced fasting blood glucose with improved glucose tolerance in HFD-fed mice (Figures 3A,B). Meanwhile, we observed that Er-Miao-Fang decreased the levels of blood glucagon without affecting insulin contents in the blood (Figures 3C,D). Pyruvate tolerance test is an indicator of endogenous glucose production since pyruvate load provides the substrate for hepatic glucose production through gluconeogenesis. The changes in glucose levels after a challenge with pyruvate revealed higher glucose levels in HFD-fed mice when compared with chow-fed mice, indicative of impaired pyruvate tolerance (Figure 3E). Oral administration of Er-Miao-Fang and metformin reversed pyruvate intolerance in HFD-fed mice (Figure 3E). Consistent with inhibitory effect on adipose lipolysis, Er-Miao-Fang downregulated the elevated levels of blood free fatty acids and glycerol without affecting other biochemical parameters in the blood (Supplementary Figure 1). These results suggested the inhibitory effect on endogenous glucose production.
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FIGURE 3. Oral administration of Er-Miao-Fang inhibited endogenous glucose production in HFD-fed mice. Mice were fed with chow diet or HFD for 10 days with oral administration of Er-Miao-Fang extracts (EMF, 1 g/kg) or metformin (Met, 200 mg/kg). (A) Fasting blood glucose levels were determined by biochemical kits. (B) Blood glucose levels and AUC during the oral glucose tolerance test (C,D) Blood insulin and glucagon contents were detected by ELISA. (E) Blood glucose levels and AUC during the pyruvate tolerance test. Data were expressed as the mean ± SD (n = 10). ∗p < 0.05 vs. HFD feeding only treatment, #p < 0.05 vs. the indicated treatment. GTT, glucose tolerance test; PTT, pyruvate tolerance test.



Er-Miao-Fang Blocked Hepatic cAMP and PKA Induction

Next, we examined hepatic gluconeogenesis in HFD-fed mice, and found that HFD feeding attenuated PDE4B protein expression with cAMP accumulation in the liver (Figures 4A,B). Er-Miao-Fang and metformin preserved PDE4B protein expression and then effectively reduced cAMP accumulation by preserving PDE4B induction, resultantly inhibiting PKA activity (Figures 4A–C). In view of the contribution of adipose dysfunction to hepatic gluconeogenesis (Perry et al., 2014), we prepared CM by incubation of adipose tissue of chow or HFD feeding mice and then incubated with hepatocytes. BNLCL.2 hepatocytes treated with HFD feeding mice-derived CM decreased PDE4B expression and increased glucagon-mediated cAMP accumulation in hepatocytes, but these effects were attenuated by co-treatment with TNF-α and IL-1β antibodies, suggesting that adipose dysfunction-derived inflammatory mediators impaired hepatic PDE4B to prevent cAMP degradation (Figures 4D,E). As expected, Er-Miao-Fang or metformin-derived CM effectively restored PDE4B protein expression and thus reduced cAMP accumulation in response to glucagon (Figures 4D,E). These results provided evidence that hepatic PDE4B induction was also impaired by inflammation partly and amelioration of adipose dysfunction might have the potential contribution to attenuate hepatic glucagon signaling.
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FIGURE 4. Er-Miao-Fang blocked hepatic cAMP and PKA induction. Mice were fed with chow diet or HFD for 10 days with oral administration of Er-Miao-Fang extracts (EMF, 1 g/kg) or metformin (Met, 200 mg/kg). BNL CL.2 hepatocytes were cultured in fat-derived CM from chow or HFD feeding mice or TNF-α antibody (1 μg/mL) and IL-1β antibody (0.6 μg/mL) treated with or without glucagon (100 nM) for 24 h. (A) PDE4B expression in liver tissue were detected by Western blot. The results were showed as the mean ± SD from four independent experiments. (B) cAMP in liver tissue were determined by ELISA kits (mean ± SD, n = 9∼10). (C) Phosphorylation of PKA substrate in liver tissue was detected by Western blot. The results were showed as the mean ± SD from four independent experiments. (D) PDE4B expression in hepatocytes were determined by Western blot (n = 3) and (E) cAMP contents in the present of glucagon (100 nM) were measured by ELISA kits (n = 6). The results were expressed as the mean ± SD. ∗p < 0.05 vs. HFD feeding or HFD-CM or HFD-CM with glucagon treatment, #p < 0.05 vs. the indicated treatment. CM, conditioned medium.



Er-Miao-Fang Restrained Hepatic Glucagon Response

In response to cAMP/PKA signaling, the transcription factor cAMP-response element binding protein (CREB) is activated indicated by increased phosphorylation. Consistently, we observed CREB activation in liver of HFD-fed mice; however, oral administration of Er-Miao-Fang and metformin inhibited CREB activation by dephosphorylation (Figure 5A). To confirm the involvement of inflammation in CREB activation and downstream gene regulation, we co-incubated hepatocytes with adipose-derived CM. Glucagon promoted phosphorylated CREB translocation into the nucleus and this action was enhanced by co-treatment with CM derived from HFD-fed mice, but the increased phosphorylated CREB in the nucleus was reduced by neutralizing TNF-α and IL-1β with special antibodies (Figure 5B). CREB transcriptionally upregulates gene encoding gluconeogenesis. HFD feeding increased gene expressions of PGC-1α, Pepck, and G6pc in the liver, but the increased gene expressions were inhibited by Er-Miao-Fang and metformin administration (Figure 5C). When hepatocytes were exposed adipose-derived CM, Er-Miao-Fang and metformin, or TNF-α and IL-1β antibodies, suppressed gluconeogenetic gene expression (Figure 5D). We next showed that when hepatocytes were incubated with adipose-derived CM and antibodies of inflammatory factors at the same time, reduced hepatic glucose production in response to glucagon (Figure 5E). Together, these results might suggest that Er-Miao-Fang inhibited hepatic glucagon response in HFD-fed mice through inhibiting adipose inflammation.
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FIGURE 5. Er-Miao-Fang restrained hepatic glucagon response. Mice were fed with chow diet or HFD for 10 days with oral administration of Er-Miao-Fang (EMF, 1 g/kg) or metformin (Met, 200 mg/kg). BNL CL.2 hepatocytes were cultured in fat-derived CM from chow or HFD feeding mice or TNF-α antibody (1 μg/mL) and IL-1β antibody (0.6 μg/mL) treated with glucagon (100 nM) for 24 h. (A,B) CREB protein expression in liver tissue and the phosphorylation of CREB in hepatic nucleus were determined by Western blot (mean ± SD, n = 3) (C,D) mRNA expressions of PGC-1α, Pepck, and G6pc in liver tissue or hepatocytes were measured by quantitative real time RT-PCR (Q-PCR). Data were mean ± SD of triplicate determinations, which were repeated three times with similar results. (E) Hepatic glucose production in response to glucagon in BNL CL.2 hepatocytes treated with fat-derived CM with or without TNF-α antibody (1 μg/mL) and IL-1β antibody (0.6 μg/mL) in the presence or absent of glucagon (100 nM). The results were showed as the mean ± SD (n = 6). ∗p < 0.05 vs. HFD feeding or HFD-CM with glucagon treatment, #p < 0.05 vs. the indicated treatment. CM, conditioned medium.



DISCUSSION

Adipose dysfunction is closely related to metabolic diseases. Inflammatory mediators, including pro-inflammatory cytokines and FFAs, increase in the contents of FFAs in the blood circulation, linking adipose dysfunction and systemic insulin resistance in diabetes (Unger, 1995; Boden, 1999; Kim et al., 2001; Frayn, 2002). Herein, our work showed that Er-Miao-Fang might prevent adipose lipolysis by suppression of inflammation in adipose tissue, contributing to reducing excessive hepatic glucose output. This provides new insight into the role of Er-Miao-Fang in regulation of hepatic gluconeogenesis and presents the guiding significance for the regulation of multi-link targets with Traditional Chinese Medicine.

In the chief six components of prepared Er-Miao-Fang extracts, the main ingredients are alkaloids (Feng et al., 2017). Berberine and phellodendrine were reported to have the anti-inflammation activation. Short-term HFD induces adipose inflammation and adipose dysfunction, which is the upstream of crosstalk between adipose and liver. We found that berberine or phellodendrine inhibited the release of fatty acids from adipose tissue, while Er-Miao-Fang extracts prevented lipolysis even well. This suggested the potential advantages of Er-Miao-Fang extracts compared to berberine or phellodendrine in inhibiting lipolysis (Supplementary Figure 2), and it might be worth to discuss the superiority of Traditional Chinese Medical prescription in further study.

High-fat-diet feeding causes metabolic disorders. Actually, in our studies, lipolysis was induced by activating cAMP/PKA signaling. HFD-feeding enhanced PKA activation with an increase in cAMP accumulation and AMP reduction in adipocytes. As it has been known, cAMP is synthesized by AC and degraded by PDEs. Adenosine nucleosides are shown to inhibit AC activity (Fain et al., 1972). Er-Miao-Fang reduced cAMP accumulation with elevated levels of AMP in the fat of HFD-feeding mice, indicating that Er-Miao-Fang inhibited the expression of PKA and HSL phosphorylation to decreased lipolysis via attenuating cAMP/PKA signaling.

Phosphodiesterases activity was attenuated with cAMP accumulation, which was increased by pro-inflammatory cytokine TNF-α and NF-κB inflammatory signaling (Zhang et al., 2002; Degerman et al., 2011; Ke et al., 2015). So, it is necessary to investigate the relation of cAMP/PKA lipolysis signaling and inflammation in HFD-fed mice. cAMP is an important regulator of immune and inflammatory response, and turnover of intracellular cyclic nucleotides is dependent on the activity of PDEs (Oldenburger et al., 2012). In adipose tissue of obesity, TNF-α is found to impair the activity of PDE3B (Mei et al., 2002). Downregulation of PDE3B contributes to the mechanism whereby TNF-α induces lipolysis and excess release of FFAs (Rahn Landström et al., 2000). In our work, inflammation in adipose tissue of HFD-feeding mice was distinct, with the decrease of PDE3B expression. However, the decrease was removed by adding the TNF-α or IL-1β antibodies, indicating the contribution of inflammation to the activation of cAMP/PKA signaling. Er-Miao-Fang inhibited JNK activation with reduced inflammatory TNF-α and IL-1β release, and effectively preserved PDE3B activity. Also, Er-Miao-Fang showed the same effects with the neutralizing antibodies of inflammation factors, presenting that Er-Miao-Fang prevented lipolysis by inhibiting inflammation.

Obesity is characterized by low-grade inflammation, and chronic or continuous inflammation activates NF-κB signaling in adipose tissue and liver (Arkan et al., 2005; Cai et al., 2005; Donath and Shoelson, 2011). PEDs express not only in adipose, but also in liver (Abdollahi et al., 2003; Ke et al., 2015), and hepatic cAMP degradation is predominantly caused by PDE4B (Miller et al., 2013; Johanns et al., 2016). Recent studies demonstrated that PDE4B expression was associated with enhanced NF-κB activation and transcriptional activity. Indeed, we observed that expression of PDE4B was reduced in liver with adipose dysfunction. So, we next demonstrated that TNF-α and IL-1β antibodies preserved the PDE4B expression in BNL CL.2 hepatocytes, which was decreased by HFD fat-derived CM. Simultaneously, TNF-α and IL-1β antibodies decreased cAMP accumulation in hepatocytes activated by glucagon and HFD fat-derived CM. This data implied that adipose inflammation might link to the PDE4B expression, which induced hepatic cAMP degradation.

Er-Miao-Fang improved pyruvate tolerance in the HFD-fed mice, demonstrating its inhibitory effect on endogenous glucose production. Glucagon increases hepatic glucose output through gluconeogenesis mediated by activating cAMP/PKA signaling, which phosphorylates CREB protein. Phosphorylated CREB, together with different co-activators, translocases into the nucleus and stimulates transcription of gluconeogenic genes (Gonzalez and Montminy, 1989; Ravnskjaer et al., 2007). Metformin, which is the first line therapeutic drug for diabetes to decrease blood glucose, triggers the dissociation of the CREB transcription complex and reduces gluconeogenic enzyme gene expression (He et al., 2009). For this, we observed the effect of Er-Miao-Fang on the glucagon response. Similar to metformin, Er-Miao-Fang decreased the phosphorylation status of CREB, the translocation to nucleus, gluconeogenic enzyme gene expression and glucose production in HFD-feeding mice liver tissue and hepatocytes stimulated by glucagon. Studies documented that overactivation of liver NF-κB-inducing kinase (NIK) enhanced hyperglycemia by increasing CREB stability in obese mice (Sheng et al., 2012). Interestingly, we further demonstrated that TNF-α and IL-1β antibodies lowered that effect, partly indicating the potential pathway that Er-Miao-Fang decreased hepatic cAMP/PKA gluconeogenesis signaling through inhibiting inflammation in HFD-feeding mice. However, this is should be further confirmed by blocking adipose inflammation or adopting adipose-specific PDE3B mutant mice in the future study.

It is noteworthy that inflammation-associated lipolysis occurred in short-term feeding and this could be the potential cause of insulin resistance and hepatic glucose production (Li et al., 2017). Also, our work showed that lipolysis occurred by inhibiting PDE3B and increasing cAMP activity in adipose, and this gives rise to suggesting that the product FFAs may have an effluence to glucose metabolism through other pathways to be proved. Overall, these may partly support the relevance of adipose inflammation and hepatic glucose production. However, the possibility that Er-Miao-Fang ameliorates inflammation in liver could not be excluded. Given that the feature of Traditional Chinese Medical may be of multi-link, it will be worth to pay attention to the explicit pathway that mediating glucose and lipid metabolism in the future study.

In summary, inflammation in adipose tissue might act as an important mediator to induce lipolysis and hepatic gluconeogenesis. Traditional Chinese Medical prescription Er-Miao-Fang prevented inflammation in adipose tissue and subsequent inhibited hepatic cAMP accumulation in liver contributing to restraint of the hepatic glucagon response (Figure 6). This study presents a new view of inhibiting inflammation to ameliorate glucose homeostasis and provides the guiding significance for the regulation of multi-link targets with Traditional Chinese Medicine.
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FIGURE 6. The working pathway for Er-Miao-Fang inhibiting inflammation and blocking hepatic gluconeogenesis. HFD feeding induced inflammation and increased hepatic glucagon response, which leading to endogenous glucose production. Er-Miao-Fang inhibited inflammation and improved adipose dysfunction by preserving PDE3B and decreasing the accumulation of cAMP to prevent lipolysis. By blocking the traffic of fatty acids and inflammatory mediators from adipose tissue to the liver, Er-Miao-Fang inhibited the effect on hepatic gluconeogenesis through preserving PDE4B and reducing cAMP/PKA signaling.



AUTHOR CONTRIBUTIONS

NZ, BL, and JX designed the research. WZ performed experiments, analyzed, interpreted data, and drafted the manuscript. XF collected the data and reviewed the manuscript. NZ and JX edited the manuscript. BL contributed to the discussion of the manuscript. All authors approved the final version of the paper.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fphys.2018.01041/full#supplementary-material

ABBREVIATIONS

cAMP, cyclic adenosine monophosphate; CREB, cAMP-response element binding protein; G6pase, glucose-6-phosphatase; HSL, hormone-sensitive lipase; PA, palmitic acid; PDE3B, phosphodiesterase 3B; PDE4B, phosphodiesterase 4B; PEPCK, phosphoenolpyruvate carboxykinase; PGC-1α, PPARγ coactivator 1α.

REFERENCES

Abdollahi, M., Chan, T. S., Subrahmanyam, V., and O’Brien, P. J. (2003). Effects of phosphodiesterase 3,4,5 inhibitors on hepatocyte cAMP levels, glycogenolysis, gluconeogenesis and susceptibility to a mitochondrial toxin. Mol. Cell. Biochem. 252, 205–211.

Arkan, M. C., Hevener, A. L., Greten, F. R., Maeda, S., Li, Z. W., Long, J. M., et al. (2005). IKK-β links inflammation to obesity-induced insulin resistance. Nat. Med. 11, 191–198. doi: 10.1038/nm1185

Bae, S., Jung, Y., Choi, Y. M., and Li, S. (2015). Effects of er-miao-san extracts on TNF-alpha-induced MMP-1 expression in human dermal fibroblasts. Biol. Res. 48:8. doi: 10.1186/0717-6287-48-8

Boden, G. (1999). Free fatty acids, insulin resistance, and type 2 diabetes mellitus. Proc. Assoc. Am. Physicians 111, 241–248. doi: 10.1046/j.1525-1381.1999.99220.x

Brasaemle, D. L. (2007). Thematic review series: adipocyte biology. The perilipin family of structural lipid droplet proteins: stabilization of lipid droplets and control of lipolysis. J. Lipid Res. 48, 2547–2559. doi: 10.1194/jlr.R700014-JLR200

Cai, D., Yuan, M., Frantz, D. F., Melendez, P. A., Hansen, L., Lee, J., et al. (2005). Local and systemic insulin resistance resulting from hepatic activation of IKK-β and NF-κB. Nat. Med. 11, 183–190. doi: 10.1038/nm1166

Chen, G., Li, K., Fung, C., Liu, C., Wong, H., Leung, P., et al. (2014). Er-Miao-San, a traditional herbal formula containing Rhizoma Atractylodis and Cortex Phellodendri inhibits inflammatory mediators in LPS-stimulated RAW264.7 macrophages through inhibition of NF-κB pathway and MAPKs activation. J. Ethnopharmacol. 154, 711–718. doi: 10.1016/j.jep.2014.04.042

Degerman, E., Ahmad, F., Chung, Y. W., Guirguis, E., Omar, B., Stenson, L., et al. (2011). From PDE3B to the regulation of energy homeostasis. Curr. Opin. Pharmacol. 11, 676–682. doi: 10.1016/j.coph.2011.09.015

Donath, M. Y., and Shoelson, S. E. (2011). Type 2 diabetes as an inflammatory disease. Nat. Rev. Immunol. 11, 98–107. doi: 10.1038/nri2925

Fain, J. N., Pointer, R. H., and Ward, W. F. (1972). Effects of adenosine nucleosides on adenylate cyclase, phosphodiesterase, cyclic adenosine monophosphate accumulation, and lipolysis in fat cells. J. Biol. Chem. 247, 6866–6872.

Feng, X., Zhao, W., Hou, T., and Zhang, N. (2017). Simultaneous determination of 14 compounds in Er Miao San extracts by UPLC-MS/MS. Zhongguo Shi Yan Fang Ji Xue Za Zhi 23, 116–122.

Francis, S. H., Blount, M. A., and Corbin, J. D. (2011). Mammalian cyclic nucleotide phosphodiesterases: molecular mechanisms and physiological functions. Physiol. Rev. 91, 651–690. doi: 10.1152/physrev.00030.2010

Frayn, K. N. (2002). Adipose tissue as a buffer for daily lipid flux. Diabetologia 45, 1201–1210. doi: 10.1007/s00125-002-0873-y

Gauthier, M. S., Miyoshi, H., Souza, S. C., Cacicedo, J. M., Saha, A. K., Greenberg, A. S., et al. (2008). AMP-activated protein kinase is activated as a consequence of lipolysis in the adipocyte: potential mechanism and physiological relevance. J. Biol. Chem. 283, 16514–16524. doi: 10.1074/jbc.M708177200

Gonzalez, G. A., and Montminy, M. R. (1989). Cyclic AMP stimulates somatostatin gene transcription by phosphorylation of CREB at serine 133. Cell 59, 675–680. doi: 10.1016/0092-8674(89)90013-5

Greenberg, A. S., Coleman, R. A., Kraemer, F. B., McManaman, J. L., Obin, M. S., Puri, V., et al. (2011). The role of lipid droplets in metabolic disease in rodents and humans. J. Clin. Invest. 121, 2102–2110. doi: 10.1172/JCI46069

Greenberg, A. S., Shen, W. J., Muliro, K., Patel, S., Souza, S. C., Roth, R. A., et al. (2001). Stimulation of lipolysis and hormone-sensitive lipase via the extracellular signal-regulated kinase pathway. J. Biol. Chem. 276, 45456–45461. doi: 10.1074/jbc.M104436200

He, L., Sabet, A., Djedjos, S., Miller, R., Sun, X., Hussain, M. A., et al. (2009). Metformin and insulin suppress hepatic gluconeogenesis through phosphorylation of CREB binding protein. Cell 137, 635–646. doi: 10.1016/j.cell.2009.03.016

Johanns, M., Lai, Y. C., Hsu, M. F., Jacobs, R., Vertommen, D., Van Sande, J., et al. (2016). AMPK antagonizes hepatic glucagon-stimulated cyclic AMP signalling via phosphorylation-induced activation of cyclic nucleotide phosphodiesterase 4B. Nat. Commun. 7:10856. doi: 10.1038/ncomms10856

Ke, B., Zhao, Z., Ye, X., Gao, Z., Manganiello, V., Wu, B., et al. (2015). Inactivation of NF-κB p65 (RelA) in liver improves insulin sensitivity and inhibits cAMP/PKA pathway. Diabetes Metab. Res. Rev. 64, 3355–3362. doi: 10.2337/db15-0242

Kim, J. K., Fillmore, J. J., Chen, Y., Yu, C., Moore, I. K., Pypaert, M., et al. (2001). Tissue-specific overexpression of lipoprotein lipase causes tissue-specific insulin resistance. Proc. Natl. Acad. Sci. U.S.A. 98, 7522–7527. doi: 10.1073/pnas.121164498

Kowalski, G. M., De Souza, D. P., Burch, M. L., Hamley, S., Kloehn, J., Selathurai, A., et al. (2015). Application of dynamic metabolomics to examine in vivo skeletal muscle glucose metabolism in the chronically high-fat fed mouse. Biochem. Biophys. Res. Commun. 462, 27–32. doi: 10.1016/j.bbrc.2015.04.096

Lafontan, M., and Girard, J. (2008). Impact of visceral adipose tissue on liver metabolism. Part I: heterogeneity of adipose tissue and functional properties of visceral adipose tissue. Diabetes Metab. 34, 317–327. doi: 10.1016/j.diabet.2008.04.001

Leahy, P., Crawford, D. R., Grossman, G., Gronostajski, R. M., and Hanson, R. W. (1999). CREB binding protein coordinates the function of multiple transcription factors including nuclear factor I to regulate phosphoenolpyruvate carboxykinase (GTP) gene transcription. J. Biol. Chem. 274, 8813–8822. doi: 10.1074/jbc.274.13.8813

Lee, Y. S., Kim, W. S., Kim, K. H., Yoon, M. J., Cho, H. J., Shen, Y., et al. (2006). Berberine, a natural plant product, activates AMP-activated protein kinase with beneficial metabolic effects in diabetic and insulin-resistant states. Diabetes Metab. Res. Rev. 55, 2256–2264. doi: 10.2337/db06-0006

Li, L., Huang, T., Tian, C., Xiao, Y., Kou, S., Zhou, X., et al. (2016). The defensive effect of phellodendrine against AAPH-induced oxidative stress through regulating the AKT/NF-κB pathway in zebrafish embryos. Life Sci. 157, 97–106. doi: 10.1016/j.lfs.2016.05.032

Li, L. Z., Zhang, T., Yang, L., Zhang, L., Wang, L., Liu, B., et al. (2017). Inhibition of lipolysis by ilexgenin A via AMPK activation contributes to the prevention of hepatic insulin resistance. Eur. J. Pharmacol. 813, 84–93. doi: 10.1016/j.ejphar.2017.07.038

Mei, J., Holst, L. S., Landström, T. R., Holm, C., Brindley, D., Manganiello, V., et al. (2002). C(2)-ceramide influences the expression and insulin-mediated regulation of cyclic nucleotide phosphodiesterase 3B and lipolysis in 3T3-L1 adipocytes. Diabetes Metab. Res. Rev. 51, 631–637. doi: 10.2337/diabetes.51.3.631

Miller, R. A., Chu, Q., Xie, J., Foretz, M., Viollet, B., and Birnbaum, M. J. (2013). Biguanides suppress hepatic glucagon signalling by decreasing production of cyclic AMP. Nature 494, 256–260. doi: 10.1038/nature11808

Miyoshi, H., Souza, S. C., Zhang, H. H., Strissel, K. J., Christoffolete, M. A., Kovsan, J., et al. (2006). Perilipin promotes hormone-sensitive lipase-mediated adipocyte lipolysis via phosphorylation-dependent and -independent mechanisms. J. Biol. Chem. 281, 15837–15844. doi: 10.1074/jbc.M601097200

Oldenburger, A., Roscioni, S. S., Jansen, E., Menzen, M. H., Halayko, A. J., Timens, W., et al. (2012). Anti-inflammatory role of the cAMP effectors Epac and PKA: implications in chronic obstructive pulmonary disease. PLoS One 7:e31574. doi: 10.1371/journal.pone.0031574

Perry, R. J., Samuel, V. T., Petersen, K. F., and Shulman, G. I. (2014). The role of hepatic lipids in hepatic insulin resistance and type 2 diabetes. Nature 510, 84–91. doi: 10.1038/nature13478

Rahn Landström, T., Mei, J., Karlsson, M., Manganiello, V., and Degerman, E. (2000). Down-regulation of cyclic-nucleotide phosphodiesterase 3B in 3T3-L1 adipocytes induced by tumour necrosis factor alpha and cAMP. Biochem. J. 346(Pt 2), 337–343. doi: 10.1042/bj3460337

Ravnskjaer, K., Kester, H., Liu, Y., Zhang, X., Lee, D., Yates, J. R. III, et al. (2007). Cooperative interactions between CBP and TORC2 confer selectivity to CREB target gene expression. EMBO J. 26, 2880–2889. doi: 10.1038/sj.emboj.7601715

Schweiger, M., Eichmann, T. O., Taschler, U., Zimmermann, R., Zechner, R., and Lass, A. (2014). Measurement of lipolysis. Methods Enzymol. 538, 171–193. doi: 10.1016/B978-0-12-800280-3.00010-4

Sheng, L., Zhou, Y., Chen, Z., Ren, D., Cho, K. W., Jiang, L., et al. (2012). NF-κB-inducing kinase (NIK) promotes hyperglycaemia and glucose intolerance in obesity by augmenting glucagon action. Nat. Med. 18, 943–949. doi: 10.1038/nm.2756

Streeper, R. S., Hornbuckle, L. A., Svitek, C. A., Goldman, J. K., Oeser, J. K., and O’Brien, R. M. (2001). Protein kinase A phosphorylates hepatocyte nuclear factor-6 and stimulates glucose-6-phosphatase catalytic subunit gene transcription. J. Biol. Chem. 276, 19111–19118. doi: 10.1074/jbc.M101442200

Unger, R. H. (1995). Lipotoxicity in the pathogenesis of obesity-dependent NIDDM. Genetic and clinical implications. Diabetes 44, 863–870. doi: 10.2337/diab.44.8.863

Unger, R. H., and Cherrington, A. D. (2012). Glucagonocentric restructuring of diabetes: a pathophysiologic and therapeutic makeover. J. Clin. Invest. 122, 4–12. doi: 10.1172/JCI60016

Wang, L., Zhang, B., Huang, F., Liu, B., and Xie, Y. (2016). Curcumin inhibits lipolysis via suppression of ER stress in adipose tissue and prevents hepatic insulin resistance. J. Lipid Res. 57, 1243–1255. doi: 10.1194/jlr.M067397

Wei, S., Zhang, M., Yu, Y., Lan, X., Yao, F., Yan, X., et al. (2016). Berberine attenuates development of the hepatic gluconeogenesis and lipid metabolism disorder in type 2 diabetic mice and in palmitate-incubated HepG2 cells through suppression of the HNF-4α miR122 pathway. PLoS One 11:e0152097. doi: 10.1371/journal.pone.0152097

Xiao, N., Lou, M., Lu, Y., Yang, L., Liu, Q., Liu, B., et al. (2017). Ginsenoside Rg5 attenuates hepatic glucagon response via suppression of succinate-associated HIF-1α induction in HFD-fed mice. Diabetologia 60, 1084–1093. doi: 10.1007/s00125-017-4238-y

Yang, H., and Yang, L. (2016). Targeting cAMP/PKA pathway for glycemic control and type 2 diabetes therapy. J. Mol. Endocrinol. 57, R93–R108. doi: 10.1530/JME-15-0316

Zhang, H. H., Halbleib, M., Ahmad, F., Manganiello, V. C., and Greenberg, A. S. (2002). Tumor necrosis factor-α stimulates lipolysis in differentiated human adipocytes through activation of extracellular signal-related kinase and elevation of intracellular cAMP. Diabetes 51, 2929–2935. doi: 10.1152/ajpendo.00228.2012

Zhao, W., Li, A., Feng, X., Hou, T., Liu, K., Liu, B., et al. (2016). Metformin and resveratrol ameliorate muscle insulin resistance through preventing lipolysis and inflammation in hypoxic adipose tissue. Cell. Signal. 28, 1401–1411. doi: 10.1016/j.cellsig.2016.06.018

Zhao, W., Wang, M., Shao, L., Liao, M., Liu, K., Huang, F., et al. (2014). The total phenolic fraction of Anemarrhena asphodeloides inhibits inflammation and reduces insulin resistance in adipocytes via regulation of AMP-kinase activity. Planta Med. 80, 146–152. doi: 10.1055/s-0033-1360197

Conflict of Interest Statement: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2018 Zhao, Feng, Liu, Xian and Zhang. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.







	
	ORIGINAL RESEARCH
published: 02 August 2018
doi: 10.3389/fphys.2018.01042





[image: image2]

Berberine Could Ameliorate Cardiac Dysfunction via Interfering Myocardial Lipidomic Profiles in the Rat Model of Diabetic Cardiomyopathy


Shifen Dong1*, Shuofeng Zhang1, Zhirong Chen1, Rong Zhang1, Linyue Tian1, Long Cheng1, Fei Shang2 and Jianning Sun1*


1School of Chinese Materia Medica, Beijing University of Chinese Medicine, Beijing, China

2Department of Pharmacology, Analysis and Testing Center, Beijing University of Chemical Technology, Beijing, China

Edited by:
Xinran Ma, East China Normal University, China

Reviewed by:
Qun Liu, China Pharmaceutical University, China
 Lin Li, Xuanwu Hospital, Capital Medical University, China

* Correspondence: Shifen Dong, tedong4444@gmail.com
 Jianning Sun, jn_sun@sina.com

Specialty section: This article was submitted to Clinical and Translational Physiology, a section of the journal Frontiers in Physiology

Received: 05 April 2018
 Accepted: 12 July 2018
 Published: 02 August 2018

Citation: Dong S, Zhang S, Chen Z, Zhang R, Tian L, Cheng L, Shang F and Sun J (2018) Berberine Could Ameliorate Cardiac Dysfunction via Interfering Myocardial Lipidomic Profiles in the Rat Model of Diabetic Cardiomyopathy. Front. Physiol. 9:1042. doi: 10.3389/fphys.2018.01042



Background: Diabetic cardiomyopathy (DCM) is considered to be a distinct clinical entity independent of concomitant macro- and microvascular disorders, which is initiated partly by disturbances in energy substrates. This study was to observe the dynamic modulations of berberine in DCM rats and explore the changes of lipidomic profiles of myocardial tissue.

Methods: Sprague-Dawley (SD) rats were fed high-sucrose and high-fat diet (HSHFD) for totally 22 weeks and intraperitoneally (i.p.) injected with 30 mg/kg of streptozotocin (STZ) at the fifth week to induce DCM. Seventy-two hours after STZ injection, the rats were orally given with berberine at 10, 30 mg/kg and metformin at 200 mg/kg, respectively. Dynamic changes of cardiac function, heart mass ratios and blood lipids were observed at f 4, 10, 16, and 22, respectively. Furthermore, lipid metabolites in myocardial tissue at week 16 were profiled by the ultra-high-performance liquid chromatography coupled to a quadruple time of flight mass spectrometer (UPLC/Q-TOF/MS) approach.

Results: Berberine could protect against cardiac diastolic and systolic dysfunctions, as well as cardiac hypertrophy, and the most effective duration is with 16-week of administration. Meanwhile, 17 potential biomarkers of phosphatidylcholines (PCs), phosphatidylethanolamines (PEs) and sphingolipids (SMs) of DCM induced by HSFD/STZ were identified. The perturbations of lipidomic profiles could be partly reversed with berberine intervention, i.e., PC (16:0/20:4), PC (18:2/0:0), PC (18:0/18:2), PC (18:0/22:5), PC (20:4/0:0), PC (20:4/18:0), PC (20:4/18:1), PC (20:4/20:2), PE (18:2/0:0), and SM (d18:0/16:0).

Conclusions: These results indicated a close relationship between PCs, PEs and SMs and cardiac damage mechanisms during development of DCM. The therapeutic effects of berberine on DCM are partly caused by interferences with PCs, PEs, and SMs metabolisms.

Keywords: diabetic cardiomyopathy, myocardial tissue, lipidomic profiles, berberine, UPLC/Q-TOF/MS

INTRODUCTION

Diabetes mellitus (DM) is among the most prevalent and morbid chronic diseases, and the worldwide prevalence of diabetic people is predicted to dramatically increase from 415 million to 642 million by 2040 (Boles et al., 2017; Ingelfinger and Jarcho, 2017; Ruiz et al., 2018). In China, there also be a rapid increase in the prevalence of DM associated with recent economic development, and the current diabetic subjects were ~113.9 million, and a further 493.4 million persons with prediabetes (Xu et al., 2013; Chan et al., 2014). And the type 2 DM that closely related to obesity is the main contributor to the increase of DM prevalence (Ma et al., 2017).

Diabetes mellitus and prediabetes status increase all cause and cardiovascular mortality (Huang et al., 2017). Diabetic cardiomyopathy (DCM) is considered to be a distinct clinical entity independent of concomitant macro- and microvascular disorders (Huynh et al., 2014; Jia et al., 2018), and occurs in the absence of coronary artery disease, valvular disease, and other conventional cardiovascular risk factors, which could induce direct damage to myocardium and lead to heart failure (Loffroy et al., 2009; Trachanas et al., 2014; Jia et al., 2018). Various potential molecular and cellular mechanisms are involved in the pathophysiological process of DCM (Ruiz et al., 2018), such as disturbances in myocardial energy utilization, calcium signaling pathway, as well as mitochondrial dysfunction (Palomer et al., 2013).

The metabolic disturbances in DCM are mainly characterized by triglycerides (TGs) accumulation in the myocardial tissue, excessive lipid oxidation, and reduced glucose utilization (Bakshi et al., 2015), which may lead to the exceeding oxidative stress, mitochondrial dysfunction and apoptosis of cardiomyocytes (Palomer et al., 2013; Bakshi et al., 2015). In addition, the lipidomic profiling extends far beyond detection of total cholesterol (TCH) and TGs, which is becoming increasingly useful to clarify the interactions between lipid metabolism, diet, and metabolic diseases (Meikle and Summers, 2017).

Berberine is a kind of isoquinoline alkaloids that can be extracted from various plants, such as Coptis chinensis (Chinese goldthread), Berberis vulgaris (barberry), and Phellodendron amurense (Amur corktree), which is widely used in traditional Chinese medicine (Cicero and Baggioni, 2016). The current clinical and experimental research have suggested a potential effect of berberine on regulation of lipid and glucose homeostasis, as well as inhibiting inflammation and cancer growth (Wang et al., 2018). Oral administration of berberine could improve hypercholesterolemic patients and reduce serum TCH, TG, and low-density lipoprotein (LDL)—cholesterol (Kong et al., 2004). Berberine could also improve nonalcoholic fatty liver disease patients and alter circulating ceramides (Chang et al., 2016). The lowering lipid effect of berberine was related to the activation of adenosine monophosphate (AMP)-activated protein kinase (AMPK) pathway (Jiang et al., 2016) and regulation of LDL receptor (LDLR) post-transcription, as well as ameliorating abnormal lipid deposition and reducing oxidative stress (Sun et al., 2017). However, little is known about the effect of berberine on lipidomic profiling in DCM subjects (Li et al., 2015).

The recent studies in DCM animal models suggested the important role of phospholipids (e.g., phosphatidylcholine and phosphatidylethanolamine) in the development of cardiac dysfunction and remodeling of DCM (Dong et al., 2017). We also found that berberine could protect against cardiac dysfunction induced by high caloric diet via promoting glucose transport and inhibiting cardiac lipid accumulation (Dong et al., 2011). The purpose of this study was to observe the dynamic pathogenesis changes of DCM and the effect of berberine on changes of myocardial lipidomic profiles in DCM rats, in order to explore novel targets for further research.

MATERIALS

Chemicals and Reagents

Streptozotocin (STZ), berberine chloride, and metformin were obtained from Sigma-Aldrich (St Louis, MO, USA). The STZ was dissolved in 0.1 M citrate buffer (pH = 4.5), and berberine was suspended in 0.5% sodium carboxymethyl cellulose (CMC) solution. Liquid chromatography tandem mass spectrometry (LC-MS)-grade methanol, chloroform, and acetonitrile were obtained from Thermo Fisher Scientific (Pittsburgh, PA, USA). Biochemical kits of plasma samples were purchased from Nanjing Jiancheng Bioengineering Institute (Nanjing, China) (Dong et al., 2011).

Animal Care

Male Sprague-Dawley rats [Grade II, certificate No. SCXK (jing) 2012-0001], weighing 180 ± 20 g, were purchased from Beijing Vital River Laboratory Animal Technology Co., Ltd. (Beijing, China). All animals were maintained under specific pathogen free conditions. Regular housing temperatures were maintained between 21 and 23°C with a 12 h light−12 h dark cycle. Water and various diets (regular chow diet or HSFD) were given to animals ad libitum. All studies involving animals were in accordance with ethics standards of the Animal Care and Welfare Committee of Beijing University of Chinese Medicine [Certificate No. BUCM-04-2015090201-3008].

Three 100 rats were randomly divided into five groups, with 60 rats in each group. Rats in the control group (CON) were given with regular chow diet and 0.5% sodium CMC (Dong et al., 2011). Other rats were fed high-sucrose and high-fat diet (HSHFD, 2920 Kcal/kg) provided by Ke'ao Cooperation Co., Ltd. (Beijing, China), and i.p. injected with 30 mg/kg of streptozotocin (STZ) following a 12 h fast at the fifth week of HSFD feeding to induce diabetic cardiomyopathy (DCM). Seventy-two hours following STZ injection, fasting blood glucose (FBG) levels were determined and the rats with high FBG (≥11.1 mmol/L) were recruited for further research. In addition, rats in treated groups were i.g. administered with berberine at 10, 30 mg/kg and metformin at 200 mg/kg, respectively. And rats in DCM model group were just orally given with vehicle.

Dynamic Assessment of Cardiac Function

Parameters of cardiac function were observed at 4 time points. After administered with berberine and metformin for 4, 10, 16, and 22 weeks, respectively, the rats were intraperitoneally anesthetized with 35 mg/kg pentobarbital sodium following a 12 h fast. A 20 G catheter was placed in the left ventricle via the right common carotid artery for detection of cardiac function, i.e., left ventricular end diastolic pressure (LVEDP), and left ventricular systolic pressure (LVSP). Data were detected by MP150 system (BIOPAC Systems, Ins., CA, USA).

Dynamic Assessment of Blood Lipids

Following detection of cardiac function at each time point, the whole blood was collected from the right carotid artery of rats, and transferred to tubes with anticoagulant (sodium heparin). Plasma samples were prepared by centrifuging whole blood at 2,000 g for 10 min. Levels of plasma TCH and TG were determined by ultraviolet spectrophotometric approach according to the manufacturer's protocol.

Measurement of the Whole Heart Mass and Left Ventricular Mass

After blood collection, the rats were euthanized by cervical dislocation (Reis et al., 2005). The hearts were excised and weighed. And the heart weight index (BWI) and left ventricular weight index (LVWI) were calculated, respectively (Bai et al., 2018).

BWI = heart weight (HW) / body weight (BW).

LVWI = left ventricular weight (LVW) / body weight (BW).

UPLC/QTOF/MS Analysis

The ultra-high-performance liquid chromatography coupled to a quadruple time of flight mass spectrometer (UPLC/Q-TOF/MS, Waters MS Technologies, Manchester, UK) was applied for data collection. And the procedures were performed as described (Dunn et al., 2011; Want et al., 2013). Freeze samples of myocardial tissue were thawed at room temperature, and 100 mg of each sample was accurately weighed and homogenized in homogenization tubes by a Speed Mill Plus (Analytik Jena, Jena, Germany). One milliliter of chloroform/methanol (3:1) were added to tissue containing in the 1.5-mL centrifuge tube (Axygen MCT-150-C, Corning, NY, USA) and thoroughly mixed on a vortex mixer for 30 min, and then the protein precipitate was pelleted in a centrifuge at 4°C and 12,000 rpm for 10 min. After centrifuge, 400 μL of subnatant was carefully collected and dried in a Savant™ SpeedVac™ High Capacity Concentrators (Thermo Fisher, Pittsburgh, USA). And then 400 μL of isopropyl alcohol/acetonitrile (1:1) was added into each tube and dissolved in ultrasound. The dissolved matter was centrifuged at 12,000 rpm for 10 min, and the supernatant (100 μL) was transferred to a vial insert (200 μL) for liquid chromatography-mass spectrometry analysis.

For C18 separation, mobile phase A was acetonitrile/water (60/40) and mobile phase B was isopropanol/ acetonitrile (90/10), and both A and B contained 0.1% formic acid and 10 mM ammonium acetate. The gradient conditions for reversed phase C18 separation were shown in Table 1.


Table 1. The gradient conditions for reversed phase C18 separation for lipids.
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A Waters Acquity UPLC CSH C18 column (2.1 × 100 mm, 1.7 μm) was operated at 45°C and 300 μL/min flow rate. And the injection volume was 2 μL. Samples were analyzed in positive and negative electrospray ionization (ESI) using Waters xevo G2 QTOF Mass Spectrometer. And conditions of ESI+ and ESI− were showed in Table 2.


Table 2. Analysis condition of positive and negative electrospray ionization.
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Statistical Methods

All of the MS data were processed by Progenesis QI software (Nonlinear Dynamics, Newcastle, UK). And the steps that carried out to conduct a sample analysis, included imputing raw data, peak alignment, picking, and normalization to produce peak intensities for retention time (tR) and mass-to-charge ratio (m/z) data pairs (Saigusa et al., 2018). The range of automatic peak picking was 0.7 ~19 min. Databases including our database containing more than 600 metabolite standards and the online databases such as LIPID MAPS (http://www.Lipidmaps.org/tools/index.html) were used to identify the lipid metabolites (Saigusa et al., 2016). For example, in positive mode the ion of m/z 544.34034 (tR, 1.3903 min) was speculated as C28H50NO7P by analyzing the elemental composition and the fractional isotope abundance (Qian et al., 2017). Then, this metabolite was identified as PC (20:4/0:0) after comparing the tandem mass spectrometry (MS/MS) data with Lipid Standards MS/MS spectra in LIPID MAPS.

A multivariate analysis was performed using the SIMCA 14.1 software (Meikle et al., 2014) (Umetrics AB, Umea, Sweden). An unsupervised model of principal component analysis (PCA) with unit variance scaling was used to assess the holistic metabolome alterations among groups and monitor the stability of this study. A supervised model of orthogonal projection to latent structures discriminant analysis (OPLS-DA) with unit variance scaling was performed to maximize the distance between groups and identify important variables with an important contribution to the classification according to the variable important in the projection (VIP) values. The permutation test was conducted for 200 times to evaluate the risk of over-fitting for the OPLS-DA model.

Additional data are shown as mean ± SD. In each experiment, n defines the number of rats. Statistical significance between multiple groups was evaluated by one-way analysis of variance (ANOVA) followed by least significant difference (LSD) post-hoc tests using SPSS version 17.0. P < 0.05 was considered as statistically significant.

RESULTS

Berberine Improved Cardiac Diastolic Function in DCM Rats

In this study, the dynamic changes of cardiac function in rats were observed at week 4, 10, 16, and 22, respectively. When compared with the normal rats, LVEDP values in DCM rats increased from week 10 to week 22 and showed significant changes at week 16 (P < 0.05) and week 22 (P < 0.05), respectively. In addition, only after 16-week administration with berberine at 10, 30 mg/kg and metformin at 200 mg/kg, respectively, values of LVEDP showed remarkable reduction (P < 0.01), when compared with the DCM rats (Figure 1). These results indicated that berberine could protect against cardiac diastolic dysfunction, and the most effective duration is with 16-week administration.
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FIGURE 1. Berberine improved cardiac diastolic function in DCM rats. Diabetic cardiomyopathy (DCM) model rats were established by feeding with high-sucrose and high-fat diet (HSHFD) consisting of regular diet (66.5%), lard (10%), sucrose (20%), cholesterol (2.5%), and bile salt (1%) and intraperitoneally (i.p.) injected with 30 mg/kg of streptozotocin (STZ) at the fifth week. Seventy-two hours after STZ injection, berberine at the dosage of 10, 30 mg/kg, and metformin at 200 mg/kg were orally given to DCM rats, respectively, for consecutive 4, 10, 16, and 22 weeks. The dynamic changes of cardiac function were measured by invasive left ventricular catheterization in anesthetized rats. DCM, diabetic cardiomyopathy. Data were shown as mean ± SD, with n = 7~12. Statistical significance was determined by one-way analysis of variance (ANOVA) followed by least significant difference (LSD) post-hoc test. *P < 0.05, **P < 0.01 vs. DCM group.



Berberine Improved Cardiac Systolic Function in DCM Rats

When compared with control rats, values of LVSP were significantly decreased at week 10 (P < 0.01), week 16 (P < 0.05), and week 22 (P < 0.05). After administration with berberine at 30 mg/kg and metformin at 200 mg/kg, respectively, LVSP levels were increased significantly at week 10 and week 16 (P < 0.05) compared to DCM group (Figure 2). These results indicated that berberine could protect against cardiac systolic dysfunction, and the most effective duration is with 10–16 weeks of administration.
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FIGURE 2. Berberine improved cardiac systolic function in DCM rats. DCM, diabetic cardiomyopathy. Data were shown as mean ± SD, with n = 7~12. Statistical significance was determined by one-way ANOVA followed by LSD post-hoc test. *P < 0.05, **P < 0.01 vs. DCM group.



Berberine Decreased the Ratios of HW/BW and LVW/BW in DCM Rats

When compared with the control rats, values of both LVW/BW and HW/BW were remarkably increased from week 4 to week 22 (P < 0.05 or P < 0.01) in DCM model rats, which indicated a cardiac hypertrophy status. Berberine at 30 mg/kg caused a significant reduction in HW/BW at week 16 (P < 0.05), when compared with DCM rats (Figure 3).
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FIGURE 3. Berberine decreased the heart weight index and left ventricular weight index in DCM rats. (A) Heart weight index: the whole heart weight / body weight. (B) Left ventricular weight index: the left ventricular weight / body weight. DCM, diabetic cardiomyopathy. Data are presented as mean ± SD, with n = 7~12. Statistical significance was determined by one-way ANOVA followed by LSD post-hoc test. *P < 0.05, **P < 0.01 vs. DCM group.



Blood Lipid Parameters

Levels of plasma TCH and TG of DCM rats were increased significantly from week 4 to week 22 (P < 0.05 or P < 0.01). Berberine 30 mg/kg caused a significant reduction in TCH levels at week 16 (P < 0.05), when compared with DCM rats (Figure 4).
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FIGURE 4. Blood lipid parameters. (A) Dynamic changes of total cholesterol. (B) Dynamic changes of triglyceride. TCH, total cholesterol; TG, triglyceride; DCM, diabetic cardiomyopathy. Data are presented as mean ± SD, with n = 7~12. Statistical significance was evaluated by one-way ANOVA followed by LSD post-hoc test. *P < 0.05, **P < 0.01 vs. DCM model group.



Taken in concert, all above experimental results manifested protection effects of berberine on DCM rats. Berberine could protect against cardiac diastolic and systolic dysfunction, as well as cardiac hypertrophy, and the most effective duration is around 16-week administration. Therefore, the samples at this time point were selected for the subsequent lipidomic profiles analysis.

Lipidomic Profiles Analysis of Myocardial Tissue

Metabolic profiles of the myocardial tissue were acquired by UPLC/Q-TOF/MS approach in ESI+ and ESI− modes. Totally, 66390 positive ion peaks and 9030 negative ion peaks were obtained.

The quality control (QC) samples were used to monitor the stability and performance of LC-MS system and the reproducibility of the samples. The pretreatment of QC samples was in the same manner as the test samples. In this study, five QC samples of myocardial tissue were inserted at regular intervals (6~8 samples) into the run sequence in order to assess the repeatability of data (Want et al., 2013). The features were selected according to their coefficients of variation (CVs) with quality control, and features with CVs over 15% were eliminated (Saigusa et al., 2016). As shown in Figure 5, the cluster of the QC samples in the principal component analysis (PCA) scores scatter plot exhibited stability and repeatability of this lipidomic analysis system (Xu et al., 2017).
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FIGURE 5. The PCA scores plot of QC and On-test Samples. Quality control (QC) samples were applied to exhibit the stability of the liquid chromatography-mass spectrometer (LC-MS) system. The cluster of the quality control samples in the principal component analysis scores scatter plot showed a satisfactory stability and repeatability of this lipidomic analysis approach. The colors display the subjects from different groups. [image: image]: QC, quality control; [image: image], Test samples.



Identification of Potential Biomarkers

The PCA was applied to analyze all acquired observations in order to investigate the global lipidomics metabolism variations. The lipid metabolic phenotypes based on all imported samples could be classified by the approach of PCA method (Xu et al., 2017). An overviews of all samples in the data and a clear grouping trend (R2X, 0.861; Q2, 0.752) between the control group, DCM group, DCM +Metformin 200 mg/kg group, DCM + Berberine 10 mg/kg group and DCM + Berberine 30 mg/kg group could be observed. The DCM group vs. control group exhibited an improved separation. This observation indicated that DCM status may disturb the metabolism of the lipids, when compared to control group. Berberine at 10, 30 mg/kg and metformin at 200 mg/kg showed interferences in the DCM rats, although the trajectory of the drug-treated groups did not return to the normal state (Figure 6).
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FIGURE 6. The PCA scores plot of five groups. DCM, diabetic cardiomyopathy. The colors display the subjects from different groups. [image: image], Control; [image: image], DCM; [image: image], DCM + Metformin 200 mg/kg; [image: image], DCM + Berberine 10 mmg/kg; [image: image], DCM + Berberine 30 mg/kg.



To further confirm the certain lipids used as selective and sensitive biomarkers for pathogenesis of diabetic cardiomyopathy, the OPLS-DA approach was used to compare the changes of lipid metabolites between the DCM and the control rats (Xu et al., 2017). A clear separation of the control rats and the DCM rats was observed as demonstrated by OPLS-DA scores scatter plot (Figure 7A). In the OPLS-DA model, the cumulative R2Y and Q2 are 0.966 and 0.901, respectively. No over-fitting was observed according to results of chance permutation (Figure 7B). Afterwards, the significant changed lipid metabolites of the DCM group compared to the normal group were filtered out based on variable important in the projection (VIP) values (VIP > 1) and t-test (P < 0.05).


[image: image]

FIGURE 7. The OPLS-DA scores scatter plot and validation plot. (A) The orthogonal projection to latent structures discriminant analysis (OPLS-DA) scores scatter plot obtained from the diabetic cardiomyopathy (DCM) group vs. control group. (B) Validation plot for OPLS-DA model. The permutation test was conducted for 200 times to evaluate the risk of over-fitting for the OPLS-DA model. DCM, diabetic cardiomyopathy. (A) [image: image], Control, [image: image], DCM model group; (B) [image: image], R2, [image: image], Q2.



Subsequently, total 17 potential lipids biomarkers of DCM models, including 12 PCs, 3 PEs, and 2 SMs were further studied (Table 3).


Table 3. Identification of potential biomarkers related to development of diabetic cardiomyopathy rats.
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The changed levels and names of selected biomarkers were shown in Figure 8. Specifically, the lipid levels of 2 PCs, 2 PEs, and 2 SMs, including PC (18:0/18:2), PC (18:2/0:0), PE (P-18:0/0:0), PE (18:2/0:0), SM (d18:0/16:0), and SM (d18:1/18:1) were significantly up-regulated in the DCM rats, when compared with normal rats (P < 0.05 or P < 0.001). Meanwhile, lipid levels of 10 PCs and 1 PE, including PC (16:0/14:0), PC (16:0/16:0), PC (16:0/20:4), PC (18:0/22:5), PC (20:4/0:0), PC (20:4/18:0), PC (20:4/18:1), PC (20:4/18:2), PC (20:4/20:2), PC (20:4/20:4), and PE (20:4/16:0) were remarkably reduced in the DCM rats, when compared with normal rats (P < 0.05 or P < 0.001).


[image: image]

FIGURE 8. Identification of potential biomarkers related to diabetic cardiomyopathy development. (A) Metabolic changes of lipids in the five test groups. (B) Heat map. Only metabolites with VIP > 1 and P < 0.05 were selected, and different shades of color present the concentration (red, black, and green presented the high, normal, and low concentration, respectively). CON, control group; DCM, diabetic cardiomyopathy model group; MET 200, DCM + Metformin 200 mg/kg group; BER 10, DCM + Berberine 10 mg/kg group; BER 30, DCM + Berberine 30 mg/kg group; PC, phosphatidylcholine; PE, phosphatidylethanolamine; SM, sphingolipid. Statistical significance was evaluated by one-way ANOVA followed by LSD post-hoc test. *P < 0.05, **P < 0.01, and ***P < 0.001 vs. DCM group.



After administered with berberine, lipid levels of 8 PCs, 1 PE, and 1 SM were significantly altered and exhibited a normal-level tendency (P < 0.05), i.e., PC (18:0/18:2), PC (18:2/0:0), PC (16:0/20:4), PC (18:0/22:5), PC (20:4/0:0), PC (20:4/18:0), PC (20:4/18:1), PC (20:4/20:2), PE (18:2/0:0), and SM (d18:0/16:0).

DISCUSSION

Dyslipidemia is a major contributor to the pathological process of DCM, and the main therapeutic methods involve lowering lipid (Meikle and Summers, 2017). In the present study, we explored the association between altered lipidomic profiling and cardiac dysfunction in the diabetic rats, as well as the regulation of berberine.

Current lipid parameters commonly used clinically are including TG, TCH, high-density lipoprotein and low-density lipoprotein cholesterol, which provide a relative narrow snapshot of the dynamic processes of lipid metabolism (Wong et al., 2013; Meikle et al., 2014). The application of lipidomics analyzed approach has been greatly expanding our understanding of the extent and complexity of lipid dysregulation in diabetes and its complications (Meikle and Summers, 2017). Lipidomics has been used to explore the physiological functions of lipid molecules (Hu and Zhang, 2018), and it was also applied to discover the biomarkers for diagnosis and therapy of metabolic disease (Meikle et al., 2014; Hu and Zhang, 2018).

The use of HPLC increases the sensitivity for low abundance lipids and their metabolites (Zhao et al., 2015). Identification of lipid metabolites in this method is achieved on the basis of searching for accurate mass-to-charge ratios from databases of known lipids and further tandem mass spectrometry based experiments (Nygren et al., 2011; Meikle et al., 2014). This approach has been applied for the analysis of plasma and serum in depicting the pathophysiological mechanism of disease (Laaksonen et al., 2006; Yetukuri et al., 2011; Meikle et al., 2014). Furthermore, when investigating the molecular mechanisms of diseases, and the metabolic changes induced by pathophysiological stress are considered to be more concentrated in some specific organs of localized diseases such as DCM, the use of related organs in this platform are useful (Nam et al., 2017; Hu and Zhang, 2018).

Our previous research indicated that berberine at 30 mg/kg orally administered for 6 weeks could attenuate cardiac dysfunction and cardiac hypertrophy in rats induced by feeding high-sucrose/fat diet plus i.p. injection with streptozotocin (30 mg/kg) through alleviating cardiac lipid accumulation and promoting glucose transport (Dong et al., 2011). Then, we used UPLC/Q-TOF/MS analyzed approach to explore the changes of myocardial lipidomic profiles in diabetic rats. And the results manifested that the cardiac lipid metabolites have remarkable correlation with changes of cardiac function and heart mass ratio (Dong et al., 2017).

In this study, we observed dynamic changes of cardiac functions, heart mass ratios and blood lipids at week 4, 10, 16, and 22, respectively. And the results demonstrated that berberine could protect against cardiac diastolic and systolic dysfunctions, as well as cardiac hypertrophy, and the most effective duration is with 16-week administration. In addition, 17 potential biomarkers of phosphatidylcholines (PCs), phosphatidylethanolamine (PEs) and sphingolipid (SMs) of DCM induced by HSFD/STZ have been identified. Furthermore, our results manifested that the perturbations could be partly reversed by berberine intervention, i.e., PC (18:0/18:2), PC (18:2/0:0), PC (16:0/20:4), PC (18:0/22:5), PC (20:4/0:0), PC (20:4/18:0), PC (20:4/18:1), PC (20:4/20:2), PE (18:2/0:0), and SM (d18:0/16:0).

Many phospholipid and sphingolipid metabolites have been proved to be important components linking obesity to type 2 DM and cardiovascular diseases (Meikle and Summers, 2017). The major components of the phospholipids involve the phosphatidylcholines (PCs) and phosphatidylethanolamines (PEs).

As the major constituents of the biologic membranes, the phospholipids can prevent the stability of cell membrane degeneration and promote recovery via improving cell membrane, protecting cells and mitochondria membrane against injury, promoting synthesis of lipoproteins, and increasing membrane fluidity and enzyme activities (Morrison et al., 2012; Zhang et al., 2014). Phospholipids also allow selected molecules to diffuse or move across the cell membrane into cells (Bishop and Bell, 1988; Zhang et al., 2014). And the membrane phospholipids are also the reservoir of lipid mediators and signaling molecules such as arachidonic acid (AA), prostaglandins, inositol triphosphate, endocannabinoids, and diacylglycerol (Lamari et al., 2013).

Besides important role involved in many cell processes, the phospholipids are the probable modulators of cardiac muscle insulin resistance rather than diacyglycerol or triacyglycerol (Quehenberger et al., 2010). Lots of evidences indicated the significance of impaired phospholipid-mediated signaling systems in DCM, heart failure and cardiac hypertrophy (Tabbi-Anneni et al., 2003). Also, in vitro and in vivo studies have confirmed the association between dysregulated phospholipid metabolism and cardiac lipotoxicity in DCM (Lim et al., 2011).

A plasma lipidomic study in humans indicated a relationship of PC species with risk measures of metabolic diseases, and PC (32:1) and PC (38:3) were associated with a high risk of metabolic syndrome (Kulkarni et al., 2013). There were 45 glycerophospholipid and sphingolipid (SM) species observed reduced in the coronary artery disease (Sutter et al., 2016). A population-based research indicated that serum PC (18:2/0:0) was associated with several cardiovascular disease-risk factors in adolescents (Syme et al., 2016). Serum lipid metabolites PC (18:0/18:2) and PC (16:0/14:0) were observed reduced from pre-diabetes to diabetes (Zeng et al., 2017). A clinical observation showed a persistent lipid signature with higher levels of plasma TGs, and diacylphospholipids as well as lower levels of alkylacyl phosphatidylcholines in progress to type 2 DM (Suvitaival et al., 2018). And plasma SM (d18:1/18:1) was significantly decreased in type 1 diabetic patients relative to controls (Sorensen et al., 2010). The myocardial phosphatidylinositol mass increased by 46%, and 1-stearoyl-2-arachidonoyl phosphatidylethanolamine decreased by 22% in diabetic rats induced by STZ (Han et al., 2000). The easily shocked (eas) mutant heart in Drosophila exhibited defects in cardiac physiology, including reduction in diastolic and systolic diameters, as well as heartbeat length and the absolute volume output, and exhibited increased concentrations of TG, and low levels of PE, which suggested that lipid metabolism and cardiac function could be regulated by phospholipid homeostasis (Lim et al., 2011).

And it has been confirmed that the maintenance of the balance of the PC: PE ratio has important health potentials (Korematsu et al., 2017). Blood-based lipidomic studies in humans showed a strong association of reduced PC: PE ratio with obesity, type 2 DM and prediabetes (Meikle et al., 2013; Weir et al., 2013; Henstridge et al., 2015).

In terms of diabetic cardiomyopathy, the cardiomyopathic status such as cardiac hypertrophy, fibrosis, and cell death induced by both hyperglycemia and cardiac metabolic imbalance can lead to abnormal Ca2+ transients and contractile activity. The cellular ion homeostasis imbalance and changes of contractile proteins can impair the excitation-contraction coupling, and potential of autonomic responsiveness and autonomic neuropathy. Also, the structural abnormalities occur (Tappia, 2007). The lipid metabolites, especially the main components of cardiomyocytes membrane such as phosphatidylcholine and phosphatidylethanolamine are closely related to intracellular ion homeostasis, which may contribute to the structural and functional alterations in the diabetic heart (Ussher et al., 2016; Meikle and Summers, 2017). Insulin treatment of diabetic rats could restore the species profile of phosphatidylethanolamines and overcorrect the changes in molecular species of phosphatidylcholines (Vecchini et al., 2000), which suggested that the abnormal in molecular species of glycerophospholipids may play an important role in membrane dysfunction and defective contractility of the diabetic heart (Vecchini et al., 2000; Tappia, 2007).

CONCLUSIONS

Our results indicated a close relationship between PCs, PEs, and SMs and cardiac damage mechanisms during development of DCM. And the therapeutic effects of berberine on DCM are partly due to interferences with PC, PE, and SM metabolisms.
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GPR54, Kisspeptin-1 receptor (KISS1R), a member of rhodopsin family, plays a critical role in puberty development and has been proposed to be involved in regulation of energy metabolism. This study aims to explore the function of GPR54 in adipogenesis, lipid metabolism, and obesity in addition to its effect through hormones. Results showed that when fed a high-fat diet, the weight growth of castrated or ovariectomized Gpr54−/− mice was significantly slower than that of WT control, together with a lower triglyceride concentration. The ratio of white adipose tissue was lower, and average size of adipocytes was smaller in Gpr54−/− mice. Meanwhile, there were less adipose tissue macrophages (ATMs), especially pro-inflammatory macrophages. Expression of inflammatory related genes also indicated that inflammatory response caused by obesity was not as drastic in Gpr54−/− mice as in WT mice. Liver triglyceride in Gpr54−/− mice was reduced, especially in female mice. On the other hand, oil drop formation was accelerated when hepatocytes were stimulated by kisspeptin-10 (Kp-10). Primary mesenchymal stem cells (MSCs) of Gpr54−/− mice were less likely to differentiate into adipocytes. When stimulated by Kp-10, 3T3-L1 cell differentiation into adipocytes was accelerated and triglyceride synthesis was significantly promoted. These data indicated that GPR54 could affect obesity development by promoting adipocyte differentiation and triglyceride accumulation. To further elucidate the mechanism, genes related to lipid metabolism were analyzed. The expression of genes involved in lipid synthesis including PPARγ, ACC1, ADIPO, and FAS was significantly changed in Gpr54−/− mice. Among them PPARγ which also participate in adipocyte differentiation displayed a marked reduction. Moreover, phosphorylation of ERK, which involved in GPR54 signaling, was significantly decreased in Gpr54−/− mice, suggesting that GPR54 may promote lipid synthesis and obesity development by activating MAP kinase pathway. Therefore, in addition to the involvement in hormone regulation, our study demonstrated that GPR54 directly participates in obesity development by promoting adipocyte differentiation and fat accumulation. This provided evidence of involvement of GPR54 in lipid metabolism, and revealed new potentials for the identification and development of novel drug targets for metabolic diseases.

Keywords: GPR54, energy metabolism, obesity, adipocyte differentiation, MAP kinase

INTRODUCTION

Nowadays, obesity has become a global burden that seriously impairs the health and quality of people's life. Overweight or obesity is associated with abnormal fat accumulation, which is caused by imbalanced energy metabolism. Energy homeostasis is a complicated system involving many aspects of glucose or lipid metabolism including lipogenesis and lipolysis, glycolysis, and gluconeogenesis. When energy intake exceeds energy expenditure, the surplus energy will be stored as lipid and the body will become overweight. In addition to life style and eating habit, genetic factors such as mutations in genes like ob (Farooqi et al., 1998) and MC4R (You et al., 2016) were found to be involved in some of obesity development. More new genes related to obesity were identified (Locke et al., 2015; Liu et al., 2017). Chronic metabolic disturbance is directly associated with increasing prevalence of metabolic diseases including diabetes and cardiovascular diseases. It is urgent to identify key players in the metabolic pathways in order to develop potential targets that can be utilize as candidates for obesity treatment.

Kiss1 gene was identified when investigating metastasis of human melanoma cells (Lee et al., 1996). The product of Kiss1, kisspeptin, is a 54-aa peptide also known as metastin. It could split into smaller peptides including kisspeptin-10 (Kp-10), Kp-13, and Kp-14. The peptide share similar functions and activities. The specific receptor of kisspeptins, GPR54, belongs to the rhodopsin family (Ohtaki et al., 2001). The critical function of GPR54/KISS1 system in nervous-gonadal axis was first reported in 2003 (de Roux et al., 2003). Since then, more studies have demonstrated that GPR54/KISS1 plays an important role in puberty development (Gutiérrez-Pascual et al., 2007; Kauffman et al., 2007; Sonigo and Binart, 2012). Interestingly, in addition to high expression in pituitary gland and placenta (Kotani et al., 2001), GPR54 is also expressed in pancreas, brain, liver, and skeletal muscle (Kalamatianos et al., 2008). This indicates that GPR54 also play roles in other biological processes, especially in energy metabolism. Previous studies on GPR54/KISS1's function in metabolic system were mostly performed in vitro. Studies were focused on demonstrating differential expression of Kiss1 gene in adipose tissue or hypothalamus under different situations or stimulations in an effort to show the potential involvement of Kiss1 in energy metabolism. The results, however, were inconclusive. For example, adult rats showed a reduction in Kiss1 mRNA and a decreased luteinizing hormone after fasting (Castellano et al., 2005; Brown et al., 2008). GPR54 expression was reduced in adult rats when fasted for 12–48 h, but increased in pubertal rats when fasted for 72 h (Castellano et al., 2005; Luque et al., 2007). Early in 1996, Kiss1 gene was found highly expressed in pancreas and implied kisspeptins involvement in pancreativ activity (Lee et al., 1996). A series of studies showed that kisspeptins and their receptor co-localized in alpha and beta cells of pancreas (Hauge-Evans et al., 2006). It was also shown that Kp-54 and Kp-10 could stimulate primary pancreas cells to secret insulin (Hauge-Evans et al., 2006; Wahab et al., 2011). Yet, other studies reported that kisspeptins inhibited insulin secretion in a concentration dependent manner (Bowe et al., 2009; Vikman and Ahren, 2009). Data from in vivo studies were limited. A recent report stated that Gpr54−/− female mice displayed a heavier body weight and an impaired glucose tolerance (Tolson et al., 2014). On the contrary, another paper in the same year reported inhibition of Kiss1 attenuated hyperglycemia. Increased kisspeptins were detected in both liver and serum of type 2 diabetes patients and mice (Song et al., 2014). This kind of variations in data from in vitro as well as in vivo studies implied that GPR54/KISS1 signaling might play a complex role, exerting different functions at different tissues, different stages, and under different biological conditions. Further investigations need to be carried out to help elucidating and understanding the different functions and mechanisms of GPR54/KISS1 signaling. In this study we mainly used castrated or ovariectomized Gpr54−/− mice in order to minimize hormone effects, and evaluated the direct functions of GPR54 in lipid metabolism, and the possible mechanism for the signaling pathway in adipose tissue. Results showed that GPR54 deficiency in mice led to slower body weight increase and reduced adipocyte differentiation. In in vitro cell system, GPR54/KISS1 activation led to enhanced adipocyte differentiation and triglyceride accumulation, suggesting involvement of GPR54/KISS1 signaling in adipogenesis, lipid metabolism, and obesity development, through a mechanism independent of sex hormone signaling.

MATERIALS AND METHODS

Animals

GPR54 deficient C57BL/6 mice were obtained from Dr. Eric L. Gustafson at Schering-Plow Research Institute (Kenilworth, NJ, USA). Genotyping was conducted by PCR as described previously (Funes et al., 2003). The genotypes of all animals were verified as correct (Supplementary Figure 1). Mice were bred and maintained at 4–5 per cage, in a constant room temperature (25°C) and photoperiod cycle (12 h light/12 h dark) in specific pathogen-free (SPF) level Laboratory at Animal Center of East China Normal University, with free access to water and food. To minimize hormone influence, mice were castrated (female ovariectomized) at 20–21 post-natal days under avertin anesthetization. This study was carried out in accordance with the recommendations of NIH guidelines. All protocols were approved by the institutional Animal Ethics Committee (permit No. m20140704).

Histological Analysis of Adipose Tissues

Mice were euthanized by cervical dislocation. Adipose tissue was excised and fixed overnight in 4% paraformaldehyde and embedded in paraffin. Sections at 4 μm were cut and stained by Hematoxylin and eosin (HE) for histological analysis. Digital images (200×) were captured from five random field per section using a Leica microscope, then analyzed using ImageJ software. To evaluate adipocyte size, a minimum of 100 independent mature adipocytes per mouse was measured. Number of adipocytes was assessed from at least three samples of three mouse.

Flow Cytometry Analysis of Adipose Tissue Macrophages (ATMs)

Inguinal adipose tissue was dissected and lymph nodes were removed. Adipocytes and stromal vascular cells were separated by conventional method using type II collagenase (Sigma-Aldrich) digestion (Cho et al., 2014; Kitada et al., 2016). Antibodies were purchased from Biolegend, including APC anti-mouse F4/80 monoclonal antibody (Clone BM8, Cat. No. 123115), FITC anti-mouse CD206 antibody (Clone C068C2, Cat. No. 141703). Analysis of ATMs was first gated on living cells, followed by analysis for F4/80 and CD206 by flow cytometry (FACSCalibur, Becton Dickinson, USA).

RT-PCR and Real-Time PCR Analysis

Total RNA was isolated from homogenated tissues using Trizol (Invitrogen). cDNA was synthesized using PrimeScript™ RT kit (Takara). RT-PCR products were analyzed on 1.5% agarose gel. Real-time PCR was conducted using SYBR Green PCR Master Mix (Takara) according to the manufacturer's instruction and run on real-time PCR system (MX3005p, Stratagene, USA) and analyzed using MXProv 4.1. Primers (listed in Supplementary Table 1) were synthesized by Shanghai Biosune (Shanghai, China).

Adipocyte Differentiation Models

3T3-L1 system: mouse 3T3-L1 preadipocytes (from The National Center for Drug Screening, Shanghai, China) were maintained in complete high-glucose Dulbecco's modified Eagle's medium (DMEM, GIBCO, USA) supplemented with 10% fetal bovine serum (FBS) at 37°C, in a humidified incubator with 5% CO2. For induction of adipose differentiation, 30,000 cells in 300 ml per well were seeded in 48-well plates and incubated until confluence. After incubated for another day, cells were exposed to inducer A (complete medium with 0.5 mM isobutylmethylxanthine, 1 μM dexamethasone, 0.2 mM indometacin, and 10 μg/ml insulin). After 3 days, the medium was changed to inducer B (complete medium containing 10 μg/ml insulin) and incubated for another 3 days. After that cells were cultured in complete medium for 2 days. As for Kp-10 stimulation, different concentrations of Kp-10 were added together with inducer A and B, with DMSO as control. Insulin-dependent glucose uptake experiment was conducted as usual. Briefly, after induction, 3T3-L1 cells were starved then stimulated with 0.6 μg/ml insulin for 30 min. The uptake of the fluorescent glucose homolog 2-NBDG (Invitrogen) was measured by incubation cells with 80 nM 2-NBDG for 15 min. After wash, fluorescence was measured on a FLUOstar Omega (BMG LABTECH).

Mesenchymal stem cell (MSC) system: MSCs were separated from bone marrow. Femurs and tibiae were removed after mice were euthanized. All connective tissue were cleaned and the ends of each tibia and femur were clipped. The marrow was blown into a 10 cm dish by a 5 ml syringe, and cultured in 8 ml complete high-glucose DMEM medium for overnight. Non-adherent cells were removed and adherent cells were washed. Fresh complete medium was then added and cultured for 2–4 days. The cells were lifted by incubation with trypsin/EDTA for 2–3 min, plated at 100,000 cells per well in 48-well plates. Induction for adipose differentiation and Kp-10 stimulation was conducted as described in 3T3-L1 system.

Kp-10 peptide was synthesized according to reference (Asami et al., 2012) in which analog 13 showed not only high metabolic stability but also excellent GPR54 agonistic activity to human and mouse.

The Cellular Non-Alcoholic Fatty Liver Disease (NAFLD) Model

The cellular steatosis model suitable for investigation of the impact of GPR54 on fat accumulation in liver was established in a human normal liver cell line LO2. LO2 cells were purchased from the Cell Bank of Type Culture Collection of Chinese Academy of Science (Shanghai, China), and cultured in complete high-glucose DMEM medium. For steatosis induction, cells were exposed to a mixture of free fatty acids (0.25 mM sodium oleate and 0.125 mM palmitate) for 12 h. Different concentrations of Kp-10 were added together with the free fatty acids, with DMSO as normal control.

Immunoblotting

Adipose tissue was homogenated in Ripa lysis buffer (with 1mM PMSF, Merck Millipore). Proteins were extracted and separated on 10% SDS-PAGE gel, and electroblotted onto a nitrocellulose membrane (Schleicher and Schuell MicroScience) using a Mini trans-blot apparatus (Bio-Rad). The membrane was blocked with 5% skim milk-PBS (pH 7.4) for 1 h at room temperature, then incubated with primary antibody for overnight at 4°C. After washed in PBS-1%0 Tween-20, the membrane was incubated in secondary antibody for 2 h at room temperature, then analyzed on the Odyssey infrared imaging system (LI-COR). All the antibodies were purchased from Cell Signaling Technology except rabbit anti-PPARγ polyclonal antibody (Proteintech, USA, Cat. No. 16643-1-AP, Dilution: 1:1,000). These included P44/42 MAPK (Erk1/2) antibody (Cat. No. 9102, Dilution: 1:1,000), Phospho-p44/42 MAPK (Erk 1/2) monoclonal antibody (Clone 197G2, Cat. No. 4377, Dilution: 1:1,000), p38 MAPK rabbit polyclonal antibody (Cat. No. 9212, Dilution: 1:1,000) and phospho-p38 MAPK rabbit monoclonal antibody (Clone D3F9, Cat. No. 9211, Dilution: 1:1,000).

Statistics

All data were presented as mean ± SD. Statistical analysis was performed using Graphpad Prism. Student's t-test was used for comparison of two groups and one way ANOVA was used for multiple comparison. p-value < 0.05 were considered as statistically significant.

RESULTS

HFD Induction Enhanced GPR54 Expression in Adipose Tissues

In order to explore the possibility of GPR54 involvement in metabolism, GPR54 expression profile in metabolism related tissues was assessed by RT-PCR. Data showed that GPR54 was highly expressed in brain and visceral adipose tissue (VAT). Moreover, GPR54 expression increased significantly in brain, VAT as well as subcutaneous adipose tissues (SAT) of HFD-fed mice (Figure 1). These data suggested that, in addition to the involvement in central nervous system, GPR54 may play a direct role in adipose tissues and participate in lipid metabolism.
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FIGURE 1. GPR54 mRNA level in metabolism related tissues. RT-PCR analysis for GPR54 in different tissues of 10-week old WT mice fed on normal diet or HFD. Total RNA was extracted using TRIzol. β-actin was used as control.



Effect of GPR54 on Obesity Development

To study the direct function of GPR54 on metabolism, Gpr54+/+ (WT) and Gpr54−/− mice were castrated or ovariectomized at 20–21 post-natal days to equalize sex hormones. Mice were maintained on normal diet until 6 weeks old, then transferred to HFD (noted as day 0) for 6 weeks. During the HFD period, consumption of water and food was measured every 2 days, and body weight was measured every week. Body weight in Gpr54−/− mice was significantly lower than that in WT. This phenomenon was manifested in both male and female mice (Figure 2A). Meanwhile, female Gpr54−/− mice displayed significantly lower triglyceride (TG) content in blood than female WT mice. Male mice showed the same trend but did not reach significance (Figure 2B). There was no significant difference in food intake between Gpr54−/− and WT mice (Figure 2C), indicating that the less severe obesity induced in Gpr54−/− mice was not a result of difference in food consumption.
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FIGURE 2. Effect of GPR54 deficiency on body weight, blood TG and food intake after HFD induction. (A) Body weight after HFD induction, compare with normal diet (ND)-fed WT mice. (B) Blood TG and (C) food intake of WT and Gpr54−/− mice. Data were expressed as mean ± SD (n = 10–12), *p < 0.05, **p < 0.01.



Unaltered Glucose Metabolism in GPR54 Deficient Mice

Obesity development could lead to insulin resistance and impaired glucose tolerance. Regulation of blood glucose in Gpr54−/− and WT mice was examined using oral glucose tolerance test (OGTT). As shown in Figures 3A,B both WT and Gpr54−/− mice displayed a higher than normal level of fasting blood-glucose (>7.0 mM), suggesting impaired glucose tolerance by HFD induction. This was quite different from mice kept on normal diet which showed a normal fasting blood-glucose (Figure 3F). However, Gpr54−/− mice did not showed significant difference in glucose tolerance as compared to WT control, no matter fed on a HFD or normal diet (Figures 3A–D,F). In other hand, significant reduction of insulin was only found in female Gpr54−/− mice (Figure 3E). Altogether, GPR54 did not play a very important role in glucose metabolism in this study.
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FIGURE 3. Effect of GPR54 deficiency on glucose metabolism. (A,B) OGTT time course and (C,D) respective AUC values of the HFD-fed mice (n = 7–10). (E) Insulin levels of serum from two genotypes fed on HFD. (F) OGTT of mice kept on normal diet (n = 6). Mice were fasted 12 h before the test, followed by oral glucose challenge at 2 g/kg. Data were expressed as mean ± SD, ***p < 0.001.



GPR54 Regulation on Adiposity and Adipose Tissue Macrophages

In order to investigate whether the reduced weight growth was associated with alteration in adipose tissue, we measured body fat of mice. After HFD induction, GPR54 deficient mice demonstrated significantly reduced VAT as compared to WT littermates. Male Gpr54−/− mice displayed a significantly lower relative VAT percentage than WT, while female mice had the same trend but did not reach significance (Figure 4A). Consistent with this result, histology analysis by HE staining showed that adipocytes from both female and male Gpr54−/− mice had smaller size and higher adipocyte density than WT control, close to the normal phenotype of adipocytes from normal diet-fed WT mice (Figures 4B–E). These data suggested that GPR54 deficiency attenuated HFD-induced adipocyte hypertrophy and lipid accumulation in mice, resulting in slower body weight growth.
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FIGURE 4. VAT percentage and HE staining of adipose tissue. (A,B) VAT percentage to body weight of WT (Gpr54+/+) and KO (Gpr54−/−) mice after HFD induction (n = 5), and representative image of adipocytes (magnification ×200). (C) Representative image of adipocytes from WT mice kept on normal diet. (D,E) Statistical results for average adipocyte size and adipocyte density. M, male; F, female. Data were expressed as mean ± SD, *p < 0.05, ***p < 0.001 vs. respective WT control.



It was reported that obesity increased ATM accumulation in visceral adipose depots, and was associated with qualitative changes of ATMs (Weisberg et al., 2003; Harman-Boehm et al., 2007). To this end ATMs in fat were analyzed. Adipocytes and stromal vascular fractions (SVF) were separated from WT mice. Data showed that GPR54 expression was increased in HFD-fed mice as compared to that in normal diet-fed mice (Figure 5A). SVFs were then separated from WT and Gpr54−/− obese littermates. Cells were stained by F4/80 and CD206 antibody, and analyzed by FACS analysis. Results showed that Gpr54−/− mice presented less ATMs than WT littermates, together with significantly more M2-like (F4/80+CD206+) anti-inflammatory macrophages (Figures 5B,C). In addition, a trend of reduced inflammation was also manifested in reduced expression of IL-6 and adiponectin (ADIPO), as well as increased IL-10 and arginase 1 (Arg1) in Gpr54−/− VAT (Figure 5D). These data suggested that inflammatory response caused by obesity in Gpr54−/− mice was not as drastic as that in WT mice.


[image: image]

FIGURE 5. GPR54 deficiency led to alteration of ATMs in obese mice. (A) GPR54 mRNA expression in mature adipocytes and stromal vascular fractions (SVF) of normal diet (ND) and HFD-fed WT mice. (B) Representative FACS histogram for SVFs from Gpr54−/− and WT littermates. F4/80+: total macrophages. CD206+: M2-like macrophages. (C) Different percentage of M2-like in total macrophages. Data were expressed as mean ± SD (Total six pairs of mice with three male and three female), *p < 0.05. (D) Expression of pro-inflammatory and anti-inflammatory genes in VAT of two genotypes. Arginase 1 (Arg1); Adiponectin (ADIPO). **p < 0.01.



Effect of GPR54 Deficiency on Liver

Livers of different groups of mice were examined. Relative liver weight in Gpr54−/− female mice was significantly lower than that in WT littermates (Figure 6A). No significant difference in liver weight was revealed in male counterparts. TG content in Gpr54−/− liver of both sexes was significantly reduced as compared to that in respective WT counterparts (Figure 6B).
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FIGURE 6. Alteration of liver in GPR54 deficient mice. (A) Relative liver weight (as percentage of body weight) of KO (Gpr54−/−) and WT (Gpr54+/+) littermates after HFD induction. (B) TG content in liver. Data were expressed as mean ± SD (n = 4–6), *p < 0.05, **p < 0.01 vs. respective WT control. (C) Kp-10 stimulation promoted lipid accumulation in LO2 cells. Different concentrations of Kp-10 were added in the NAFLD model of LO2 induced by free fatty acids. Cells were stained by Oil Red O solution (magnification ×200). (D) TG content in LO2 cells. Data were expressed as mean ± SD (n = 3), *p < 0.05, ***p < 0.001 vs. DMSO control.



To further confirm regulatory function of GPR54 in steatosis, normal human hepatocytes LO2 were used to establish the NAFLD model. The shortest kisspeptin Kp-10 stimulation accelerated adipose accumulation, with peak stimulation at 1 nM. In addition, TG synthesis in the cells was found to be enhanced by Kp-10. The peak enhancement also appeared at 1 nM (Figures 6C,D). Therefore, it can be concluded that Kp-10 stimulation promoted TG synthesis and adipose accumulation of liver cells. The pattern of Kp-10 stimulation did not show typical concentration gradient effect, which was consistent with previous report that Kp-10 may exert opposite effect at higher concentrations (Olbrich et al., 2010).

GPR54 Promoted Adipocyte Differentiation

We next established adipocyte differentiation models with both bone marrow-derived MSCs and 3T3-L1 cells. MSCs from WT mice were found to express GPR54 (Figure 7A). When MSCs separated from three-week old Gpr54−/− and WT mice were induced, Oil Red O staining showed that MSCs from Gpr54−/− mice displayed a lower differentiation as compared to that from WT littermates (Figure 7B). At the same time, intracellular TG in the differentiated cells from Gpr54−/− mice was lower than that from WT mice (Figure 7C).
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FIGURE 7. Kp-10 stimulation of GPR54 promoted adipocyte differentiation. (A) GPR54 expression in MSCs. (B) Oil Red O staining of MSC differentiation into adipocytes (magnification ×100). (C) Cellular TG contents of MSCs (n = 6). (D) GPR54 expression in different stages of differentiated 3T3-L1 cells. (E) Oil Red O staining of 3T3-L1 cells stimulated by 10 nM Kp-10 vs. DMSO control (magnification ×100). (F) Cellular TG of 3T3-L1 cells (n = 3). (G) Insulin-dependent glucose uptake in 3T3-L1 cells stimulated by Kp-10 (n = 12). Data were expressed as mean ± SD, *p < 0.05, **p < 0.01, ***p < 0.001 vs. DMSO control.



The above results were confirmed in 3T3-L1 system in which GPR54 mRNA expression displayed an upregulated trend in the differentiation process (Figure 7D). In this system, Kp-10 stimulation promoted adipose differentiation (Figure 7E), accompanied by the increased TG in cells (Figure 7F). In addition, Kp-10 stimulation enhanced insulin-dependent glucose uptake in 3T3-L1 cells (Figure 7G). Altogether, these data clearly demonstrated that Kp-10 stimulation of GPR54 promoted adipocyte differentiation and metabolic function.

Mechanism of GPR54 Regulation of Adipocyte Differentiation

In order to gain more insight into GPR54 signaling in lipogenesis and lipid metabolism, key lipid metabolic genes including FAS and ACC1 were assessed in experimental Gpr54−/− and WT littermates by real-time PCR analysis. In adipose tissue of Gpr54−/− mice, reduction was shown in adipogenic markers such as FAS, ACC1, and PPARγ, with PPARγ presenting the largest reduction (one-fifth). No change was detected in the level of SREBP (Figure 8A). UCP-1 expression was increased but no significant increase was found in other browning related genes. DIO2 even displayed a marked reduction (Figure 8B). These data suggest that there was no browning effect associated with GPR54 deficiency. In addition, mRNA level of the lipid droplet-associated protein, perilipin (PLIN), was analyzed and significant reduction was found in PLIN1 of liver and PLIN3 of adipose tissue of GPR54 deficient mice (Supplementary Figure 2).
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FIGURE 8. GPR54 regulatory effects on key genes related to lipid metabolism. (A) Expression of key genes in white adipose tissue of HFD-induced mice, analyzed by real-time PCR analysis (triplicates). ACC1, acetyl-CoA carboxylase 1; FAS, fatty acid synthase; SREBP, sterol regulatory element-binding protein; PPAR, peroxisome proliferator activated receptor; (B) Expression of browning genes. UCP, uncoupling protein; PRDM16, PR domain containing 16. (C) Effects of GPR54 on PPARγ, MAPK, and AKT/PI3K pathways in adipose tissue of HFD-induced mice. (D) Density ratio of different genes. (E) Percentage of phosphorylated ERK. PI3K, Phosphatidylinositol 3-kinase. Data were expressed as mean ± SD, *p < 0.05, **p < 0.01, ***p < 0.001 vs. WT control.



The marked alteration in PPARγ prompted us to analyze its protein level, as it is a master regulator of adipocyte differentiation (Ahmadian et al., 2013). Reduction of PPARγ expression in GPR54 deficient mice was confirmed in Western blotting using adipose tissue extracts. It was previously demonstrated that mitogen-activated protein kinases (MAPK) p38 and ERK1/2 were markers of GPR54 activation (Castaño et al., 2009; Cvetkovic et al., 2013). Moreover, inhibition of MAPK/ERK signaling pathway could suppress adipogenesis and down regulate PPARγ expression (Wang et al., 2009). We proposed that MAPK might be a convergence point for GPR54 signaling and adipogenesis signaling. By checking these MAP kinases in adipose tissues, western blot analysis was carried out. Data showed a, reduced phosphorylation of ERK (Figures 8C–E). In addition, insulin responsiveness of adipocytes is important, Akt-PI3K signaling pathway, and no significant alteration was found in expression and phosphorylation of AKT or PI3K (Figure 8C). Therefore, it was concluded that GPR54 deficiency inhibited ERK phosphorylation and reduced PPARγ expression.

DISCUSSION

This study investigated functions of GPR54 on lipid metabolism. GPR54 deficiency substantially attenuated body weight gain and TG level in HFD-induced castrated/ovariectomized mice. These findings were consistent with the observation in adipose tissue, as GPR54 deficient mice presented a reduced adipose tissue percentage and smaller adipocyte size, as well as reduced pro-inflammatory ATMs. Meanwhile, GPR54 agonist Kp-10 upregulated TG synthesis and lipid accumulation in normal liver cells, as well as increased TG synthesis and adipose differentiation in both MSC and 3T3-L1 systems. These results suggested that anti-obesity effect of GPR54 deletion in HFD-fed mice was mediated via inhibition of adipocyte differentiation and lipogenesis, reducing serum TG level by altering hepatic lipid metabolism.

GPR54 is highly expressed in placental tissue and central nervous system, and expression had also been reported in peripheral tissues such as adipose, thymus (Kotani et al., 2001; Muir et al., 2001; Funes et al., 2003; Herbison et al., 2010) and peripheral blood lymphocytes (Xing et al., 2018). Here we manifested GPR54 expression in adipose tissues which was markedly increased in HFD-induced mice. Increased expression was also found in mature adipocytes and SVFs. In addition, GPR54 expression was exhibited in MSCs and 3T3-L1 pre-adipocytes, and expression increased when cells were induced and differentiated into mature adipocytes. The wide distribution in adipocytes and adipose tissues suggest that GPR54 plays a direct role in lipid metabolism. Since GPR54/KISS1 system is crucial in puberty development and sex hormone secretions which have effects on lipid metabolism and body weight (Butera, 2010; Lizcano and Guzman, 2014). We used castrated or ovariectomized WT and Gpr54−/− mice in order to equalize sex hormones. While intact Gpr54−/− mice showed an increased body weight as compared to WT partly due to reduced sex hormones (data not shown), we found quite different phenotypes in castrated or ovariectomized mice. Our result indicate that in addition to its involvement in reproduction, GPR54 could influence body weight growth and lipid metabolism through a pathway that was independent of sex steroids.

Although no GPR54 expression was reported in macrophages, ATMs are predominant leukocytes in fat and key contributors to obesity associated inflammation. Previous observations supported the general model that ATMs undergo a phenotypic switch from an anti-inflammatory M2 state to a pro-inflammatory M1 state when animals develop obesity (Lumeng et al., 2007; Chawla et al., 2011). In our experiment, the phenotype of ATM polarization was consistent with overall results including body weight and VAT percentage. Less M1-type and more M2-type macrophages presented in less obese Gpr54−/− mice as compared to WT.

Many studies on GPR54/KISS1 expression related to energy metabolism had been carried out which mainly via in vitro systems. Results were unclear and hard to reach a conclusion (Hauge-Evans et al., 2006; Luque et al., 2007; Brown et al., 2008; Vikman and Ahren, 2009). Only a few reports about GPR54 deficiency on energy metabolism were available. Earlier data came from studies regarding hypogonadism associated with Kiss1 or Gpr54 knockout mice. It was shown that GPR54 or KISS1 deficient mice displayed almost no body weight difference except that GPR54 deficient males weighted slightly less than WT males (Lapatto et al., 2007). Recently a report in JCI stated that Gpr54 knockout mice displayed a sexually-dimorphic metabolic phenotype, with male Gpr54−/− showed no alteration, but normal diet fed female Gpr54−/− mice ovariectomized at two weeks old developed obesity by 4–5 months of age. In addition, female Gpr54−/− mice ovariectomized at adulthood then directly transferred to HFD also displayed a mildly enhanced body weight increase (Tolson et al., 2014). However, they reported glucose intolerance in normal diet-fed Gpr54−/− mice, but not in HFD-induced Gpr54−/− mice. Also it was very difficult to explain the huge difference between male and female mice. Moreover, no obesity phenotype was reported in studies on human subjects with Gpr54 or Kiss1 mutations (de Roux et al., 2003; Seminara et al., 2003; Topaloglu et al., 2012). Later in young animals (6 weeks old), it was found that female Gpr54−/− mice fed on normal diet had normal body weights, normal feeding and glucose tolerance as compared to female WT, although some alteration in adiposity was exhibited (Tolson et al., 2016). Another study in Cell Metabolism reported that inhibition to Kiss1 led to attenuated hyperglycemia but no change in body weight. Higher kisspeptin levels in diabetic patients as well as diabetic/obesity mice were observed, while kisspeptin knockdown led to insulin secretion and improved glucose intolerance (Song et al., 2014). Their work in some way agreed with our result, but they emphasized more on effect of glucose metabolism of liver kisspeptin, while our study investigated effect of GPR54/KiSS1 system on lipid metabolism, mostly in adipose tissues. Both observed that inhibition of GPR54/KiSS1 signaling could prevent obesity or diabetes. Variations in above study results may come from different experiment design. For example the JCI paper kept their ovariectomized (at 2 weeks) mice in normal diet, whereas in our experiment, we castrated mice at 3 weeks then accustomed them in normal diet for 3 weeks before transferred to HFD. On the other hand these variations may be a reflection of the complex roles of GPR54/KISS1 pathway, including distinctive regulatory function at different ages of the animals and under different situations. It was reported that KISS1 had varying roles across the reproductive lifespan including conception, puberty, menopause, and aging (Clarke and Dhillo, 2016).

According to the expression profile, the regulatory mechanisms of GPR54 might reflect GPR54 signaling impairment in the brain or adipose tissues. Kisspeptin neurons in brain were reported to regulate POMC and NPY neurons (Backholer et al., 2010). However, no significant change in food intake was observed in our Gpr54−/− mice, indicating there might be other pathways involved, possibly through dysregulated GPR54 signaling in adipose tissues. As some of the metabolic phenotypes in Gpr54−/− mice were more prominent in females than in males in our experiment, the preliminary study for the regulatory mechanism of GPR54 in adipose tissue was conducted in female mice. ERK and p-38 activation have been previously established as part of GPR54 signaling (Castaño et al., 2009; Cvetkovic et al., 2013), On the other hand, inhibition of MAPK/ERK signaling pathway was reported to suppress adipogenesis and down regulation of PPARγ (Wang et al., 2009). Our result confirmed that deficiency of GPR54 signaling in adipose tissue led to inhibition of ERK phosphorylation, suggesting that GPR54 signaling may converge with lipogenesis signaling at the level of MAPK. The inhibited MAPK activation probably lead to reduction in PPARγ expression and adipogensis.

In conclusion, we demonstrated that GPR54 played a direct pro-obesity role by promoting adipocyte differentiation and lipid accumulation in addition to its previously established role in reproductive regulation. These results help to elucidate the complex biological functions of GPR54/KISS1 system, and will be beneficial for further identification and development of potential drug targets for metabolic diseases.
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Hashimoto's Thyroiditis (HT) is a common organ-specific autoimmune disorder associated with a high incidence, and insulin resistance is highly related to autoimmune. Here, we examined the insulin sensitivity in HT patients and found decreased insulin sensitivity occurred in HT patients. To explore the relationship between impaired insulin sensitivity and immune status, we established HT model mice which showed similar pathological features and immune features to HT patients. In HT model mice, reinfusion of regulatory T cells (Tregs) from peripheral blood of normal mice could improve insulin sensitivity and decrease the inflammation. Anti-CD25 antibodies blocked beneficial effects from reinfusion of Tregs, but delayed administration of anti-CD25 antibodies could not abolished the effect from Tregs. Delayed administration of anti-CD25 antibodies abolished exogenous Tregs in peripheral blood, but there were increased exogenous Tregs located to visceral adipose tissues (VATs) which modulated the expression of cytokines in VATs. These findings suggest that insulin resistance exists in HT patients and it associates with the decreased Tregs and increased inflammation in the VATs.
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INTRODUCTION

Hashimoto's Thyroiditis (HT), a common organ-specific autoimmune disorder, presents the infiltration of the thyroid gland by inflammatory cells and the production of autoantibodies to thyroid-specific antigens (Ajjan and Weetman, 2015). HT is associated with the destruction of thyroid cells, and hypothyroidism is the main clinical manifestation (Işgüven et al., 2016). Hypothyroidism is associated with the susceptibility of insulin resistance and metabolic syndromes (Fernandez-Real et al., 2006; Roos et al., 2007; Jornayvaz et al., 2012). So HT should be connected to insulin resistance directly. But the reason that induces insulin resistance in HT patients is not clear.

Regulatory T cells (Tregs) are an important class of T cells maintaining immune self-tolerance (Yu et al., 2017). Tregs help to prevent the immune response against self-antigens (Perdigoto et al., 2015). In HT, T cells destruct the thyroid epithelial cells and thyroid epithelial structure (Stassi and De Maria, 2002). The role of Tregs in HT has been reported by many researchers that the thyroid damage in HT relating to Tregs/Th17 cell imbalance (Kristensen, 2016). Foxp3+ Tregs have the characteristic phenotype (CD4+CD25bright) and the suppressive effect through the synthesis of TGF, IL-10, and IL-35 (Rodriguez-Munoz et al., 2016). Decreased level of CD4+CD25brightFoxp3+ Tregs associates with increased autoimmune response in HT patients, and the decease of Tregs is also determined in the peripheral blood mononuclear cells (PBMCs) in HT patients in comparison to healthy individuals (Rodriguez-Munoz et al., 2016). It means that the level of Tregs is changed not only in thyroid. Abnormal level of Tregs is another important factor relating to insulin resistance. The percentage of peripheral CD4+CD25+Foxp3+ Tregs is decreased in the patients with type 2 diabetes mellitus and the accumulation of Tregs in adipose tissue plays an important role in reducing obesity related insulin resistance in mice (Yuan et al., 2018). Thus, further researches are required to investigate the relationship between abnormal level of Tregs in HT and insulin resistance.

Experimental autoimmune thyroiditis (EAT) can be induced by the injection of thyroglobulin and adjuvant, and high iodide ingestion can also accelerate the incidence and severity of EAT (Lira et al., 2005; Fang et al., 2007). CBA/J mice are susceptible to EAT (Fang et al. 2007), and the thyroid lesions in this model are similar to the HT.

In this study, we elucidated the role of CD4+CD25+Foxp3+ Tregs to insulin resistance in a CBA/J mice model of HT is established by the administration of iodine and induction of immune response to thyroid globulin. We also investigated the mechanism by which CD4+CD25+Foxp3+ Tregs decreases insulin resistance.

MATERIALS AND METHODS

Animals

Female CBA/J mice (6 week aged) were purchased from Shanghai SLAC Laboratory Animal Co., Ltd. (Shanghai, China). Mice were maintained in a specific pathogen-free facility and were cared for in accordance with animal guidelines. The study was approved by the Institutional Animal Care and Use Committee in Second Military Medical University.

Human Serum

For human serum samples, written informed consent was obtained from all participants, and the study was approved and supervised by the Ethics Committee of our hospital. HT patients were first diagnosed and they had not received treatment when we collected the serum. Other basic information of patients is listed in schedule 1.

HT Model of Mice

Twenty-three female CBA/J mice of were randomly divided into the control group (n = 8) and the high iodine feeding group (n = 45) after 1 week of adaptive feeding. The high iodine group was fed with iodine containing 0.05% sodium iodide (1000HI, equivalent to 1,000 times that of the iodine intake of the normal mice), the control group was fed with sterile distilled water. Iodine is immediately used to avoid light preservation. The first immunization and repeated immunization: high iodine group was treated porcine thyroglobulin (mTg) (200 μg/mouse) subcutaneous injection in d0 and d14. The first immunization was used complete Freund's adjuvant (CFA) and repeated immunization was used incomplete Freund adjuvant (IFA).

Sodium iodide was purchased from Shanghai Xinping Fine Chemicals Co. Ltd. Incomplete Freund adjuvant and complete Freund's adjuvant was purchased from Shanghai Tongyi Biotechnology Company. Porcine thyroglobulin (mTg) was purchased from Nanjing Jiancheng Biological Engineering Institute.

Cytokines Assay

TNF-α, IFN-γ, IL1, IL6, IL10, and IL17 was analyzed by a LEGEND plexTM kit (Biolegend, San Diego, CA) according to the manufacturer's protocol.

Separation of Visceral Adipose Tissue Cells

Visceral adipose tissue (VAT) separated and digested with 2 mg/mL collagenase type V in Hanks' balanced salt solution for 30 min at 37°C. Digests were passed through a 40-μm cell strainer.

Flow Cytometry

T cells were stained with fluorochrome-conjugated monoclonal antibodies: anti-mouse CD3, CD4, CD8, IFN-γ, IL-4, IL-17a, CD25, Foxp3 (eBioscience, USA).

PBMC were separated from blood of participants, and then treated with PMA (50 ng/ml), ionomycin (1 μg/ml), BFA (3 μg/ml), and monensin (1.4 μg/ml) for 5 h. Then, those samples were stained with antibodies to different markers for flow cytometry.

Cells were analyzed with the FACS Calibur flow cytometer (BD Biosciences, USA).

Glucose Tolerance Assay and Insulin Assay

At 16 weeks, mice were fasted for 8 h and received intraperitoneal injection of glucose. Serum levels of glucose and insulin in mice were measured at 30, 60, 90, 120 min after the intraperitoneal injection of 20% glucose solution (0.2 ml/10 g weight). Glucose assay kits and mice insulin ELISA kits were purchased from Shanghai Tongyi Biotechnology Company and the analysis was accord to the manufacturer's protocols. Glucose was purchased from Sinopharm Chemical Reagent Company.

Histological Analysis

Sections (5 μm) of formalin-fixed tissue sections were stained with hematoxylin and eosin according to standard procedures. Sections were incubated in 0.3% H2O2, and followed by another 30 min in 1% BSA. Then, sections were incubated with anti-myeloperoxidase (MPO) (Biocare Medical, USA) primary antibodies overnight at 4°C. Vectastain Elite ABC Staining Kit and DAB Peroxidase Substrate Kit (Vector Laboratories, USA) were used to visualize the staining according to the manufacturer's instructions.

Thyroid Globulin Antibodies and Anti-Thyroid Microsomal Antibodies Assay

The ELISA kits of thyroid globulin antibody (TGAb) and anti-thyroid microsomal antibody (TMAb) were purchased from the Institute of bioengineering in Nanjing.

Treg Cells Preparation and Injection

At first, B cells, macrophages, CD8+ T cells, NK cells, dendritic cells, erythrocytes, and granulocytes were removed from plasma of normal mice by mouse CD4+ negative selection kit (Dynal Biotech). Purified CD4+ T cells were incubated with phycoerythrin-labeled anti-CD25 anti-body and anti-phycoerythrin magnetic beads and isolated using a MACS separation column (Miltenyi Biotec) to obtain CD4+CD25+ T cells. Cell purity was assessed by fluorescence-activated cell sorter and was consistently higher than 90% with an average purity of 96% for caudal vein injection (106 cells per mouse). Flow cytometry analysis also confirmed that about 85% purified cells were Foxp3+.To mark transferred cells, we mixed lentivirus expressing GFP with purified Tregs (MOI = 6) for 4 h at 37°C in cell culture incubator, and washed with PBS before the injection.

Treg Cells Depletion

To deplete Treg cells, mice were given anti-CD25 (Bio X cell (West Lebanon, NH), 50 μg/kg) intravenously 1 h after the reinfusion of Tregs.

Statistical Analysis

The data are shown as mean ± SEM. Data from two groups were compared with an unpaired t-test. Data from three or more groups were analyzed with one-way ANOVA with Tukey's multiple comparisons test. p-values < 0.05 and p-values < 0.01 were considered as statistically significant.

RESULTS

Abnormal Insulin Sensitivity and Peripheral Immune Status Are Associated With HT Patients

To confirm our hypothesis, we analyzed indexes of insulin sensitivity in HT patients (Table 1). These patients had normal thyroid function, but they had enlarged thyroid and increased autoantibodies to thyroid peroxidase and thyroid globulin (Figure 1A, p < 0.05). In these patients, fasting blood glucose was raised significantly compared with normal control, and they also had higher postprandial plasma insulin after 30 min or 120 min (Figure 1B, p < 0.05). Rates of impaired fasting glucose and impaired glucose tolerance were also significantly higher than normal control (Figure 1B). All the results implied that insulin resistance occurred in HT patients. Serum total triglyceride, total cholesterol, high density lipoprotein (HDL), low density lipoprotein (LDL), apolipoprotein A, apolipoprotein B, and lipoprotein A showed not difference between HT patients and normal control (Figure 1C, p > 0.05), which meant the insulin resistance should not relate to fat or lipid metabolism in HT patients.


Table 1. Basic information of participants.
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FIGURE 1. Abnormal insulin sensitivity and peripheral immune status are associated with HT patients. (A) Autoantibodies to thyroid peroxidase and thyroid globulin increased in HT patients (*p < 0.05; **p < 0.01 compared with normal control). (B) Insulin sensitivity decreased in HT patients compared with normal control (*p < 0.05; **p < 0.01 compared with normal control). (C) Lipid metabolism was not changed between HT patients and normal control. (D) Expression pattern of cytokines was changed between HT patients and normal control (**p < 0.01 compared with normal control).



Production of cytokines and subsets of T cell subsets were also measured in peripheral blood from HT patients. Inflammatory cytokines, such as TNF-α, IL-1β, and IL-6 (Figure 1D, p < 0.05), were increased in HT patients. IL-10, an important anti-inflammatory cytokine was also changed significantly (Figure 1D, p < 0.05). Increased CD4+ T cells and decreased CD8+T cells were found compared with normal control (Figure 2A). Although Th2 cells did not significantly changed (Figure 2C), Th1 cells and Th17 cells increased in HT patients (Figures 2B,D, p < 0.05). CD25+Foxp3+ Tregs were also decreased in HT patients (Figure 2E, p < 0.05).
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FIGURE 2. T cell subsets in peripheral blood were different between HT patients and normal control. (A) Increased CD4+ T cell and deceased CD8+ T cells were found in peripheral blood from HT patients (*p < 0.05 compared with normal control). (B–E) Increased Th1 and Th17 cells were found in HT patients, but Tregs were decreased in HT patients (*p < 0.05; **p < 0.01 compared with normal control).



So insulin resistance and Tregs decrease occurred in HT patients.

Peripheral CD25+Foxp3+ Tregs From Normal Mice Decreased Symptoms of HT in HT Model Mice

Figure 3A is the progress of experiment design.
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FIGURE 3. Establishment of HT model mice and the insulin sensitivity of HT model mice was changed. (A) The progress of experiment design. (B) Bodies weight did not change between groups. (C,F,G) Thyroid weight was increased in HT model mice, and the reinfusion of Tregs improved the pathological changes (*p < 0.05; **p < 0.01 compared with EAT group). (D,E) Insulin sensitivity of HT model mice was impaired compared with control mice.



In HT model mice, autoantibodies to thyroid globulin and thyromicrosome were significantly induced (Figures 3F,G, p < 0.05). Infiltration of inflammatory cells to the thyroid gland was also observed in HT model mice in comparison with control mice (Figure 4). So the HT model mice established by us shown the similar pathological features in clinic. Beside the change in the thyroid gland, pathological changes in VATs were also decreased (Figure 4).
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FIGURE 4. Pathological changes were observed in HT model mice and the reinfusion of Tregs showed beneficial effects to HT model mice.



The reinfusion of peripheral CD25+Foxp3+ Tregs from normal mice significantly decreased autoantibodies to thyroid globulin and thyromicrosome and thyroid weight (Figures 3C,F,G). Exogenous CD25+Foxp3+ Tregs also decreased the infiltration of inflammatory cells to the thyroid gland (Figure 4). These effects could be blocked by the administration of anti-CD25 antibodies (Figures 3C,F,G, 4). It shown the fact that recovery of Tregs in HT model mice modulated the immune system and decreased severity of decrease.

Changed β-Cell Function and Insulin Sensitivity Were Detected in HT Model Mice

Although similar glucose concentrations were found between HT model mice and control mice (Figure 3D), higher insulin levels at 30 and 120 min during oral glucose tolerance test were presented in HT model mice comparing with control mice (Figure 3E, p < 0.05). High levels of InsAUC30/GluAUC30 and InsAUC120/GluAUC120 were detected in HT model mice (Figures 3D,E, p < 0.05), which meant the early phase insulin release and total insulin release were both significantly changed in comparison with control mice. In each group, body weight was not significantly changed (Figure 3B), and it meant the change of insulin sensitivity should not be the result of weight/fat. Thyroid weight increased significantly in HT model mice (Figure 3C), and it might exclude the influence of hypothyroidism which was reported to relate to insulin resistance. These results suggested that the sensitivity of insulin resistance was lacked in HT model mice.

T Cell Subsets in Peripheral Blood and Visceral Adipose Tissues Were Changed in HT Model Mice

As an autoimmune disease, abnormal distribution of T cell subsets is important to HT disease. We analyzed T cells in peripheral blood by flow cytometry, and we found the CD3+ cells were not changed between HT model mice and control mice (Figure 5A). The ratio of CD4+/CD8+ T cells was significantly increased in HT model mice (Figure 5B), which reflects the abnormal immune reaction in HT model mice, and decreased CD25+Foxp3+ Tregs was also found in peripheral blood of HT model mice (Figure 5C). And these changes were similar to the results of HT patients.
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FIGURE 5. T cell subsets were changed in peripheral blood from HT model mice. (A) CD3+ cells were not changed in each groups. (B) Higher ratio of CD4+/CD8+ was found in HT model mice and the reinfusion of Tregs rescued imbalance of CD4+/CD8+ (**p < 0.01 compared with EAT group). This beneficial effect was blocked by anti-CD25 antibodies. (C) CD25+Foxp3+ Tregs decreased in peripheral blood from HT model mice and they were rescued by the reinfusion of Tregs, but it was abolished by anti-CD25 antibodies (**p < 0.01 compared with EAT group).



Visceral adipose tissues (VATs) are important to insulin sensitivity in physiological condition. We separated the VATs from both of HT model mice and control mice, and the abnormal distribution of T cell subsets was also found in adipose tissues from HT model mice (Figure 6). Increased ratio of CD4+/CD8+ T cells (Figure 6B) and decreased CD25+Foxp3+ Tregs (Figure 6C) meant that HT might induce abnormal immune reaction not only in thyroid gland, periphery but also VATs. VATs Tregs are necessary for restore the insulin sensitivity in type-2 diabetes, so decreased VATs Tregs in HT model might associate with the decrease of insulin sensitivity in HT model mice.
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FIGURE 6. T cell subsets were changed in visceral adipose tissues from HT model mice. (A) CD3+ cells were not changed in each groups. (B) Higher ratio of CD4+/CD8+ was found in HT model mice and the reinfusion of Tregs rescued imbalance of CD4+/CD8+ (**p < 0.01 compared with EAT group). This beneficial effect was blocked by anti-CD25 antibodies. (C) CD25+Foxp3+ Tregs decreased in visceral adipose tissues from HT model mice and they were rescued by the reinfusion of Tregs, and it was partly abolished by anti-CD25 antibodies (**p < 0.01 compared with EAT group; *p < 0.01 compared with EAT group).



Peripheral CD25+Foxp3+ Tregs From Normal Mice Restored the Insulin Sensitivity in HT Model Mice

In HT model mice, CD25+Foxp3+ Tregs were decreased significantly in both of peripheral blood and VATs when compared with the control group (Figure 6C), and Tregs in VATs are important to insulin sensitivity. Therefore, we separated and transfused peripheral blood CD25+Foxp3+ Tregs from normal mice into HT model mice, and the treatment significantly increased CD25+Foxp3+ Tregs in both of peripheral blood and VATs (Figures 5C, 6C). In HT model mice, the transfusion of CD25+Foxp3+ Tregs decreased the level of InsAUC30/GluAUC30 and InsAUC120/GluAUC120 (Figures 3D,E). All of these results showed that increased level of CD25+Foxp3+ Tregs not only improved the state of HT but also the sensitivity of insulin. These beneficial effects were abolished by anti-CD25 antibodies (Figure 3E). So CD25+Foxp3+Tregs related to the insulin resistance in HT model mice.

Increased CD25+Foxp3+ Tregs in Visceral Adipose Tissues Restored the Insulin Sensitivity in HT Model Mice

To confirm the mechanism of CD25+Foxp3+ Tregs increased insulin sensitivity, we adopted CD25+Foxp3+ Tregs to HT model mice and administered mice with anti-CD25 antibodies after 3 days (Figure 7A). Administration of anti-CD25 antibodies just partly abolished beneficial effects from CD25+Foxp3+ Tregs (Figure 7B), so we hypothesized that CD25+Foxp3+ Tregs in VATs might more important to insulin resistance in HT. To confirm the hypothesis, we expressed GFP in separated CD25+Foxp3+ Tregs (named GFP-CD25+Foxp3+ Tregs), and we transfused these GFP-CD25+Foxp3+ Tregs into HT model mice. After 3 days, mice were treated with anti-CD25 antibodies, and we found almost no GFP-CD25+Foxp3+ Tregs were detected in peripheral blood after the administration of anti-CD25 antibodies (Figure 7C). But amount of GFP-CD25+Foxp3+ Tregs could still be detected in VATs (Figure 7C). These adoptive transferred Tregs trafficked to adipose tissue and might played roles in local tissues.
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FIGURE 7. Administration of anti-CD25 antibodies after the reinfusion did not abolished the beneficial effects from exogenous Tregs. (A) Design of the experiment. (B) Insulin sensitivity was rescued even combined with anti-CD25 antibodies (*p < 0.05; **p < 0.01 compared with EAT group). (C) We analyzed T cell subsets which were CD4+CD25+Foxp3+ Tregs, and delayed administration of anti-CD25 antibodies decreased exogenous Tregs in peripheral blood but not in visceral adipose tissues.



Cytokines in Visceral Adipose Tissues Played Important Roles in Insulin Sensitivity in HT Model Mice

In previous researches, cytokines and inflammation in adipose tissue are important to insulin resistance in T2DM, so changed level of CD25+Foxp3+ Tregs might relate to insulin resistance through cytokines in HT. we measured the cytokines in peripheral blood and VATs, and significantly increased IFN-γ, IL-1β, IL17A, IL6, and TNF-α were found in HT model mice (Figure 8A, p < 0.05 compared with control mice). After the transfusion of CD25+Foxp3+ Tregs, IFN-γ, IL-1β, IL17A, IL6, and TNF-α were decreased and IL-10 was increased significantly (Figure 8A, p < 0.05). Combined with anti-CD25 antibodies, the transfusion of CD25+Foxp3+ Tregs could not induce beneficial effects on the production of cytokines in peripheral blood (Figure 8A).Anti-CD25 antibodies abolished changes of cytokines in VATs when combined anti-CD25 antibodies with CD25+Foxp3+ Tregs (Figure 8B), but changes of cytokines in VATs still existed when anti-CD25 antibodies were administrated 3 days after the reinfusion (Figure 8C). The production of cytokines was consistent with insulin sensitivity in mice. So Tregs from donor mice should move to VATs and suppressed the local inflammation, which leaded to the reversal of insulin resistance.
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FIGURE 8. Reinfusion of Tregs changed the pattern of cytokines in both of peripheral blood and visceral adipose tissues. (A) Exogenous Tregs normalized the pattern of cytokines in peripheral blood of HT model mice, but it could be blocked by anti-CD25 antibodies (*p < 0.05 compared with EAT group). (B) Exogenous Tregs normalized the pattern of cytokines in visceral adipose tissues of HT model mice, but it could be blocked by anti-CD25 antibodies (*p < 0.05 compared with EAT group). (C) Exogenous Tregs normalized the pattern of cytokines in visceral adipose tissues of HT model mice, and it could not be blocked by delayed administration of anti-CD25 antibodies (*p < 0.05 compared with EAT group).



DISCUSSION

HT is an autoimmune disease, and there are growing evidences that autoimmune links to insulin resistance. Although hypothyroidism is thought the major reason that links HT to insulin resistance (Fernandez-Real et al., 2006), the abnormal immune in HT might relate to insulin resistance directly. In this study, we provided that decreased level of CD25+Foxp3+ Tregs in HT model mice related to increased early phase and total insulin secretion, and the reinfusion of CD25+Foxp3+ Tregs separated from peripheral blood of normal mice restored the insulin sensitivity in HT model mice. It indicated that decreased Tregs in HT patients might be a critical factor for insulin resistance. We also depleted the peripheral CD25+Foxp3+ Tregs after the reinfusion, but the effect of insulin sensitivity was still retained. We found the administration of anti-CD25 antibodies depleted CD25+Foxp3+ Tregs effectively in peripheral blood but not in VATs, and the change of cytokines in peripheral blood and VATs were similar to the results of CD25+Foxp3+ Tregs. Thus, HT is connected with insulin resistance which relates to the depletion of Tregs in VATs.

Insulin resistance is the excessive insulin accumulation in blood with normal blood glucose levels (Reilly and Saltiel, 2017). Various diseases are associated with insulin resistance, such as type 2 diabetes, metabolic syndromes, obesity, and so on. Most of these diseases are related to abnormal immune responses, and chronic inflammation is an important factor of insulin resistance (Samuel and Shulman, 2012). In type 2 diabetes, it is clear that inflammation in adipose tissue is important to insulin resistance and the pathogenesis, and induction of Tregs alleviates insulin resistance in T2DM mice(Ilan et al., 2010; Nekoua et al., 2016). In HT, auto-reactive CD4+ T cells are activated and induced cytotoxic T cells to destruct thyroid cells, and HT is regarded as primarily a T-cell mediated disease (Kristensen, 2016). Tregs are reduced in HT and the existence of Tregs is important to induce tolerance to autoimmune thyroiditis (Xue et al., 2015; Li et al., 2016). But the relationship between abnormal Tregs and insulin resistance in HT has not been reported in HT. The findings of the current study are similar with previous researches. Tregs were decreased significantly in peripheral blood of HT model mice, and the decrease of Tregs in VATs revealed the involvement of Tregs in HT model mice with insulin resistance. Fat-reside Tregs and the chronic adipose inflammatory are related to insulin resistance in patients with type 2 diabetes, and Tregs are important negative regulators of VAT inflammation and insulin resistance (Bapat et al., 2015; Sepehri et al., 2017). Increased level of inflammatory cytokines, such as IFN-γ, IL-1β, IL17A, IL6, and TNF-α, is also related to insulin resistance, and increased anti-inflammatory cytokines can improve glucose metabolism which regulates insulin sensitivity (Winer et al., 2009; Chng et al., 2015). Th1 and Th2 CD4 cells, as well as IFN-γ+CD8 T cells, present in the adipose tissue and the balance of these subsets is associated with not only the responses to antigenic stimulation but also the insulin resistance (McLaughlin et al., 2014; Stafeev et al., 2017).

In conclusion, insulin resistance exists in both of HT patients and HT model mice, and the abnormal distribution of T cell subsets especially in VATs contributes to the insulin resistance in HT.
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Sirt6 is one of the sirtuin family members, a kind of NAD+-dependent histone deacetylase and ADP-ribose transferase enzyme. It has an important role in physiological and pathological processes, regulating aging, cancer, obesity, insulin resistance, inflammation, and energy metabolism. Recent studies have suggested that reduced Sirt6 action is related to obesity and diabetes. Aging and overnutrition, two major risk factors for obesity and diabetes, lead to decreased Sirt6 level and function, which results in abnormal glucose and lipid metabolism. Whole-body ablation of Sirt6 in mice results in severe hypoglycemia. Sirt6 deficiency leads to liver steatosis and promotes diet-induced obesity and insulin resistance. Sirt6 has a protective effect on obesity and diabetes. This review surveys evidence for an emerging role of Sirt6 as a regulator of metabolism in mammals and summarizes its major functions in obesity and diabetes.
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INTRODUCTION

The sirtuins are a highly conserved family of NAD+-dependent deacetylases and ADP-ribosyltransferases that play an important regulatory role in the physiological and pathological processes of the organism. They participate in regulating the life span and aging, cancer, obesity, insulin resistance, inflammatory response and energy metabolism (Michan and Sinclair, 2007). The founding member of the sirtuin family, Sirt2, was originally discovered in Saccharomyces cerevisiae. Currently, seven sirtuins (Sirt1-7) have been found in mammals, each containing the conserved sirtuin core domain that confers NAD+-dependent deacetylase activity (Frye, 1999).

Each member has distinct subcellular localizations, targets and functions. Sirt1 and Sirt2 were found in both the nucleus and cytoplasm; Sirt3, Sirt4, and Sirt5 were found in mitochondria, and Sirt6 and Sirt7 were found in the nucleus (Michishita et al., 2005). Sirt1-3 have strong deacetylase activity, whereas Sirt4 has ADP-ribosyltransferase activity (Michishita et al., 2005). Sirt5 has weak NAD+-dependent deacetylase, desuccinylase and demalonylase activity (Michishita et al., 2005). Sirt7 was recently shown to be a highly specific deacetylase (Michishita et al., 2005). Sirt6 has several enzymatic activities, including NAD+-dependent deacetylase activity and mono-ADP-ribosyl transferase activity of acetyl groups and long-chain acyl groups. The most well-studied sirtuin is Sirt1, and the study of Sirt6 is still in its infancy.

As one of NAD+-dependent deacetylases, Sirt6 was first cloned from a human spleen cDNA library (Liszt et al., 2005). Recent studies have suggested reduced Sirt6 activity related to obesity and diabetes. Aging and overnutrition, two major risk factors for obesity and diabetes, lead to decreased Sirt6 level and function and result in abnormal glucose and lipid metabolism. Whole-body ablation of Sirt6 in mice resulted in severe hypoglycemia (Kanfi et al., 2008, 2010; Kuang et al., 2017; Yao et al., 2017). Hepatic-specific ablation of Sirt6 increased liver steatosis (Kim et al., 2010). Fat-specific deletion of Sirt6 increased blood glucose levels and hepatic steatosis and promoted diet-induced obesity and insulin resistance (Kuang et al., 2017; Xiong et al., 2017; Yao et al., 2017). Neural-specific deletion of Sirt6 in mice promoted diet-induced obesity and insulin resistance (Schwer et al., 2010). In contrast, Sirt6 overexpression protected against diet-induced obesity and insulin resistance (Kanfi et al., 2010).

These recent studies showed that Sirt6 plays an important role in lipid and glucose metabolism. This review summarizes the role of Sirt6 in obesity and diabetes.

Sirt6 AND GLUCOSE METABOLISM

Glucose is an essential energy source needed by all cells and organs of our bodies. Therefore, blood glucose should be kept at a certain level to maintain tissue and organ energy requirements. The imbalance of glucose homeostasis is an important pathogenic factor of diabetes, obesity and other metabolic diseases. Sirt6 plays an important role in glucose production and metabolism (Figure 1). Mice with whole-body Sirt6 deficiency showed severe hypoglycemia (Mostoslavsky et al., 2006). Subsequent studies found that Sirt6 affects both gluconeogenesis and glycolysis (Zhong et al., 2010; Dominy et al., 2012; Zhang et al., 2014). Moreover, recent reports suggested that Sirt6 regulates pancreatic β-cell function, an important organ for maintaining blood glucose level (Kugel et al., 2016; Demir et al., 2017).
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FIGURE 1. The role of Sirt6 in glucose metabolism. Sirt6 inhibits recruitment of Hif-1α to its target gene promoters, increases mitochondrial respiration and inhibits glycolysis. Sirt6 binds to and activates GCN5, inhibits the acetylation of PGC-1α, and decreases the expression of gluconeogenic genes. Sirt6 can specifically interact with FoxO1, decrease FoxO1 acetylation and phosphorylation level, and inhibit the interaction between FoxO1 and its downstream gene promoters, thereby reducing the expression of gluconeogenic genes. Sirt6 protects against β-cell dysfunction and apoptosis and increases insulin secretion.



Sirt6 and Blood Glucose

The first clue that Sirt6 might play a role in glucose metabolism came from a severe hypoglycemia phenotype observed in Sirt6-deficient mice (Mostoslavsky et al., 2006). Mice with whole-body Sirt6 deficiency showed increased glucose uptake and enhanced insulin signaling (Xiao et al., 2010). Sirt6-deficient mice, although small, appear normal in the first 2 weeks, then show a series of acute degenerative phenotypes, dying at about age 1 month (Mostoslavsky et al., 2006). The phenotypes include lymphopenia, osteopenia, lordokyphosis and loss of subcutaneous fat (Mostoslavsky et al., 2006). The most striking phenotype is severe hypoglycemia, which could be the main factor killing the mice before age 1 month. However, the severe hypoglycemia phenotype may be not triggered by the abnormal insulin level, because blood insulin levels are even lower than in wild-type mice (Xiao et al., 2010). When the mice were fed water containing 10% glucose, blood glucose was increased and about 83% of the mice with whole-body Sirt6 deficiency survived, indicating the hypoglycemia was a main factor in the postnatal lethality (Xiao et al., 2010).

Xiao et al. found that Sirt6 negatively regulates Akt phosphorylation at Thr 308 and Ser 473 by inhibiting multiple upstream molecules, insulin receptors, and insulin receptor substrate 1 and 2 (Xiao et al., 2010). With Sirt6 deficiency, insulin signaling is activated and Akt phosphorylation is increased (Xiao et al., 2010). Then, glucose uptake is increased, which may cause hypoglycemia. In contrast, Sirt6 deficiency does not affect intestinal glucose absorption and does not lead to higher glucose secretion in the kidney (Zhong et al., 2010). In vivo study by 18F-fluorodeoxyglucose-positron emission tomography (FDG-PET) in Sirt6-deficient mice showed increased glucose uptake in both brown adipose tissue and muscle but not liver, brain or heart, which could further explain the hypoglycemic phenotype (Zhong et al., 2010). The increased glucose uptake in these tissues could be explained by higher expression of glucose transporter 1 (Glut1), one of main glucose transporters that modulates basal uptake of glucose, independent of insulin or growth factor (Zhong et al., 2010). The central nervous system also plays an important role in regulating glucose metabolism. Growth hormone and insulin-like growth factor 1 (IGF-1) levels were lower in mice with brain-specific Sirt6 knockout than control mice, similar to mice with whole-body Sirt6 knockout (Schwer et al., 2010). Thus, under certain physiological conditions, Sirt6 may affect glucose metabolism and insulin sensitivity via growth hormone/IGF-1 signaling.

Sirt6 and Glycolysis

With sufficient oxygen, glucose is metabolized to pyruvate, which is further converted to ATP in mitochondria. However, in the absence of nutrients or during hypoxia, cells undergo anaerobic respiration and pyruvate is converted to lactic acid (Aragonés et al., 2009; Vander Heiden et al., 2009). In understanding the hypoglycemia seen in Sirt6-deficient mice, Zhong et al. demonstrated that Sirt6 regulates glucose homoeostasis by suppressing the expression of multiple glycolytic genes (Zhong et al., 2010). This suppression results in efficient ATP production via mitochondrial oxidative phosphorylation instead of glycolysis. Loss of Sirt6 increases glycolysis and diminishes mitochondrial respiration (Aragonés et al., 2009). The role of Sirt6 in glycolysis is mediated by hypoxia-inducible factor 1α (Hif-1α), known to regulate glycolysis and mitochondrial respiration in a coordinated manner (Zhong et al., 2010). Sirt6 deficiency induced Hif-1α activity and then increased the expression of glycolysis-related genes such as Glut1, lactate dehydrogenase (LDH), phosphoglycerate kinase (PGK1), glucose-6-phosphate isomerase (GPI), and phosphofructokinase 1 (PFK-1), and promoted glycolysis (Hu et al., 2006; Zhong et al., 2010). Simultaneously, activated Hif-1α directly inhibited mitochondrial respiration by increasing the expression of dehydrogenase kinase (PDK) (Kim et al., 2006; Papandreou et al., 2006). Moreover, when mice with Sirt6 deficiency were treated with an Hif-1α inhibitor, the hypoglycemia phenotype was rescued, which suggests that increased activity of Hif-1α contributes to the impaired glucose metabolism in these mice (Zhong et al., 2010).

Further study revealed that Sirt6 could regulate Hif-1α via two plausible scenarios: (1) Sirt6 inhibits recruitment of Hif-1α (accelerating its degradation) to its target gene promoters, or (2) Hif-1α could already localize to the promoters under normoglycemia, but the presence of Sirt6 would inhibit its transcriptional activity (Zhong et al., 2010).

Sirt6 and Gluconeogenesis

In addition to regulating glycolysis, Sirt6 affects gluconeogenesis. In the absence of Sirt6, hepatic gluconeogenesis was significantly elevated, which suggests a compensatory response to hypoglycemia (Dominy et al., 2012). Gluconeogenesis is tightly controlled by various cellular signaling pathways and transcription factors (Magnusson et al., 1992). Peroxisome proliferator-activated receptor γ coactivator 1-α (PGC-1α) is a key transcriptional regulator for gluconeogenesis. PGC-1α increases the expression of gluconeogenic enzymes such as glucose-6-phosphatase (G6p) and phosphoenolpyruvate carboxykinase (Pepck) (Puigserver et al., 2003). The transcriptional activity of PGC-1α is negatively regulated by its acetylation level. General control non-repressed protein 5 (GCN5) increased the acetylation level of PGC-1α and decreased PGC-1α transcriptional activity (Lerin et al., 2006). Sirt6 could directly bind to and activate GCN5 (Dominy et al., 2012). With knockout of Sirt6, GCN5 activity is decreased, the acetylation level of PGC-1α is reduced and PGC-1α controls the expression of gluconeogenic genes (Dominy et al., 2012).

Forkhead box protein O1 (FoxO1) also plays an important role in regulating gluconeogenesis. FoxO1 activates gluconeogenesis by directly binding the promoter regions of G6p and Pepck (Schilling et al., 2006). With mutation of the FoxO1 transcriptional activation domain and activity abolished, gluconeogenesis was significantly diminished (Nakae et al., 2001). FoxO1 deficiency significantly impaired the fasting-induced expression of G6p and Pepck (Matsumoto et al., 2007). The transcriptional activity of FoxO1 is mainly regulated by its phosphorylation and acetylation (Brunet et al., 2004; Yamagata et al., 2008; Zhao et al., 2010). In Sirt6-deleted cardiomyocytes, FoxO1 phosphorylation was increased (Sundaresan et al., 2012). The phosphorylation of FoxO1 promotes the translocation of FoxO1 from the nucleus to the cytoplasm, thereby reducing its transcriptional activity. Subsequent studies found that Sirt6 can specifically interact with FoxO1, thereby inhibiting the interaction between FoxO1 and its downstream genes G6p and Pepck, to reduce the expression of gluconeogenic genes (Zhang et al., 2014).

Sirt6 and Pancreatic β-Cell Function

The connection between Sirt6 and glucose metabolism is strengthened by the critical role of Sirt6 in promoting glucose-stimulated insulin secretion and ATP production in pancreatic β-cells (Xiong et al., 2016). These effects might be related to evidence of mitochondria damage (mitochondrial function and Ca2+ dynamic regulation in β cells impaired in Sirt6-deficient mice) and lower rate of oxygen consumption seen in Sirt6-deficient pancreatic β cells (Xiong et al., 2016). Sirt6 ablation also increases cell apoptosis and impairs insulin secretion in response to glucose in MIN6 cells (β-cell lines). Conversely, Sirt6 overexpression protects against palmitate-induced β-cell dysfunction and apoptosis (Song et al., 2016; Xiong et al., 2016). Recently, a new study found that Sirt6 is critical for pancreatic β-cell function and survival in mice (Qin et al., 2018). Sirt6 deficiency does not affect endocrine morphology, β-cell mass or insulin production but did result in glucose intolerance and defective glucose-stimulated insulin secretion in mice (Qin et al., 2018). β-cell specific deletion of Sirt6 reproduced the defect in insulin secretion. Loss of Sirt6 increases acetylation of histone H3K9Ac, H3K56Ac, and activates RNA polymerase II at the promoter region of thioredoxin-interacting protein (TXNIP) (Qin et al., 2018). TXNIP expression is negatively associated with glucose-stimulated insulin secretion in β-cells and that overexpression of TXNIP inhibits insulin secretion (Rani et al., 2010; Yoshihara et al., 2010; Luo et al., 2014). Sirt6-deficiency in β-cells exhibited a time-dependent increase in H3K9Ac, H3K56Ac, and TXNIP levels. Finally, β-cell specific Sirt6-deficient mice showed increased sensitivity to streptozotocin induced β-cell apoptosis (Qin et al., 2018). Together, this report indicates that Sirt6 has a key role in pancreatic function.

Sirt6 AND CALORIE RESTRICTION

Calorie restriction (CR) reduces cellular NADH concentration, thereby increasing the NAD+/NADH ratio and promoting Sirt2 activity (Tasselli et al., 2016a). Sirt6 activity is significantly modulated by CR. It is increased by nutrient depletion or long-term CR in the brain, white adipose tissue (WAT), muscle, liver and kidney in mice (Kanfi et al., 2008; Kuang et al., 2017). Sirt6 also mediates the effects of CR, which is known to delay the onset of age-associated diseases, including diabetes and cardiovascular diseases. Sirt6 ablation abolished CR-induced life extension. Moreover, CR-activated Sirt6 suppressed NF-κB signaling and delayed aging (Zhang et al., 2013). Transgenic mice overexpressing Sirt6 showed multiple phenotypes resembling CR, including reduced body weight, enhanced metabolic activity, and reduced serum levels of cholesterol, adipokines, insulin, and glucose, which further demonstrates the regulatory role of Sirt6 in energy metabolism (Kanfi et al., 2010, 2012).

Sirt6 AND LIPID METABOLISM

Recent reports have shown that Sirt6 is an important regulator of lipid metabolism (Figure 2). Sirt6 regulates the hepatic accumulation of triglycerides (TG), which is associated with fatty liver disease (Kugel and Mostoslavsky, 2014; Vitiello et al., 2017). Sirt6 deficiency promotes lipogenesis and fatty acid uptake but inhibits β-oxidation (Kim et al., 2010). Cholesterol synthesis is also negatively regulated by Sirt6 (Elhanati et al., 2013). Sirt6 positively regulates lipid mobilization and thermogenesis in adipose tissue (Chen et al., 2017; Kuang et al., 2017; Xiong et al., 2017; Yao et al., 2017). Moreover, Sirt6 regulates circadian metabolic programs, accompanied by changes in lipid metabolism (Masri et al., 2014).
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FIGURE 2. The role of Sirt6 in lipid metabolism. Sirt6 represses the mRNA expression of SREBP1/2 and inhibits the cleavage of SREBPs into their active forms. Sirt6 activates AMPK (by increasing the AMP/ATP ratio and activating LKB), which phosphorylates and inactivates SREBP. Sirt6 can be recruited by FoxO3a to the Pcsk9 promoter, suppress its gene expression and decrease the level of LDL-cholesterol. Sirt6 downregulates miR-122 by deacetylating H3K56, reduces miR-122 expression, and increases fatty acid β-oxidation. Sirt6 also specifically interacts with FoxO1, decreases FoxO1 acetylation and phosphorylation, and promotes the interaction between FoxO1 and the promoter of its downstream gene, ATGL, thereby increasing ATGL expression and inducing lipolysis in adipose tissue. Sirt6 inhibits KIF5C gene expression and impairs adipogenesis. Sirt6 regulates phospho-ATF2 (p-ATF2) binding to the PGC-1α promoter and subsequently affects the thermogenic program. Sirt6 regulates the circadian rhythm in the liver by maintaining a proper cyclic recruitment of CLOCK/BMAL1.



Sirt6 and Hepatic Lipid Metabolism

The liver is a key metabolic organ controlling aspects of lipid metabolism in response to hormonal or nutritional signals. Under starvation, the liver converts lipid stores into available energy via fatty acid oxidation. In the fed condition, metabolic programs in the liver are switched on to store energy in the form of lipid droplets via the process of lipogenesis (Puigserver et al., 2003).

In addition to its critical regulatory role in glucose metabolism, Sirt6 plays an important regulatory role in hepatic lipid metabolism. Hepatic-specific disruption of Sirt6 in mice resulted in fatty liver formation (Kim et al., 2010). Hepatic TG accumulation in liver is mainly regulated by fatty acid uptake, β-oxidation, and TG synthesis and secretion. Deletion of Sirt6 increased the expression of hepatic fatty acid transport genes and reduced that of fatty acid β-oxidation genes (carnitine palmitoyltransferase 1 [CPT1α], acyl-coenzyme A oxidase 1 [ACOX1]). Genetic deletion of Sirt6 in mice increased the mRNA levels of lipogenic genes such as acetyl CoA carboxylase 1 (ACC1), fatty acid synthase (FAS), and stearoyl-CoA desaturase-1 (SCD1) (Kim et al., 2010).

Rosiglitazone (RGZ), an agonist of peroxisome proliferator-activated receptor gamma (PPARγ), plays an important role in protecting against fatty liver disease. Activation of PPARγ by RGZ increased Sirt6 expression (Yang et al., 2011). RGZ treatment ameliorated hepatic lipid accumulation and increased the expression of Sirt6, PGC-1α, and FoxO1 in rat liver (Yang et al., 2011). In addition, AMP-activated protein kinase (AMPK) phosphorylation was increased by RGZ. Sirt6 knockdown increased hepatocyte lipid accumulation and abolished the effect of RGZ on hepatic steatosis (Yang et al., 2011). Sirt6 knockdown also abolished the effect of RGZ on the mRNA and protein expression of PGC1-α and FoxO1 and phosphorylation levels of AMPK, which suggests that Sirt6 is involved in the RGZ-mediated metabolic effects (Yang et al., 2011). However, this result contradicts a report that Sirt6 inhibits the activity of PGC-1a by increasing GCN5 expression (Dominy et al., 2012), so Sirt6 may have different regulatory roles in different models. MicroRNA-122 (miR-122), a microRNA (miRNA) highly expressed in liver, constitutes 70% of the total miRNA pool in liver (Chang et al., 2004; Bhattacharyya et al., 2006; Jopling, 2012). MiR-122 plays an important regulatory role in many metabolic processes, including cholesterol synthesis and fatty acid oxidation (Krützfeldt et al., 2005; Esau et al., 2006). Sirt6 and miR-122 are reciprocally regulated to control the gene expression of fatty acid oxidation (Elhanati et al., 2016). Sirt6 downregulates miR-122 by deacetylating H3K56. MiR-122 binds to three sites on the Sirt6 3' untranslated region and reduces its levels. Overexpression of Sirt6 in mouse liver reduced miR-122 expression and increased that of fatty acid β-oxidation genes (Elhanati et al., 2016).

Sirt6 also regulates low-density lipoprotein (LDL)-cholesterol levels (Kanfi et al., 2010). Sirt6 regulates cholesterol level via the lipogenic transcription factors sterol regulatory element binding proteins 1/2 (SREBP1/2) and AMPK (Elhanati et al., 2013). It represses the expression of SREBP1/2 and by three mechanisms: it represses the transcription levels of SREBP1/2 and inhibits their cleavage into their active forms (Elhanati et al., 2013) and it activates AMPK (by increasing the AMP/ATP ratio and activating LKB), which phosphorylates and inactivates SREBP1 (Elhanati et al., 2013). Proprotein convertase subtilisin/kexin type 9 (PCSK9) is a crucial gene regulating LDL-cholesterol (Tao et al., 2013). Sirt6 plays a critical role in regulating Pcsk9 gene expression. Sirt6 can be recruited by FoxO3a to the Pcsk9 gene promoter and deacetylate histone H3 at Lys 9 and 56, thereby suppressing the gene expression (Tao et al., 2013). Conversely, overexpression of Sirt6 decreased LDL-cholesterol level in high-fat diet (HFD)-fed mice (Kanfi et al., 2010).

Sirt6 and Adipose Tissue Lipolysis

Sirt6 regulates the lipid metabolism of adipose tissues. Sirt6 ablation mediated by ap2-CRE or adiponectin-CRE in adipose tissue increased HFD-induced obesity and insulin resistance (Kuang et al., 2017; Yao et al., 2017), and Sirt6 overexpression inhibited HFD-induced obesity and insulin resistance (Kanfi et al., 2010). Sirt6 ablation increased diet-induced obesity via adipocyte hypertrophy rather than abnormal adipocyte differentiation (Kuang et al., 2017). Adipocyte hypertrophy in Sirt6-deficient mice might be attributed to impaired lipolytic activity, which causes fat storage synthesis exceeding lipolysis and results in obesity. Adipose TG lipase (ATGL) is the key lipase that hydrolyzes TG into diglycerides (Zimmermann et al., 2004; Kuang et al., 2017); Sirt6 ablation suppressed ATGL expression. Sirt6 physically interacts with FoxO1, and Sirt6 deficiency increased the acetylation and phosphorylation of FoxO1, thereby promoting its nuclear exclusion and decreasing its transcriptional activity, which downregulated ATGL expression (Kuang et al., 2017). The role of Sirt6 in regulating FoxO1 is contradictory in liver and adipose tissue (Zhang et al., 2014; Kuang et al., 2017), which indicates that the regulatory function of Sirt6 is tissue-specific. Sirt6 overexpression protects against HFD-induced physiological damage by blocking the lipotoxicity of obesity and restoring glucose homeostasis via specific reduction of PPARγ signaling and level of diacylglycerol acyltransferase 1 (DGAT1), a key regulator of TG synthesis (Kanfi et al., 2010).

Sirt6 and Adipogenesis

Adipose tissue, differentiated from pre-adipocytes, is regulated by multiple transcriptional factors, including PPARγ and CCAAT/enhancer-binding protein α, β, and δ (C/EBPα/β/δ). Recently, Chen et al found that Sirt6 deficiency in preadipocytes blocks their adipogenesis (Chen et al., 2017). Sirt6 deficiency impairs adipogenesis, and Sirt6 is an essential factor for mitotic clonal expansion during adipogenesis by inhibiting the expression of kinesin family member 5C (KIF5C) and enhancing casein kinase 2 (CK2) activity. KIF5C is negatively regulated by Sirt6. Moreover, this study showed that KIF5C is a negative factor for adipogenesis by interacting with CK2a, a catalytic subunit of CK2 (Chen et al., 2017).

Sirt6 and Thermogenesis

Obesity is due to a chronic imbalance between energy intake and energy expenditure. WAT is essential for TG storage and insulin resistance, whereas brown adipose tissue (BAT) generates heat by dissipating energy via uncoupled respiration mediated by uncoupling protein 1 (UCP1) (Lowell and Spiegelman, 2000; Nedergaard and Cannon, 2010). WAT could be converted into brown-like adipocytes (beige cells). Cells undergoing a browning process have been suggested to have strong anti-diabetic or anti-obesity benefit (Cypess et al., 2009; Barbatelli et al., 2010; Petrovic et al., 2010; Wu et al., 2012). Recent studies show that Sirt6 has a critical role in regulating the thermogenesis of fat (Yao et al., 2017). Cold exposure and a β-adrenergic agonist markedly induced Sirt6 expression in fat. Fat-specific ablation of Sirt6 mediated by Ap2-CRE impairs the thermogenic function of brown adipocytes, thereby causing a morphological “whitening” of brown fat, and decreased oxygen consumption, core body temperature and cold sensitivity (Yao et al., 2017). PGC-1α is highly expressed in BAT and is a central regulator of brown fat thermogenesis (Puigserver et al., 1998). White fat cells overexpressing PGC-1α show mitochondrial oxidation phosphorylation and expression of thermogenesis genes (Puigserver et al., 1998). Sirt6 depletion markedly decreased the expression of PGC-1α and other thermogenic genes (Yao et al., 2017). Sirt6-depleted adipocytes also decreased basal mitochondrial respiration and maximal mitochondrial respiratory capacity. Mitochondrial oxidative phosphorylation and the expression of biogenesis genes are decreased significantly in primary brown adipocytes with Sirt6 deletion (Yao et al., 2017). Decreased PGC-1α expression in brown fat was not attributed to changes in acetylation levels of H3K9 or H3K56 in its promoter region in Sirt6-deficient mice (Yao et al., 2017). Activating transcription factor 2 (ATF2) is recruited to the PGC-1α promoter after β-adrenergic receptor activation in BAT (Herzig et al., 2001; Cao et al., 2004). Sirt6 depletion reduced phosphorylated ATF2 binding to the PGC-1α promoter and subsequently decreased the thermogenic program of brown fat and led to obesity (Yao et al., 2017).

Sirt6 AND CIRCADIAN RHYTHM

Circadian rhythm refers to changes in the life cycle during 24 h. Circadian rhythms play an important role in regulating body metabolism (Kohsaka et al., 2007; Barnea et al., 2009). In mice with circadian rhythm disruption, energy metabolism, especially glucose metabolism, was disturbed. Both behavioral and molecular circadian rhythms were changed in mice with metabolic disorders caused by an HFD (Kohsaka et al., 2007; Barnea et al., 2009). The clock has a central role in the circadian rhythm (Feng and Lazar, 2012). Bmal1 gene (also called aryl hydrocarbon receptor nuclear translocator-like [ARNTL]) is the central part of the biological clock transcription and translation feedback loop (Kiyohara et al., 2006). These two genes, encoding the protein together to form a Clock/Bmal1 isomer, play an important role in the feedback loop. Sirt6 is the only constitutive chromatin-associated sirtuin and is prominently present at transcriptionally active genomic loci (Masri et al., 2014). Sirt6 interacts with CLOCK/BMAL1 and, differently from SIRT1, governs their chromatin recruitment to gene promoters (Masri et al., 2014). Sirt6 contributes to chromatin recruitment of both the circadian machinery as well as SREBP-1 (Masri et al., 2014). Liver-specific deletion of Sirt6 downregulates hepatic rhythmic transcription, accompanied by changes in lipid metabolism (Masri et al., 2014). Deletion of Sirt6 leads to decreased binding of Clock/Bmal to the clock control gene (CCG) promoter and the binding of SREBP1 with its downstream gene promoters, thereby affecting lipid metabolism in the organism (Masri et al., 2014). The relationship between Sirt6 and fatty acid metabolism remains unclear. Sirt6 regulation of the circadian metabolic programs sheds new light on how the enzyme couples chromatin dynamics to metabolism (Masri et al., 2014; Tasselli et al., 2016b).

Sirt6 AND INFLAMMATION

Sirt6 deficiency increases the inflammatory response in many tissues. In adipose tissue, Sirt6 deficiency increases macrophage infiltration and adipose tissue inflammation and promotes HFD-induced insulin resistance (Kuang et al., 2017; Xiong et al., 2017). Sirt6 deficiency in mouse immune cells leads to liver inflammation and fibrosis (Xiao et al., 2012). In particular, in pancreatic cancer cells, Sirt6 induces the expression of proinflammatory cyto-/chemokines [interleukin 8 and tumor necrosis factor α (TNFα)] (Lappas, 2012). In endothelial cells, Sirt6 deficiency increased the expression of proinflammatory cytokines, extracellular matrix remodeling enzymes and adhesion molecules (Lappas, 2012). Loss of Sirt6 increased the expression of NF-κB, whereas overexpression of Sirt6 decreased NF-κB transcriptional activity (Lappas, 2012). Sirt6 interacts with the NF-κB subunit, deacetylates histone H3 lysine 9 (H3K9) at NF-kB target gene promoters, and inhibits the expression of downstream target genes, thus inhibiting the inflammatory reaction (Kawahara et al., 2009). In Sirt6-deficient cells, RELA promoter occupancy was increased; it enhanced hyperacetylation of NF-κB target gene promoters and induced NF-κB–dependent gene expression, cellular senescence and apoptosis (Kawahara et al., 2009). Sirt6 also binds to c-Jun and decreases the expression of its downstream target genes IL-6, monocyte chemoattractant protein 1, TNFα and H3K9, thereby inhibiting the expression of these genes (Xiao et al., 2012; Kuang et al., 2017).

Sirt6 AND DNA DAMAGE AND DIABETES

DNA damage is a permanent change of nucleotide sequence during DNA replication, resulting in the change of corresponding genetic characteristics (Shimizu et al., 2014). It is also related to the occurrence and development of chronic diseases, such as cancer and diabetes (Blasiak et al., 2004; Grindel et al., 2016). Sirt6 has been characterized as a histone deacetylase (HDAC) that targets specific sites (Michishita et al., 2008, 2009; Yang et al., 2009; Tasselli et al., 2016a). Sirt6 deacetylates the histone H3 on acetylated K9, K56 (Michishita et al., 2008, 2009) and the more recently identified K18 residue (Yang et al., 2009), causing the repression of many genes involved in inflammation, aging, genome stability, metabolic pathways and telomere integrity (Vitiello et al., 2017). Loss of Sirt6 affects the pathway of ATM/CHK2 and recruitment of repair factors to sites of DNA damage (Cagnetta et al., 2018). Sirt6 interacts, deacetylates and affects telomere repeat binding factor 2 (TRF2) stability, which may be part of a higher order complex with functional impacts on DNA damage response (DDR), cancer and aging (Rizzo et al., 2017). Moreover, following DNA damage, Sirt6 is recruited to double-strand breaks ensuring the proper activation of downstream DDR factors leading to an efficient DNA repair. Studies in diabetic patients showed greater oxidative damage to DNA. This indicates that the role of Sirt6 in DNA damage may as a new therapeutic pathway for cancer and diabetes related disorders.

CONCLUSION

Excessive intake of carbohydrates or fat can lead to a range of metabolic syndromes, such as obesity, fatty liver and diabetes. With evidence that plays an important regulatory role in energy metabolism, it may be a potential therapeutic target for obesity and diabetes mellitus. Clinical trials investigating the use of sirtuin activators for treating diabetes are under way; such activators show promise as alternatives to current diabetes therapies. Thus, further research of sirtuin activators may result in a new class of safe, effective diabetes treatments.
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ABBREVIATIONS

ACC1, acetyl CoA carboxylase 1; ACOX1, acyl-coenzyme A oxidase 1; AMPK, AMP-activated protein kinase; ATF2, activating transcription factor 2; Bmal1, aryl Hydrocarbon Receptor Nuclear Translocator Like; C/EBPα/β/δ, CCAAT/enhancer-binding protein α, β, and δ; CCGs, clock control gene; CK2, enhancing casein kinase 2; CPT1α, carnitine palmitoyltransferase 1; DGAT1, diacylglycerol acyltransferase 1; FAS, fatty acid synthase; FoxO1, Forkhead box protein O1; G6p, glucose-6-phosphatase; GCN5, general control non-repressed protein 5; Glut1, glucose transporter 1; GPI, glucose-6-phosphate isomerase; HFD, high-fat diet; Hif-1α, hypoxia-inducible factor-1α; IGF-1, insulin-like growth factor 1; KIF5C, kinesin family member 5C; LDH, lactate dehydrogenase; PCSK9, proprotein convertase subtilisin/kexin type 9; PDK, dehydrogenase kinase; Pepck, phosphoenolpyruvate carboxykinase; PFK-1, phosphofructokinase-1; PGC-1α, peroxisome proliferator activated receptor γ coactivator 1-α; PGK1, phosphoglycerate kinase; PPARγ, peroxisome proliferator-activated receptor gamma; SCD1, stearoyl-CoA desaturase-1; SREBP 1/2, sterol regulatory element binding proteins 1/2; UCP1, uncoupling protein 1; ATGL, adipose triglyceride lipase; CR, calorie restriction; WAT, white adipose tissue; TG, triglycerides; LDL, low-density lipoprotein; TNFα, tumor necrosis factor α; IL-8, interleukin 8.
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Obesity occurs when excess energy accumulates in white adipose tissue (WAT), whereas brown adipose tissue (BAT), which is specialized in dissipating energy through thermogenesis, potently counteracts obesity. White adipocytes can be converted to thermogenic “brown-like” cells (beige cells; WAT browning) under various stimuli, such as cold exposure. AMP-activated protein kinase (AMPK) is a crucial energy sensor that regulates energy metabolism in multiple tissues. However, the role of AMPK in adipose tissue function, especially in the WAT browning process, is not fully understood. To illuminate the effect of adipocyte AMPK on energy metabolism, we generated Adiponectin-Cre-driven adipose tissue-specific AMPK α1/α2 KO mice (AKO). These AKO mice were cold intolerant and their inguinal WAT displayed impaired mitochondrial integrity and biogenesis, and reduced expression of thermogenic markers upon cold exposure. High-fat-diet (HFD)-fed AKO mice exhibited increased adiposity and exacerbated hepatic steatosis and fibrosis and impaired glucose tolerance and insulin sensitivity. Meanwhile, energy expenditure and oxygen consumption were markedly decreased in the AKO mice both in basal conditions and after stimulation with a β3-adrenergic receptor agonist, CL 316,243. In contrast, we found that in HFD-fed obese mouse model, chronic AMPK activation by A-769662 protected against obesity and related metabolic dysfunction. A-769662 alleviated HFD-induced glucose intolerance and reduced body weight gain and WAT expansion. Notably, A-769662 increased energy expenditure and cold tolerance in HFD-fed mice. A-769662 treatment also induced the browning process in the inguinal fat depot of HFD-fed mice. Likewise, A-769662 enhanced thermogenesis in differentiated inguinal stromal vascular fraction (SVF) cells via AMPK signaling pathway. In summary, a lack of adipocyte AMPKα induced thermogenic impairment and obesity in response to cold and nutrient-overload, respectively, whereas chronic AMPK activation by A-769662 promoted WAT browning in inguinal WAT and protected against HFD-induced obesity and related metabolic dysfunction. These findings reveal a vital role for adipocyte AMPK in regulating the browning process in inguinal WAT and in maintaining energy homeostasis, which suggests that the targeted activation of adipocyte AMPK may be a promising strategy for anti-obesity therapy.
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INTRODUCTION

Obesity, which has reached epidemic proportions globally (Finucane et al., 2011), is associated with disorders, including type II diabetes, cardiovascular disease, and some cancer. The main cause of obesity is a chronic imbalance between energy intake and energy expenditure. For many years, it was believed that two main types of adipose tissue exist in mammals: white adipose tissue (WAT) and brown adipose tissue (BAT). The primary function of WAT is to store excess energy as triglycerides, whereas BAT is responsible for dissipating chemical energy as heat through thermogenesis (Berry et al., 2013). BAT and skeletal muscle are two well-described thermogenic tissues that utilize different mechanisms to generate heat for maintaining normal core body temperature in cold environment (Rowland et al., 2015; Bal et al., 2017a). Skeletal muscle employs both shivering and nonshivering thermogenesis via various mechanisms including mitochondrial metabolism and futile ATP hydrolysis, while BAT-mediated nonshivering thermogenesis is extremely dependent on mitochondrial metabolism (Bal et al., 2012, 2017b). Recent studies have discovered another type of thermogenic adipose tissue called beige fat and have demonstrated that both classic brown adipocyte and beige adipocyte coexist in adult humans (van Marken Lichtenbelt et al., 2009; Wu et al., 2012; Rosen and Spiegelman, 2014). However, beige adipocytes possess some distinct characteristics over classic brown adipocytes. First, beige adipocytes have a relatively low basal level of uncoupling protein 1 (UCP1) but express a high level of UCP1 in response to cold and adrenergic stimulation. Second, beige adipocytes are not derived from the myf5+ lineage from which classic brown adipocytes originate. Third, beige adipocytes are readily induced by various environmental cues, such as chronic cold stimulation, exercise and agonists of pro-adipogenic or pro-thermogenic transcription factors that regulate beige adipogenesis or thermogenesis (Kajimura et al., 2015; Inagaki et al., 2016).

Evidence has shown that augmenting the activity or content of brown and beige fat is beneficial for boosting energy expenditure (Bartelt and Heeren, 2014). Therefore, therapeutics that target brown fat or remodel white fat into beige fat (referred to as WAT browning) for the treatment of obesity and its related metabolic diseases have gained clinical interest. In rodents, a number of tissues and cell types have been found to secrete factors that regulate WAT browning or thermogenesis in brown and beige adipose tissue, such as orexin (Sellayah et al., 2011), bone morphogenetic protein 7 (BMP7) (Tseng et al., 2008), catecholamine hormones such as norepinephrine (NE) secreted from sympathetic neurons (Collins, 2011), natriuretic peptides secreted from cardiac tissue (Bordicchia et al., 2012), fibroblast growth factor 21 (FGF21) secreted from the liver and BAT (Lee et al., 2014), PGC-1α-dependent myokine irisin (Boström et al., 2012), T4 secreted from the thyroid, and BMP8b and vascular endothelial growth factor (VEGF) secreted from BAT (Whittle et al., 2012; Bagchi et al., 2013). In addition to secreted factors, several small molecules have also been shown to induce WAT browning, such as a transient receptor potential cation channel subfamily V member 4 (TRPV4) antagonist that upregulates PGC-1α (Ye et al., 2012).

AMPK, a ubiquitously distributed serine/threonine protein kinase, regulates cellular energy homeostasis, acting as a central energy sensor and monitor by turning on catabolic pathways to generate ATP and turning off energy-consuming anabolic pathways (Zhang et al., 2009). AMPK generally functions as an indispensable heterotrimeric complex that is composed of a catalytic subunit (α1 and α2) and two regulatory subunits (β and γ; Carling, 2004). The direct metabolic substrates of AMPK are related to almost all branches of cellular metabolism (Hoffman et al., 2015; Schaffer et al., 2015). AMPK is widely implicated in diverse biological processes including cell growth, cell polarity and migration, autophagy and energy metabolism (Mihaylova and Shaw, 2011). Importantly, AMPK plays a critical role in regulating fatty acid metabolism, thermogenesis and the development of adipose tissue (O'Neill et al., 2013; Day et al., 2017). AMPK activation is known to inhibit fatty acid synthesis and to promote fatty acid oxidation by phosphorylating acetyl-CoA carboxylase (ACC) and by decreasing malonyl-CoA level, thereby reinstating the activity of carnitine palmitoyltransferase 1 (CPT1) (Carlson and Kim, 1973; Carling et al., 1987; Fullerton et al., 2013). Acute treatment with A-769662, an allosteric AMPK activator that depends on the existence of AMPK β1, lowers the liver malonyl-CoA level and enhances fatty acid oxidation in Sprague Dawley rats, and chronic A-769662 treatment decreases plasma and liver triglyceride levels in ob/ob mice (Cool et al., 2006). AMPK also regulates mitochondria biogenesis by phosphorylating and activating PGC-1α (Jager et al., 2007). The natural compound berberine has been shown to promote thermogenesis in brown and WAT via the AMPK-PGC-1α pathway (Zhang et al., 2014). Regarding the development of adipose tissue, several studies have suggested that AMPK plays an inhibitory role in white adipocyte differentiation (Habinowski and Witters, 2001; Dagon et al., 2006; Zhou et al., 2009). Some other studies have shown that AMPK activation promotes brown adipocyte differentiation in vitro and that AMPK positively regulates brown adipogenesis and BAT development via epigenetically decreasing the DNA methylation of the PRDM16 promotor (Yang et al., 2016). Most studies on adipocyte AMPK are mainly based on the use of indirect pharmacological AMPK activators, which may cause off-target effects (Cool et al., 2006). For example, pharmacological, chronic activation of AMPK by 5-aminoimidazole-4-carboxamide-1-β-D-ribofuranoside (AICAR) has been reported to enhance energy dissipation in white adipocytes (Gaidhu et al., 2009). When AICAR is converted to 5-aminoimidazole-4-carboxamide ribonucleoside monophosphate (ZMP), it mimics the effects of AMP and activates AMPK (Corton et al., 1995; Carling et al., 2012). However, this mechanism causes other effects, such as the stimulation of glycogen phosphorylase and inhibition of fructose-1,6-bisphosphatase (Cool et al., 2006), and it is unclear whether the metabolic effects seen with AICAR administration are mediated entirely through AMPK stimulation. Therefore, alternative methods for directly and more specifically activating AMPK are needed to study the role of AMPK in adipose metabolism.

Recently, a study reported that adipose tissue-specific deletion of both AMPK β1 and β2 subunits exacerbated high-fat diet (HFD)-induced insulin resistance and hepatic steatosis due to compromised BAT and WAT function (Mottillo et al., 2016). Meanwhile, another study showed that genetic deletion of both AMPK α1 and α2 subunits in adipose reduced adiposity due to an increase in lipolysis and fatty acid oxidation in adipose tissue (Kim et al., 2016). Despite the different genetic knockout strategies used in these two studies, the phenotypes in genotypes with adipocyte AMPK abrogation are quite controversial. In this study, we focus on elucidating the role of AMPK in adipose tissue metabolism by generating a mouse model with the adipocyte AMPK catalytic subunits (α1 and α2) ablated (AKO) and by investigating the metabolic effects of the chronic, direct activation of AMPK by A-769662 on a HFD-fed obese mouse model. Similar to adipose tissue-specific double AMPK β1/β1 KO mice (Mottillo et al., 2016), the AKO mice were prone to HFD-induced obesity and hepatic steatosis and fibrosis, and displayed impaired glucose and lipid metabolism. Consistent with this result, cold-induced adaptive thermogenesis and both basal and β3-adrenergic-activated energy expenditure were significantly blunted in AKO mice. Furthermore, we demonstrated that chronic AMPK activation by A-769662 reduced body weight gain and WAT expansion in HFD-fed mice. Notably, A-769662 enhanced cold-induced thermogenesis and induced browning in the inguinal fat depot. Collectively, our findings indicate that AMPK plays a critical role in the regulation of energy homeostasis and chronic AMPK activation may provide promising therapeutics for treating of obesity and related metabolic diseases through promoting energy expenditure.

MATERIALS AND METHODS

Materials

Antibody sources are as follows: UCP-1 (alpha diagnostic, UCP11-A, 1:1,000, 32 kDa), PGC-1a (Calbiochem, ST1202, 1:1,000, 113 kDa); IR (Santa Cruz, sc-711, 1:1,000, 95 kDa), AMPKα1 (#ab3759, 1:1,000, 63 kDa), AMPKα2 (#ab3760, 1:1,000, 63 kDa) (abcam); AMPKγ2 (#AP51709, 1:1000, 38 kDa), β-actin (AM1021B, 1:10,000, 42 kDa) (Abgent); AMPKα (#2532, 1:1,000, 62 kDa), AMPKβ1 (#12063, 1:1,000, 38 kDa), AMPKβ2 (#4148, 1:1,000, 30 kDa), AMPKγ2 (#2536, 1:1,000, 75 kDa), phospho-AMPKα (Thr172) (#2535, 1:1,000, 62 kDa), ACC (#3662, 1:1,000, 280 kDa), phospho-ACC (Ser79) (#3661, 1:1,000, 280 kDa), AKT (#4691, 1:1,000, 60 kDa), phospho-AKT (Ser473) (#4060, 1:1,000, 60 kDa), phospho-IR (Tyr1162) (#3918, 1:1,000, 95 kDa) (Cell Signaling Technology). A-769662, CL 316,243, norepinephrine, rosiglitazone, dexamethasone, 3-Isobutyl-1-methylxanthine (IBMX), 3,3′,5-Triiodo-L-thyronine (T3), indomycine, oligomycin, carbonyl cyanide 4-(trifluoromethoxy) phenylhydrazone (FCCP), rotenone and antimycin A were purchased from Sigma-Aldrich. Recombinant human Insulin (Eli Lily) was purchased from Changzheng Hospital (Shanghai, China). ELISA kits used in measurement of plasma parameters are as follows: TG (Shanghai Fosun Long March, 1.02.1801), TC (Shanghai Fosun Long March, 1.02.0401), HDL-C (XinJianKangCheng Bio, E0303), LDL-C (XinJianKangCheng Bio, E0403), NFEA (WAKO, 294-63601), Insulin (Millipore, EZRMI-13K), Irisin (Phoenix, EK-067-29), Leptin (Millipore, EZML-82K), Adiponectin (abcam, ab108785), Glucagon (BIOSWAMP, MU30638), Epinephrine (CUSABIO, CSB-E08679m), Norepinephrine (CUSABIO, CSB-E07870m), ALT (Sysmex, 290703, 290704), AST (Sysmex, 290705, 290706).

Animal Model

All animal experiments were approved by the Animal Care and Use Committee of the Shanghai Institute of Materia Medica, where the experiments were conducted. All animals were housed in a temperature-controlled room (22 ± 2°C) with a light/dark cycle of 12 h. To obtain adipose tissue-specific AMPKα1/α2 double-KO mice (referred to as AKO mice), AMPKα1/α2-floxed mice were first generated by mating homozygous AMPKα1-floxed mice (stock No: 014141, Prkaa1fl, Jackson Laboratory, Bar Harbor, Maine, USA) with AMPKα2-floxed (stock No: 014142, Prkaa2fl, Jackson Laboratory, Bar Harbor, Maine, USA). Next, AMPK α1/α2-floxed mice were crossed with Adiponectin-Cre mice (stock No: 010803, Jackson Laboratory, Bar Harbor, Maine, USA) to generate adipose tissue-specific AKO mice. Male AKO mice and age-matched AMPKα1/α2-floxed littermates were randomly divided into two groups and starting from 8 weeks of age for 34 weeks fed either a normal chow diet or a HFD (60% calories from fat, 20% calories from protein, 20% calories from carbohydrate; Research Diets). Body weight and food intake were recorded weekly. Cold exposure experiments were performed at 8 weeks of age. Glucose tolerance tests and insulin tolerance tests were conducted at 20 and 30 weeks of age, respectively. Metabolic analysis and body composition analysis were performed at 40 weeks of age. For chronic anti-obesity studies, beginning at 6 weeks of age, male C57BL/6J mice (Shanghai SLAC Laboratory Animal Co., Shanghai, China) were fed a HFD. At 14 weeks of age, HFD-fed mice and chow-fed mice were randomly assigned to treatment groups. Mice received either vehicle [1% DMSO, 2% castor oil and 0.9% NaCl, q.d., intraperitoneally (i.p.)] or A-769662 (30 mg/kg/day q.d. i.p.) for 6 weeks. Body weight and food intake were recorded daily. Glucose tolerance tests and calorimetry metabolic analysis were conducted during the 4th week of treatment. The blood samples were collected during the 5th week of treatment and the plasma parameters were determined using the indicated kits according to the manufacturers' instructions. Cold exposure experiments were performed at 4°C during the 6th week of treatment. At the end of the study, the tissues were dissected, weighed, immediately frozen in liquid nitrogen and stored at −80°C.

Cold Exposure

For chronic cold exposure, mice were singly housed at 4°C for 24 h. Food and water were available ad libitum. For acute cold exposure, mice were individually housed at 4°C for 8 h without food but with free access to water. Body temperature was measured every hour with a BAT-12 microprobe digital thermometer and RET-3 mouse rectal probe (Physitemp Instruments, Clifton, USA).

Metabolic Analysis

Mouse O2 consumption, CO2 production, heat production and locomotor activity were measured using a sixteen-chamber indirect calorimeter (TSE PhenoMaster, TSE system) according to manufacturer's instructions. Mice were acclimated to the chambers for 24 h before the measurements began. Food and water were fed ad libitum throughout the experiment. Basal metabolic parameters were measured during the following 12-h light/dark cycle and the CL 312,643-stimulated metabolic parameters were measured for 10 h after the i.p. injection of CL 312,643 (1 mg/kg). Whole-body fat mass, lean mass and fluid mass were determined by 1H-nuclear magnetic resonance (NMR) spectroscopy (Minispec LF90 II, Bruker).

Glucose Tolerance Test (GTT) and Insulin Tolerance Test (ITT)

After fasting for 6 h, mice were i.p. injected with either glucose (2 g/kg) or insulin (0.75 U/kg). Glucose concentrations were measured before and 15, 30, 60, 90, and 120 min after the injection of glucose or insulin.

Quantitative RT-PCR

Total RNA was isolated from cells or homogenized tissues using TRIzol reagent (Invitrogen). One microgram of total RNA was reverse transcribed using PrimeScript Reverse Transcriptase (Takara). The resulting cDNAs were amplified using 2 × SYBR Green qPCR Master Mix (Vazyme) and a Stratagene Mx3005P instrument (Agilent Technologies). Expression was normalized to that of indicated control gene. Primer sequence details are shown in Supplementary Table 1.

Mitochondrial DNA (mtDNA) Quantification

Adipose tissues were cut into small pieces, and total DNA was extracted using a DNeasy Blood & Tissue Kit (Qiagen, 69506) according to the manufacturer's instructions. Quantitative (Q) PCR was performed using mitochondrial DNA-specific primer (16S rRNA)and genomic DNA-specific primer (hexokinase 2 gene, intron 9). Primer sequence details are shown in Supplementary Table 1.

Immunoblotting

Total protein from the tissues or cells was prepared in RIPA buffer (50 mM Tris-HCl (pH 8.0), 150 mM NaCl, 1% NP-40, 1 mM Na3VO4, 1 mM DTT, 1 mM EDTA, and 1 mM EGTA) containing complete protease inhibitors (Roche). After boiling for 10 min in SDS loading buffer, equal amounts of protein for each sample were electrophoresed through SDS-PAGE gels.

Histology

Mouse tissues were fixed in 4% neutral-buffered formalin and embedded in paraffin. Sections (5-μm thick) were stained with hematoxylin and eosin (H&E) and Sirius red according to standard protocols. Microscopy analysis was performed by using a Leica DM6 B microscope at the indicated magnification, and images were captured by a sCMOS camera under the same parameter setting. The average adipocyte size and lipid droplet area in adipose tissue sections [expressed as the average cross-sectional area per cell (μm2)] was determined by using ImageJ software (National Institutes of Health) according to the method described in Parlee et al. (2014). Fibrosis was evaluated by calculating the proportional area of picrosirius red-stained matrix using image analysis (Quant center, 3D HISTECH, Hungary).

Tissue Hydroxyproline Measurement

Frozen liver samples (100–105 mg) were weighed and acid-hydrolyzed with 5M HCl at 110°C for 18–22 h. Hydroxyproline contents were measured using a hydroxyproline colorimetric assay kit (BioVison, K555-100) according to the manufacturer's instructions.

Liver Triglyceride and Cholesterol Measurement

The liver triacylglycerol and cholesterol content were measured following a Folch extraction (Folch et al., 1957). The dried lipid residues were then resuspended in 800 μl ethanol with 1% triton for follow-up TG and TC assays. The Liver TG and TC levels were determined with the same kit as used in the plasma analysis.

Transmission Electron Microscopy

The adipose tissues were cut into 1 mm3 and fixed in 2.5% glutaraldehyde (pH 7.4) for 24 h. Then the sample was washed with 0.1 M phosphate buffer for three times and fixed in osmic acid for 3 h in 4°C. The sample was flushed again, dehydrated with ethanol step by step, and displaced with epoxy propane. Finally, the block was embedded in Spurr resin (Spi-Chem, USA) and polymerization at 70°C. Thin sections were cut on a Leica EM UC6 ultramicrotome and counter stained with uranyl acetate and lead citrate. Then samples were observed with a JEM1230 transmission electron microscope (JEOL, Japan). For each sample, total mitochondria and mitochondria bearing cristae disruption were quantified, and percentage of mitochondria with disrupted cristae was calculated. Criteria for disrupted cristae included any observable disorganization, vacuolization, or dissolution of cristae within mitochondria (Mottillo et al., 2016; Bal et al., 2017a).

Stromal Vascular Fraction (SVF) Cells Isolation and Differentiation

SVF cells were isolated as described previously (Wang et al., 2013). In brief, adipose tissue was minced and digested with 10 mg/ml collagenase D (Roche) and 2.4 mg/ml Dispase II (Roche) in PBS supplemented with 1% bovine serum albumin for 45 min at 37°C, followed by quenching with complete medium. The digested tissue suspensions were centrifuged, washed and successively filtered through 100 and 40 μm strainer (BD Biosciences), and then, the cells were plated onto 10 cm dishes. SVFs were cultured in DMEM/F12 supplemented with 10% FBS (Gibco), 1% penicillin/streptomycin (Invitrogen). SVF cells were plated onto 24-well plates to reach confluence. Once cells reached confluency, adipocyte differentiation was carried out in growth medium supplemented with 850 nM insulin, 0.5 mM IBMX, 1 μM dexamethasone, 125 nM indomethacin and 1 nM T3 for 48 h and then in growth medium supplemented with 850 nM insulin and 1 nM T3 for an additional 6 days. To investigate the effect of AMPKα knockdown on NE-induced thermogenic, iWAT-SVF cells were isolated from 5 week-old AMPK α1/α2-floxed mice and induced to differentiate toward beige adipocytes. Cells were infected with NC and Cre adenovirus on day 6 and were treated with NE (10 μM) on day 8 for 6 h. To investigate the effect of A-769662 on thermogenesis, differentiated SVF cells (day 7) were cultured with serum-free DMEM/F12 medium for 2 h and treated with DMSO or A-769662 at the indicated concentration for 6 h in quantitatvie RT-PCR, for 12 h in the measurement of oxygen consumption rates (OCRs) and for 24 h in western blot analysis. To confirm whether A-769662-induced thermogenesis in vitro via AMPK signaling pathway, iWAT-SVF cells isolated from the floxed mice were differentiated into beige adipocytes followed by infected with NC and Cre lentivirus on day 6, and were treated with A-769662 at the indicated concentration on day 8.

Measurement of OCRs

SVF cells were plated in a 96-well XF microplate (Seahorse Bioscience) and differentiated for 7 days, OCR was measured at 37°C using a 96 Extracellular Flux Analyzer (Seahorse Bioscience) in accordance with the manufacturer's instructions. Uncoupled respiration was detected by treating cells with oligomycin (2 μM).

Tissue Distribution Assay

HFD-fed mice were i.p. injected with A-769662 (30 mg/kg). After 1 h, the animals were sacrificed, and the plasma, liver, and various adipose depots and muscles were collected and preserved at −80°C. Tissue samples were analyzed with a liquid chromatography-mass spectrometry/mass spectrometry (LC-MS/MS) system (an Agilent 1200 HPLC coupled to an Agilent 6460 Triple Quad instrument, Agilent Technologies, USA) to detect the concentration of A-769662. Data were analyzed by MassHunter Quantitative Analysis (version B.02.01, Agilent Technologies, USA).

Statistical Analysis

The results are presented as the means ± SEM. Differences between the groups were analyzed using Student's t-test or one-way ANOVA followed by Dunnett's multiple comparisons test by GraphPad Prism version 7.00 for Windows (GraphPad Software, La Jolla California USA). P < 0.05 was regarded as statistically significant.

RESULTS

Adipocyte AMPK Regulating Mitochondrial Biogenesis and Structural Integrity was Required for Cold-Induced Adaptive Thermogenesis in Inguinal White Adipose Tissue

One of the important functions of brown and beige fat is defending against hypothermia in cold environments through adaptive thermogenesis, which is crucial for maintaining whole-body energy homeostasis (Harms and Seale, 2013). Cold exposure stimulates β-adrenergic signaling via regulating norepinephrine (NE) secretion from sympathetic nerves, which indirectly activates AMPK signaling by inducing lipolysis and mitochondrial uncoupling in the adipose tissue of rodents (Gauthier et al., 2008). It has been reported that in response to cold acclimation, different adipose tissue depots play diverse roles in metabolic remodeling, displaying enhanced thermogenic activity in BAT and contributing to browning in iWAT and in eWAT to a lesser extent (Jia et al., 2016). We wondered whether the sensitivity of AMPK activation in response to short-term cold exposure varied among different fat pads. To probe the role of AMPK signaling in cold-induced adaptive thermogenesis in different adipose depots, 9-week-old male C57BL/6J mice were housed at room temperature (RT) or challenged with cold temperature (4°C) for 24 h, and the expression levels of proteins reflecting AMPK activation and thermogenic capacity in various adipose depots, including interscapular BAT, inguinal white adipose tissue (iWAT), and epididymal white adipose tissue (eWAT), were examined by western blot analysis. AMPK was significantly activated by cold exposure in iWAT, as evidenced by increased AMPKα phosphorylation (Thr172), but was unaffected in BAT and eWAT (Figure 1A and Supplementary Figure 1A). Similarly, the expression of the thermogenic protein UCP1 was up-regulated by cold in iWAT, but not in BAT and eWAT (Figure 1A and Supplementary Figures 1A,B), suggesting a depot-specific positive correlation between AMPK activation and adaptive thermogenesis in iWAT.
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FIGURE 1. Adipose AMPK deficiency impaired cold tolerance and suppressed cold-induced thermogenesis specifically in inguinal white adipose tissue. (A) Western blot analysis of UCP1, p-AMPKα (T172) and AMPKα protein levels in the interscapular brown adipose tissue (BAT), inguinal white adipose tissue (iWAT) and epididymal white adipose tissue (eWAT) of 9-week-old male wild-type (WT) mice housed at RT or 4°C for 24 h. β-actin was used as a loading control. n = 4. (B) Western blot analysis of AMPKα1, α2, β1, β2, γ1, γ2 protein expression levels in the BAT, iWAT, eWAT and liver of 10-week-old male AKO mice and age-matched floxed littermates. β-actin was used as a loading control. n = 3. (C) Rectal temperature of 8-week-old chow-fed AKO and floxed mice at 4°C for 8 h. n = 9. (D–M) 8-week-old male chow-fed AKO mice and floxed mice were housed at 4°C for 48 h. Representative transmission electronic microscopy images of iWAT (D) and BAT (G), total number of mitochondria per micrograph in iWAT (E) and BAT (H) and the percentage of mitochondria with disrupted cristae over total mitochondria in iWAT (F) and BAT (I) from AKO mice and floxed mice were shown. n = 3. Scale bar: 2 μm in low magnification (×5,000, upper) and 0.5 μm in high magnification (×20,000, bottom). The relative mRNA levels of thermogenic genes and fatty acid oxidation (FAO)-related genes in the iWAT (J) and BAT (K) of AKO mice and floxed mice were analyzed by quantitative RT-PCR (normalized to 36b4). n = 8–9. The expression levels of AMPKα, p-AMPKα (T172), ACC, p-ACC (S79), UCP1 and PGC-1α in the iWAT (L) and BAT (M) of AKO mice and floxed mice were determined by western blot analysis. Data are presented as the means ± SEM. Student's t-test. *P < 0.05, **P < 0.01, ***P < 0.001 compared with the indicated control group.



To investigate the physiological effects of adipocyte AMPKα on whole-body energy metabolism, we generated adipose tissue-specific AMPKα knockout (referred to as AKO) mice by crossing Adiponectin-Cre mice with double AMPK α1/α2-floxed mice (referred to as floxed mice). Western blot analyses of AMPKα1 and AMPKα2 expression in different fat pads and liver were performed to examine the knockout efficiency of AKO mice. The expression of both AMPKα1 and AMPKα2 and the mRNA levels of their encoding genes (Prkaa1 and Prkaa2) in iWAT, eWAT, and BAT were substantially reduced in AKO mice; in contrast, that in the liver was not different between the genotypes (Figure 1B and Supplementary Figures 1C,D,I–L), indicating that the deletion of AMPKα was specific to adipose tissue. Because AMPKα function as an indispensable subunit of the heterotrimeric complex (Fentz et al., 2015), we examined the expression levels of its regulatory subunits β and γ. Surprisingly, expression of subunit AMPKβ1, AMPKβ2, AMPKγ1, and AMPKγ2 were significantly decreased in adipose tissue of AKO mice, but not in liver (Figure 1B and Supplementary Figures 1E–H). However, the mRNA levels of genes encoding subunit β (Prkab1 and Prkab2) and subunit γ (Prkag1 and Prkag2) were unaltered between genotypes (Supplementary Figures 1I–L), which suggests that the presence of AMPKα might be critical for protein stability of β subunits and γ subunits. These data indicate that efficient adipocyte-specific deletion of AMPK was achieved.

First, chow-fed male AKO mice and age-matched floxed littermates were challenged with cold exposure at 4°C for 8 h to assess the cold tolerance of both genotypes. During the cold challenge, the rectal temperature of AKO mice decreased more rapidly than that of floxed mice (Figure 1C), indicating that the capacity of adaptive thermogenesis in AKO mice was impaired. To determine the adaptive thermogenic activity of different adipose pads, cold exposure was extended to 48 h. The content and integrity of mitochondria affect its function of oxidation metabolism and cellular energy status during thermogenesis process (Bal et al., 2017a). The total number of mitochondria in different adipose pads was determined by assessing mitochondrial DNA copy number. The mitochondria number was reduced in iWAT and BAT of AKO mice compared to that of floxed mice, whereas that in eWAT did not differ in these two genotypes (Supplementary Figure 1M), suggesting that AMPK deletion likely inhibited mitochondrial biogenesis in iWAT and BAT, both of which contribute to adaptive thermogenesis during prolonged cold exposure. Next, the mitochondrial morphology in iWAT and BAT were assessed by using transmission electron microscopy. Accordingly, the mitochondria number per micrograph was decreased in iWAT and BAT of AKO mice by approximately 66 and 43%, respectively (Figures 1D,E,G,H). The mitochondrial structure was altered in iWAT and BAT of AKO mice after cold adaption and the disrupted cristae were increased by approximately 146 and 170%, respectively (Figures 1D,F,G,I). These observations indicate that adipocyte AMPK deficiency impaired both the structural integrity of mitochondria and mitochondrial biogenesis.

In addition, the expression of thermogenesis-related genes and proteins responding to cold acclimation was detected by Quantitative RT-PCR. The mRNA levels of thermogenesis-related genes, including Ucp1, Ppargc1a, Dio2, Elovl3, Prdm16, Cidea, Cox7a1, Cox8b, and Cox5b, and fatty acid oxidation (FAO)-related genes, such as Ppargc1b, Cpt1b, and Lcad, were dramatically reduced in the iWAT of the AKO mice after cold exposure (Figure 1J), but were unchanged in eWAT (Supplementary Figure 1P). In agreement of this result, the expression levels of the thermogenic protein UCP1 and of PGC-1α, a master coregulatory factor for mitochondrial biogenesis (Wu et al., 1999), were significantly reduced by genetic deletion of adipocyte AMPKα (Figure 1L and Supplementary Figure 1N), indicating that cold-induced browning was severely impaired in the iWAT of AKO mice. In addition to the thermogenic remodeling of iWAT, BAT-mediated adaptive thermogenesis is also highly responsive to cold stimulation (Rosen and Spiegelman, 2014). We then examined the expression pattern of thermogenic genes and proteins in the BAT of cold-acclimated AKO mice and floxed mice. In line with the reduced content and disrupted cristae of mitochondria, the expression of Ppargc1a and FAO-related genes, including Ppargc1b and Lcad, were decreased in BAT of AKO mice. However, the expression of thermogenic genes, such as Ucp1, Ppargc1a, Dio2, Elovl3, Prdm16, Cidea, Cox7a1, Cox8b, and Cox5b, were not significantly altered in the BAT of AKO mice (Figure 1K). Western blot analysis showed that the expression of UCP1 and PGC-1α in the BAT of the AKO mice was comparable with that of the floxed mice (Figure 1M and Supplementary Figure 1O), denoting that BAT-mediated adaptive thermogenesis was not readily perturbed by adipocyte AMPKα deletion in vivo. Moreover, the knockdown of AMPKα by using Cre-expressing adenovirus in differentiated stromal vascular fraction (SVF) cells isolated from the iWAT of AMPK α1/α2-floxed mice inhibited NE-induced thermogenic gene induction (Supplementary Figure 2), indicating that AMPK may serve as an important modulator of thermogenesis in a cell-autonomous manner. Together, these data demonstrate that the abrogation of AMPKα in adipose tissue impairs mitochondrial integrity and function and suppresses cold-induced adaptive thermogenesis and the browning of white adipocytes in iWAT, which may contribute to cold intolerance of AKO mice.

Adipocyte AMPK Protected against Diet-Induced Obesity and Related Metabolic Dysfunction

To investigate the metabolic effects of adipocyte AMPK ablation in response to a HFD, 8-week-old male AKO mice and age-matched floxed littermates were fed either a chow diet or a HFD for 34 weeks. Beginning at 29 weeks of age, the chow-fed AKO mice gained more weight than their counterparts, and the HFD challenge exacerbated the weight gain caused by the deletion of adipocyte AMPK, as evidenced by the earlier appearance (at 25 weeks of age) of more severe obesity in HFD-fed AKO mice (Figure 2A). Accordingly, the AKO mice were visually bigger and more obese than the HFD-fed or chow-fed floxed mice (Figure 2B). Although adipocyte AMPKα deletion did not affect food intake in mice fed a chow diet or a HFD (Supplementary Figure 3), chow- and HFD-fed AKO mice exhibited greater adiposity than the floxed mice, as evidenced by a higher fat mass in the AKO groups (Figure 2C). The relative iWAT weight was increased in AKO mice fed a chow diet or a HFD, but the weight of perirenal WAT (pWAT) was increased only in the HFD-fed AKO mice, while relative weights of eWAT and liver were unchanged (Figure 2D). Interestingly, the relative weight of BAT was decreased in the chow- and HFD-fed AKO mice, probably due to the inhibition of brown adipogenesis during early BAT development by the deletion of AMPKα (Yang et al., 2016). Moreover, glucose tolerance was impaired in the AKO mice fed a chow diet or a HFD, as shown by an increased area under the curve (AUC) in this group (Figure 2E). Defects in insulin sensitivity were also observed in the AKO mice fed a chow diet or a HFD (Figure 2F). Notably, the plasma levels of insulin and leptin, an adipokine that positively correlates to obesity and fat mass (Considine et al., 1996), were markedly elevated in both chow- and HFD-fed mice, while as an important adipose-derived hormone, adiponectin, the level of which is closely associated with insulin resistance and negatively correlated with adiposity (Yamauchi et al., 2001), was decreased by 36 and 32% in chow- and HFD-fed AKO mice, respectively (Table 1). The plasma level of glucagon, acting as a counterregulatory hormone for insulin (Jiang and Zhang, 2003), was reduced in both chow- and HFD-fed mice (Table 1), which may be a consequence of increased insulin level in AKO mice. Furthermore, the plasma levels of triglyceride (TG) and total cholesterol (TC) were significantly increased by 34 and 39% in HFD-fed AKO mice, respectively, but not in chow-fed AKO mice (Table 1), indicating that adipocyte AMPK deletion aggravated the development of hyperlipidemia under HFD stress. However, there were no significant changes in the levels of low-density lipoprotein cholesterol (LDL-C), high-density lipoprotein cholesterol (HDL-C) and nonesterified fatty acid (NEFA) between genotypes fed with a chow-diet or a HFD (Table 1). Collectively, these results suggest that adipocyte AMPK play a vital role in combating HFD-induced obesity, dysregulated glucose homeostasis and insulin resistance.
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FIGURE 2. Adipose-specific AMPKα deletion exacerbated high-fat diet (HFD)-induced adiposity and glucose intolerance. (A) Change in body weight of AKO mice and age-matched floxed littermates during the indicated period. (B) Representative images of 41-week-old male AKO mice and age-matched flox/flox mice. (C) Fat mass, fluid mass and lean mass relative to the total body weight of 40-week-old mice. (D) Relative weight of the liver, iWAT, eWAT, pWAT, and BAT to the total body weight of mice. (E) Blood glucose levels from the intraperitoneal glucose tolerance test (ipGTT) of 20-week-old mice following a single injection of glucose (2 g/kg) (left). The area under the curve (AUC) of the ipGTT during the indicated times was calculated as the blood glucose multiplied by the time (mM*min) (right). (F) Blood glucose levels of 30-week-old mice following a single injection of insulin (0.75 U/kg) in the intraperitoneal insulin tolerance test (ITT) (left). The AUC of the ITT is shown (right). Chow-Flox: AMPK α1/α2-floxed mice fed a chow diet, Chow-AKO: adipose tissue-specific AMPK α1/α2 KO mice fed a chow diet, HFD-Flox: AMPK α1/α2-floxed mice fed a HFD, HFD-AKO: adipose tissue-specific AMPK α1/α2 KO mice fed a HFD. Data are presented as the means ± SEM. n = 11–15. Student's t-test. *P < 0.05, **P < 0.01, ***P < 0.001 compared with the corresponding Flox group.




Table 1. Plasma metabolic variables in floxed mice and AKO mice fed with a chow diet or a HFD.
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Effects of Adipocyte AMPKα Deficiency on the Morphology of Adipocytes in Different Depots in Vivo

Since the AKO mice were prone to HFD-induced obesity, we further investigate the effect of adipocyte AMPKα deletion on the morphology of different adipose depots. H&E staining showed that adipocyte size in the iWAT of chow- or HFD-fed AKO mice were notably larger than that in the floxed mice, as indicated by increased adipocyte area in the iWAT (Figures 3A,B). However, the adipocyte size in the eWAT of chow- and HFD-fed mice was not influenced by adipocyte AMPKα deletion (Figures 3A,C). The lipid droplets in the BAT of chow- or HFD-fed AKO mice were obviously larger than those of the floxed mice (Figures 3A,D), which may be owing to diminished expression of FAO-related gene in the BAT (Figure 1K). As mentioned above, adipocyte AMPKα deficiency specifically affected the expression of thermogenesis- and FAO-related genes and proteins in iWAT, which may hinder lipid mobilization and contribute to the increased adipocyte size and weight of inguinal adipose tissue.
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FIGURE 3. Lack of adipocyte AMPKα increased adipocyte size in inguinal white adipose tissue. (A) Representative H&E stained images of iWAT, eWAT, and BAT in AKO mice and age-matched floxed littermates fed a chow diet (left) or a HFD (right). Scale bar = 100 μm. (B–D) Average adipocyte area in iWAT (B) and eWAT (C) and average lipid droplet area in the BAT (D) in AKO mice and floxed littermates fed a chow diet or a HFD. Data are presented as the means ± SEM. n = 5-7. Student's t-test. *P < 0.05, **P < 0.01, ***P < 0.001 compared with the corresponding Flox group.



Adipocyte AMPKα Deficiency Reduced Basal and β3-Adrenergic-Activated Energy Expenditure

Since the development of obesity and obesity-related metabolic dysfunction is generally due to an imbalance between energy intake and energy expenditure, we continued to evaluate the effect of adipocyte AMPKα deletion on energy expenditure under basal conditions and in response to acute β3-adrenergic receptor (AR) activation. Under basal conditions or after i.p. injections with β3-AR activator CL 316,243, the O2 consumption and energy expenditure (EE) of chow- and HFD-fed AKO mice were significantly reduced during the 12-h light-dark cycle (Figures 4A–D), but locomotor activity was unchanged (Supplementary Figures 4B,D). Additionally, the basal respiration exchange ratio (RER) was unaltered in the AKO mice fed a chow diet or a HFD (Supplementary Figures 4A,C), but the CL 316,243-stimulated RER was slightly decreased in the AKO mice fed the chow diet (Supplementary Figure 4A). The plasma levels of catecholamines, including epinephrine and norepinephrine, and irisin were unaltered between genotypes (Table 1), which excludes the effects of circulating hormones on energy metabolism of AKO mice. Overall, these data signify that the impaired energy expenditure due to adipocyte AMPKα ablation results in obesity and that adipocyte AMPK is important for the regulation of whole-body energy homeostasis.
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FIGURE 4. Deletion of adipocyte AMPKα reduced basal and β3-adrenergic-activated energy expenditure in chow- and HFD-fed mice. (A–D) Metabolic cage analyses of 40-week-old AKO and floxed mice fed a chow or a HFD were performed. (A) The O2 consumption of chow-fed mice during a 12-h light-dark cycle and after an injection of CL 312,643 (1 mg/kg) (left). Average basal and CL 312,643-stimulated O2 consumption of chow-fed mice (right). (B) The energy expenditure (EE) of chow-fed mice during a 12-h light-dark cycle and after an injection of CL 312,643 (1 mg/kg) (left). Average basal and CL 312,643-stimulated EE of chow-fed mice (right). (C) The O2 consumption of HFD-fed mice during a 12-h light-dark cycle and after an injection of CL 312,643 (1 mg/kg) (left). Average basal and CL 312,643-stimulated VO2 consumption of HFD-fed mice (right). (D)The EE of HFD-fed mice during a 12-h light-dark cycle and after an injection of CL 312,643 (1 mg/kg) (left). Average basal and CL 312,643-stimulated EE of HFD-fed mice (right). Data are presented as the means ± SEM. n = 8. Student's t-test. *P < 0.05, **P < 0.01, ***P < 0.001 compared with the corresponding Flox group.



Lack of Adipocyte AMPKα Promoted the Development of Liver Steatosis and Fibrosis

As it was previously shown that deletion of adipocyte AMPK β1/β2 subunits induces hepatic lipid accumulation and liver insulin resistance (Mottillo et al., 2016), we then examined the effect of loss of adipocyte AMPKα on hepatic metabolism in our genotypes. H&E staining showed that hepatocytes in AKO mice displayed more lipid accumulation with enlarged lipid droplets (Figures 5A,B), additionally evidenced by the increased liver content of TG and TC in HFD-fed AKO mice (Figures 5D,E). Sirus Red staining indicated that liver fibrosis area was augmented in AKO mice fed with a chow diet or HFD (Figures 5A,C) and liver hydroxyproline (main component of collagen) level was significantly increased in HFD-fed AKO mice (Figure 5F), suggesting appearance of severe fibrosis in the liver of HFD-fed AKO mice. In addition, the expression levels of lipogenesis-related genes, such as glucose kinase (Gck), malic enzyme (Me1), fatty acid synthase (Fasn) and acetyl-CoA carboxylase 1 (Acc1), and fibrosis-related genes including smooth muscle actin alpha 2 (Acta2, encoding α smooth muscle actin), collagen type I alpha 1 chain (Col1a1), connective tissue growth factor (Ctgf), matrix metallopeptidase 2 (Mmp2) and tissue inhibitor of metalloproteinases 1 (Timp1) were up-regulated in AKO mice especially fed with a HFD (Figures 5G,H). Despite unchanged relative weight of liver between genotypes (Figure 2D), the absolute liver weight was obviously increased in HFD-fed AKO mice (Figure 5I). We further explored the status of insulin resistance in the liver of HFD-fed floxed and AKO mice by detecting the endogenous activity of insulin signaling. The phosphorylation levels of insulin receptor (IR) tyrosine-1162 (IRY1162) and serine/threonine kinase (AKT) serine-473 (AKTS473) were dramatically repressed in HFD-fed AKO mice (Figures 5J–L), indicating impairment in insulin sensitivity in the liver after adipocyte AMPKα deletion. Moreover, the plasma levels of alanine aminotransferase (ALT) and aspartate transaminase (AST) were significantly increased in HFD-fed AKO mice (Figures 5M,N), verifying that hepatic lipotoxicity trended to be more severe in AKO mice. Taken together, these results demonstrated that adipocyte AMPKα ablation induced hepatic lipid accumulation and eventually exacerbated the development of liver steatosis and even fibrosis.
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FIGURE 5. Adipocyte AMPK deficiency promoted the development of liver steatosis and fibrosis. (A) Representative H&E stained (top) and Sirius red stained (bottom) images of liver in AKO mice and age-matched floxed littermates fed with a chow diet (left) or a HFD (right). Scale bar = 100 μm. (B) Average lipid droplet area per cell in liver in AKO mice and floxed littermates fed with a chow diet or a HFD. (C) Fibrosis area in liver were evaluated in chow- or HFD-fed AKO mice and floxed littermates. (D,E) Liver TG (D) and TC (E) levels in chow- or HFD-fed AKO mice and floxed littermates. (F) Liver hydroxyproline level in chow- or HFD-fed AKO mice and floxed littermates. (G,H) The relative mRNA levels of lipogenesis genes (G) and fibrosis-related genes (H) in the liver of in chow- or HFD-fed AKO mice and floxed littermates were analyzed by quantitative RT-PCR (normalized to Actb). n = 8–9. (I) Absolute liver weight in chow- or HFD-fed AKO mice and floxed littermates. (J) The expression levels of AKT, p-AKT (S473), IR, p-IR (Y1162) in the liver of HFD-fed AKO mice and floxed littermates were determined by western blot analysis. (K,L) Relative phosphorylation levels of AKT and IR were determined by densitometric quantification of the immunoblots shown in (J). n = 3. (M,N) Plasma ALT and AST levels in chow- or HFD-fed AKO mice and floxed littermates. Data are presented as the means ± SEM. Student's t-test. *P < 0.05, **P < 0.01, ***P < 0.001 compared with the corresponding Flox group.



Chronic Treatment with the AMPK Activator A-769662 Alleviated HFD-Induced Obesity, Glucose, and Lipid Metabolic Disorders

AMPK activity has been reported to be reduced in both the BAT and WAT of obese animal models (Ruderman et al., 2010). Consistent with these reports, we also demonstrated that mice with adipocyte AMPKα ablation were predisposed to HFD-induced obesity. To assess the anti-obesity efficacy of chronic AMPK activation in vivo, we investigated the effect of the administration of A-769662, an AMPK allosteric activator, in chow- and HFD-fed mice. A-769662 (30 mg/kg/day) was administered q.d. for 6 weeks. During treatment, A-769662 did not affect food intake in either chow-fed or HFD-fed mice (Figure 6B). In chow-fed mice, body weight gain was generally unchanged by A-769662 treatment. Meanwhile, in HFD-fed mice, body weight gain was significantly decreased (by 49%) during the 6 weeks of A-769662 treatment (Figure 6A). A-769662 did not alter WAT or liver weight in chow-fed mice, but in HFD-fed mice, the weight of the liver, iWAT and pWAT was reduced by 15, 23, and 13%, respectively, but the eWAT weight was unchanged (Figure 6C). Accordingly, the content of TG and TC in liver were significantly decreased by A-769662 treatment in HFD-fed mice (Figures 6D,E). The fasting blood glucose level was not affected by A-769662 treatment in chow-fed mice or HFD-fed mice (Figure 6F). Nevertheless, A-769662 improved glucose tolerance in HFD-fed mice, as evidenced by the approximately 12% decrease in the AUC (Figures 6G,H), while had no effect on chow-fed mice. Insulin tolerance test showed that A-769662 treatment did not improve insulin sensitivity in HFD-fed mice (Figures 6I,J). In chow-fed mice, the plasma parameters were not significantly changed by A-769662 treatment (Table 2). However, in HFD-fed mice, the plasma levels of TG, TC and low-density lipoprotein cholesterol (LDL-C) were decreased by 27, 36, and 27% (Table 2), respectively. In addition, the insulin and leptin levels were also decreased by 41 and 56% (Table 2), respectively. Together, these results revealed that A-769662 had anti-obesity and anti-hyperlipidemic effects, and this agonist improved glucose tolerance in HFD-fed mice but not in chow-fed mice, indicating that chronic AMPK activation might be specifically effective in the obese mouse model and have negligible adverse effects in normal lean mice.
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FIGURE 6. Chronic AMPK activation by A-769662 protected against HFD-induced obesity and dysregulated glucose metabolism (A) Body weight (left) and average body weight gain (right) of chow- and HFD-fed mice during the 6-week treatment period. (B) Average food intake of chow- and HFD-fed mice during the 6-week treatment period. (C) Absolute weights of the liver, iWAT, eWAT, pWAT and BAT of chow- and HFD-fed mice after 6-week treatment. (D,E) Liver TG (D) and TC (E) levels of chow- and HFD-fed mice after 6-week treatment. (F) Fasting blood glucose was measured during the 4th week of treatment. (G,H) Intraperitoneal glucose tolerance tests of chow- and HFD-fed mice were conducted at week 4 of treatment (G). The AUC from 0 to 120 min was calculated (H). (I,J) Insulin tolerance test of chow- and HFD-fed mice were conducted at week 5 of treatment (I). The AUC from 0 to 120 min was calculated (J). Chow-Veh: mice fed a chow diet and treated with vehicle, Chow-A-769662: mice fed a chow diet and treated with A-769662, HFD-Veh: mice fed a HFD and treated with vehicle, HFD-A-769662: mice fed a HFD and treated with A-769662. Data are presented as the means ± SEM. n = 5–9. Student's t-test. *P < 0.05, **P < 0.01 compared with the indicated control group.




Table 2. Chronic effects of A-769662 on plasma metabolic variables in chow-fed mice and HFD-fed mice.
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A-769662 Promoted Energy Expenditure in HFD-Fed Mice

After observing the anti-obesity effects of A-769662 on HFD-fed mice, we further investigated the effect of A-769662 treatment on whole-body energy expenditure of HFD-fed mice at 4th week of treatment by using indirect calorimetry. The last administration was given 4 h before the experiment. The animals were monitored for O2 consumption, EE and locomotor activity for 24 h. A-769662 increased the total and dark-phase O2 consumption and EE in HFD-fed mice (Figures 7A,B), but did not induce any significant changes in RER or locomotor activity (Supplementary Figures 5A,B). Additionally, A-769662-treated group exhibited a higher body temperature during the 120–200 min after cold exposure at 4°C (Figure 7C), suggesting that A-769662 protected against hypothermia via enhanced adaptive thermogenesis. Meanwhile, the O2 consumption and EE of chow-fed mice were unchanged by A-769662 treatment (data not shown). These results suggest that the anti-obesity effects of A-769662 on HFD-fed mice might be due to increased energy expenditure.


[image: image]

FIGURE 7. A-769662 promoted energy expenditure and cold tolerance in HFD-fed mice. (A,B) During the 4th week of chronic administration, indirect calorimetry was used to investigate the energy metabolism of HFD-fed mice. Mice were dosed with vehicle or A-769662 (30 mg/kg) and then acclimated to the chamber for 12 h. Change of O2 consumption (A left), EE (B left) during the indicated periods and average O2 consumption (A right), EE (B right) during the whole period of measurement were assessed. n = 8. (C) Change in body temperature of HFD-fed mice after cold exposure at 4°C. n = 11–12. Data are presented as the means ± SEM. Student's t-test. *P < 0.05, **P < 0.01, and ***P < 0.001 compared with the indicated control group.



A-769662 Induced Browning Signature in the iWAT of HFD-Fed Mice

Brown and beige fat specialize in energy expenditure through thermogenesis (Harms and Seale, 2013). Since we observed an increase in EE and resistance to cold exposure following A-769662 treatment in HFD-fed mice, we further investigated the cellular and molecular mechanism of A-769662-induced thermogenesis in vivo. The weight (Figure 6C) and histological morphology (Figures 8A,D) of BAT and the expression of thermogenesis-related genes in the BAT (Supplementary Figure 6A) were all unchanged by A-769662 treatment. In accordance with the reduced iWAT weight induced by A-769662 treatment, the adipocyte area in iWAT was reduced by approximately 57% (Figures 8A,B). And mitochondria content in iWAT, but not in eWAT or BAT, was elevated by A-769662 treatment (Figure 8E), suggesting that AMPK activation enhanced mitochondrial biogenesis in iWAT. Moreover, the mRNA levels of the BAT-specific marker Ucp1 and other thermogenesis-related genes, including Cidea, Cox8b, Cox7a1, and Ppargc1a, in iWAT were significantly up-regulated by A-769662 treatment, and most of the brown-selective markers, such as Oplah, Fbxo31, Acot2, Hspb7, and Slc29a1 (Wu et al., 2012), were also increased (Figure 8F), indicating a genetic conversion of iWAT into beige adipose induced by A-769662. We also detected the expression of the general adipogenic marker aP2, and it was unaffected by treatment (Figure 8F), implying that A-769662 may have no impact on the differentiation of inguinal adipocytes. However, the adipocyte area and expression of thermogenesis-related genes in the eWAT were unaltered (Figures 8A,C, Supplementary Figure 6B). After observing an increase in the expression of thermogenic genes in iWAT, we further investigated the expression levels of thermogenic proteins. We found that the protein levels of UCP-1 and PGC-1α were markedly increased in iWAT (Figures 8G,H). Simultaneously, AMPK signaling in iWAT was activated by A-769662 treatment, as evidenced by the increased phosphorylation of AMPKα and its downstream substrate ACC (Figures 8G,H), which suggests that chronic AMPK activation by A-769662 induced iWAT browning in diet-induced obese mice. Taken together, these results indicate that A-769662 specifically promote browning in the iWAT of HFD-fed mice.
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FIGURE 8. A-769662 induced browning in the inguinal WAT of HFD-fed mice. (A) Representative H&E-stained images of the iWAT, eWAT and BAT of HFD-fed mice. Scale bar = 100 μm. (B–D) Average adipocyte area in the iWAT (B) and eWAT (C) and average lipid droplet area in the BAT (D) of HFD-fed mice. n = 4–6. (E) Mitochondrial DNA copy number of iWAT, eWAT, and BAT in HFD-fed mice. (F) Relative mRNA levels of thermogenic genes and brown-selective genes in the iWAT of HFD-fed mice after 6 weeks of treatment. n = 6–8. (G) Western blot analysis of UCP1, AMPKα, p-AMPKα (T172), ACC, and p-ACC (S79) expression levels in the iWAT of HFD-fed mice after 6 weeks of treatment. β-actin was used as a loading control. (H) Relative protein expression level of UCP1 and the relative phosphorylation levels of AMPKα and ACC were determined by densitometric quantification of the immunoblots shown in (G). n = 4. Data are presented as the means ± SEM. Student's t-test. *P < 0.05, **P < 0.01, ***P < 0.001 compared with the indicated control group.



A-769662 Facilitated Thermogenesis in Vitro through AMPK Signaling Pathway

To explore the effect of A-769662-induced AMPK activation on differentiated adipocytes in a cell-autonomous manner, SVF cells from iWAT were induced to differentiate into beige adipocytes and were treated with DMSO or A-769662 at the indicated concentration on day 7. The expression of thermogenesis-related genes, such as Ucp1, Cidea, Cox8b, Cox7a1, and Ppargc1a, was significantly increased by A-769662 treatment in a concentration-dependent manner (Figure 9A). Importantly, similar to the in vivo results, the expression of thermogenic protein UCP1 and of PGC-1α was also remarkably increased in differentiated iWAT-SVF cells, which was concomitant with the activation of AMPK signaling by A-769662 treatment (Figures 9B,C). In addition, the basal and uncoupled O2 consumption rates (OCRs) were both up-regulated by A-769662 treatment in differentiated iWAT-SVF cells (Figure 9D). To confirm whether the effect of A-769662 on promoting thermogenesis was dependent on AMPK activation, primary SVF cells isolated from iWAT of the floxed mice were induced to differentiate into beige adipocytes, followed by adding Cre lentivirus at day 6 of differentiation to knockdown AMPKα expression, and were then treated with A-769662 at indicated concentration on day 8. As a result, the expression of genes encoding AMPKα1 and AMPKα2 (Prkaa1 and Prkaa2, respectively) and total AMPKα in iWAT-SVF cells were significantly reduced and the activation of AMPK signaling by A-769662 was successfully blocked after Cre lentivirus infection (Figures 9E–G). Importantly, A-769662 treatment up-regulated the expression of thermogenesis marker Ucp1 and Ppargc1a and their encoding products, which were remarkably blunted after AMPKα knockdown (Figures 9E–G), suggesting that AMPK activation was required for A-769662-facilitated thermogenesis. These data indicate that A-769662 promotes thermogenesis in vitro via AMPK signaling pathway, which may contribute to A-769662-induced browning in iWAT in vivo.
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FIGURE 9. A-769662 facilitated thermogenesis in differentiated iWAT-SVF cells through AMPK signaling pathway. (A–D) iWAT-SVF cells were induced to differentiation toward brown-like adipocytes and were treated with the indicated compounds on day 7. (A) Relative mRNA levels of thermogenic genes in differentiated iWAT-SVF cells treated with the indicated compounds for 6 h were analyzed by quantitative RT-PCR. n = 4. (B) Western blot analysis of UCP1, PGC-1α, p-AMPKα (T172), AMPKα, p-ACC (S79), and ACC expression levels in differentiated iWAT-SVF cells treated with indicated compounds on day 7 for 24 h. (C) Relative protein expression levels of UCP1 and PGC-1α and the relative phosphorylation levels of AMPKα and ACC were determined by densitometric quantification of the immunoblots shown in (B). n = 3. (D) Basal and uncoupled oxygen consumption rate (OCR) of differentiated iWAT-SVF cells treated with NE (10 μM) for 3 h or with DMSO or A-769662 at different concentrations on day 7 for 12 h. n = 4. (E–G) iWAT-SVF cells were isolated from iWAT of 5-week-old AMPK α1/α2-floxed mice and induced to differentiate toward beige adipocytes. Cells were infected with NC and Cre lentivirus on day 6 to knockdown AMPKα expression and were treated with the indicated compounds on day 8. (E) Relative mRNA levels of the indicated genes in differentiated iWAT-SVF cells treated with the indicated compounds for 6 h on day 8 were analyzed by quantitative RT-PCR. n = 4. (F) Western blot analysis of UCP1, PGC-1α, p-AMPKα (T172), AMPKα, p-ACC (S79), and ACC expression levels in differentiated iWAT-SVF cells treated with indicated compounds on day 8 for 24 h. (G) Relative protein expression levels of UCP1 and PGC-1α and the relative phosphorylation levels of AMPKα and ACC were determined by densitometric quantification of the immunoblots shown in (F). n = 3. Data are presented as the means ± SEM. One-way ANOVA. *P < 0.05, **P < 0.01, ***P < 0.001 compared with the indicated DMSO group; #P < 0.05, ##P < 0.01, ###P < 0.001 compared with the indicated NC group.



DISCUSSION

Since obesity has become a global health problem and efforts to reduce energy intake show either limited effectiveness or unacceptable side effects (James et al., 2010), therapeutic strategies aimed at increasing EE are an attractive approach for combatting obesity (Tam et al., 2012). Approaches attempting to enhance the thermogenic activity of brown and beige fat may be beneficial for obesity therapy because the activity of brown and beige fat have been shown to be inversely correlated with BMI and fat mass and positively related to EE in humans (Saito et al., 2009; van Marken Lichtenbelt et al., 2009). Reduced adipose tissue AMPK activity is generally observed in many obese and diabetic animal models as well as in obese humans with insulin resistance (Yu et al., 2004; Ruderman et al., 2010; Gauthier et al., 2011; Xu et al., 2012). The physiological relevance of lowered AMPK activity in adipose tissue to whole-body adiposity remains ambiguous. Here, we found that ablation of adipocyte AMPKα impaired adaptive thermogenesis and EE in response to cold exposure or β3-adrenergic stimulation, and predisposed HFD-fed mice to obesity, glucose intolerance and insulin resistance. Importantly, the lack of adipocyte AMPKα selectively blunted cold-induced thermogenic protein expression in iWAT, resulting in reduced energy utilization and increased adipocyte size, indicating that adipocyte AMPKα is required for browning in iWAT. In contrast, A-769662-induced direct AMPK activation promoted browning in iWAT, which may contribute to the reduced adiposity and improved glucose and lipid metabolism observed in A-769662-treated HFD-fed mice. In summary, these findings indicate that reduced AMPK activity in adipose tissue might be an important pathogenic factor in obesity and the related metabolic syndrome, and the chronic activation of AMPK by A-769662 protects from HFD-induced adiposity and metabolic dysfunction.

Since both catalytic subunits AMPK α1 and α2 exist in adipose tissue and the deletion of a single subunit often leads to the up-regulated activity of the other subunit (Bauwens et al., 2011), we generated AKO mice by crossing Adiponectin-Cre mice with AMPK α1/α2-foxed mice in order to investigate the metabolic role of adipocyte AMPKα. The Adiponectin-driven Cre recombinase is supposed to be expressed at the beginning during the early stage of BAT development (Cohen et al., 2014). When fed a chow diet, AKO mice started to gain more weight than age-matched floxed littermates at 29 weeks of age, however, when fed a HFD, this difference occurred, at 25 weeks of age, indicating that the loss of adipocyte AMPKα accelerates the development of obesity in response to a HFD. These phenotypes were analogous to the inducible mouse model with adipocyte AMPK β1/β2 deletion (iβ1β2AKO) after 8 weeks of age previously reported by Mottillo et al. (2016). The iβ1β2AKO mice had defects not only in the browning of WAT but also in BAT-mediated thermogenesis due to impaired mitochondrial integrity and function but not mitochondrial biogenesis. Intriguingly, we observed that there were not only defects in mitochondrial structure but also reduced total number of mitochondria in iWAT and BAT of AKO mice. However, the thermogenic capacity of BAT from the AKO mice in our study was normal compared with that of the floxed mice, suggesting that AMPK might play different roles in BAT function at different ages and that the unaffected thermogenesis of BAT in AKO mice might be remedied through an unknown mechanism. In addition, both hepatic steatosis and fibrosis were developed in HFD-fed AKO mice, which is more severe than that in iβ1β2AKO mice. This may be attributed to AMPK deletion at earlier stage and longer period of HFD challenge in AKO mice compared to that of iβ1β2AKO mice (Mottillo et al., 2016). It is well-established that adipose tissue-liver crosstalk plays a vital role in regulating systemic glucose and lipid metabolism (Stern et al., 2016). Adiponectin ameliorates liver ectopic lipid accumulation by inhibiting hepatic lipogenesis and enhancing β-oxidation. The plasma level of adiponectin was reduced in chow- and HFD-fed AKO mice, which may intensify the development of hepatic steatosis and even fibrosis. Accumulative evidence have shown that leptin plays a crucial role in the development of liver fibrosis (Marra, 2002). The plasma level of leptin increased along with increased fat mass in AKO mice, which partially explains the aggravating progression of liver fibrosis in AKO mice. Besides, another study reported by Sun-Joong et al. showed that adipose tissue-specific AMPK α1/α2 KO mice using Adiponectin-Cre or aP2-Cre model displayed a lean phenotype due to enhanced lipolysis in adipose tissue (Kim et al., 2016). The Adiponectin-Cre model is known to have better efficiency and specificity for adipocytes than the aP2-Cre model (Jeffery et al., 2014), so Adiponectin-Cre model is more suitable for the study of adipose tissue. After comparing the phenotypes of the adiponectin-driven AMPK α1/α2 KO mice used in our study and that by Sun-Joong et al., several difference were found. The adiponectin-driven AMPK α1/α2 KO mice in their study started to gain less body weight and fat mass at 10 weeks of age, while the body weights of our mice showed no significant change between genotypes, and the fat mass was not determined at that time point (Figure 2A). In addition, the body weight change in adiponectin-driven AMPK α1/α2 KO mice after 12 weeks of age was not shown, and the long-term effects of adipocyte AMPK deletion on whole-body metabolism remained unknown in their study. However, despite unaltered body weight, defective adaptive thermogenesis and cold tolerance were observed in the AKO mice in our study at 8 weeks of age, which may lead to reduced EE and accumulated adiposity during aging and in response to the HFD challenge. One possible reason for the differences in the phenotypes of their study and ours might be that the mice used in the experiments were at different ages.

AMPK signaling is indirectly activated by catecholamine secretion in response to cold or β-adrenergic stimulation (Gauthier et al., 2008). We also showed that the sensitivity of AMPK activation and UCP1 expression in different fat depots were diverse, with iWAT being the most responsive to cold exposure, and eWAT and BAT being less responsive to the cold stimulation (Figure 1A and Supplementary Figure 1A). Ablation of adipocyte AMPKα specially impaired mitochondria quality control and biogenesis in iWAT and BAT but not in eWAT (Figures 1J–M and Supplementary Figure 1M). Accordingly, the adipocyte size in the iWAT and BAT of AKO mice was increased while that in eWAT were unchanged (Figures 3A–D). Nonetheless, the expression of the thermogenesis-related protein was markedly reduced in iWAT but not in BAT of AKO mice. In addition, chronic AMPK activation by A-769662 treatment selectively promoted browning in the iWAT of HFD-fed mice but not in eWAT or BAT (Figures 8A–H and Supplementary Figures 6A,B). Our observations are in line with previous reports that eWAT is more “resistant” to browning than iWAT fat depots, while iWAT has greater plasticity and ability to modulate metabolic function upon stimulation, as evidenced by the up-regulation of brown-selective marker genes in response to cold or β-adrenergic stimulation (Bartelt and Heeren, 2014). Despite the unique structural and molecular characteristics of different fat depots that cause these depot-specific differences, our findings suggest that the high sensitivity of AMPK activation in iWAT may contribute to its plasticity in adaptation to various environmental and hormonal cues.

A previous study reported that the improvement in blood glucose level from A-769662 treatment was mainly due to targeting liver tissue, and A-769662 treatment reduced food intake in a 14-day study with ob/ob mice (Fullerton et al., 2013). In this study, we also observed that A-769662 ameliorated glucose and lipid disorders in HFD-fed mice (Figure 6 and Table 2). However, in our model, food consumption was unchanged during the 6 weeks of study, ruling out the disturbance of energy intake differences in the anti-obesity effect of A-769662. Besides liver, WAT is another target tissue of A-769662, as evidenced by the tissue weight, morphology, related gene expression and UCP-1 protein level. Moreover, there was a considerable amount of A-769662 distribution in the adipose tissue of HFD-fed mice (Supplementary Figure 7), suggesting a direct effect of A-769662 on adipose tissue. In this study, we observed that A-769662 treatment augmented whole-body EE and enhanced adaptive thermogenesis in HFD-fed mice, and these effects were not driven by increased locomotor activity (Figures 7A,B and Supplementary Figure 5B). BAT activity plays a primary role in cold-induced adaptive thermogenesis and EE in rodents (Tam et al., 2012). However, in our study, the mRNA levels of thermogenesis-related genes were not up-regulated by A-769662 in the BAT (Supplementary Figure 6A). These results seem to rule out the possibility that BAT plays a predominant role in the A-769662-induced enhancement of EE and adaptive thermogenesis. Skeletal muscle, as a large organ and major site of facultative thermogenesis, also contributes to EE (Zurlo et al., 1990), but the gene expression of Ppargc1a, an AMPK downstream substrate and key regulator of mitochondrial biogenesis and oxidative phosphorylation (OXPHOS) (Arany, 2008), was not changed by A-769662 in the skeletal muscle of HFD-fed mice (Supplementary Figure 8). Meanwhile, the mRNA levels of Ppargc1a and other thermogenic genes, and the protein level of UCP1 were increased by A-769662 in iWAT; in contrast, the expression levels of cold-induced UCP1 and PGC-1α protein were remarkably reduced in iWAT with adipocyte AMPK deletion. Therefore, it is possible that the A-769662-induced improvement of metabolic disorders in obese mice is at least partly due to increased EE through the browning of iWAT.

There are also studies suggesting that long-term AICAR treatment promotes energy dissipation in chow-fed rat models (Gaidhu et al., 2009, 2011) and improves glucose homeostasis and insulin resistance in diabetic mouse models (Buhl et al., 2002; Song et al., 2002). AICAR treatment also had an inhibitory effect on food consumption in these chronic studies. In our study with long-term A-769662 treatment, the chow-fed mice exhibited no effect on food intake, EE or fat metabolism, which may be due to variations in species, treatment duration, dosage and injection frequency in different animal models. Actually, it was reported that no detectable distribution of A-769662 into the brain of ob/ob mice (1 h after a single injection at a dose of 30 mg/kg; Cool et al., 2006), which suggests that the absence of effect of A-769662 on food intake may be owing to no exposure of A-769662 into the brain. Although AICAR and A-769662 are both AMPK activators, they have different mechanisms. AICAR activates AMPK by being taken up into cells and converted into an AMP mimetic, ZMP (Hardie, 2011). Similar to AMP, A-769662 allosterically activates AMPK and inhibits the dephosphorylation of AMPK (Thr-172). However, AMPK activation by A-769662 is exclusively dependent on the existence of glycogen binding domain within the β1 subunit, but not the γ subunit to which AMP binding (Sanders et al., 2007). The absence of effect on chow-fed mice is also consistent with the study conducted by Cool et al. (2006). In our study, the pro-browning effect of A-769662 only existed in the HFD-fed mice, and this may be owing to differences in metabolism and energy status of HFD-fed and chow-fed mice. This result suggests that in mouse models, the anti-obesity effect of chronic AMPK activation is more sensitive and responsive in diet-induced obese mice.

Beige adipocytes have been reported to arise from two alternative processes: de novo differentiation from progenitor cells and trans-differentiation from white adipocytes (Bartelt and Heeren, 2014). In general, the differentiation of brown adipocytes shares most of the transcriptional regulation pathways with beige adipocytes (Inagaki et al., 2016). Some studies have reported that AMPK plays a positive role in brown adipocyte differentiation and brown fat development in murine cell lines and animal models (Vila-Bedmar et al., 2010). AMPK activation by AICAR treatment in human adipose-derived mesenchymal stem cells (hADMSCs) from pericardial adipose tissue is reported to induce a morphological change similar to beige adipocytes, but without an actual change of metabolic function (Abdul-Rahman et al., 2016). The restricted effect of AICAR on inducing beige adipogenesis might due to the differences in species or original depots of cells and basal activity/expression level of AMPK or the intrinsic specificity of AICAR. However, the indirect activation of AMPK by berberine has been demonstrated to promote WAT browning by enhancing thermogenesis in mature beige adipocytes via the AMPK-PGC-1α pathway (Zhang et al., 2014). Similarly, direct AMPK activation by A-769662 did not induce the differentiation of iWAT-SVF cells toward beige adipocytes in vitro (data not shown) and had no effect on the expression of the adipogenic marker aP2 in iWAT in vivo (Figure 8F). Alternatively, A-769662 enhanced thermogenesis in differentiated iWAT-SVF cells, as detected by the increased expression of thermogenic genes and proteins and the up-regulated O2 consumption, which is directly reliant on the activation of AMPK signaling (Figures 9A–G). Moreover, we further determined the plasma level of irisin, which has been reported to stimulate the browning of WAT through specific actions on the beige preadipocyte population (Tseng et al., 2008); the plasma irisin level was not affected by A-769662 treatment (Table 2), and the Fndc5 mRNA level in skeletal muscle was also influenced (Supplementary Figure 8). These results indicate that the browning of WAT in HFD-fed mice by A-769662 is not due to the direct modulation of SVF cell differentiation, but may derive from direct trans-differentiation of mature adipocytes in iWAT.

In summary, our results demonstrated that the ablation of adipocyte AMPKα impairs adaptive thermogenesis and energy expenditure in response to cold and β-adrenergic stimulation, leading to a predisposition for HFD-induced obesity and metabolic dysfunction. Moreover, pharmacological chronic AMPK activation by A-769662 alleviated diet-induced obesity via promoting browning in inguinal WAT. Overall, our findings indicate that AMPK plays a vital role in modulating WAT browning in response to thermal, nutritional and pharmacological cues, supporting chronic AMPK activation as a potentially effective approach for the treatment of obesity and related metabolic diseases through increasing thermogenesis.
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ABBREVIATIONS

ACC, acetyl-CoA carboxylase; Acot2, acyl-CoA thioesterase 2; Acta2, smooth muscle actin alpha 2; AICAR, 5-aminoimidazole-4-carboxamide-1-β-D-ribofuranoside; AKT, protein Kinase B; ALT, alanine aminotransferase; AMP, adenosine monophosphate; AMPK, AMP-activated protein kinase; AST, aspartate transaminase; ATP, adenosine triphosphate; BAT, brown adipose tissue; BMI, Body Mass Index; BMP7, bone morphogenetic protein 7; BMP8b, bone morphogenetic protein 8b; Cidea, cell death-inducing DFFA-like effector a; Col1a1, collagen type I alpha 1 chain; Cox5b, cytochrome c oxidase polypeptide 5b; Cox7a1, cytochrome c oxidase polypeptide 7a1; Cox8b, cytochrome c oxidase polypeptide 8b; CPT1, carnitine palmitoyltransferase 1; Ctgf, connective tissue growth factor; Dio2, type II iodothyronine deiodinase; EE, energy expenditure; Elovl3, elongation of very long chain fatty acids protein 3; eWAT, epididymal white adipose tissue; FAO, fatty acid oxidation; Fasn, fatty acid synthase; FBG, fasting blood glucose; Fbxo31, f-box only protein 31; FCCP, carbonyl cyanide 4-(trifluoromethoxy) phenylhydrazone; FGF21, fibroblast growth factor 21; Fndc5, fibronectin type III domain-containing protein 5; Gck, glucose kinase; GTT, glucose tolerance test; hADMSC, human adipose-derived mesenchymal stem cell; HDL-C, high-density lipoprotein cholesterol; H&E, hematoxylin and eosin; HFD, High-fat-diet; Hspb7, heat shock protein family, member 7; IBMX, 3-Isobutyl-1-methylxanthine; IR, insulin receptor; ITT, insulin tolerance test; iWAT, inguinal white adipose tissue; Lcad, long chain acyl-CoA dehydrogenase; LC-MS/MS, liquid chromatography-mass spectrometry/mass spectrometry; LDL-C, low-density lipoprotein cholesterol; Me1, malic enzyme; Mmp2, matrix metallopeptidase 2; mtDNA, mitochondrial DNA; Myf5, myogenic factor 5; NE, norepinephrine; NEFA, nonesterified fatty acid; NMR, 1H-nuclear magnetic resonance; OCR, oxygen consumption rates; Oplah, 5-Oxoprolinase (ATP-Hydrolysing); OXPHOS, oxidative phosphorylation; PGC-1α, Peroxisome proliferator-activated receptor gamma coactivator 1-alpha; Ppargc1b, Peroxisome proliferator-activated receptor gamma coactivator beta; PRDM16, PR domain containing 16; pWAT, perirenal WAT; RER, respiratory exchange rate; Slc29a1, solute carrier family 29 member 1; SVF, stromal vascular fraction; T3, 3,3′, 5-Triiodo-L-thyronine; T4, thyroxin; TC, total cholesterol; TG, triglyceride; Timp1, tissue inhibitor of metalloproteinases 1; TRPV4, transient receptor potential cation channel subfamily V member 4; UCP1, uncoupling protein 1; VEGF, vascular endothelial growth factor; WAT, white adipose tissue; ZMP, 5-aminoimidazole-4-carboxamide ribonucleoside monophosphate.
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Obesity has spread worldwide and become a common health problem in modern society. One typical feature of obesity is the excessive accumulation of fat in adipocytes, which occurs through the following two physiological phenomena: hyperplasia (increase in quantity) and hypertrophy (increase in size) of adipocytes. In clinical and scientific research, the accurate quantification of the number and diameter of adipocytes is necessary for assessing obesity. In this study, we present a new automatic adipocyte counting system, AdipoCount, which is based on image processing algorithms. Comparing with other existing adipocyte counting tools, AdipoCount is more accurate and supports further manual correction. AdipoCount counts adipose cells by the following three-step process: (1) It detects the image edges, which are used to segment the membrane of adipose cells; (2) It uses a watershed-based algorithm to re-segment the missing dyed membrane; and (3) It applies a domain connectivity analysis to count the cells. The outputs of this system are the labels and the statistical data of all adipose cells in the image. The AdipoCount software is freely available for academic use at: http://www.csbio.sjtu.edu.cn/bioinf/AdipoCount/.
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INTRODUCTION

Cell counting is a very common and fundamental task in research and clinical practice. For instance, accurate cell counting is very important in the study of cell proliferation. When pathologists make diagnostic decisions, they want to refer to the number of cells (Kothari et al., 2009).

In the past, one common way to perform this task was to count cells manually with the help of tools such as a counting chamber. However, manual examination and counting is very time-consuming and highly dependent on the skills of operators. With the increasing demand for cellular analysis, labor-intensive manual analysis was gradually replaced by automatic cell counting methods (Landini, 2006; Han et al., 2012). Among the automatic methods, one of the most powerful and versatile methods for cellular analysis is computer image analysis using image processing algorithms.

Many algorithms have been developed for cell segmentation and counting. There exist diversity and specificity among cell morphologies, microscopes and stains; however, most algorithms are specifically designed for one or several types of cells (Di Rubeto et al., 2000; Liao and Deng, 2002; Refai et al., 2003). It is necessary but difficult to develop a generally applicable cell segmentation method (Meijering, 2012). Common cell segmentation approaches are mainly divided into intensity thresholding (Wu et al., 2006), feature detection (Liao and Deng, 2002; Su et al., 2013), morphological filtering (Dorini et al., 2007), deformable model fitting (Yang et al., 2005; Nath et al., 2006), and neural-network-based segmentation (Ronneberger et al., 2015). The most predominant and widely used approach for cell segmentation is intensity thresholding (Wu et al., 2010). In addition, software programs that target biological images have been developed, such as Fiji (Schindelin et al., 2012), CellProfiler (Lamprecht et al., 2007), and Cell Image Analyzer (Baecker and Travo, 2006).

Software programs have developed for semi-automatic or automatic adipose cell counting (Chen and Farese, 2002; Björnheden et al., 2004; Galarraga et al., 2012; Osman et al., 2013; Parlee et al., 2014). For instance, Adiposoft (Galarraga et al., 2012), which is one of the best adipocyte counting software programs, has been developed as a plug-in for Fiji (Schindelin et al., 2012). The process of Adiposoft is very straightforward: First, the red channel of the input image is processed by thresholding. Second, a watershed algorithm is used to segment the adipose cells. In general, most adipocyte counting systems require images to be of high quality, and noise in the image will result in reduced counting accuracy. However, in the production of adipose slices and microscopy imaging, noise is inevitable, and staining quality is mixed. Therefore, the most common way of detecting the proliferation (change in quantity) and hypertrophy (change in diameter) of adipocytes is still manual counting. In contrast to other existing automatic adipose cell counting tools, AdipoCount uses not only gray information but also gradient information to segment the membrane in an adipocyte image. In addition, AdipoCount has a pre-processing step for eliminating noise and correcting illumination and uses a series of post-processing steps to improve the segmentation result. We also develop a re-segmentation step in AdipoCount for dealing with missing dyed membrane and improving the counting accuracy, which is an innovation in adipose cell counting software. Additionally, the segmentation result can be manually corrected by adding or erasing lines on it.

Most cells are cytoplasm-stained or nucleus-stained and the cells are blob-like, which makes it easy to perform intensity thresholding and ellipse fitting. Unlike most cell images, adipose cell images are membrane-stained, which results in large differences in the adipose cell segmentation approach, compared to methods for segmenting other types of cells. To detect all the adipose cells, the stained membrane should be segmented first, which can be used to estimate the interior of each adipose cell. After the segmentation of cells, a connected domain analysis algorithm is executed to count the cells.

The staining quality of slices will affect the accuracy of cell counting. For slices with high staining quality, the segmentation algorithm is very reliable and its counting accuracy is high. However, for poorly stained adipose tissue images, there could be noise due to a minced membrane and miss-staining is common, so it is necessary to use a pre-processing step to eliminate noise and a re-segmentation process to complete missing areas of the membrane. To address uneven stain quality, we design the adipose cell counting system with three modules: an illumination correction module, a pre-processing module for eliminating noise, and a re-segmentation module for completing missing dyed areas of the membrane. The outputs of this system are statistical data for all cells and a visualized counting result (labeled adipose cell image). Based on the statistical data and the visualized counting result, further manual correction can be efficiently performed.

METHODS

For a given stained adipose tissue image, as illustrated in Figure 1, the first step is graying, which outputs a grayscale image. The graying process ignores the color information and retains the intensity information, which is used for further thresholding and edge detection.
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FIGURE 1. Original color image of adipose cells (A) and its grayscale image (B).



As shown in Figure 2, the AdipoCount system contains the following three modules: (1) a membrane segmentation module, (2) a re-segmentation module, and (3) a cell counting module.
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FIGURE 2. (A) Flowchart of the membrane segmentation module. The input is a grayscale image, and the output is a segmented membrane. The binary image that is generated by thresholding and the edge detection result are combined to generate the final membrane segmentation output. (B) Flowchart of the re-segmentation module. The input is a segmented membrane image. The morphological operation can fill holes in the membrane and make the segmentation of the membrane more reliable. Then, we invert the image and fill holes inside the cell area; as illustrated by the green circle, the separated and short segments of the membrane are eliminated. Then, a watershed-based algorithm is used, and as indicated by the red circle, some missing dyed areas of the membrane are detected. (C) Flowchart of the cell counting module. The input of this module is a re-segmentation image and the image is labeled using a connected-domain analysis method.



The input of the membrane segmentation module is a grayscale image, and there are two parallel processes, namely, thresholding and edge detection. The outputs of these two processes are combined to generate the final membrane segmentation result. Before thresholding and edge detection, an image enhancement step is performed: for thresholding, illumination correction is carried out on the grayscale image; for edge detection, histogram equalization is performed on the grayscale image.

The input of the re-segmentation module is the membrane segmentation result that was generated by the membrane segmentation module. With the membrane image, first, a post-process is implemented to eliminate noise and estimate the interiors of adipose cells. Second, a watershed-based algorithm is used for further image segmentation, which can complete some missing dyed areas of the membrane to improve the final accuracy of cell counting.

The input of the cell analysis module is the re-segmentation result from the re-segmentation module. To perform cell counting, a connected domain analysis method is applied to detect all adipose cells. The final results of the AdipoCount system are statistical data on all adipose cells and the labeled image, which provides a basis for manual verification.

Membrane Segmentation

Because the adipose cells are membrane-stained, the entire membrane should be segmented to detect cell interiors. As shown in Figure 2A, in the membrane segmentation module, there are two separate processes: thresholding and edge detection. Thresholding is membrane segmentation according to the pixel intensity, through which the input grayscale image is converted into a binary image. Before thresholding, an illumination correction process is necessary (Leong et al., 2003), because the input image may have uneven illumination since corner areas of an image are always darker than the center area. To implement illumination correction, we define two Gaussian filters, which are denoted as g1 and g2, as follows:

[image: image]

where μ is set to zero; σ is the standard deviation of the distribution, which is set to 0.5 for g1 and 30 for g2; H is the kernel size, which is set to 3 for g1 and 60 for g2; and (x, y) is the position relative to the center of the window. Then, illumination correction is implemented as follows:

[image: image]

where * stands for convolution, I is the input grayscale image and Ic is the illumination-corrected image, as illustrated in Figure 3A. g1 is a Gaussian filter with a small kernel size, and an image that is blurred by g1 has some noise filtered out and retains most of the information from the original image. g2 has a much bigger kernel size than g1. When using g2 for convolution, the pixels inside its kernel are blurred, which can make the illumination more equalized. An image that is blurred by g2 only retains low-frequency information. By the subtraction operation, we can filter the low-frequency information and keep the high-frequency information, such as the membrane.
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FIGURE 3. (A) The image after illumination correction. (B) Binary image after thresholding.



After the above process, the illumination is much more even. Then, an adaptive thresholding method, namely, OTSU, is used. OTSU (Otsu, 1979) is a classic thresholding method, which can find a threshold that separates foreground from background with maximum intensity variance.

Some areas of the membrane are stained too weakly and the intensity is not strong enough for segmentation by thresholding. Thus, edge detection is also used to ensure that the entire stained membrane can be segmented. Before edge detection, as shown in Figure 4, a histogram equalization process is implemented to enhance the contrast of the image, so the edge can be easily detected. Then, we use the Canny edge detection algorithm (Canny, 1986) to detect the membrane. After thresholding and edge detection, we can obtain the binary image (Figure 3B) and the edge image (Figure 4B). Then, we add those two images together to generate the membrane.


[image: image]

FIGURE 4. (A) The histogram equalization image. (B) Membrane edge.



Re-Segmentation

During the processes of slicing and dyeing adipose tissue, minced membrane and other tissues may occur as noise. To address this problem, we develop a post-process for eliminating noise.

As shown in Figure 2B, the input of this module is a binary image of the membrane. As is well known, in the adipose tissue, adipose cells are closely packed. Thus, in a binary image of the membrane, all membrane segments should be combined into a single connected domain. The noise is always isolated in a small domain, which can be removed by a morphological operation. Specifically, we first detect the entire connected domain and eliminate all subdomains with areas that are smaller thanT, where T is a defined area threshold. Then, an opening operation, a closing operation and a dilation operation are applied sequentially. Next, an intensity reversal operation is applied to invert the background and foreground. Then, we fill the holes inside the cell area, to remove the separated and short membrane areas. The post-processed image is shown in Figure 5A.


[image: image]

FIGURE 5. (A) The post-processed image. (B) Distance map. (C) Watershed-transformed image. (D) Re-segmented image, where green arrows show the detected missing dyed membrane.



After the post-process, some noise can be eliminated, but there remain missing dyed membrane areas, which will lead to inaccurate detection of adipose cells. To estimate the membrane, a watershed-based algorithm is applied for further image segmentation. The watershed algorithm was proposed by Beucher (Beucher and Lantuéjoul, 1979), improved by Vincent and Soille (1991), and has become a popular image segmentation method.

The watershed algorithm stimulates a flooding process. A grayscale image is identified with a topographical surface, in which every point's altitude equals the intensity of the corresponding pixel. Before the watershed transform, we first compute the distance map (Meyer and Fernand, 1994), in which every pixel's value is the distance from the nearest zero-point. The distance map is shown in Figure 5B. Then, we use watershed algorithm to perform further image segmentation on the distance map. Through the watershed transform, many watersheds are generated, as illustrated in Figure 5C, which is over-segmented.

To detect the membrane, we develop a judgement criterion for filtering false-positive watersheds and choose the most-probable watersheds as membrane areas. In our protocol, we consider watershed w as a membrane of domain D, and split D into two sub-domains, which are denoted as D1 and D2, if it satisfies both of the following conditions:
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where L is the length of w and LT is the threshold, which can filter long watersheds since missing dyed membrane segments are more likely to be short. A1 and A2 are the areas of D1 and D2 (A1 > A2), and Ra is the area ratio threshold, which ensures that the sub-domains have similar area. After this filtering process, we can obtained the most-probable missing dyed membrane segments, as illustrated in Figure 5D, which are shown with green arrows.

Cell Counting

After re-segmentation, adipose cells are segmented, so cell counting and analysis can be implemented; the flowchart is shown in Figure 2C. Each adipose cell is a connected domain in the image, so we first detect all the connected domains using the region-growing method (Adams and Bischof, 1994). After this process, we can obtain every cell's position, area and diameter. Then, we label every cell's number at the corresponding position on the original color image; the visualized results are shown in Figure 6. With the statistical data and the labeled image, further correction can be easily performed manually.


[image: image]

FIGURE 6. (A) Visualized segmentation result, in which each adipose cell is labeled with a different color. (B) Labeled image with cell numbers.



We use F1-score to evaluate the counting result. The F1-score is calculated by:
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where P is precision, R is recall rate, and F is F1-score.

EXPERIMENTS AND DISCUSSION

To test the robustness of AdipoCount, we selected a batch of stained adipose tissue images. These images have different dyeing qualities. Images with high quality have clear membranes; those with low quality may have large amounts of noise and many blurred membrane areas. The results show that our system achieves high counting accuracy on high-dyeing-quality images. For low-dyeing-quality images, AdipoCount eliminates most noise and recovers some missing dyed membrane areas, which improves the overall segmentation results.

Due to the constraints of the dyeing process, missing dyed membrane areas are inevitable, so the re-segmentation process is necessary. Figure 7A is the segmentation result without a re-segmentation process and Figure 7B is the segmentation result with a re-segmentation process. Some missing dyed membrane areas are detected by the re-segmentation module (e.g., in Figure 7A, the brown region inside the red circle is segmented into 6 different cells, as shown in Figure 7B). Therefore, more adipose cells can be segmented, which can improve the counting results.


[image: image]

FIGURE 7. (A) AdipoCount's segmentation result without re-segmentation. The number of detected cells is 303. (B) AdipoCount's segmentation result with re-segmentation. The number of detected cells is 335.



As shown in Figures 8A–C, our segmentation results for high-quality stained images are satisfactory. Nearly the entire membrane is segmented and most adipose cells are correctly detected. For an image with a blurred membrane, as shown in Figure 8D, our system still detects the blurred membrane, which is thicker than a clear membrane. For images with dense adipose cells, such as that shown in Figure 8E, which are usually small, our system detects them with high accuracy.


[image: image]

FIGURE 8. Segmentation of five test images. The segmentation results in the second column are generated by AdipoCount. The segmentation results in the third column are generated by Adiposoft. (A–C) Three high-quality stained images and their segmentation results. (D) An image with a blurred membrane and its segmentation results. (E) An image with dense adipose cells and its segmentation results.



We further compared our AdipoCount with Adiposoft, which can be download at http://imagej.net/Adiposoft. We used 5 adipocyte images to evaluate the counting accuracies of these two software programs, and the counting results are listed in Table 1. Based on these results, AdipoCount outperforms Adiposoft. As shown in Figure 8, cells are commonly missed during counting in segmentation results that are generated by Adiposoft, some cells with small size (e.g., the region inside the red circle in Figure 8A) or large size (e.g., the region inside the black circle in Figure 8B) are not detected, and cells with blurred membrane are not detected (e.g., the region inside the green circle in Figures 8C–E). We also compare the computation times of these two software programs. As shown in Table 2, our AdipoCount is more efficient than Adiposoft.


Table 1. Cell counting results of 5 test imagesa.
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Table 2. Computation times of 5 test imagesa.
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As shown in Figure 9, AdipoCount supports manual correction, such as adding or deleting membrane segments in the segmentation result. In addition, manual correction is convenient to implement. We can select two points in the segmentation result (Figure 9A) and draw a line between them to create a new membrane. If we want to delete a membrane, we can draw a rectangle on top of the segmentation result and eliminate the membrane inside it. By manual correction, AdipoCount can add missing membrane segments and delete false membrane segments, which results in improved counting accuracy.


[image: image]

FIGURE 9. Manual correction of segmentation result. (A) The segmentation result before manual correction. (B) The manual correction result, where the green arrow shows an added membrane segment, and the red arrows show deleted membrane segments.



CONCLUSIONS

Adipose cell counting is an important task in obesity research. Multiple software programs have been developed for biological image processing, such as Fiji, which can aid biologists in manual adipose cell counting. In addition, researchers have developed automatic adipose cell counting tools, such as Adiposoft, which can process images and generate counting results. However, the counting accuracy and usability of these tools need to be improved. We have developed a fully automatic adipose cell counting system, namely, AdipoCount, which contains three modules: a membrane segmentation module, a re-segmentation module and a cell counting module. The membrane segmentation module can segment the membrane, the re-segmentation module can estimate missing dyed membrane areas and improve the segmentation result, and the cell counting module can detect, count and label the cells in the image. Comparing with other automatic adipose cell counting software programs, AdipoCount uses more image attributes, such as color intensity and gradient information, to generate accurate segmentation results and a watershed re-segmentation method is implemented to address missing dyed membrane areas. The segmentation results can be further corrected manually. AdipoCount has been tested on a batch of adipose tissue images with different dyeing qualities and our results show that AdipoCount outperforms existing software and can provide reliable counting results for reference in clinical studies. However, when applying our system on images with low signal-to-noise ratio (SNR) or many missing dyed membrane areas, the counting results have much room for improvement. In future work, we will add more noise elimination engines, try to improve AdipoCount's robustness and efficiency, and enhance its interactive functions to make it more powerful on challenging images.
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The sensitivity and specificity of clinical diagnostic indicators and non-invasive diagnostic methods for endometriosis at early stage is not optimal. Previous studies demonstrated that abnormal lipid metabolism was involved in the pathological development of endometriosis. Our cross-sectional study included 21 patients with laparoscopically confirmed endometriosis at stage I–II and 20 infertile women who underwent diagnostic laparoscopy combined with hysteroscopy from January 2014 to January 2015. Eutopic endometrium was collected by pipelle endometrial biopsy. Lipid metabolites were quantified by ultra-high performance liquid chromatography coupled with electrospray ionization high-resolution mass spectrometry (UHPLC-ESI-HRMS). Lipid profiles of endometriosis patients at early stage (I–II) was characterized by a decreased concentration of phosphatidylcholine (18:1/22:6), (20:1/14:1), (20:3/20:4), and phosphatidylserine (20:3/23:1) and an increased concentration of phosphatidic acid (25:5/22:6) compared with control. The synthesized predicting strategy with 5 biomarkers has a specificity of 75.0% and a sensitivity of 90.5%. Lipid profile of eutopic endometrium in endometriosis was effectively characterized by UHPLC-ESI-HRMS-based metabolomics. Our study demonstrated the alteration of phosphatidic acid, phosphatidylcholine, phosphatidylserine metabolites in endometriosis and provided potential biomarkers for semi-invasive diagnose of endometriosis at early stage.

Keywords: endometriosis, lipid profiling, UHPLC-ESI-HRMS, eutopic endometrium, early diagnosis

INTRODUCTION

The prevalence of endometriosis is estimated as 2–10% in the general female population and up to 40% in women with subfertility (Eskenazi and Warner, 1997; Ozkan et al., 2008; Dunselman et al., 2014), which significantly compromises quality of life in women and adolescents and causes a substantial societal economic burden (Gao et al., 2006; Nnoaham et al., 2011; Soliman et al., 2016). Currently, diagnosis of endometriosis is extremely challengeable due to similar symptoms to other gynecological and gastrointestinal diseases. Since endometriosis at early stage lacks specific imaging features, the reliable way to diagnose endometriosis, especially at early stage, is surgical laparoscopy. As the common diagnostic indicator, cancer antigen 125 (CA125) has been shown to be more beneficial for diagnosing advanced stages (III–IV) than stages I and II (Hirsch et al., 2016). Therefore, diagnosis of endometriosis is typically delayed up to 8–10 years from the initial appearance of symptoms (Greene et al., 2009; Nnoaham et al., 2011; Hudelist et al., 2012). It is urgent to development novel diagnostic biomarkers and non-invasive methods for endometriosis diagnosis. In this study, we investigated alterations of lipid profile in eutopic endometrium of endometriosis patients at stage I–II by ultra-high performance liquid chromatography coupled with electrospray ionization high-resolution mass spectrometry (UHPLC-ESI-HRMS)-based metabolomics, which provided potential markers for early diagnosis of this disease.

MATERIALS AND METHODS

Study Design and Sample Source

A cross-sectional study was performed on stored samples prospectively collected from women who participated in a previous metabonomic study. Participants were recruited from Reproductive Medicine Research Center, Sixth Hospital of Sun Yat-sen University from June 2014 to January 2015, who underwent diagnostic laparoscopy and hysteroscopy for infertility. This study was approved by institutional review board from sixth Hospital of Sun Yat-sen University, and written informed consent was taken from all participants (approval number: G2012021). All participants had regular menstrual cycles (28 ± 7 days) without hormonal treatment in 3 months prior to sample collection. Women laparoscopic and hysteroscopic diagnosed with endometriosis at stage I–II were further visually confirmed the presence of endometriosis according to American Society of Reproductive Medicine revised system (American Society for Reproductive Medicine, 1997). Patients who were diagnosed as endometriosis by transvaginal ultrasonography or had the history of abnormally increased CA125 previously were excluded from this study. Endometrial polyp, endometritis, submucous myoma, and hydrosalpinx were also excluded. Eutopic endometrium samples were collected by pipelle endometrial biopsy on day 3–5 after the end of menstrual bleeding during laparoscopy and hysteroscopy or within 3 months after surgery.

Sample Preparation for Lipidomics

Endometrial tissues were obtained from 20 infertile women (Control) and 21 women with endometriosis. Lipids extraction was performed according to methyl-tert-butyl ether (MTBE) method (Matyash et al., 2008). 0.01 g endometrium samples were thawed and then homogenized in 200 μL PBS using Precellys 24 homogenizer (Bertin, France). Then 150 μL of homogenate was added to 1.2 mL chilled mixture of methanol/MTBE/water (4:5:5, v/v/v). Samples were incubated on ice for 1 h and vortexed for 1 min every 15 min. Following centrifugation (2,000 rpm, 5 min), 200 μL supernatant of each sample was transferred to new tubes and dried under nitrogen flow at room temperature. Samples were re-suspended in 500 μL mixture of methanol/isopropanol (1:1, v/v) and centrifuged at 18,000 × g for 5 min at 4°C Finally, 2 μL of supernatant was injected for UHPLC-ESI-HRMS (Thermo Scientific, San Jose, CA) analysis. Three microliter of each sample was mixed to be quality control (QC) samples (Zhang et al., 2017).

UHPLC-ESI-HRMS Measurement of Endometrial Tissues

Samples were separated using an Ascentis Express C18 2.7 μm column (100 × 2.1 mm, Sigma-Aldrich, St. Louis, MO) on a Thermo Scientific Dionex Ultimate 3000 UHPLC system. Flow rate was 0.3 mL/min while column temperature was 45°C. The mobile phases consisted of (A) 5% acetonitrile in isopropanol with 10 mM ammonium formate and 0.1% formic acid and (B) 50% water in acetonitrile with 10 mM ammonium formate and 0.1% formic acid. Linear gradient was as follows: 0–0.5 min remaining at 20% A, linearly increasing to 50% A at 7.5 min, then linearly decreasing to 20% A at 10 min, following increasing to 100% A at 20 min, holding at 100% A until 21.9 min, then linearly increasing to 80% B at 22 min and equilibrating until 25 min. Mass spectrometry was performed with a Thermo Scientific Q ExactiveTM benchtop Orbitrap mass spectrometer equipped with heated ESI source in ESI positive and negative modes (Thermo Scientific, San Jose, CA). The main parameters for MS/MS included AGC target 1e5; maximum IT 65 ms; isolation window 1.2 m/z; normalized collision energy 25, 35 eV in positive mode and 20, 30, and 40 eV in negative mode; apex trigger 5–10 s; and dynamic exclusion 10.0 s. Ionization conditions were operated at spray voltage 3.5 kV and capillary temperature 300°C (Yu et al., 2016).

Lipidomic Data Processing

The acquired total ion chromatograms (TIC) and mass spectra from UHPLC-ESI-HRMS were exported as raw files by Xcalibur (Thermo Scientific, San Jose, CA). Three-dimensional data set including m/z-values, retention times, and peak areas were extracted by LipidSearch software (Thermo Scientific, San Jose, CA) to perform lipids identification and evaluate matching degrees by A, B, C, D four grades. Orthogonal projection to latent structures discriminant analysis (OPLS-DA) in positive and negative modes were carried out by SIMCA-P 13.0 Software (Umetrics, Kinnelon, NJ) to visualize differences of lipid metabolites between endometriosis patients and control. S-plots were generated in OPLS-DA mode and potential markers were selected on the basis of a variable importance in the projection (VIP) with threshold of 1.0 (Dutta et al., 2016). A logistic regression analysis was used to assessing the strength of association between lipid metabolites and minimal-mild endometriosis. The receiver operating characteristic (ROC) curve was plotted and the area under the curve (AUC) was calculated. The optimal point on ROC curve provided the best trade-off between sensitivity and specificity. Shapiro–Wilk test was used to evaluate the normality of distribution, then statistical significance was calculated using Student's t-test and non-parametric Mann–Whitney U-test, with p < 0.05 as statistical significance level. Statistical test was carried out by SPSS 20.0 software (IBM Analytics, USA).

RESULTS

The endometriosis group was composed of 14 patients at stage I and 7 patients at stage II. None of patients in this group was confirmed with ovarian endometriomas by laparoscopy. The control group consisted of 20 participants. Two groups were balanced in terms of age, BMI, and AMH level (Table 1).


Table 1. Characteristics of participant.
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A total of 468 ions in positive mode and 253 ions in negative mode were observed. The comparison of TIC can be seen in the mirror plots (Figure 1). Multiple differences in peak intensities detected at the same retention time, indicates different lipid spectrums between endometriosis patients and control. OPLS-DA models with acceptable R2Y and Q2 revealed a trend of separation between two groups (Figures 2A,B), indicating distinct lipid profiles of endometriosis patients. The alteration of lipids was identified by VIP >1.0 and then validated at an univariate level by Student's t-test or Mann–Whitney U-test, with p < 0.05 set as the level of statistical significance. Lipid identification was performed using LipidSearch software to directly identify lipid species from accurate precursor m/z and MS/MS raw data with the reference of large-scale database. As shown in Figures 2C,D, PC (18:1/22:6), PC (20:1/14:1), PC (20:3/20:4), PA (25:5/22:6), and PS (20:3/23:1) were selected as potential markers and details were summarized in Table 2. Apparently, levels of PC (18:1/22:6), PC (20:1/14:1), PC (20:3/20:4), and PS (20:3/23:1) were significantly decreased in endometriosis group, which have previously been to involve in the progress of endometriosis (Vouk et al., 2016). However, PA (25:5/22:6) level was much higher in endometriosis group compared to control (Figure 3), which could be a novel marker of endometriosis and further facilitated to the mechanism studies of the disease. The multivariable regression model for early stage endometriosis included five independent predictors: PC (18:1/22:6), PC (20:1/14:1), PC (20:3/20:4), PS (20:3/23:1), and PA (25:5/22:6). The apparent AUC of ROC curve for the complete model predicting early endometriosis was 0.871 with a sensitivity of 0.905 and specificity of 0.750 (Figure 4).
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FIGURE 1. Mirror plot of representative total ion chromatograms (TIC) under positive (A) and negative mode (B). TIC in red: healthy controls; TIC in blue: endometriosis patients.
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FIGURE 2. OPLS-DA plots of patients with endometriosis (n = 21, red diamonds) and healthy controls (n = 20, blue diamonds) under (A) positive (R2Y = 0.712; Q2 = 0.412) mode and (B) negative (R2Y = 0.728; Q2 = 0.602) mode. (C) S-plot under positive mode with selected PCs highlighted in red. (D) S-plot under negative mode with selected PE and PA highlighted in red.




Table 2. Detailed information of significantly changed lipids between endometriosis patients and healthy controls.
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FIGURE 3. Scatter diagram of five selected lipids. PCs and PS in endometriosis patients were significant decreased compared to healthy controls, while PA in endometriosis patients was higher than healthy controls. Data are expressed as mean ± SD. *p < 0.05, **p < 0.01, endometriosis patients (EMS, n = 21) vs. healthy controls (Control, n = 20).
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FIGURE 4. Receiver operating characteristic curves for endometriosis at minimal-mild stage.



DISCUSSION

Quantitative tracing of lipid metabolism under pathophysiological stimuli, environmental or genetic modifications has been successfully used as a diagnostic tool to monitor disease and develop new treatment strategies. In order to optimize lipidomics system, lipids extraction was performed according to MTBE method in this study. Compared to traditional methods, such as Bligh&Dyer method and Folch method, MTBE method delivers similar or better recoveries and performs better extraction efficiency, especially for PC, TG, and SM. Furthermore, MTBE is noncorrosive and chemically stable without forming peroxides during storage, which presents no danger to degrade labile lipids (Matyash et al., 2008). Previous studies reported alterations of lipid profile in serum, peritoneal fluid, follicular fluid, and endometrium of endometriosis patients (Vouk et al., 2012, 2016; Cordeiro et al., 2015; Chagovets et al., 2017). However, it is has not been investigated the alteration of lipid metabolism in endometrium.

This is the first time to report alterative levels of phosphatidic acid (PA), phosphatidylcholine (PC), and phosphatidylserine (PS) in eutopic endometrium of endometriosis patients at early stage. Instead of peripheral blood or urine, endometrium might contain various information to indicate the presence of endometriosis, using the direct source of the disease is perhaps logical to identify biomarkers for endometriosis (Ahn et al., 2017). Besides, pipelle biopsy is minimally invasive and suitable for outpatient. Hence, eutopic endometrium is ideal to analyze lipid profile of endometriosis for identifying potential biomarkers. We collected samples strictly on day 3–5 after menstrual cessation, which ensured all samples obtained in early follicle phase. The time to collect samples was chosen according to hysteroscopic surgical requirements and patient compliance. Unfortunately, we did not collect enough data on patients with advanced endometriosis because few patients in stage III–IV in our center met the inclusion criteria (exposure to hormonal drugs within 3 months).

In this study, we observed PA (25:5/22:6) was significantly higher in endometriosis patients compared to control group. It is the first to report PA is involved in the pathophysiology of endometriosis. PA is a phospholipid consisting out of a glycerol backbone with two fatty acids and one phosphate group attached, which is a central intermediate for the synthesis and storage of membrane lipids (Castro-Gomez et al., 2015). It has been implicated in various cellular signaling pathways, including in cell growth, proliferation, cell motility, and reactive oxygen species (ROS) production (Wang et al., 2006). PA has not only been shown to exert anti-apoptotic effects (Wang et al., 2006), but also has been identified as a mitogenic activator of the mammalian target of rapamycin signaling pathway to promote cell proliferation and generate survival signals (Chen, 2004), which might contribute to active proliferative capacity of endometriosis. Moreover, PA is related to cell motility (O'Luanaigh et al., 2002; Su et al., 2006), which may promote endometrium migration and invasion. PA is also responsible for the production of ROS via activating NADPH oxidase (Palicz et al., 2001). Excessive release of ROS plays an essential role in the inflammation process, which is involved in the pathogenesis of endometriosis by inducing endometrial fragment adhesion, proliferation, and neovascularization (Donnez et al., 2016). In addition, previous evidences suggested prostaglandin E2 (PGE2) and cyclooxygenase-2 (COX-2) in pathophysiology and pathogenesis of endometriosis (Wu et al., 2007; Banu et al., 2008; Machado et al., 2010). Lysophosphatidic acid (LPA) signaling stimulates PGE2 production and COX-2 expression in endometrial cells (Lin et al., 2008; Woclawek-Potocka et al., 2009). LPA is considered as potential factor for endometriosis (Ye and Chun, 2010), which is as the main source of PA. In this study, no significant difference of LPA was detected in endometrium. We speculated that PA alteration occurs earlier compared to LPA in the development of endometriosis, which might be used as a novel predictor of endometriosis at early stage.

Eutopic endometrium contributed to pathogenesis of endometriosis due to the increase of proliferation, migration, and invasion of ectopic endometrium (Joshi et al., 2015; Laudanski et al., 2015). We detected PS (20:3/23:1) decreased significantly in endometriosis group in this study. Only one study mentioned PS level was observed lower in follicular fluid in endometriosis patients previously (Cordeiro et al., 2015). Phospholipids are maintained asymmetrically in the eukaryotic plasma membrane in health cells. PS exposure on the cell surface shows an apoptotic signal for phagocytes (Segawa and Nagata, 2015; Nagata et al., 2016). Lower PS (20:3/23:1) levels may be due to reduced endometrial apoptotic cells in endometriosis patients. Three unsaturated PC (20:3/20:4), PC (18:1/22:6), PC (20:1/14:1) were significantly decreased in eutopic endometrium of endometriosis patients. Our results are consistent with previous studies (Vouk et al., 2012, 2016; Cordeiro et al., 2015). PC is one of the major sources of polyunsaturated fatty acids, that are the precursors of eicosanoids and has numerous biological activities (van der Veen et al., 2017). Evidence has accrued that PC contribute to both proliferative growth and programmed cell death (Ridgway, 2013). PC synthesis is increased in response to fatty acid and fatty acid-derived substrates, which is frequently observed in cancer cells (Ridgway, 2013). Unlike malignancy, PC markedly decreased in endometrium in endometriosis. This difference can be used to distinguish between endometriosis and malignancy. PC serves as a source for sphingomyelins and production of prostaglandins that may lead to decreased PC levels in endometrial tissue in this study. Sphingomyelins are abundant in endometriosis, which promotes cell survival in response to apoptotic stimuli (Vouk et al., 2012). Prostaglandins mediate inflammation in pathophysiology of endometriosis (Banu et al., 2008). Meanwhile, PC itself is also closely related to inflammation process (Drobnik et al., 2003; Ganna et al., 2014). Thus, PC has been correlated as a potential biomarker for endometriosis.

CONCLUSION

This is the first report that PA, PC, and PS alterations in eutopic endometrium of endometriosis at stage I–II by UHPLC-ESI-HRMS-based metabolomics. These findings provide potential biomarkers for semi-invasive diagnose of endometriosis at early stages in clinical practice. However, a large sample size study on endometriosis lipidolomics analysis is needed to validate the implications of these individual lipids in the pathophysiology of endometriosis. Our findings also provide potential targets for therapeutic approach of this disease.
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Objective: This study aims to investigate the effect of astragaloside IV on adipose lipolysis and hepatic gluconeogenesis.

Methods: High-fat diet (HFD) feeding induced adipose dysfunction with enhanced endogenous glucose production in mice. The effects of Astragaloside IV on lipolysis and hepatic glucose production were investigated.

Results: HFD feeding induced cAMP accumulation through reducing PDE3B expression and activity in adipose tissue. As a result, HFD feeding increased adipose lipolysis in mice. Astragaloside IV enhanced Akt phosphorylation and promoted Akt binding to PDE3B to preserve PDE3B content, resultantly reducing adipose cAMP accumulation. Knockdown of Akt1/2 diminished the effect of astragaloside IV on PDE3B induction, indicative of the role of Akt in astragaloside IV action. As a result from blocking of cAMP/PKA signaling, astragaloside IV suppressed hormone-sensitive lipase (HSL) activation and inhibited inflammation-associated adipose lipolysis. Moreover, astragaloside IV reduced ectopic fat deposition in the liver and inhibited FoxO1 activation via regulation of Akt, resultantly restraining excess hepatic glucose production.

Conclusion: We showed that preserving PDE3B content by Akt is a key regulation to prevent lipolysis. Astragaloside IV inhibited lipolysis by reducing cAMP accumulation via regulation of Akt/PDE3B, contributing to limiting hepatic lipid deposition and restraining excessive hepatic glucose production.

Keywords: astragaloside IV, Akt, PDE3B, lipolysis, gluconeogenesis

INTRODUCTION

In obesity, the adipose tissue frequently represents inflammation, endoplasmic reticulum (ER) stress and dysregulation of adipokine expression, which contribute to diabetes and insulin resistance through various mechanisms (Yuan et al., 2001; Greenberg and Obin, 2006; Wang et al., 2016). Adipose tissue serves as a site for fat storage, where fatty acids stored as triacylglycerols in adipocytes, constitute the primary energy reserves. Meanwhile, the stored triacylglycerols could be hydrolyzed by lipases, such as adipose triglyceride lipase (ATGL) and HSL, leading to the release of glycerol and free fatty acids (FFAs). The increased free FFAs flux from adipose tissue to non-adipose tissue promotes ectopic fat deposits and increases lipid accumulation in liver and skeletal muscle, leading to insulin resistance (Perry et al., 2015; Ritter et al., 2015; Wang et al., 2016). Dysregulation of adipose lipolysis increases the release of FFAs into the circulation, and consistent with this, elevated levels of circulating FFAs are often observed in individuals subjected to insulin resistance and diabetes (Coppack et al., 1992).

It was noted that, the several hormones and effectors can induce lipolysis in adipose tissue by the activation of cAMP-dependent protein kinase A (PKA). As a second messenger for cellular responses, cAMP is formatted by adenylate cyclase and constantly degraded by phosphodiesterase (PDEs). In response to cAMP accumulation, PKA activation initiates lipolysis cascade through activation of HSL and perilipin, which break triglycerides (TGs), resulting in the release of glycerol and FFAs (Belfrage et al., 1980; Strålfors and Belfrage, 1983). As cAMP signaling is located at the upstream of lipolysis cascades, the regulation of cAMP is a key determinant in the control of the downstream lipolysis process. PDEs are the enzymes that degrade cAMP or cGMP by breaking the phosphodiester bond and PDE3B is proposed to be the predominant isoform of PDEs in adipose tissue, capable of cAMP degradation (Nilsson et al., 2006; Degerman et al., 2011). Insulin inhibits lipolysis and regulation of PDE3B is a key step in its action (Kitamura et al., 1999; Frühbeck et al., 2014). In contrast, proinflammatory cytokine TNF-α increases cAMP accumulation by suppression of PDE3B, and thus induces lipolysis (Rahn Landström et al., 2000; Zhang et al., 2002), indicative of the involvement of inflammation in lipolysis.

Astragaloside IV is a saponin and main active component in the medicinal plant Astragalus membranaceus, which widely used in traditional Chinese medicine for the treatment of metabolic disorders. Astragaloside IV exerts anti-diabetic effects (Lv et al., 2010), improves metabolic parameters in fructose-fed mice and ameliorates adipose dysfunction (Jiang et al., 2008; Zhang et al., 2011), well-demonstrating its action in the improvement of metabolism. It is generally accepted that insulin inhibits lipolysis through PI3K/Akt signaling (Kitamura et al., 1999). However, this knowledge has been challenged by recent published studies, which showed that Akt is dispensable for insulin to suppress lipolysis (Frühbeck et al., 2014; Koren et al., 2015). Similarly, Akt is also proposed to be dispensable for insulin to suppress hepatic gluconeogenesis (Lu et al., 2012; Titchenell et al., 2015). These findings raise question whether pharmacological activation of Akt could inhibit adipose lipolysis and hepatic glucose production is independent on insulin. Astragaloside IV protects cardiac function through regulation of PI3K/Akt and Akt/GSK-3β signaling, indicative of its positive effect on Akt activation (He et al., 2012; Jia et al., 2014). Therefore, it is tempting to know if astragaloside IV could inhibit adipose lipolysis via regulation of Akt. To address this issue, we investigated the effect of astragaloside IV on lipolysis in the adipose tissue of high-fat diet (HFD)-fed mice and found that astragaloside IV could inhibit lipolysis by reducing cAMP accumulation via regulation of Akt/PDE3B, contributing to limiting hepatic lipid deposition and restraining excessive hepatic glucose production. This finding provides novel mechanistic insights regarding the protective effects of astragaloside IV on metabolic homeostasis and contributes to the design of new strategies for the management of metabolic diseases.

MATERIALS AND METHODS

Materials

Astragaloside IV (purity ≥ 98%) was obtained from Shanghai Forever Biotech Co., Ltd. (Shanghai, China). Astragaloside IV was dissolved in DMSO to prepare 10 mM stock solution and then was diluted at 1,000-fold in culture medium to generate a working concentration at 10 μM. 0.1% DMSO as a solvent control was run concurrently with the experiments. Palmitate (PA, Sinopharm, Shanghai, China) was dissolved in ethanol to prepare 200 mM stock solution and then further diluted with medium containing 10% FFA-free BSA at the ratio of 1:19 to obtain a concentration of 10 mM before use. Metformin was obtained from Sino-American Shanghai Squibb Pharma (Shanghai, China). Akt inhibitor triciribine, MK2206 and AZD5363 was from Apex Bio (Houston, USA). Isoproterenol was from Shanghai Harvest Pharmaceutical Co., Ltd. (Shanghai, China). TNF-α was from R&D Systems.

Animals

Male ICR mice (6–8 weeks of age) were purchased from the Laboratory Animal Center of Nanjing Qinglongshan and were acclimatized in facility with a constant temperature (22 ± 1°C) and a 12-h light-dark cycle with free access to water and food. All experiments were approved by Animal Ethics Committee of China Pharmaceutical University.

Mice were fed with normal chow diet or HFD containing 10% lard, 10% yolk, 1% cholesterol, 0.2% cholate, and 78.8% standard diet simultaneously with oral administration of astragaloside IV (50, 100 mg/kg) or metformin (200 mg/kg) daily for 2 weeks. While, control mice were received the vehicle only. Mice body weight and food intake were measured and recorded daily. Two weeks later, after 12 h fasting, blood samples were collected from orbital sinus to examine total cholesterol (TC), TG, glucose, FFAs, and glycerol concentrations in the serum using commercial kits. Meanwhile, the epididymis adipose tissue was rapidly isolated and stored at −80°C for further assay.

Cell Culture

3T3-L1 cells (a cell line of preadipocytes, Cell Bank of Chinese Academy of Sciences, Shanghai, China) were grown in Dulbecco's Minimum Essential Medium (DMEM, Gibco, USA) containing 10% FBS, 100 μg/mL of streptomycin and 100 U/mL of penicillin. At 80–90% of confluence, the culture medium were replaced with fresh DMEM supplemented with 10% FBS, isobutylmethylxanthine (0.5 M), dexamethasone (1 μM), and insulin (10 μg/mL) for next 48 h. Then, change the medium with DMEM containing 10% FBS and insulin (10 μg/mL) for another 8–10 days for differentiation.

Measurement of Glycerol and FFAs Release

The normal mice or the HFD-fed mice were sacrificed by cervical dislocation. The epidydimal adipose tissue was isolated and chopped into small pieces immediately. After incubation in DMEM for 24 h, FFAs and glycerol concentrations in the medium were determined by commercial kits (Jiancheng Bioengineering Institute, Nanjing, China). The contents of FFAs and glycerol in the serum were also determined with the commercial kits (Jiancheng Bioengineering Institute, Nanjing, China) according to the manufacturers' instructions. For isoproterenol or TNF-α stimulation, the epididymis adipose tissue of normal mice was stimulated with isoproterenol (1 μM) or TNF-α (20 ng/mL) for 2 or 16 h, respectively, in the presence of indicated agents.

Determination of cAMP, AMP, and Cytokines in the Adipose Tissue

Adipose tissue were rinsed and homogenized in cold lysis buffer to prepare 10% adipose homogenate. After centrifuged at 12,000 g for 15 min at 4°C, the supernatant was collected to measure the concentration of cAMP (USCN, Wuhan, China) and AMP (Chengbin Biotech, Shanghai, China) using the corresponding commercial assay kits, while TNF-α and IL-6 contents were measured using ELISA Kits (Cusabio Biotech, Wuhan, China), respectively. For isoproterenol treatment, the isolated adipose tissue of normal mice was incubated with isoproterenol (1 μM) for 2 h in the presence of indicated agents.

Measurement of PDE Activity in Adipose Tissue

Epididymis adipose tissue was isolated from HFD-fed mice and homogenized in double-distilled water. The supernatant was desalted by gel filtration and then measured using a PDE activity assay kit (Colorimetric) (ab139460; Abcam, Cambridge, MA).

Determination of Hepatic Triglyceride and Acetyl CoA

The liver was isolated from HFD-fed mice and homogenized in ice-cold RIPA lysis buffer. The homogenates were then centrifuged and the supernatants was collected for the detection of TG and acetyl CoA concentrations using commercial kits (Shuojia, Shanghai, China) according to the manufacturer's instructions.

Glucose and Pyruvate Tolerance Tests

For pyruvate or glucagon tolerance test, fasted HFD-fed mice were treated with oral administration of astragaloside IV (50, 100 mg/kg) or metformin (200 mg/kg). Then after 2 h, mice were intraperitoneally injected with pyruvate (2 g/kg) for pyruvate tolerance test, or orally administrated with glucose (2.0 g/kg) for glucose tolerance test. Blood samples were collected from the orbital sinus at regular intervals for the assay of glucose using a commercial Kit. Blood glucose area under curve (AUC) was calculated as the follows: 0.5 × [Bg0 + Bg0.5]/2 + 0.5 × [Bg0.5 + Bg1.0]/2 + [Bg1 + Bg2]/2 (Bg0, Bg0.5, Bg1.0, and Bg2.0 referred to the blood glucose content at 0, 0.5, 1.0, and 2.0 h).

Hepatic Glucose Production

The fasted mice (over 18 h) were sacrificed by cervical dislocation and liver was perfused in situ with Hank's Balanced Salt Solution, followed by digestion with collagenase IV. The collected hepatocytes were resuspended and cultured for further treatment in DMEM supplemented with 10% FBS and incubated at 37°C in an atmosphere of 5% CO2. For glucose production, hepatocytes were pretreated with indicated treatment and cultured in glucose-free media supplemented with 10 mM pyruvate for 6 h. Then the Glucose contents in the medium were assayed.

Small Interfering RNA Transfection

3T3-L1 cells were cultured with small interfering RNA (siRNA) duplexes specific Akt (Santa Cruz Biotechnology, CA, USA) or a noncoding siRNA using transfection reagents for 7 h. After the transfection, the culture medium was replaced with DMEM containing 10% FBS for 48 h for experiments.

Immunoprecipitation

For immunoprecipitation, differentiated 3T3-L1 cells were pre-treated with astragaloside IV (10 μM) for 0.5 h and then incubated with 100 μM of PA for 4 h. Then, adipocytes were washed and lysed on ice for 15 min. Next, the lysate was centrifuged at 12,000 g for 20 min and the cleared fractions were collected. Cleared fractions were incubated with anti-PDE3B antibody overnight at 4°C, following by incubation with protein A+G agarose beads (Beyotime Institute of Biotechnology, Shanghai, China) for 2 h. After washed five times with the lysis buffer, immunoprecipitates were boiled in 1% SDS loading buffer and used to be immunoblotted. For immunoprecipitation of the liver of HFD mice, the protein was collected and immunoprecipitated by using anti-FoxO1 antibody (Cell Signaling, Danvers, MA).

Western Blot Analysis

Total proteins were extracted from the adipose tissue, liver or adipocytes using cold RIPA buffer (Beyotime Institute of Biotechnology, Nanjing, China) with 1% phenylmethanesulfonyl fluoride. Protein concentration was determined using a Pierce™ BCA Protein Assay Kit (Beyotime Institute of Biotechnology, Nanjing, China). To analysis the expression of protein, aliquots containing 60 μg of protein were electrophoresed by SDS-PAGE, then transferred to a polyvinylidene fluoride membrane. After blocking with TBST supplemented with 5% nonfat milk powder at room temperature for 2 h, membranes were incubated with primary antibodies, including PDE3B (Bioworld Technology, St. Paul, MN, USA), p-PKA substrate (Cell Signaling Technology, Beverly, MA, USA), p-HSL (S565–S660) (Cell Signaling Technology), HSL (Cell Signaling Technology), p-JNK(Bioworld Technology), JNK (Bioworld Techology), p-Akt (S473) (Cell Signaling Technology), Akt (Cell Signaling Technology), PAS (Cell Signaling Technology), p-PDH (E1-alpha) (phospho S293) (Abcam), PDH (Abcam), PC [EPR7365] (Abcam), and GAPDH (Bioworld Techology) for overnight at 4°C. Then, the membranes were washed for three times and incubated with the secondary antibody at room temperature for 2 h. The immunoblots were visualized by ECL Western Blot Detection System and quantized by Image-ProPlus 6.0 software. The relative intensities of each band were calculated by the mean intensity of four independent experiments.

Quantitative Real-Time PCR

Total RNA was isolated from the liver or adipose of HFD-fed mice. RNA obtained was reversely transcribed into cDNA by using the HieffTM First Strand cDNA Synthesis Super Mix for RT-qPCR+gDNA wiper system (Yeasen). The relative gene expression was relatively quantified by HieffTM qPCR SYBR Green Master Mix (No Rox Plus) kit (Yeasen) with CFX96TM realtime system (BIO-RAD, USA). Primer sequences were shown below: PEPCK, F: GTGCTGGAGTGGATGTTCGG, R: CTGGCTGATTCTCTGTTTCAGG; G6PaseF: ACTGTGGGCATCAATCTCCTC, R: CGGGACAGACAGACGTTCAGC; PDE3B, F: AAAGCGCAGCCGGTTACTAT, R: CACCACTGCTTCAAGTCCCAG; β-actin, F: GGGAAATCGTGCGTGAC, R: AGGCTGGAAAAGAGCCT. The results of mRNA level were calculated with the 2−ΔΔCt method.

Immunofluorescence

After treatment, differentiated 3T3-L1 cells were fixed with 4% paraformaldehyde for 20 min, and permeabilized with 0.2% Triton X-100 for 10 min at room temperature. After blocking with 3% BSA, specimens were then labeled with specific primary antibodies (anti-PDE3B, anti-p-Akt) overnight at 4°C, followed by incubation with fluorescent secondary antibodies for 1 h at 37°C. After washing, specimens were examined with a confocal scanning microscope (Zeiss LSM 700).

Statistical Analysis

All data were expressed as mean ± SD. Results were analyzed using Student's t-test and one-way analysis of variance (ANOVA) followed by Student-Newman-Keuls multiple comparison test. Values of p < 0.05 were considered statistically significant.

RESULTS

Astragaloside IV Prevented Lipolysis in Adipose Tissue of HFD-Fed Mice

To investigate the effects of astragaloside IV on adipose dysfunction, we first observed the regulation of lipolysis in the freshly isolated epididymal adipose tissue from HFD-fed mice, and found that oral administration of astragaloside IV at concentrations of 50 and 100 mg/kg significantly reduced FFAs and glycerol release (Figures 1A,B). Similar to astragaloside IV, anti-diabetic agent metformin also reduced FFAs, and glycerol release from adipose tissue (Figures 1A,B). Consistent with what observed in adipose tissue, astragaloside IV, and metformin effectively reduced the elevated levels of blood FFAs and glycerol in HFD-fed mice (Figures 1C,D), while the contents of TC, triacylglycerol and glucose in the blood were not affected (Figures 1E–G). These results showed that astragaloside IV inhibited lipolysis in HFD-fed mice.
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FIGURE 1. Astragaloside IV prevented lipolysis in adipose tissue of HFD-fed mice. Mice were fed with high fat diet (HFD) for 2 weeks and simultaneously administrated with astragaloside IV (AIV, 50 and 100 mg/kg) and metformin (Met, 200 mg/kg) by gavage. (A,B), Free fatty acids (FFAs) and glycerol contents in the adipose tissues; (C,D), Free fatty acids (FFAs) and glycerol contents in the blood. (E–G), Total cholesterol (TC), triglyceride (TG), and glucose in the blood. Data were expressed as the mean ± SD (n = 6). *p < 0.05 vs. model; #p < 0.05 vs. control.



Astragaloside IV Reduced cAMP Accumulation in Adipose Tissue

As a second messenger, cAMP is a key regulator responsible for the initiation of lipolysis in adipose tissue. HFD feeding induced cAMP accumulation in adipose tissue along with the reduction of AMP levels, whereas astragaloside IV as well as metformin reversed the alterations in adipose tissue (Figures 2A,B). PDE3B, a member of PDEs, predominantly expresses in the adipose tissue, exerting the ability to degrade cAMP. We observed that HFD feeding significantly attenuated PDE3B gene and protein expression and meanwhile inhibited PDE enzymatic activity (Figures 2C,D) in adipose tissue. Astragaloside IV as well as metformin normalized PDE3B gene and protein expression and preserved PDE enzymatic activity in the adipose tissue of HFD-fed mice, suggesting the possibility to prevent cAMP accumulation by preserving PDE3B content by promoting its gene expression, at least in part.
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FIGURE 2. Astragaloside IV reduced cAMP accumulation in adipose tissue. (A,B), The contents of cAMP and AMP in the adipose tissues of HFD-fed mice (n = 6); (C), PDE3B gene and protein expression in the adipose tissue of HFD-fed mice was examined by Western blot (n = 4); (D), PDE activity in the adipose tissue of HFD-fed mice was measured using a PDE activity assay kit (n = 6); (E), The phosphorylation of Akt in the adipose tissue of HFD-fed mice was examined by Western blot. The epididymal adipose tissue of normal mice was incubated with isoprenaline (ISO) in the presence of astragaloside IV (AIV) or Akt inhibitor triciribine for 2 h. The contents of cAMP (F) and FFAs (G) were assayed by commercial kits (n = 6); (H), Isolated epididymal adipose tissue was pretreated with astragaloside IV (AIV) or three Akt inhibitors triciribine, MK2206 and AZD5363, and then stimulated with TNF-α for 16 h. PDE3B gene and protein expression was detected (n = 4), (Astragaloside IV, AIV; Metformin, Met). The results were expressed as the mean ± SD. *p < 0.05 vs. model; #p < 0.05 vs. control.



Akt activation is documented to regulate PDE3B activity (Kitamura et al., 1999). In the adipose tissue, astragaloside IV prevented HFD-induced Akt impairment by preserving phosphorylation (Figure 2E). We isolated epididymal adipose tissue from normal mice and treat with isoproterenol to measure cAMP contents and FFAs release. We noted that astragaloside IV significantly decreased isoproterenol-induced cAMP and reduced FFAs release in isolated adipose tissue, but this action was blocked by co-treatment with Akt inhibitor triciribine (Figures 2F,G). Moreover, pro-inflammatory cytokine TNF-α impaired PDE3B both gene and protein expression in adipose tissues (Figure 2H), indicative of the involvement of inflammation in lipolysis. Similarly, the protective effect of astragaloside IV on PDE3B gene and protein expression was also abolished by Akt inhibitor triciribine (Figure 2H). To avoid unexpected off-target effects, we chose another two specific Akt inhibitors: MK2206 and AZD5363 and observed that both of this two inhibitors could abolished the protective effect of astragaloside IV on PDE3B gene and protein expression (Figure 2H), further confirming the involvement of Akt on PDE3B regulation. These results suggested that Akt was involved in Astragaloside IV action to prevent cAMP accumulation in adipose tissue.

Astragaloside IV Preserved PDE3B Content via Regulation of Akt

Next, we examined the regulation of Akt in differentiated 3T3-L1 cells and found that astrgaloside IV increased Akt phosphorylation in a concentration-dependent manner (from 0.1 to 10 μM) (Figure 3A). The result of the time course showed that astragaloside IV enhanced Akt phosphorylation in the early period and reached the highest expression at 4 h (Figure 3B). To identify whether PDE3B could be phosphorylated by Akt, complete amino-acid sequences of PDE3B were scanned by the Scansite databases. Search result revealed that mice PDE3B contains Akt consensus phosphorylation sites (Figure 3C), suggesting that the involvement of Akt in PDE3B phosphorylation. Then immunoprecipitation examination showed that phosphorylated Akt consensus sequence (PAS) presented in PDE3B and astrgaloside IV treatment increased PAS expression when cells were exposed to PA (Figure 3D), confirming the regulation of PDE3B by Akt. Meanwhile, we found that astrgaloside IV increased total Akt and p-Akt expression in PDE3B protein (Figure 3D). Consistently, immunofluorescent staining further revealed that astrgaloside IV promoted PDE3B and p-Akt co-localization against PA insults, indicating that astrgaloside IV promoted Akt translocation to PDE3B (Figure 3E). In 3T3-L1 cells, astragaloside IV preserved PDE3B protein expression, while knockdown of Akt1/2 with siRNA diminished the effect of astragaloside IV (Figure 3F), providing evidence that Akt was required for astragaloside IV to preserve PDE3B protein expression.
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FIGURE 3. Astragaloside IV preserved PDE3B via regulation of Akt. (A,B), Akt phosphorylation in differentiated adipocytes were examined by Western blot; (C), Akt1/2 phosphorylation site in PDE3B predicted by GPS 3.0; (D), p-Akt, Akt, or PAS in PDE3B in differentiated adipocytes were determined with immunoprecipitation and Western blot; (E), Confocal images of PDE3B and p-Akt co-localization was observed by immunofluorescent staining. Scale bar: 10 μm; (F), 3T3-L1 preadipocytes were transfected with Akt1/2 or control siRNA to silence Akt and then incubated with palmitate (PA) for 4 h. The expression of PDE3B was detected with Western blot, (Astragaloside IV, AIV; Palmitate, PA). The results were expressed as the mean ± SD (n = 4). *p < 0.05 vs. model; #p < 0.05 vs. control.



Astragaloside IV Suppressed Lipolysis Signaling and Inflammation in Adipose Tissue of HFD-Fed Mice

PKA activation is a downstream signaling of cAMP regulation in adipose tissue. In response to cAMP accumulation, PKA 62 KD substrate phosphorylation increased in adipose tissue, a result indicating PKA activation. Astragaloside IV and metformin administration inhibited PKA activation by dephosphorylation of PKA 62 KD substrate (Figure 4A). Hormone-sensitive lipase (HSL) hydrolyzes intracellular diacylglycerol to monoacylglycerol, leading to the release of FFAs and glycerol. HSL activation is regulated by phosphorylation modification. Phosphorylation of Ser 660 activates HSL, while phosphorylation at the residue 565 is proposed to inhibit HSL activation (Djouder et al., 2010). In adipose tissue, HFD feeding increased HSL phosphorylation at Ser 660 and attenuated the phosphorylation at 565 residue, whereas these alterations were reversed by oral administration of astragaloside IV (Figures 4B,C), demonstrating its inhibitory effect on HSL activation. Similarly, metformin also effectively inhibited HSL activation.
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FIGURE 4. Astragaloside IV surpressed PKA/HSL signaling and inflammation in adipose tissue of HFD-fed mice. (A), PKA, (B), HSL(S660), and (C) HSL(S565) protein expressions in the adipose tissue of HFD-fed mice were examined by Western blot (n = 4). Arrow points to 62kDa. (D), JNK protein expression in the adipose tissue of HFD-fed mice was examined by Western blot (n = 4). (E,F), The levels of TNF-α and IL-6 in the adipose tissue of HFD-fed mice were assayed by ELISA kits (n = 6). (Astragaloside IV, AIV; Metformin, Met). The results were expressed as the mean ± SD. *p < 0.05 vs. model; #p < 0.05 vs. control.



As is known, inflammation is involved in adipose lipolysis (Rahn Landström et al., 2000; Zhang et al., 2002). In adipose tissue, HFD feeding induced JNK activation by enhancing phosphorylation and increased proinflammatory cytokine TNF-α and IL-6 production. Oral administration of astragaloside IV inactivated JNK by dephosphorylation and reduced TNF-α and IL-6 production, demonstrating its action in suppression of inflammation in adipose tissue (Figures 4D–F). Metformin also inactivated lipolysis signaling and inhibited inflammatory response in adipose tissue.

Astragaloside IV Reduced Hepatic Lipid Deposition in HFD-Fed Mice

Astragaloside IV inhibited adipose lipolysis and decreased the elevated levels of circulating FFAs, and this regulation should prevent ectopic lipid deposition. Indeed, astragaloside IV as well as metformin reduced hepatic lipid deposit, evidenced by reduced hepatic TG contents (Figure 5A). HE staining showed that astragaloside IV and metformin reduced hepatocellular vacuolation with respect to the control (Figure 5B). Since acetyl CoA is an end product of fatty acid oxidation, the reduced acetyl CoA by astragaloside should be a result from reduced fatty acid entry and oxidation (Figure 5C). Previously, the acetyl CoA is proposed to inhibit pyruvate dehydrogenase (PDH) activity (Sugden and Holness, 2003) with pyruvate carboxylase (PC) induction (Adina-Zada et al., 2012), contributing to gluconeogenesis. As expected, astragaloside IV improved PDH activity by dephosphorylation (Figure 5D) and reduced PC protein expression (Figure 5E) in the liver of HFD-fed mice.
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FIGURE 5. Astragaloside IV ameliorated hepatic lipid deposition in HFD-fed mice. (A), Triglyceride (TG) concentration in the liver (n = 6). (B), Hepatic H&E satining (n = 4). (C), Acetyl CoA levels in the liver (n = 6). PDH phosphorylation (D) and PC (E) protein expression in the liver of HFD-fed mice was examined by Western blot (n = 4). (Astragaloside IV, AIV; Metformin, Met). The results were expressed as the mean ± SD. *p < 0.05 vs. model; #p < 0.05 vs. control.



Astragaloside IV Regulated Akt and FoxO1 in the Liver of HFD-Fed Mice

Astragaloside IV administration preserved Akt phosphorylation in the liver of HFD-fed mice (Figure 6A). FoxO1 is a transcription factor encoding genes for gluconeogenesis, and its activation is modulated by phosphorylation (Ozcan et al., 2012). HFD feeding increased hepatic FoxO1 protein expression with attenuated phosphorylation, indicative of FoxO1 activation, but these alternations were reversed by astragaloside IV (Figure 6B). Consistent with this, when FoxO1 protein was immunoprecipitated and then blotted using p-Akt (Ser473) antibody, astragaloside IV increased phosphorylated Akt expression in FoxO1, indicating the direct interaction between Akt and FoxO1 (Figure 6C). These results suggested that astragaloside IV suppressed FoxO1 activation via regulation of Akt.
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FIGURE 6. Astragaloside IV regulated Akt and FoxO1 in the liver of HFD-fed mice. (A), The phosphorylation of Akt in the liver of HFD-fed mice was examined by Western blot (n = 4). (B), p-FoxO1 and FoxO1 protein expression in the liver of HFD-fed mice was examined by Western blot (n = 4). (C), p-Akt in FoxO1 was determined with immunoprecipitation and Western blot (n = 4). (Astragaloside IV, AIV; Metformin, Met). The results were expressed as the mean ± SD. *p < 0.05 vs. model; #p < 0.05 vs. control.



Astragaloside IV Reduced Hepatic Gluconeogenesis

Phosphoenolpyruvate carboxykinase (PEPCK) and glucose 6-phosphatase (G6Pase) are gluconeogenic genes responsible for hepatic glucose production. HFD feeding induced PEPCK and G6Pase gene expression in the liver, indicative of enhanced gluconeogenesis (Figures 7A,B). Astragaloside IV suppressed gene expressions for PEPCK and G6Pase in the liver of HFD-fed mice, demonstrating the action to restrain hepatic gluconeogenesis (Figures 7A,B). As expected, astragaloside IV reduced pyruvate-driven glucose production in primary hepatocytes (Figure 7C), but the action was attenuated by Akt inhibitor triciribine. Pyruvate tolerance is employed for hepatic glucose output, because pyruvate provides the substrate for hepatic glucose production. Concordant with the inhibitory effect on hepatic gluconeogenic gene induction, astragaloside IV reduced blood glucose rise in response to pyruvate load in HFD-fed mice (Figure 7D). These results indicated that astragaloside IV restrained excessive endogenous glucose production in HFD-fed mice. Meanwhile, astragaloside IV also improved glucose tolerance in HFD-fed mice (Figure 7E).
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FIGURE 7. Astragaloside IV reduced hepatic gluconeogenesis. Phosphoenolpyruvate carboxykinase (PEPCK) (A) and glucose 6-phosphatase (G6Pase) (B) gene expression in the liver was examined by qPCR (n = 4). (C) Glucose production in primary hepatocytes (n = 6). Pyruvate tolerance test with the AUC (D) and glucose tolerance test with the AUC (E) in HFD-fed mice (n = 6). The results were expressed as the mean ± SD. (Astragaloside IV, AIV; Metformin, Met). *p < 0.05 vs. model; #p < 0.05 vs. control.



DISCUSSION

Insulin inhibits adipose lipolysis through PI3K/Akt signaling. In the present study, we showed that astragaloside IV preserved PDE3B content and reduced cAMP accumulation via regulation of Akt in an insulin independent manner, thereby inhibiting inflammation-associated lipolysis. In view of the association of adipose dysfunction with metabolic disorder diseases (Perry et al., 2015; Ritter et al., 2015), this finding provides a mechanical explanation for the beneficial effects of astragaloside IV on the regulation of metabolic homeostasis.

In the basal state, the triacylglyceride (TG) pool in adipocytes is kept at a balance between non-esterified free fatty acids (NFFAs) release from TG and re-esterification of non-esterified fatty acids to produce TG, depending on energy demands. In obesity and diabetes, the balance is disturbed due to adipose dysfunction, leading to increased lipolysis (Greenberg et al., 2011). Indeed, we observed that adipose lipolysis increased in HFD-fed mice. Lipolysis cascade is initiated by cAMP/PKA signaling in adipose tissue. As a second messenger in response to cellular stress, cAMP is synthesized by adenylate cyclase. In adipose tissue, astragaloside IV reduced cAMP accumulation with increased AMP contents. Adenosine nucleosides are proposed to inhibit adenylate cyclase activity in fat cells (Fain et al., 1972), and consistent with this, metformin is documented to inhibit adenylate cyclase activity and reduced cAMP by elevating the levels of AMP in the liver (Miller et al., 2013). In addition, metformin has also been known to activate PDE4B in hepatocyte, contributing to the decrease of cAMP with increase of AMP level, as AMP itself is a byproducts of PDE (Johanns et al., 2016). Similar to metformin, astragaloside IV reduced cAMP generation with increased AMP contents in the adipose tissue of HFD-fed mice, suggesting that astragaloside IV could inhibit cyclase activity via upregulation of AMP, a regulation relative with reducing energy charge. Reduced cellular energy charge (increased AMP/ATP ratio) can induce AMPK activation. Astragaloside IV enhances AMPK activity in endothelial cells (Zhao et al., 2015), suggesting its potential to reduce cellular energy charge. In addition to the inhibition of adenylate cyclase activity by upregulation of AMP.

In adipocytes, PDE3B prevented cAMP accumulation by degradation and this regulation is influenced by the modulation of PDE3B activity. It is believed that Akt mediates the anti-lipolytic effect of insulin via phosphorylation of PDE3B (Kitamura et al., 1999; Frühbeck et al., 2014). In spite that Akt is proposed to be dispensable for the suppression of lipolysis by insulin (DiPilato et al., 2015; Koren et al., 2015), there is a PAS in PDE3B, indicating the potency to be regulated by Akt. Moreover, Akt exerts the ability to increase PDE3B activity by phosphorylation of PDE3B (Kitamura et al., 1999; Frühbeck et al., 2014). Therefore, it is possible that Akt could directly regulate PDE3B in an insulin independent manner. Akt traverses the cell interior with regulated localization. In response to palmitate challenge, PDE3B protein expression was reduced. Astragaloside IV promoted Akt translocation to PDE3B and induced PAS induction in PDE3B with the preserved PDE3B expression. Knockdown of Akt1/2 blocked the action of astragaloside IV to preserve PDE3B content in adipocytes when exposed to palmitate challenge, indicating that astragaloside IV protected PDE3B content in Akt dependent manner. Inflammatory molecules could impair PDE3B activity in adipose tissue and liver (Rahn Landström et al., 2000; Ke et al., 2015). In this context, the regulation of Akt dependent PDE3B activation should contribute to ameliorating adipose dysfunction inflammation involved. In the present study, pro-inflammatory cytokine TNF-α impaired PDE3B activity in the adipose tissue, indicative of the impact of inflammatory on lipolysis. Akt inhibitors diminished the protective effect of astragaloside IV on PDE3B gene and protein content, provided evidence to support the conclusion.

In response to cAMP accumulation, PKA activation modulates HSL phosphorylation to induce FFAs release. Phosphorylation of HSL occurs on multiple sites, including Ser-660, which stimulates catalytic activity, and Ser-565, which is believed to inactivate HSL (Djouder et al., 2010). As a downstream regulation from blocking cAMP/PKA signaling, astragaloside IV inactived HSL by dephosphorylation of HSL Ser-660. Meanwhile, Astragaloside IV also restored HSL phosphorylation at Ser-565, and this action should contribute to suppression of HSL activation. Inflammation is involved in adipose dysfunction, contributing to enhance lipolysis (Rahn Landström et al., 2000). Pro-inflammatory cytokine TNF-α and inflammatory signaling induce adipose lipolysis (Rahn Landström et al., 2000; Zhang et al., 2002). Astragaloside IV inactivated JNK by dephosphorylation and reduced TNF-α and IL-6 production, well demonstrating its anti-inflammatory effects. Astragaloside IV inhibited inflammation and this action should be involved in the blockage of lipolysis signaling. The anti-inflammatory effects of astragaloside IV have been well-documented (Zhang and Frei, 2015; Dong et al., 2017), our work provides evidence that the anti-inflammatory action is involved in the amelioration of adipose dysfunction.

Increased adipose lipolysis can induce ectopic fat deposits, and fat accumulation in muscle is shown to induce insulin resistance (Xiao et al., 2017b), while hepatic fat deposition enhances glucagon response to increase glucose output (Xiao et al., 2017a). Astragaloside IV decreased circulating FFAs by inhibiting adipose lipolysis, and thereby effectively prevented lipid deposition in the liver of HFD-fed mice. As a result from limited FFAs uptake by hepatocyte, astragaloside IV reduced acetyl CoA production from fatty acid oxidation, More than a metabolic intermediate, acetyle CoA is involved in the regulation of cellular metabolism (Pietrocola et al., 2015). Consistent with this, we observed increased PDH phosphorylation and PC protein expression in the liver of HFD-fed mice, a regulation likely due to acetyle CoA accumulation (Sugden and Holness, 2003; Adina-Zada et al., 2012). Pyruvate is generated in the cytoplasm through glycolysis and imported into mitochondria through mitochondrial pyruvate carrier. Mitochondrial pyruvate is converted to acetyl CoA by PDH for oxidation, or to oxaloacetate by PC for gluconeogenesis (Jeoung et al., 2014). In the present study, when HFD feeding impaired PDH activity by phosphorylation, it is reasonable to speculate that more mitochondrial pyruvate would be shifted from oxidation to gluconeogenesis pathway. Astragaloside IV improved PDH activity by dephosphorylation with suppression of PC, and this regulation should contribute to reduce hepatic glucose production by blocking substrate supply for gluconeogenesis.

Meanwhile, we also found that Astragaloside IV preserved Akt phosphorylaiton and downregulated FoxO1 protein expression with restoration of phosphorylation, indicative of FoxO1 inactivation. Astragaloside IV promoted phosphorylated Akt binding to FoxO1, providing support to the suppression of FoxO1 by Akt. As a transcription factor, FoxO1 upregulates gluconeogenic gene expression. It is well-established that Akt inactivates FoxO1 by phosphorylation to reduce hepatic glucose production. Astragaloside IV improved pyruvate intolerance in HFD-fed mice and reduced pyruvate-driven glucose production in hepatocytes, well-demonstrating the inhibitory effects of excess glucose production associated with lipid disorders. In addition to the inhibition of lipolysis via Akt dependent PDE3B activation in adipose tissue, these results further showed that astragaloside IV restrained hepatic gluconeogenesis through Akt-mediated FoxO1 inactivation.

In conclusion, astragaloside IV enhanced Akt phosphorylation and suppressed inflammation-associated lipolysis via reducing cAMP accumulation in adipose tissue, and thereby reduced hepatic lipid fat deposition and restrained excess hepatic glucose production. The proposed regulatory pathway was shown in Figure 8. This finding not only elucidated a previously unrecognized role of astragaloside IV to improve adipose function, but also suggested that PDE3B activity in adipose tissue might be therapeutically targeted to ameliorate adipose dysfunction and inhibit hepatic gluconeogenesis in metabolic disorders.
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FIGURE 8. The proposed regulatory pathway for astragaloside IV action in inhibition of adipose lipolysis. Astragaloside IV (AIV) activated Akt and prevented cAMP accumulation in adipose tissue by protecting PDE3B induction from inflammation- associated impairment, and thereby inhibited lipolysis via blocking cAMP/PKA activation and decreased hepatic glucose production via reducing hepatic lipid deposition.
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Gut microbiota and their metabolites have been linked to a series of chronic diseases such as obesity and other metabolic dysfunctions. Obesity is an increasingly serious international health issue that may lead to a risk of insulin resistance and other metabolic diseases. The relationship between gut microbiota and the host is both interdependent and relatively independent. In this review, the causality of gut microbiota and its role in the pathogenesis and intervention of obesity is comprehensively presented to include human genotype, enterotypes, interactions of gut microbiota with the host, microbial metabolites, and energy homeostasis all of which may be influenced by dietary nutrition. Diet can enhance, inhibit, or even change the composition and functions of the gut microbiota. The metabolites they produce depend upon the dietary substrates provided, some of which have indispensable functions for the host. Therefore, diet is a key factor that maintains or not a healthy commensal relationship. In addition, the specific genotype of the host may impact the phylogenetic compositions of gut microbiota through the production of host metabolites. The commensal homeostasis of gut microbiota is favored by a balance of microbial composition, metabolites, and energy. Ultimately the desired commensal relationship is one of mutual support. This article analyzes the clues that result in patterns of commensal homeostasis. A deeper understanding of these interactions is beneficial for developing effective prevention, diagnosis, and personalized therapeutic strategies to combat obesity and other metabolic diseases. The idea we discuss is meant to improve human health by shaping or modulating the beneficial gut microbiota.
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INTRODUCTION

Gut microbiota is identified as a relatively new and key player in the treatment of obesity. Changes in the gut microbiota, have been shown to not only correlate with good health but, conversely, lead to the pathogenesis of obesity and various metabolic diseases. It is hoped that a defined composition of gut microbiota can prevent or even cure obesity and related diseases. Interactions of the gut microbiota and host, or metabolites they produce, are still under investigation. Gut microbiota represents a large number and complex community of microorganisms and their genetic material living in the intestines of humans and other animals. The gut microbiota has been linked with a number of chronic diseases such as obesity, diabetes, and other metabolic diseases (Zhao, 2013). As known, obesity is an increasingly serious international health issue that can increase the risk of the insulin resistance and other metabolic syndromes (Frayling et al., 2007; Perry et al., 2016). In this review, the causality between the composition of the gut microbiota and its role in the pathogenesis of obesity and obesity-related metabolic disorders are critically described, based on metagenome analysis of the microbiota, microbe-microbe, and microbiota-host interactions, and the specific metabolites produced by microbiota and host (Musso et al., 2010).

HOMEOSTASIS OF ENTEROTYPE AND HOST

The gut microbiota has a collective metabolic activity, which impacts and responds to the host as an integrated virtual organ. Some components of the “organ” can be negative factors and contribute to the pathogenesis of various metabolic diseases. The adverse effect can be reversed by modulating one's diet to build a helpful commensal community. The mechanisms that the gut microbiota has on metabolic homeostasis and immune responses are currently being unraveled (O'Hara and Shanahan, 2006). Depending on the species and functional composition of the human gut microbiota, the host can be classified as enterotypes (species) which represent a highly aggregated microbial community structure in multidimensional space (Arumugam et al., 2011; Ding and Schloss, 2014). Based on the proportion of genera/species, their abundance, specific metabolites, and collective functions, the phylogenetic compositions of gut microbiota from individuals living in these environments have been analyzed. The results indicate that the gut microbiota can be mainly arranged as four enterotypes: Bacteroides, Prevotella, Rminococcus, and Firmicutes (Gill et al., 2006; Kurokawa et al., 2007; Zoetendal et al., 2008; Jensen et al., 2009). The enterotypes have different dominant classifications, pathways, functions, and correlations in abundance of co-occurring genera. The enterotype of Bacteroides has the potential to metabolize carbohydrates and proteins through the enzymes involved in glycolysis and pentose phosphate pathways (Martens et al., 2009). Enterotype Prevotella is able to act on the gut mucin oligosaccharide synergistically (Wright et al., 2000). In spite of the degradation of mucin, enterotype Ruminococcus also promotes the transport and uptake of monosaccharides by enriching in the membrane and binding mucin for hydrolysis (Derrien et al., 2004). Enterotype Firmicutes interacts positively with fiber but negatively with fat (Wu et al., 2011). The enterotypes use different strategies to acquire energy from the substrates available in the gut ecosystem. The specific compositions of enterotypes respond to the special metabolic mechanisms for carbohydrate, amino acids, and fatty acid metabolism. These strategies determine the incidence of obesity and related metabolic diseases (Devaraj et al., 2013). Thus, the gut microbiota provides an important contribution to the health status of individuals. The studies of enterotypes could be utilized to assess and diagnose the numerous human metabolic disorder syndromes, for instance obesity and complications such as diabetes and cardiovascular pathologies.

The formation of enterotypes is closely related to individual long-term diets or drug intake. Even for short-term changes in the microbiota, the enterotypes can still remain relatively stable. But the human gut microbiota can change rapidly, for example, within one day to cope with the drastic changes in diet and medical therapies as a result of disease intervention (Wu et al., 2011). A high-fat diet could promote changes in the gut microbiota composition, as described with the replacement of the Bacteroidetes enterotype by both Firmicutes and Proteobacteria (Hildebrandt et al., 2009). These types of changes are characteristic of a well-balanced host-microbial symbiosis due to diet and responses to medications. Understanding the roles of particular enterotypes and changes will be helpful to an intervention in the pathogenesis of obesity and related diseases and to personalize therapies.

HOMESTASIS OF GUT MICROBIOTA-HOST INTERACTIONS

The diversity and specificity of human gut microbiota closely correlated to the host genotype, diet, and metabolites mediating this interaction (Nicholson et al., 2012). The host genotype can impact the physical status of the human body by regulating the gut microbiota. Metagenome analysis of gut microbiota in lean and obese individuals indicated significant differences in genotype and its richness. It allowed these investigators to analyze a few bacterial markers to distinguish the level of individual microbial species and genotype richness (Le Chatelier et al., 2013). In turn, the genotype richness could predict the risk of obesity, our understanding of the commensal relationship, and identify potential therapeutic targets (Goodrich et al., 2014). One species of a little-known intestinal bacterium was identified through a study of twins. It is highly inheritable and more common and personified in slender people. In this study, 1,000 fecal samples were collected from 416 pairs of twins and the microorganisms were identified by gene sequencing. Compared to the dizygotic twins, the gut microbiota of monozygotic twins who have the complete same genome is more concordant, especially in the family Christensenellaceae which was the most heritable taxon and enriched in individuals with low body mass index (BMI). A similar observation of weight loss was noted in fecal transplanted, germ-free mice (Goodrich et al., 2014). Thus, the human genome has a profound effect on the composition of gut microbiota. Increasing the abundance of Christensenellaceae could help individuals prevent obesity. The gut microbiota just described would be a new approach for obesity treatment. Personalized therapy with probiotics could be built on the foundation of individual genomes. According to this study, these specific intestinal bacteria are inheritable, and their diversity mainly depends on the host genotype but not other environment impact factors. The same result was also found in the gut microbiota transplanted experiment from four pairs of obese and lean human twins to germ-free mice respectively (Ridaura et al., 2013; Cox et al., 2014). Mice transplanted with microbiota from the obese one of the twins also exhibited an increase in weight and adiposity despite given the same diet. Interestingly, obesity was reduced when the obese and lean mice lived together to share and change their gut microbiomes.

Furthermore, diet modulates the activity of host and gut microbiota synchronously to influence their interaction. A high-fat diet enhanced gene expressions of both the host and microbiota. The genes whose expression increased included a colonic goblet, cell-specific gene (RELMβ) of the host, and genes for bacterial chemotaxis and flagellar assembly in the gut microbiota (Hildebrandt et al., 2009). In the obese mice, a high triglyceride-derived fatty acid intake was commonly accompanied with hyperexpression of the enzymes that digest polysaccharides and lipoproteins by the gut microbiota (Bäckhed et al., 2004). Bacteroides thetaiotaomicron is identified as an emerging obesity-associated gut microbial species. It alleviated diet-induced body-weight gain and adiposity by altering circulating amino acids (Liu et al., 2017). The gut microbiota and host could communicate with each other by the universal language “eukaryotic signaling molecule.” Thus, N-acyl amides produced by gut microbiota could interact with GPR119, G-protein coupled receptor (GPCR), to regulate metabolic hormones and glucose homeostasis (Cohen et al., 2017). Perhaps GPR119 might be the potential target molecule in the treatment of obesity and diabetes.

Interestingly, germ-free mice or mice treated with antibiotics to reduce the gut microbiome showed a better glucose tolerance and insulin sensitivity, and could maintain a low BMI. The germ-free mice had less food intake and more energy expenditure than normal mice (Turnbaugh et al., 2006). Even under a high-fat diet, the germ-free mice remained slim and also produced more beige fat when the normal mice become obese (Suárez-Zamorano et al., 2015). Meanwhile, antibiotic treatment in early life changed the gut microbial composition and the activity of genes associated with carbohydrate and lipid metabolism, as well as the level of special hormones, leading to the obesity (Cho et al., 2012). The MHC-II-mediated protection from type I diabetes was significantly affected due to the destruction of gut microbiota homeostasis (Silverman et al., 2017). Therefore, short-term and low doses of antibiotics had a long-term effect on young rats, altering the microbiome-host metabolic interactions, leading to the obesity in their middle age. These data suggest that the gut microbiota in the early stages of life may affect the formation of metabolic signaling pathways in the host (Cox et al., 2014).

EXOGENOUS AND ENDOGENOUS EFFECTORS TO DYNAMIC BALANCE OF GUT MICROBIOTA

The gut microbiota is able to modulate multiple host metabolic pathways, interactive host-microbiota metabolism and signal transmission, and microbiome-gut-brain axis reactions (Nicholson et al., 2012). The dietary fiber-derived short chain fatty acids (SCFAs) and their receptors are recognized as one set of important mediator links of diet to gut microbiota-host homeostasis (Turnbaugh et al., 2006). SCFAs activate GPR41 and GPR43, two SCFA-specific GPCRs, to induce satiety and energy expenditure by promoting the secretion of the gut hormone peptide YY (PYY), and induce insulin secretion and adiposity reduction in obese individuals by significantly enhancing PYY and glucagon-like peptide-1 (GLP-1) secretion, respectively (Samuel et al., 2008; Thomas et al., 2009; Tolhurst et al., 2012; Chambers et al., 2015; Li et al., 2017). Especially, the acetate was shown to be the key factor leading to obesity. An altered gut microbiota increased the production of acetate in rats, which increased the risk of the activation of the parasympathetic nervous system, promoted pancreatic β cells to increase glucose-stimulated insulin secretion (GSIS), triggered ghrelin secretion, led to hyperphagia, obesity, insulin resistance, and other related syndromes. Finally, the complete process of rodent obesity caused by the gut microbiota disbalance was established. The results demonstrated increased acetate production due to the nutrient-gut microbiota and the subsequent parasympathetic activation could be developed as potential therapeutic targets for obesity (Perry et al., 2016). SCFAs and correlate cascade signal pathways unraveled a novel strategy to achieve the gut microbiota-host commensal homeostasis. Simultaneously, this efficient dietary intervention is also conducive to create a well-developed therapy and to prevent obesity and energy metabolic syndromes (Khan et al., 2014). Meanwhile, a recent study showed that omega-3 fatty acids were closely related to gut microbiota diversity. It also reduced the oxidative stress of intestines by inducing the production of N-carbamylglutamate (NCG) (Menni et al., 2017). In addition to the exogenous effectors described above, a α-MSH mimetic bacterial protein ClpB identified as an endogenous effector from E. coli K12 during exponential growth, was involved in the gut microbiota-brain signal pathway. By promoting PYY and GLP-1 secretion, activating c-Fos in hypothalamic proopiomelanocortin (POMC) neurons, the host reduced hunger and increased satiety. Thus, the mediator expressed during the nutrient-induced E. coli growth could be used as the signal to terminate eating since it had an impact on the diet process (Breton et al., 2016).

In the patients with severe disbalance of gut microbiota due to antibiotic treatment, prebiotics and probiotics were heavily consumed and significantly decreased. Short-term, randomized controlled trials showed that prebiotics and probiotics were beneficial to insulin sensitivity, postprandial incretins, and glucose tolerance (Musso et al., 2010). Prebiotics, inulin-typefructans (ITF), and arabinoxylan-oligosaccharides (AXOS) restored the balance of gut microbiota and increased the number of Bifidobacteria and butyrate-producing colon bacteria (Broekaert et al., 2011). The proportion of the latter in the intestinal microbiome was a key marker in the protection against obesity and type II diabetes, which indicated that the structure of the intestinal microbial community can be used as an effective environmental factor to prevent and diagnose these chronic metabolic diseases. Based on the metagenome analysis, different intestinal microbiome markers were screened and selected to establish the prediction model of obesity and type II diabetes for Chinese and Europeans, respectively (Qin et al., 2012; Karlsson et al., 2013; Cai et al., 2015; Rivière et al., 2016). A return to a healthy state occurs when the proportion of “hunger” microbes and the proportion of microbes that cause “satiety” in the gut microbiota are in a dynamic equilibrium state (Rooks and Garrett, 2016). A deeper understanding of these functions will be beneficial for establishing effective therapeutic strategies to combat obesity and correlate diseases, and improve health by modulating the gut microbiota.

ENERGY HOMEOSTASIS UNDER DIET INTERVENTION

The prevalence of obesity is tightly linked to excessive energy availability and sedentariness. The gut microbiota could induce or modulate the signal transmission directly or indirectly to affect energy homeostasis (Rosenbaum et al., 2015). The quali-/quantitative changes in gut microbiota composition affect both energy balance (intake and expenditure) and energy storage which would lead to the development of obesity in the dysfunctional state (Scarpellini et al., 2010; Kobyliak et al., 2016). The obese gut microbiota changes the abundance of the two dominant enterotypes, the Bacteroidetes and the Firmicutes, to gain more energy production (Turnbaugh et al., 2006). This study which was carried out in the adult female monozygotic and dizygotic twins, and their mothers, indicated that the gut microbiota could be shared among the family members, but with variation among individuals. Some of the metabolites generated by enterotypes closely correlate with energy acquisition and subsequently lead to a risk of obesity in the host. These enterotypes enhanced the efficiency of energy extraction and fat storage via enzymes related to fermentation (Tilg and Kaser, 2011). Germ-free mice fed different combinations of saturated fat and high-fiber food revealed a transmissible, rapid, and modifiable effect of diet by gut microbiota (Turnbaugh et al., 2009; Ridaura et al., 2013). The investigation of diet intervention conducted in the obese and overweight individuals found that the abundance of gut microbiota was increased by high-fiber and low-fat diet, which improved the clinical symptoms associated with obesity (Cotillard et al., 2013). The Life Lines-DEEP project analyzed the relationship of the gut microbiota and 126 exogenous and intrinsic host factors, including 60 dietary factors, 18.7% of which was associated with the variation in human gut microbiota composition (Zhernakova et al., 2016). A group of “core microbiome” genes was identified and shared among 154 individuals, which was associated with obesity at phylum-level changes. The obesity reversely reduced the microbial diversity, altered the gene expression and metabolic pathways and ultimately the energy harvest (Turnbaugh and Gordon, 2009). The Flemish Gut Flora Project analyzed the effect of various factors on the intestinal microbial diversity. It revealed a 14-genera core microbiota and sixty-nine covariates associated to microbiota variation (Falony et al., 2016). In addition, the association of microbial communities and dietary patterns was also elucidated by use of a mathematical model in clinical trials, which tried to create the universal rules of the molecular mechanism of intestinal microbial interaction and predict the responses of different patients to the modified diet (Qin et al., 2010). Compared to the host genotype, diet played a more important role on the variation of the individual gut microbiota, which showed a definite dose-dependent relationship with the response to diet. Subtle changes in diet might cause changes in gut microbiota compositions (Carmody et al., 2015).

CONCLUSION

The focus of this review was developed from research on the structure and function of gut microbiota as well as the integration of gut microbiota-host interactions at a higher dimension. The commensal pattern of gut microbiota will be made clearer through gene sequencing, metagenome analysis, gut microbiota-host responses, and verification in gnotobiotic animals. The diet intake and the specific metabolites produced by the host and the microbiota can be utilized to change or recover the ecosystem of intestinal homeostasis either in health or pathologic conditions (Scarpellini et al., 2010). Modulation of gut microbiota could be a useful and alternative method to block and even cure obesity and other metabolic syndromes. A healthy lifestyle, including the reasonable composition of dietary nutrition and the avoidance of excessive energy intake, may establish a friendly gut microbiota-host homeostasis. The commensal homeostasis of gut microbiota is favored by a balance of microbial composition, metabolites, and energy (Figure 1). In turn, this ideal relationship may have positive effects on the prevention and therapy of obesity and other related metabolic diseases.
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FIGURE 1. Graphical representation of the commensal homeostasis of gut microbiota-host under the intervention of diet and drugs. Diet and drugs can be digested, absorbed, and metabolized by the host and gut microbiota. The host and gut microbiota can interact synergistically to impact the physiological status of the human body. They not only support themselves directly by using nutritional substrates but also impact each other indirectly by enterotype, genotype, metabolites, and related functions. Ultimately, the host and gut microbiota achieve a commensal homeostasis of composition, interactions, metabolites, and energy utilization.



AUTHOR CONTRIBUTIONS

PZ and XM: contributed to conception, design and manuscript writing; DL, RC, DM, and BS: all contributed substantially to the writing and revision of the manuscript and approved its final version.

ACKNOWLEDGMENTS

We thank the Natural Science Foundation of Shandong Province, China (ZR2017LC013), the Higher Education Priority Academic Talent Development Program of Shandong Province to support PZ. This work was also supported by the Key research and development plan of Shandong Province, China (2016GSF122009, 2016GSF122015).

REFERENCES

 Arumugam, M., Raes, J., Pelletier, E., Le Paslier, D., Yamada, T., Mende, D. R., et al. (2011). Enterotypes of the human gut microbiome. Nature 473, 174–180. doi: 10.1038/nature09944

 Bäckhed, F., Ding, H., Wang, T., Hooper, L. V., Koh, G. Y., Nagy, A., et al. (2004). The gut microbiota as an environmental factor that regulates fat storage. Proc. Natl. Acad. Sci. U.S.A. 101, 15718–15723. doi: 10.1073/pnas.0407076101

 Breton, J., Tennoune, N., Lucas, N., Francois, M., Legrand, R., Jacquemot, J., et al. (2016). Gut commensal, E. coli proteins activate host satiety pathways following nutrient-induced bacterial growth. Cell Metab. 23, 324–334. doi: 10.1016/j.cmet.2015.10.017

 Broekaert, W. F., Courtin, C. M., Verbeke, K., Van de Wiele, T., Verstraete, W., and Delcour, J. A. (2011). Prebiotic and other health-related effects of cereal-derived arabinoxylans, arabinoxylan-oligosaccharides, and xylooligosaccharides. Crit. Rev. Food Sci. Nutr. 51, 178–194. doi: 10.1080/10408390903044768

 Cai, L., Wu, H., Li, D., Zhou, K., and Zou, F. (2015). Type 2 diabetes biomarkers of human gut microbiota selected via iterative sure independent screening method. PLoS ONE 10:e0140827. doi: 10.1371/journal.pone.0140827

 Carmody, R. N., Gerber, G. K., Luevano, J. J., Gatti, D. M., Somes, L., Svenson, K. L., et al. (2015). Diet dominates host genotype in shaping the murine gut microbiota. Cell Host Microbe 17, 72–84. doi: 10.1016/j.chom.2014.11.010

 Chambers, E. S., Viardot, A., Psichas, A., Morrison, D. J., Murphy, K. G., Zac-Varghese, S. E., et al. (2015). Effects of targeted delivery of propionate to the human colon on appetite regulation, body weight maintenance and adiposity in overweight adults. Gut 64, 1744–1754. doi: 10.1136/gutjnl-2014-307913

 Cho, I., Yamanishi, S., Cox, L., Methé, B. A., Zavadil, J., Li, K., et al. (2012). Antibiotics in early life alter the murine colonic microbiome and adiposity. Nature 488, 621–626. doi: 10.1038/nature11400

 Cohen, L. J., Esterhazy, D., Kim, S. H., Lemetre, C., Aguilar, R. R., Gordon, E. A., et al. (2017). Commensal bacteria make GPCR ligands that mimic human signalling molecules. Nature 549, 48–53. doi: 10.1038/nature23874

 Cotillard, A., Kennedy, S. P., Kong, L. C., Prifti, E., Pons, N., Le Chatelier, E., et al. (2013). Dietary intervention impact on gut microbial gene richness. Nature 500, 585–588. doi: 10.1038/nature12480

 Cox, L. M., Yamanishi, S., Sohn, J., Alekseyenko, A. V., Leung, J. M., Cho, I., et al. (2014). Altering the intestinal microbiota during a critical developmental window has lasting metabolic consequences. Cell 158, 705–721. doi: 10.1016/j.cell.2014.05.052

 Derrien, M., Vaughan, E. E., Plugge, C. M., and de Vos, W. M. (2004). Akkermansia muciniphila gen. nov., sp. nov., a human intestinal mucin-degrading bacterium. Int. J. Syst. Evol. Microbiol. 54, 1469–1476. doi: 10.1099/ijs.0.02873-0

 Devaraj, S., Hemarajata, P., and Versalovic, J. (2013). The human gut microbiome and body metabolism: implications for obesity and diabetes. Clin. Chem. 59, 617–628. doi: 10.1373/clinchem.2012.187617

 Ding, T., and Schloss, P. D. (2014). Dynamics and associations of microbial community types across the human body. Nature 509, 357–360. doi: 10.1038/nature13178

 Falony, G., Joossens, M., Vieira-Silva, S., Wang, J., Darzi, Y., Faust, K., et al. (2016). Population-level analysis of gut microbiome variation. Science 352, 560–564. doi: 10.1126/science.aad3503

 Frayling, T. M., Timpson, N. J., Weedon, M. N., Zeggini, E., Freathy, R. M., Lindgren, C. M., et al. (2007). A common variant in the FTO gene is associated with body mass index and predisposes to childhood and adult obesity. Science 316, 889–894. doi: 10.1126/science.1141634

 Gill, S. R., Pop, M., Deboy, R. T., Eckburg, P. B., Turnbaugh, P. J., Samuel, B. S., et al. (2006). Metagenomic analysis of the human distal gut microbiome. Science 312, 1355–1359. doi: 10.1126/science.1124234

 Goodrich, J. K., Waters, J. L., Poole, A. C., Sutter, J. L., Koren, O., Blekhman, R., et al. (2014). Human genetics shape the gut microbiome. Cell 159, 789–799. doi: 10.1016/j.cell.2014.09.053

 Hildebrandt, M. A., Hoffmann, C., Sherrill-Mix, S. A., Keilbaugh, S. A., Hamady, M., Chen, Y. Y., et al. (2009). High-fat diet determines the composition of the murine gut microbiome independently of obesity. Gastroenterology 137, 1716–1724.e1–2. doi: 10.1053/j.gastro.2009.08.042

 Jensen, L. J., Kuhn, M., Stark, M., Chaffron, S., Creevey, C., Muller, J., et al. (2009). STRING 8–a global view on proteins and their functional interactions in 630 organisms. Nucleic Acids Res. 37, D412–D416. doi: 10.1093/nar/gkn760

 Karlsson, F. H., Tremaroli, V., Nookaew, I., Bergström, G., Behre, C. J., Fagerberg, B., et al. (2013). Gut metagenome in european women with normal, impaired and diabetic glucose control. Nature 498, 99–103. doi: 10.1038/nature12198

 Khan, M. T., Nieuwdorp, M., and Bäckhed, F. (2014). Microbial modulation of insulin sensitivity. Cell Metab. 20, 753–760. doi: 10.1016/j.cmet.2014.07.006

 Kobyliak, N., Conte, C., Cammarota, G., Haley, A. P., Styriak, I., Gaspar, L., et al. (2016). Probiotics in prevention and treatment of obesity: a critical view. Nutr. Metab. 13:14. doi: 10.1186/s12986-016-0067-0

 Kurokawa, K., Itoh, T., Kuwahara, T., Oshima, K., Toh, H., Toyoda, A., et al. (2007). Comparative metagenomics revealed commonly enriched gene sets in human gut microbiomes. DNA Res. 14, 169–181. doi: 10.1093/dnares/dsm018

 Le Chatelier, E., Nielsen, T., Qin, J., Prifti, E., Hildebrand, F., Falony, G., et al. (2013). Richness of human gut microbiome correlates with metabolic markers. Nature 500, 541–546. doi: 10.1038/nature12506

 Li, X., Shimizu, Y., and Kimura, I. (2017). Gut microbial metabolite short-chain fatty acids and obesity. Biosci. Microbiota Food Health 36, 135–140. doi: 10.12938/bmfh.17-010

 Liu, R., Hong, J., Xu, X., Feng, Q., Zhang, D., Gu, Y., et al. (2017). Gut microbiome and serum metabolome alterations in obesity and after weight-loss intervention. Nat. Med. 23, 859–868. doi: 10.1038/nm.4358

 Martens, E. C., Koropatkin, N. M., Smith, T. J., and Gordon, J. I. (2009). Complex glycan catabolism by the human gut microbiota: the Bacteroidetes Sus-like paradigm. J. Biol. Chem. 284, 24673–24677. doi: 10.1074/jbc.R109.022848

 Menni, C., Zierer, J., Pallister, T., Jackson, M. A., Long, T., Mohney, R. P., et al. (2017). Omega-3 fatty acids correlate with gut microbiome diversity and production of N-carbamylglutamate in middle aged and elderly women. Sci. Rep. 7:11079. doi: 10.1038/s41598-017-10382-2

 Musso, G., Gambino, R., and Cassader, M. (2010). Obesity, diabetes, and gut microbiota: the hygiene hypothesis expanded? Diabetes Care 33, 2277–2284. doi: 10.2337/dc10-0556

 Nicholson, J. K., Holmes, E., Kinross, J., Burcelin, R., Gibson, G., Jia, W., et al. (2012). Host-gut microbiota metabolic interactions. Science 336, 1262–1267. doi: 10.1126/science.1223813

 O'Hara, A. M., and Shanahan, F. (2006). The gut flora as a forgotten organ. EMBO Rep. 7, 688–693. doi: 10.1038/sj.embor.7400731

 Perry, R. J., Peng, L., Barry, N. A., Cline, G. W., Zhang, D., Cardone, R. L., et al. (2016). Acetate mediates a microbiome-brain-beta-cell axis to promote metabolic syndrome. Nature 534, 213–217. doi: 10.1038/nature18309

 Qin, J., Li, R., Raes, J., Arumugam, M., Burgdorf, K. S., Manichanh, C., et al. (2010). A human gut microbial gene catalogue established by metagenomic sequencing. Nature 464, 59–65. doi: 10.1038/nature08821

 Qin, J., Li, Y., Cai, Z., Li, S., Zhu, J., Zhang, F., et al. (2012). A metagenome-wide association study of gut microbiota in type 2 diabetes. Nature 490, 55–60. doi: 10.1038/nature11450

 Ridaura, V. K., Faith, J. J., Rey, F. E., Cheng, J., Duncan, A. E., Kau, A. L., et al. (2013). Gut microbiota from twins discordant for obesity modulate metabolism in mice. Science 341:1241214. doi: 10.1126/science.1241214

 Rivière, A., Selak, M., Lantin, D., Leroy, F., and De Vuyst, L. (2016). Bifidobacteria and butyrate-producing colon bacteria: importance and strategies for their stimulation in the human gut. Front. Microbiol. 7:979. doi: 10.3389/fmicb.2016.00979

 Rooks, M. G., and Garrett, W. S. (2016). Gut microbiota, metabolites and host immunity. Nat. Rev. Immunol. 16, 341–352. doi: 10.1038/nri.2016.42

 Rosenbaum, M., Knight, R., and Leibel, R. L. (2015). The gut microbiota in human energy homeostasis and obesity. Trends Endocrinol. Metab. 26, 493–501. doi: 10.1016/j.tem.2015.07.002

 Samuel, B. S., Shaito, A., Motoike, T., Rey, F. E., Backhed, F., Manchester, J. K., et al. (2008). Effects of the gut microbiota on host adiposity are modulated by the short-chain fatty-acid binding G protein-coupled receptor, Gpr41. Proc. Natl. Acad. Sci. U.S.A. 105, 16767–16772. doi: 10.1073/pnas.0808567105

 Scarpellini, E., Campanale, M., Leone, D., Purchiaroni, F., Vitale, G., Lauritano, E. C., et al. (2010). Gut microbiota and obesity. Intern. Emerg. Med. 5, 53–56. doi: 10.1007/s11739-010-0450-1

 Silverman, M., Kua, L., Tanca, A., Pala, M., Palomba, A., Tanes, C., et al. (2017). Protective major histocompatibility complex allele prevents type 1 diabetes by shaping the intestinal microbiota early in ontogeny. Proc. Natl. Acad. Sci. U.S.A. 114, 9671–9676. doi: 10.1073/pnas.1712280114

 Suárez-Zamorano, N., Fabbiano, S., Chevalier, C., Stojanović, O., Colin, D. J., Stojanović, A., et al. (2015). Microbiota depletion promotes browning of white adipose tissue and reduces obesity. Nat. Med. 21, 1497–1501. doi: 10.1038/nm.3994

 Thomas, C., Gioiello, A., Noriega, L., Strehle, A., Oury, J., Rizzo, G., et al. (2009). TGR5-mediated bile acid sensing controls glucose homeostasis. Cell Metab. 10, 167–177. doi: 10.1016/j.cmet.2009.08.001

 Tilg, H., and Kaser, A. (2011). Gut microbiome, obesity, and metabolic dysfunction. J. Clin. Invest. 121, 2126–2132. doi: 10.1172/JCI58109

 Tolhurst, G., Heffron, H., Lam, Y. S., Parker, H. E., Habib, A. M., Diakogiannaki, E., et al. (2012). Short-chain fatty acids stimulate glucagon-like peptide-1 secretion via the G-protein-coupled receptor FFAR2. Diabetes 61, 364–371. doi: 10.2337/db11-1019

 Turnbaugh, P. J., and Gordon, J. I. (2009). The core gut microbiome, energy balance and obesity. J. Physiol. 587, 4153–4158. doi: 10.1113/jphysiol.2009.174136

 Turnbaugh, P. J., Hamady, M., Yatsunenko, T., Cantarel, B. L., Duncan, A., Ley, R. E., et al. (2009). A core gut microbiome in obese and lean twins. Nature 457, 480–484. doi: 10.1038/nature07540

 Turnbaugh, P. J., Ley, R. E., Mahowald, M. A., Magrini, V., Mardis, E. R., and Gordon, J. I. (2006). An obesity-associated gut microbiome with increased capacity for energy harvest. Nature 444, 1027–1031. doi: 10.1038/nature05414

 Wright, D. P., Rosendale, D. I., and Robertson, A. M. (2000). Prevotella enzymes involved in mucin oligosaccharide degradation and evidence for a small operon of genes expressed during growth on mucin. FEMS Microbiol. Lett. 190, 73–79. doi: 10.1111/j.1574-6968.2000.tb09265.x

 Wu, G. D., Chen, J., Hoffmann, C., Bittinger, K., Chen, Y. Y., Keilbaugh, S. A., et al. (2011). Linking long-term dietary patterns with gut microbial enterotypes. Science 334, 105–108. doi: 10.1126/science.1208344

 Zhao, L. (2013). The gut microbiota and obesity: from correlation to causality. Nat. Rev. Microbiol. 11, 639–647. doi: 10.1038/nrmicro3089

 Zhernakova, A., Kurilshikov, A., Bonder, M. J., Tigchelaar, E. F., Schirmer, M., Vatanen, T., et al. (2016). Population-based metagenomics analysis reveals markers for gut microbiome composition and diversity. Science 352, 565–569. doi: 10.1126/science.aad3369

 Zoetendal, E. G., Rajilic-Stojanovic, M., and de Vos, W. M. (2008). High-throughput diversity and functionality analysis of the gastrointestinal tract microbiota. Gut 57, 1605–1615. doi: 10.1136/gut.2007.133603

Conflict of Interest Statement: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

The reviewer LW and handling Editor declared their shared affiliation.

Copyright © 2018 Zhang, Meng, Li, Calderone, Mao and Sui. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) or licensor are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.







	
	ORIGINAL RESEARCH
published: 04 January 2018
doi: 10.3389/fphys.2017.01117





[image: image2]

Obesity or Overweight, a Chronic Inflammatory Status in Male Reproductive System, Leads to Mice and Human Subfertility


Weimin Fan1,2†, Yali Xu1†, Yue Liu1†, Zhengqing Zhang3, Liming Lu4* and Zhide Ding1*


1Shanghai Key Laboratory for Reproductive Medicine, Department of Histology Embryology, Genetics and Developmental Biology, School of Medicine, Shanghai Jiao Tong University, Shanghai, China

2Reproductive Medicine Center, Shanghai Ruijin Hospital, School of Medicine, Shanghai Jiao Tong University, Shanghai, China

3The Laboratory of Clinical Medicine, Shanghai No.9 People's Hospital, School of Medicine, Shanghai Jiao Tong University, Shanghai, China

4Laboratory of Immune Regulation, Shanghai Institute of Immunology, Shanghai Jiao Tong University School of Medicine, Shanghai, China

Edited by:
Dechun Feng, National Institute on Alcohol Abuse and Alcoholism, United States

Reviewed by:
Xingxing Zang, Albert Einstein College of Medicine, United States
 Aijuan Qu, Capital Medical University, China

* Correspondence: Liming Lu, lulunew2003@163.com
 Zhide Ding, zding@shsmu.edu.cn

†These authors have contributed equally to this work.

Specialty section: This article was submitted to Clinical and Translational Physiology, a section of the journal Frontiers in Physiology

Received: 24 October 2017
 Accepted: 18 December 2017
 Published: 04 January 2018

Citation: Fan W, Xu Y, Liu Y, Zhang Z, Lu L and Ding Z (2018) Obesity or Overweight, a Chronic Inflammatory Status in Male Reproductive System, Leads to Mice and Human Subfertility. Front. Physiol. 8:1117. doi: 10.3389/fphys.2017.01117



Obesity is frequently accompanied with chronic inflammation over the whole body and is always associated with symptoms that include those arising from metabolic and vascular alterations. On the other hand, the chronic inflammatory status in the male genital tract may directly impair spermatogenesis and is even associated with male subfertility. However, it is still unclear if the chronic inflammation induced by obesity damages spermatogenesis in the male genital tract. To address this question, we used a high fat diet (HFD) induced obese mouse model and recruited obese patients from the clinic. We detected increased levels of tumor necrosis factor (TNF-α), interleukin-6 (IL-6), and NOD-like receptor family pyrin domain containing-3 (NLRP3) in genital tract tissues including testis, epididymis, seminal vesicle, prostate, and serum from obese mice. Meanwhile, the levels of immunoglobulin G (IgG) and corticosterone were significantly higher than those in the control group in serum. Moreover, signal factors regulated by TNF-α, i.e., p38, nuclear factor-κB (NF-κB), Jun N-terminal kinase (JNK), extracellular signal-regulated kinase (ERK), and their phosphorylated status, and inflammasome protein NLRP3 were expressed at higher levels in the testis. For overweight and obese male patients, the increased levels of TNF-α and IL-6 were also observed in their seminal plasma. Furthermore, there was a positive correlation between the TNF-α and IL-6 levels and BMI whereas they were inversely correlated with the sperm concentration and motility. In conclusion, impairment of male fertility may stem from a chronic inflammatory status in the male genital tract of obese individuals.

Keywords: inflammation, reproductive system, overweight and obesity, male, subfertility

INTRODUCTION

Obesity is a global health problem and the prevalence of obesity has risen substantially in the past three decades. For instance, the number of overweight and obese individuals increased from 857 million in 1980, to 2.1 billion in 2013. Worldwide, the proportion of men who were overweight increased from 28.8% in 1980, to 36.9% in 2013 (Ng et al., 2014).

Generally, obesity is a metabolic disease resulting from behavior and heritable causes. Meanwhile, it is also associated with a number of chronic states including metabolic syndrome, hyperlipidemia, type-2 diabetes, cancer, cardiovascular disease, and infertility (An et al., 2017). Besides these associations between obesity and disease, studies over the past years indicate there are important signaling pathways connecting this metabolic syndrome with the immune system (Tilg and Moschen, 2006). These interactions between metabolism and immune system seem to be orchestrated by several mediators derived from immune cells, adipocytes, and systemic inflammation that are induced by obesity (Wellen and Hotamisligil, 2005). One of the sources of these mediators may be dysfunctional adipocytes (Esser et al., 2014).

There is substantive evidence supporting the notion that obesity is correlated with a chronic inflammatory response based on the identification of abnormal cytokines such as TNF-α and IL-6, along with the activation of pro-inflammatory signaling pathways (Wellen and Hotamisligil, 2005). Many studies found that adipocytes can directly express TNF-α in rodents. This finding formed the basis for suggesting that adipocytes have crucial role in inducing chronic inflammatory responses in obesity. Interestingly, these findings were consistent with a human study showing increased TNF-α production in the adipose tissue of obese individuals, which declined TNF-α production after weight loss (Kern et al., 1995). Moreover, it has been reported recently that the NOD-like receptor family pyrin domain containing-3 (NLRP3), one of the inflammasomes, is associated with obesity and contributes to obesity-induced inflammation (Vandanmagsar et al., 2011).

On the other hand, there is much evidence showing that obesity reduces sperm quality and then impairs male fertility (Teerds et al., 2011; Hammiche et al., 2012; Liu and Ding, 2017), whereas metabolic syndrome, hyperlipidemia, and a pro-inflammatory state are independently linked with male subfertility (Klöting and Blüher, 2014). However, it is unclear how obesity elicits its effects on sperm morphology or function. Namely, it needs to be clarified if it occurs as a consequence of increases in obesity and/or is an indirect associated complication of this condition.

We report here on the use of a Male obese mouse model which was successfully induced by being fed a high fat diet (HFD). In parallel, 272 semen samples from healthy, overweight and obese human males were collected and then analyzed. This endeavor had two goals: (1) To determine if obesity can either induce inflammatory responses or increase the expression of pro-inflammation cytokines in the male genital tract and serum; (2) To determine if the proinflammatory cytokines had effects on relevant signaling pathways mediating control of testicular spermatogenesis or on sperm function in the caudal epididymis.

MATERIALS AND METHODS

Animals and Obese Model Establishment

Animal experiments were conducted according to the International Guiding Principles for Biomedical Research Involving Animals, as promulgated by the Society for the Study of Reproduction. This research program was approved by the Ethics Committee of Shanghai Jiao Tong University School of Medicine (NO. A2015-034). C57BL/6 mice (Male: aged 3 weeks) were purchased from Shanghai Laboratory Animal Center, and acclimated in the Animal Center of Jiao Tong University Medical School at least for 1 week prior to experimentation. Male mice were divided in two groups every time: 10 mice were continuously fed a high-fat diet (HFD) containing 23.3% casein, 0.3% L-cysteine, 8.5% corn starch, 11.7% maltodextrin, 20.1% sucrose, 5.8% cellulose, 2.9% soybean oil, 20.7% lard, 5.2% mineral mix, 1.2% vitamin mix, and 0.3% choline bitartrate, and 10 control mice fed a normal diet including 19% casein, 0.2% L-cysteine, 29.9% corn starch, 3.3% maltodextrin, 33.2% sucrose, 4.7% cellulose, 2.4% soybean oil, 1.9% lard, 4.3% mineral mix, 0.9% vitamin mix, and 0.2% choline bitartrate in subsequent 10 weeks. Body weight of all animals and food intake were measured every week.

Mice Serum Lipids and Apolipoprotein (Apo)

The mice serum lipids, such as cholesterol (CHOL), triglycerides (TGL), high density lipoprotein (HDL), and low density lipoprotein (LDL), as well as apolipoprotein including ApoB and ApoE were measured at 14 weeks. Precise levels of these lipids were detected using a Roche COBAS c 311 auto biochemistry analyzer (Roche Diagnostics, Mannheim, Germany).

Histological Analysis

Tissues from both HFD mice and control diet (CD) mice were taken for histological evaluation. Mice testes and a small piece of liver were fixed in Bouin's solution for 24 h, and then stored in 70% ethanol for 2 h. Tissues were embedded in paraffin, then sliced into 5 μm thick sections and mounted on glass slides, followed by dewaxing and rehydration. The specimens were then stained with hematoxylin and eosin (H&E), finally observed using a microscope (Nikon, ECLIPSE E600, Japan).

mRNA Quantification by Real-Time qRT-PCR

Mice testes, epididymal caput and cauda, prostate, and seminal vesicle were homogenized in the TRIzol reagent (Invitrogen, US). cDNA was prepared from 1 μg RNA using PrimeScript RT Master Mix (TaKaRa, Japan). SYBR green-based quantification real-time PCR was applied to measure IL-6, TNF-α, and NLRP3 expression in testes, epididymal caput and cauda, prostates, and seminal vesicles from both HFD mice and CD mice. The sequences of the primers were as follows: IL-6, forward 5′-TTCTTGGGACTGATGCTGGT-3′, reverse 5′-CCTCCGACTTGTGAAGTGGT-3′; TNF-α, forward 5′-ACGGCATGGATCTCAAAGAC-3′, reverse 5′-GTGGGTG-AGGAGCACGTAGT-3′; NLRP3, forward 5′-CATCAATGCTGCTTCGACAT-3′, reverse 5′-TCAGTCCCACACACAGCAAT-3′. Real-Time PCR was performed on an ABI 7500 (Applied Biosystems, US) using SYBR Premix Ex Taq II (TaKaRa, Japan) according to the manufacturer's protocol. The expression levels of genes were normalized against β-actin and a segment of β-actin was amplified with the forward primer 5′-GGGAATGGGTCAGAAGGACT-3′ and reverse primer 5′-CTTCTCCATGTCG-TCCCAGT-3′.

Mice Serum Analyses by ELISA

Testosterone, estradiol, progesterone, corticosterone, IgG, IgM, TNF-α, and IL-6 levels in mice sera were measured at the age of 14 weeks. Testosterone (R&D Systems, USA), estradiol (Cayman Chemical, USA), progesterone (Cayman Chemical, USA), corticosterone (ALPCO, USA), IgG (ICL, USA), IgM (ICL, USA), TNF-α (Anogen, Canada), IL-6 (Anogen, Canada) in sera were detected, respectively, by using the immunoassay kits according to the manufacturer's protocol.

Protein Sample Preparation from Testes

Mice testes were homogenized in RIPA lysis buffer (Thermo Fisher Scientific, USA) containing protease inhibitor (Thermo Fisher Scientific, USA) on ice for 30 min. Then the tissue lysates were centrifuged at 12,000 × g, 10 min, 4°C. The testicular proteins in the supernatant were collected and the concentrations were determined by the BCA Protein Assay Kit (Thermo Fisher Scientific, USA).

Western Blot Analysis

Protein samples (20 μg) were separated by using 12% denaturing polyacrylamide gels, then transferred to polyvinylidene difluoride (PVDF) membranes (Millipore, Germany) using a semi-dry transfer apparatus (Bio-Rad, Hercules, CA, USA). Membranes were blocked with 5% bovine serum albumin (BSA) for 1 h at room temperature and immunoblotting was performed overnight at 4°C with the antibodies: p38 (Cell Signaling Technology, 1:1000), p-p38 (phospho T180 + Y182, Abcam, 1:1000), NF-κB (p65, Cell Signaling Technology, 1:1000), p-NF-κB p65 (phospho S536, Abcam, 1:1000), JNK (SAPK/JNK, Cell Signaling Technology, 1:1000), p-JNK (phospho T183 + Y185, Cell Signaling Technology, 1:1000), ERK1/2 (p44/42, Cell Signaling Technology, 1:1000), p-ERK (p-p44/42, phospho T202 + Y204, Cell Signaling Technology, 1:1000), and NLRP3 (Abcam, 1:2000), followed by incubation with secondary antibody conjugated to HRP (Abgent, San Diego, CA, USA, 1:10000 dilution). Meanwhile, β-actin (Cell Signaling Technology, 1:1000) was used to validate protein loading equivalence simultaneously. Signals were generated by enhanced chemiluminescence (Millipore, Germany) according to the manufacturer's protocol and detected by a Luminescent Image Analyzer (Image Quant LAS 4000, GE imagination at work, USA).

Semen Specimens

Human semen specimens were obtained from Reproductive Medicine Center, Ruijin Hospital, Shanghai Jiao Tong University, School of Medicine. Use of the semen samples was approved by the Ethics Committee of this institution and all experiments were performed in accordance with relevant guidelines and regulations.

All semen specimens, both from normal and obese or overweight donors (20 to 35 years old), were collected and the donors gave written informed consent for the use of their leftover semen samples when all IVF treatments finished. Notably, individuals having a history of long-term medication, varicocoele, and infection as indicated by a large number of leukocytes in the semen were excluded from the study. Furthermore, samples that were hyperviscous and necrozoospermic (sperm viability <70%) were also excluded from the study. A computer assisted semen analyzer (CASA, Hamilton-Thorn Research, Beverly, MA, USA) then evaluated semen specimen quality based on parameters described in the World Health Organization guidelines (WHO, 2010).

Semen Samples Preparation and Seminal Plasma ELISA

Fresh human semen specimens were centrifuged (800 g, 10 min, 4°C) and the supernatant containing seminal plasma proteins were stored immediately at −80°C until further use. TNF-α, IL-6 in seminal plasma were detected using the related immunoassay kits (Anogen, Canada) according to the manufacturer's protocol.

Statistical Analysis

All data were analyzed using SAS 8.2 software, and results are presented as mean ± SD. Comparisons between two groups were made using student's t-test appropriately. One-way analysis of variance (ANOVA) test was used assuming a two-tail hypothesis with P < 0.05. Differences were considered statistically different when P < 0.05.

RESULTS

Food Intake, Body Weight, and Hepatic Morphology

Male C57BL/6 mice consumed a high-fat diet for 10 weeks and gained significantly more weight in comparison to that of age-matched littermates fed a normal diet (31.63 ± 1.96 g vs. 26.29 ± 1.05 g, n = 30, P < 0.05). The differences in body weight between these two groups persisted for 6 weeks (Figure 1A). The food intake by the HFD group per week was always less than that of normal diet group (Figure 1B), but the high-fat diet contains much more calories. Besides, liver morphological analysis clearly indicated that the high-fat diet fed mice had a serious hepatic steatosis and fat vacuoles were evident in almost every hepatic cell (Figure 1C). Then, mice fed a high-fat diet for 10 weeks were placed in the obese group whereas those fed a normal diet were assigned to the control group.
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FIGURE 1. High fat diet feeding establishes obese mouse model. (A) Comparison of time-dependent increases in body weight between CD (n = 30) and HFD groups (n = 30), showed that the body weight gain of the HFD group was significantly greater than that of the CD group (*P < 0.05, **P < 0.01). (B) Weekly food intake on control diet (CD) and high-fat diet (HFD). (C) Hematoxylin and eosin-stained hepatic sections from mice fed either CD or HFD showed a serious hepatic steatosis in HFD fed mice. Scale bar = 100 μm.



Serum Lipid and Hormone Profiles

Male mice fed with HFD had higher levels of cholesterol (CHOL) (4.36 ± 0.47 mmol/L vs. 2.30 ± 0.65 mmol/L, n = 10, P < 0.01), HDL (2.16 ± 0.30 mmol/L vs. 1.47 ± 0.25 mmol/L, n = 10, P < 0.01) and LDL (0.47 ± 0.11 mmol/L vs. 0.26 ± 0.11 mmol/L, n = 10, P < 0.01) than those in the control group, but there was no difference in their triglyceride (TGL) concentration (1.19 ± 0.40 mmol/L vs. 1.16 ± 0.28 mmol/L, n = 10, P > 0.05) between the two groups (Figure 2A). Besides, in obese mice, ApoB and ApoE levels were significantly elevated compared to those in control mice (0.08 ± 0.03 g/L vs. 0.05 ± 0.007 g/L, 5.18 ± 0.86 mg/dl vs. 2.46 ± 1.00 mg/dl, n = 10, P < 0.01; Figures 2B,C).
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FIGURE 2. Alteration of serum lipid and sex hormone level profiles in HFD mice. (A) Comparison of serum lipid level profiles in CD and HFD groups; CHOL: total cholesterol, TGL, triglycerides; HDL, high density lipoprotein; LDL, low density lipoprotein. (B,C) Comparison of ApoB and ApoE profiles in CD and HFD mice. (D–F) Comparison of serum sex hormone profiles between CD and HFD groups, including testosterone, estradiol and progesterone. *P < 0.05, **P < 0.01.



Serum estradiol level was much higher in obese mice than that in the control group (16.74 ± 1.06 pg/ml vs. 9.14 ± 2.58 pg/ml, n = 10, P < 0.01), and inversely, serum testosterone (4.58 ± 1.44 ng/ml vs. 7.95 ± 0.80 ng/ml, n = 10, P < 0.01) and progesterone (10.38 ± 1.43 pg/ml vs. 12.76 ± 1.62 pg/ml, n = 10, P < 0.05) levels significantly decreased in obese mice compared to those in the control group (Figures 2D–F).

Effects of High-Fat Diet on Testicular Morphological Structure

Morphological analysis of the testes indicated that obese mice had an abnormal testicular structure compared with that of normal mice (Figure 3). The seminiferous epithelia were atrophied in high-fat diet mice and cell adhesion between spermatogenic cells and Sertoli cells were impaired and loosely arranged.
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FIGURE 3. Comparison of testicular morphology in CD and HFD mice. Hematoxylin and eosin-stained testicular sections, both imaged with 20× and 40× objectives, revealed loosely arranged spermatogenic cells (arrows) on the seminiferous epithelium in HFD mice. Scale bar = 50 or 100 μm.



Levels of Pro-inflammatory Cytokines, Corticosterone, IgG, and IgM in Sera

The serous levels of IL-6, TNF-α, corticosterone, IgG, and IgM were measured by ELISA. The results demonstrated that obesity induced significantly higher expression levels of IL-6 and TNF-α in sera. In obese mice, IL-6 and TNF-α levels were obviously higher than those in the control group (IL-6: 9.50 ± 1.54 pg/ml vs. 5.37 ± 0.72 pg/ml, TNF-α: 30.91 ± 5.74 pg/ml vs. 18.18 ± 1.46 pg/ml, n = 10, P < 0.01, Figures 4A,B). On the other hand, the corticosterone level was significantly higher in obese mice than that in the control group (165.75 ± 37.01 ng/ml vs. 115.93 ± 37.74 ng/ml, n = 10, P < 0.01, Figure 4C). Meanwhile, the level of IgG was much higher in high-fat diet mice than that in control group (6227.40 ± 2256.22 μg/ml vs. 3620.39 ± 1390.46 μg/ml, n = 10, P < 0.01, Figure 4D), whereas the IgM concentration in serum was unchanged between high-fat diet and normal-diet mice (185.51 ± 78.65 μg/ml vs. 181.73 ± 80.31 μg/ml, n = 10, P > 0.05, Figure 4E).
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FIGURE 4. Alteration of inflammation related cytokines in sera. (A,B) Pro-inflammatory cytokines IL-6 and TNF-α expression levels were significantly higher in sera of mice fed a HFD than a CD. (C) Corticosterone concentration was higher in sera of mice fed a HFD than a CD. (D,E) Immunoglobulins, IgG, and IgM concentration, was significantly higher level of IgG in sera of mice fed a HFD than a CD while the IgM concentrations were unchanged in the CD and HFD mice sera **P < 0.01.



mRNA Expression of Pro-inflammatory Cytokines and Inflammasome in Mice Genital Tract Tissues

The mRNA levels of IL-6, TNF-α, and NLRP3 in testis, epididymal caput, epididymal cauda, prostate, and seminal vesicle tissues were measured to assess the inflammatory alteration in male genital tract from obese mice. The results of Real-Time PCR showed that the mRNA levels of IL-6, TNF-α, and NLRP3 remarkably increased in obese male genital tract. In testis, the mRNA expressions of IL-6, TNF-α, and NLRP3 were 3.7 ± 0.83, 2.24 ± 0.50, and 2.42 ± 0.51 folds higher in obese mice, respectively, than those in the normal group (n = 10, P < 0.05, Figure 5A). In the epididymal caput, the mRNA expression levels of IL-6, TNF-α, and NLRP3 were 3.05 ± 0.79, 1.90 ± 0.17, and 1.51 ± 0.16-folds higher, respectively, than those in the normal group (n = 10, P < 0.05, Figure 5B). In the epididymal cauda, the mRNA expression levels of IL-6 TNF-α, NLRP3 were 3.85 ± 0.71, 2.80 ± 0.61, and 2.45 ± 0.20-folds higher, respectively, than those in the normal group (n = 10, P < 0.05, Figure 5C). In the prostate, the mRNA expression levels of IL-6, TNF-α, and NLRP3 were about 6.56 ± 0.58, 4.23 ± 0.54, and 5.44 ± 0.88-folds higher, respectively, than those in the normal group (n = 10, P < 0.05, Figure 5D). Besides, in the seminal vesicle, the mRNA expression levels of IL-6, TNF-α, and NLRP3 were 8.75 ± 1.53, 4.41 ± 0.77, and 5.71 ± 1.30-folds higher in obese mice, respectively, than those in the normal group (n = 10, P < 0.05, Figure 5E). These results further validated that obesity can indeed induce a chronic inflammatory status in the male mice genital tract.
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FIGURE 5. Differential expressions of pro-inflammatory cytokines and NLRP3 inflammasome protein in male genital tract. IL-6, TNF-α and NLRP3 mRNA levels in: (A) testis, (B) epididymal caput, (C) epididymal cauda, (D) prostate, and (E) seminal vesicle, and in all of these tissues mRNA levels significantly increased in HFD mice. *P < 0.05, **P < 0.01.



Expression of p38, NF-κB, JNK, ERK, and Their Phosphorylated Status, and NLRP3 in Testis in High Fat Diet Fed Mice

To evaluate the effects of TNF-α expression rises on signaling pathway mediators in obese mice, we determined their effects on some key representatives. They included p38, NF-κB (p65), JNK, ERK1/2 (p44/42), phosphorylated p38 (p-p38), phosphorylated NF-κB p65 (p-NF-κB), phosphorylated JNK (p-JNK), phosphorylated ERK1/2 (p-ERK), and NLRP3 in testes. The results of Western blots showed that all of these effectors were upregulated in response to high-fat treatment (Figure 6).
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FIGURE 6. Alteration of testicular inflammation related protein levels. Western blot analyses of representative downstream signaling proteins mediating inflammation, include p38 MAPK, phosphorylated p38 (p-p38), NF-κB, phosphorylated NF-κB p65 (p-NF-κB), JNK, phosphorylated JNK (p-JNK), ERK1/2, phosphorylated ERK1/2 (p-ERK) and inflammasome protein NLRP3, showed that the levels of these inflammation related proteins in testes significantly increased in mice fed a HFD. β-actin expression invariance confirmed protein loading equivalence and normalized aforementioned expression levels.



Expression Levels of IL-6 and TNF-α in Seminal Plasma of Normal, Overweight, and Obese Human Males

To confirm that chronic inflammation existed in the genital tract of overweight and obese males, 272 semen samples from normal weight, overweight and obese human males were collected and then analyzed accordingly. The CASA analyses of spermatozoa from both normal, overweight and obese males revealed that the sperm concentration and motility were inversely reverse correlated with BMI (n = 272, P < 0.01, Figures 7A,B). Especially, the sperm concentration and motility from overweight (sperm concentration: 87.11 ± 64.12 million sperm/ml and sperm motility: 56.77 ± 24.33%, n = 150, P < 0.01) and obese males (sperm concentration: 76.30 ± 47.73 million sperm/ml and sperm motility: 57.52 ± 26.78%, n = 40, P < 0.01) greatly decreased in comparison to those from the normal donors (sperm concentration: 113.35 ± 47.19 million sperm/ml and sperm motility: 80.25 ± 10.13%, n = 82, P < 0.01, Figures 7E,F). Simultaneously, the expression levels of IL-6 and TNF-α in seminal plasma measured by ELISA were also significantly correlated with BMI (n = 272, P < 0.01, Figures 7C, D). The results showed that IL-6 expression in the seminal plasma from overweight (25.89 ± 21.45 pg/ml, n = 150, P < 0.01) and obese males (37.73 ± 27.52 pg/ml, n = 40, P < 0.01) was obviously up-regulated in comparison to that from the normal males (13.08 ± 11.44 pg/ml, n = 82, Figure 7G). Meanwhile, TNF-α levels in seminal plasma from obese males (14.35 ± 10.83 pg/ml, n = 40, P < 0.01) was markedly elevated compared with that from normal males (8.91 ± 5.54 pg/ml, n = 82, Figure 7H).
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FIGURE 7. Comparison of parameter values used to assess sperm health and pro-inflammatory cytokine levels in seminal plasma of normal weight, overweight and obese males. (A–D) Correlations between BMI of the total 272 males and sperm concentration (A), sperm motility (B), IL-6 concentration (C) and TNF-α concentration (D). Pearson r correlation calculations evaluated the association between BMI, sperm parameters and seminal plasma cytokine levels. (E–H) Comparison of sperm concentration (E), sperm motility (F) with levels of IL-6 (G), and TNF-α (H) in seminal plasma of normal weight, overweight and obese males. **P < 0.01.



DISCUSSION

Chronic inflammation is relevant to increases in adipose tissue content, which occurs along with the expression of abnormal adipocytokines, including several interleukins and tumor necrosis factor (Kaur, 2014). Moreover, high-fat diet feeding is known to induce increases in the secretion of intestinal pro-inflammatory cytokines and large increases in intestinal permeability (Li et al., 2008; Liu et al., 2012). In our previous findings, the male obese mouse model induced by high-fat diet can develop a remarkable impairment of sperm function, including reduced sperm motility, decreased acrosome reaction and fertility rate, and abnormal sperm morphology (Fan et al., 2015). Similar to male obesity, the pro-inflammatory state in males induced by chronic infection, smoking, and environmental toxins is also associated with subfertility phenotypes (Bachir and Jarvi, 2014). Thus, in the present study, our aim was to determine if there is a correlation between male obesity and chronic inflammation and elucidate its underlying mechanism.

Initially, an obese mouse model was successfully established by feeding a HFD which leads to development of an obese phenotype that includes significant increases in body weight, prominent rises in total cholesterol in, LDL, HDL, and apolipoprotein levels in the serum and serious hepatic steatosis. Besides, a remarkable endocrine dysregulation was detected in obese mice. Such defects were accompanied by very notable abnormal sex hormone expression patterns that included increased estradiol and decreased testosterone and progesterone levels.

Sex steroid hormones, such as estradiol, testosterone, and progesterone, regulate a considerable number of functions including reproduction, cell proliferation, and apoptosis as well as the responses to microbial or viral infections (Edwards, 2005). Sex steroid hormones can significantly modulate the activity of immune cells, i.e., as a protective factor, testosterone appears to suppress the activation and production of pro-inflammatory cytokines such as TNF-α, γ-interferon, and IL-6, in macrophages, lymphocytes, and vascular smooth muscle cells (McKay and Cidlowski, 1999; Malkin et al., 2003). On the other hand, estrogens can enhance both cellular and humoral immune responses and contribute to the resistance against infections through stimulating the synthesis of pro-inflammation cytokines including IL-6 and TNF-α (Vegeto et al., 1999; Straub, 2007). Moreover, it is well established that progesterone is an immunosuppressive agent that can blunt NF-κB activation (Su et al., 2009). Therefore, these previous reports concur with our present results, namely; the higher IL-6, TNF-α, and NF-κB levels detected in male genital tract tissues which may suppress testosterone and progesterone levels along with upregulating estradiol.

It is apparent that obesity can induce testicular inflammation through activating several different signaling pathways. In the male genital tract, testicular macrophages along with some proinflammatory cytokines such as IL-6 produced by Leydig and Sertoli cells contribute to the development of chronic inflammation (Maegawa et al., 2002). On the other hand, some immune regulatory factors can be secreted by Leydig and Sertoli cells in the testis. All of these factors contribute to regulating spermatogenesis and other testicular cell functions (Fraczek and Kurpisz, 2015). In addition, other proinflammatory cytokines as well as different immune regulatory factors are also produced in the epididymis and seminal vesicles (Huleihel and Lunenfeld, 2004; Seshadri et al., 2009). Actually, increases in the cytokines expression levels are indeed one of the first signals released by the innate host defense to counteract genital tract inflammation (Fraczek and Kurpisz, 2015). Consistent with this notion, our data shows that a prolonged high-fat diet could lead to increases in NLRP3 inflammasome and proinflammatory cytokine expression level such as IL-6 and TNF-α in the testis, epididymal caput, epididymal cauda, prostate, and seminal vesicle. Meanwhile, significant increases also occurred in IL-6 and TNF-α levels in sera. Besides, compared with the control group, corticosterone, and IgG concentrations were higher in obese mice sera. Notably, corticosterone, which acutely increases in response to inflammation through the hypothalamic–pituitary–adrenal (HPA) axis, has potent immunosuppressive and anti-inflammatory effects that are essential for regulating inflammation (Hueston and Deak, 2014). Such control is manifested by IgG which is the major antibody isotype in serum expressed by B lymphocytes and plasma cells. It provides immunity to inflammation, whereas IgM antibodies, have broad spectrum nonspecific effects because they recognize diverse microbial determinants and autoantigens. They are crucial for early protection against infection from viruses, bacteria, protozoa, fungi, and helminths, and control of autoimmunity. In addition, IgM exerts an important homeostatic function by clearing dead cells (Panda and Ding, 2015; Chistiakov et al., 2016; Pleass et al., 2016). Indeed we found that increases in corticosterone and IgG but not IgM in obese mice serum link obesity to chronic inflammation rather than infection or autoimmunity. Furthermore, our results clearly show that obesity can lead to systemic inflammation that includes a regional inflammatory reaction in the male genital tract, which is a crucial site for supporting sperm production, maturation, and sustaining its function.

Inflammation can harm the male genital tract by increasing reactive oxygen species (ROS) generation (Keck et al., 1998). In turn, excessive ROS levels must be continuously inactivated by seminal plasma antioxidants to maintain normal cell function. When free radicals become excessive, they overwhelm the genital tract antioxidant defense system. Such a scenario is indicative of an oxidative stress condition (Agarwal et al., 2003). Some previous reports indicated that seminal oxidative stress was negatively correlated with either sperm concentration, motility, or progressive motility (Kemal Duru et al., 2000). On the other hand, TNF-α levels were reported to increase in some tissues isolated from obese human populations and rodents showing such rises play a crucial role in obesity-induced inflammation (Tilg and Moschen, 2006). TNF-α can also inhibit tumorigenesis and viral replication through inducing apoptosis (Kruglov et al., 2008). Several studies have revealed that TNF-α is one of the major cytokines produced and released by macrophages and other mononuclear phagocytes. It plays an essential role in the development of inflammation and the activation of other molecules in signaling pathways. They include p38, NF-κB, JNK1/2, and ERK1/2 (Azenabor et al., 2015). In the testis, most of the germ cells undergo spontaneous degeneration during spermatogenesis and TNF-α determines the size of the germ cell population in the seminiferous epithelium by inducing germ cell apoptosis and disrupting Sertoli cell junctions as well as inhibiting steroidogenesis in Leydig cells (Lysiak, 2004). The high concentration TNF-α can alter intracellular Ca2+ homeostasis by decreasing plasma membrane permeability to Ca2+ (Carrasquel et al., 2013), whereas Ca2+ signaling mediated responses are one of the main factors regulating sperm function (Publicover et al., 2007). Many studies reported that Ca2+ signaling is involved in the regulation of dynein activity in mice sperm flagella (Lesich et al., 2012). Consequently, higher TNF-α levels are associated with reduced sperm motility and abnormal morphology (Perdichizzi et al., 2007; Pascarelli et al., 2016). Additionally, TNF-α is a NF-κB activator which is a transcription factor having multiple critical roles in the regulation of the immune responses. There is accumulating evidence to show that NF-κB can regulate male germ cell apoptosis. Meanwhile, apoptotic cell death is essential for limiting germ cell population expansion during spermatogenesis and its dysregulation may directly cause male infertility (Pentikäinen et al., 2002). In our experiments, we found that higher TNF-α and NF-κB expression was prominent in the testicular male genital tracts of mice on a high-fat diet. We also found that their spermatozoa function was impaired based on significant declines in motility, progressive, and acrosome reaction. Moreover, a remarkable lower pregnancy rate was evident in mated normal female mice (Fan et al., 2015).

Blood-testis barrier (BTB) is one of the most protective blood-tissue barriers in mammals. Meiosis I and II, spermiogenesis, and spermiation all occur in a specialized microenvironment behind these highly resistant shields (Cheng and Mruk, 2012). It is reported that the BTB function can be disrupted by cytokines such as TGF-β, IL-1, and TNF-α, but instead enhanced by testosterone (Lie et al., 2013). TNF-α upregulated FAS expression and triggered increases in apoptosis through the NF-κB pathway which ultimately disrupted the BTB in mouse Sertoli cells (Starace et al., 2005). These TNF-α effects agree with those induced by recombinant TNF-α which compromised the tight junctional integrity of cultured in vitro Sertoli cells (Siu et al., 2003). Besides, mitogen-activated protein kinase (MAPK) cascade activation is associated with testicular BTB disassembly (Wong and Cheng, 2005; Li et al., 2006). The MAPK cassette consists of the p38, ERK1/2, c-Jun N-terminal kinase (JNK), or ERK5 pathways that can undergo activation leading to testicular dysfunction in mice fed a HFD (Lie et al., 2013). In the present study, testicular morphological analysis revealed that the seminiferous epithelia were atrophied in obese mice. Furthermore, the continuity of cell adhesions between spermatogenic cells and Sertoli cells was severely compromised. All of these disruptive effects may be induced by excessive increases in proinflammatory cytokine expression levels. We showed that disruptive effects of increases in proinflammatory cytokines on the testicular microenvironment are attributable to increases in the expression levels and phosphorylation status of testicular p38, NF-κB, ERK, JNK, and NLRP3 as well as some inflammation related signaling proteins. Such effects suggest that they are potentially related to the male fertility declines stemming from perturbing hormonal biosynthesis, germ cell development as well as disrupting BTB integrity. Such effects agree with our previous study in which we showed that cell junction related proteins such as clathrin, ZO-1 and occludin expression was remarkably down-regulated in obese mice.

More important, in order to verify the correlation between being overweight or obese and sperm parameters as well as proinflammatory cytokine levels in semen plasma, semen samples were collected from 272 donors, including 82 normal weight, 150 overweight, and 40 obese individuals respectively. Based on the sperm parameters measured by CASA, we found a negative relationship between sperm concentration, motility, and BMI, which indicated that both overweight and obese males were associated with low sperm counts and declines in sperm motility. Moreover, the concentrations of IL-6 and TNF-α were measured in the semen plasma and the results clearly showed that their levels significantly increased in the semen plasma from obese or overweight males compared with that of normal body weight individuals. These observations further demonstrated that obesity or overweight can indeed up-regulate cytokine concentrations in the male genital tract and impair sperm quality. These changes are consistent with those occurring in mice on a HFD. These results confirm previous data showing that there is a negative correlation between cytokine levels in the semen plasma and semen quality based on declines in sperm concentration (Furuya et al., 2003; Sanocka et al., 2003), motility, and progressive motility (Matalliotakis et al., 2006).

In conclusion, this study demonstrates that excessive body weight and obesity in humans is associated with development of an inflammatory status in the male genital tract. This condition constitutes one of the risk factors leading to male infertility. It stems from increases in proinflammatory cytokine levels that can impair male fertility via inducing germ cell apoptosis and compromising testicular BTB integrity. Such effects eventually adversely impair the biological functions of mature gametes. Furthermore, in parallel with this study, our clinical experiments also indicate that in comparison to males who have normal body weight, the obese or overweight individuals had poor semen quality combined with higher levels of IL-6 and TNF-α in the semen plasma. This close correspondence between the clinical signs and functional changes seen in obese mice on a HFD with those in overweight and obese human males suggest that reducing chronic testicular inflammation provides a novel therapeutic option to reduce male infertility in humans.
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The association between the gut microbiota and obesity is well documented in both humans and in animal models. It is also demonstrated that dietary factors can change the gut microbiota composition and obesity development. However, knowledge of how diet, metabolism and gut microbiota mutually interact and modulate energy metabolism and obesity development is still limited. Epidemiological studies indicate an association between intake of certain dietary protein sources and obesity. Animal studies confirm that different protein sources vary in their ability to either prevent or induce obesity. Different sources of protein such as beans, vegetables, dairy, seafood, and meat differ in amino acid composition. Further, the type and level of other factors, such as fatty acids and persistent organic pollutants (POPs) vary between dietary protein sources. All these factors can modulate the composition of the gut microbiota and may thereby influence their obesogenic properties. This review summarizes evidence of how different protein sources affect energy efficiency, obesity development, and the gut microbiota, linking protein-dependent changes in the gut microbiota with obesity.
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INTRODUCTION

The importance of the gut microbiota in obesity is well documented (Villanueva-Millan et al., 2015; Sonnenburg and Backhed, 2016; reviewed in Baothman et al., 2016). Still, lifestyle and diet are closely linked to obesity, and increased consumption of energy-dense food with a concomitant increase in total energy intake is probably a major driver of the obesity epidemic (Swinburn et al., 2011; Romieu et al., 2017). In humans dietary patterns play important roles in shaping the gut microbiota (De Filippo et al., 2010; Muegge et al., 2011; Yatsunenko et al., 2012; David et al., 2014; Schnorr et al., 2014; Carmody et al., 2015; Graf et al., 2015) as well as in the development of obesity (Bellissimo and Akhavan, 2015).

High protein diets are reported to promote weight loss and weight maintenance in humans (Westerterp-Plantenga et al., 2009, 2012; Pesta and Samuel, 2014; Pasiakos, 2015), but a systematic review revealed that the long-term effects of high-protein diets are neither consistent nor conclusive (Lepe et al., 2011). The results from rodent trials are more consistent, and a number of studies has demonstrated that a high protein: carbohydrate ratio prevents high fat diet induced obesity (Lacroix et al., 2004; Marsset-Baglieri et al., 2004; Morens et al., 2005; Pichon et al., 2006; Madsen et al., 2008; Ma et al., 2011; Freudenberg et al., 2012, 2013; Hao et al., 2012; McAllan et al., 2014).

Importantly, the notion that the obesogenic potential of high fat diets in rodents is attenuated by increasing the protein:carbohydrate ratio is largely based on studies using casein or whey as the protein source. However, there is little knowledge as to how different protein sources may modulate the response to high protein intake. Recently, we demonstrated that feeding obesity-prone C57BL/6J mice a high fat, high protein diet using casein, soy, or filets of cod, beef, chicken (skinless) or pork as protein sources led to striking differences in obesity development at thermoneutral conditions. Casein was the most efficient protein source preventing weight gain and accretion of adipose mass, whereas mice fed high protein diets based on “white meat” (lean pork or chicken filets) had the highest increase in feed efficiency and adipose tissue mass (Liisberg et al., 2016b). Epidemiological studies also indicate that intake of dairy and vegetarian protein sources is associated with protection against obesity, whereas a high intake of meat, in particular red meat, predicts higher weight gain (Fogelholm et al., 2012; Smith et al., 2015; Mozaffarian, 2016). To what extent intake of red meat protein affects the composition and function of the gut microbiota in humans remains to be established.

It has been suggested that dietary patterns are associated with distinct bacterial communities in the human gut (Wu et al., 2011). It is further well known that dietary characteristics, such as the content of fat, whole grain, fruits and nuts, as well as high fiber diets in general, influence the gut microbiota (De Filippo et al., 2010; Muegge et al., 2011; David et al., 2014; Schnorr et al., 2014; Carmody et al., 2015; Graf et al., 2015; Eid et al., 2017). However, it is still not established which food constituents specifically promote growth and function of beneficial bacteria in the intestine. Recently, differences in profiles of gut bacteria between rats fed proteins from red meat (beef and pork), chicken, and fish (here defined as white meat) and other sources (casein and soy) were reported (Zhu et al., 2015, 2016). Still, very little is known about the effect of protein source and quality on the regulation of energy balance.

An undoubtedly important factor determining protein quality is the amino acid composition (Millward et al., 2008). Different protein sources provide different amino acids (AAs) that differ in properties and effects on body functions. In addition to the amino acid composition, different protein sources vary in the content of micro- and macronutrients as well as undesirable compounds. For instance, legumes are rich in fibers, red meat is generally rich in saturated fat and iron, dairy products are generally high in calcium, whereas fatty fish may contain polychlorinated biphenyls (PCBs) in addition to omega-3 fatty acids and vitamin D. Additionally, the absorption rate of protein rich food items may vary and is likely to affect postprandial energy metabolism (Boirie et al., 1997; Soucy and Leblanc, 1998; Stanstrup et al., 2014; Aadland et al., 2015, 2016; Vincent et al., 2017). To further complicate the picture, the effects of protein rich food on energy metabolism is strongly influenced by the background diet, i.e., the complemental part of the meal that also varies in micro- and macronutrients depending on food habits and culture. Finally, the gut microbiota may directly determine to what extent dietary proteins are converted into other metabolically active compounds such as short-chain fatty acids, branched chain fatty acids, or different nitrogen containing compounds (Lin et al., 2017).

Here, we summarize evidence of how different protein sources affect energy efficiency, obesity development and the gut microbiota in humans and mice. The overall phylum level composition in mouse gut is quite similar to that of the human gut microbiome, with Firmicutes, Bacteroidetes, and Proteobacteria comprising more than 70% of the gut microbiota (Xiao et al., 2015). Although only 4.0% of the mouse gut microbial genes are shared with those of the human gut microbiome, the mouse and human gut microbiome are functionally similar sharing 95.2% of their KEGG orthologous groups (Xiao et al., 2015). Of note, introduction of fecal microbes from human adult female twin pairs discordant for obesity into germ-free mice fed low-fat mouse chow induced an obese phenotype in chow fed mice receiving fecal bacteria from the obese twin (Ridaura et al., 2013). Vice versa, Christensenella minuta, a cultured member of the Christensenellaceae taxa known to be enriched in humans with low body mass index, led to reduced adiposity when transplanted to germ free mice together with an obese-associated microbiome (Goodrich et al., 2014). The reduced abundance of Bacteroides thetaiotamicron in obese humans is correlated with an increase in plasma glutamate, and interestingly, gavaging normal SPF C57BL/6 with B. thetaiotaomicron reduced diet-induced obesity in mice and diminished plasma glutamate levels (Liu et al., 2017). Hence, adiposity related phenotypes can be transmissible from humans to mice. We here review how different protein sources affect energy efficiency, obesity development and the gut microbiota. Finally, we discuss the possible importance of different amino acids, fatty acid composition and persistent organic pollutants (POPs). Different protein sources will also contain different amount of other food components, including micronutrients, trace elements, and vitamins. Their impact on the gut microbiota was recently reviewed (Roca-Saavedra et al., 2017), but since their possible roles on obesity development remain to be established, this will not be further described here.

PROTEIN SOURCES, GUT MICROBIOTA, AND OBESITY

High protein diets represent a popular dietary approach to induce weight loss in humans. Data from numerous convincing rodent trials demonstrate strong attenuation or total prevention of high fat diet-induced obesity when the diet contains a high protein:carbohydrate ratio (Lacroix et al., 2004; Marsset-Baglieri et al., 2004; Morens et al., 2005; Pichon et al., 2006; Madsen et al., 2008; Ma et al., 2011; Freudenberg et al., 2012, 2013; Hao et al., 2012; McAllan et al., 2014). Still, review of human trials has revealed that the long-term effects of high-protein diets on obesity are neither consistent nor conclusive (Lepe et al., 2011; Astrup et al., 2015). In mice, we have demonstrated that long term high fat, high protein feeding limits obesity development and prevents the reduction in survival observed in mice fed a high fat, high sucrose diet compared to low fat fed mice (Kiilerich et al., 2016). In humans aged 50–65, results from the study of Levine et al. suggest that a high protein intake may be associated with increased overall mortality. However, this was not observed if the proteins were plant derived. It was suggested that the intake of animal proteins was a main factor driving the increase in overall mortality, highlighting the importance of the protein source (Levine et al., 2014) and the type of dietary protein would most likely modulate the (anti)-obesogenic effect of high protein diets also in humans.

The gut microbiota may also convert components from different protein sources into compounds that may be linked to development of disease. Well-known examples are L-carnitine and phosphatidylcholine, present in red meats and egg, which can be metabolized to trimethylamine and trimethylamine oxide (TMAO). In humans, circulating TMAO levels are reported to be associated with increased risk for atherosclerosis development (Koeth et al., 2013; Tang et al., 2013) and recently also linked to obesity (Dumas et al., 2017). However, fish and seafood, known to protect against cardiovascular disease contain high amounts of TMAO (Cho et al., 2017; Landfald et al., 2017). It is speculated that free TMAO from seafood may act as an electron acceptor for facultative anaerobic bacteria able to respire with the aldehydes resulting from the TMA elimination reactions of choline and carnitine (Cho et al., 2017).

Both diet composition (Arumugam et al., 2011; Graf et al., 2015; Kiilerich et al., 2016; Xiao et al., 2017) and the state of obesity (Ley et al., 2005, 2006) are important factors determining the gut microbial diversity in both animals and humans. As mentioned above, epidemiological studies have linked food groups and dietary patterns to obesity. Still, the linkage between diet, obesity, and gut microbiota is not elucidated. Vegetarian diets, whole grain products, fruits and nuts, vegetables, and legumes, as well as food constituents such as fat, protein, phytochemicals and fibers impact the gut microbiota in humans (Graf et al., 2015). The latter may be of particular importance as non-digestible carbohydrates or fibers represent a primary energy source for many gut microbes. Hence, bacterial fermentation, total bacterial numbers and species composition are affected. Further, fibers reduce the energy density of the diet, and microbial fermentation results in production of short chain fatty acids (SCFAs) that apart from a multitude of effects on host physiology may influence directly on metabolism (Flint, 2012; Koh et al., 2016; Sawicki et al., 2017). Accumulating evidence suggests the gut microbiota as a link between the dietary impact and host metabolism. The diet-induced response of the gut microbiota has been divided into; (1) a rapid gut response upon large dietary changes, (2) long-term dietary habits as a dominant factor for gut microbiota composition and (3) different responses upon dietary change due to individualized gut microbiota (reviewed in Sonnenburg and Backhed, 2016).

It has been reported that a high-protein low carbohydrate diet when given in combination with caloric restriction in obese humans resulted in an increase in branched-chain fatty acids, a decrease in butyrate, and a decrease in the abundance of the Roseburia/Eubacterium rectale group of bacteria in the gut (Russell et al., 2011). Concomitantly, the levels of metabolites associated with protection from cancer decreased whereas the levels of several metabolites assumed to be hazardous increased. Unfortunately, the protein sources in these diets were not described. Using casein as the protein source, we have demonstrated that in mice fed high fat diets with high or low protein:sucrose ratio, the dietary fat content, and not the protein:sucrose ratio, was the major driver of the composition of the gut microbiota (Kiilerich et al., 2016). Distinct changes in the gut microbiome composition were also observed over time, suggesting that host age in mice (Kiilerich et al., 2016) as well as in humans (Claesson et al., 2012) is also an important factor in defining the gut microbiome.

We have investigated the effect of a high fat, high protein diet using casein, soy, or filets of cod, beef, chicken (skinless) or pork as protein sources in C57BL/6J mice (Liisberg et al., 2016b). Of note, among the protein sources tested, casein was the only protein that actually prevented development of obesity and the mice fed casein had significantly lower fat mass than mice fed a high fat, high sucrose (HF/HS) reference diet (Figure 1; Liisberg et al., 2016b). Fat masses in mice fed a high proportion of soy, cod and beef were comparable to those fed HF/HS diet (Figure 1). Strikingly, compared with mice fed the HF/HS reference diet, mice fed diets with high content of proteins from chicken and pork had significantly more fat mass (Figure 1), also verified by dissection of different adipose tissue depots (Liisberg et al., 2016b). Mice fed proteins from pork exhibited a “whitening” of the classic brown adipose tissue, whereas the mice fed casein maintained a classic brown adipocyte morphology. The casein fed mice further exhibited an upregulated expression of genes related to futile cycling in brown adipose tissue. Of note, differences in obesity development could not be explained by differences in feed intake or digestibility of protein or fat (Liisberg et al., 2016b). Compared with mice fed a low fat reference diet and mice fed a high proportion of casein or soy, the pork and chicken fed mice also had reduced lean mass (Figure 1).
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FIGURE 1. Fat mass (A) and lean mass (B) of male C57BL/6J mice fed high fat, high protein diets with different protein sources; casein, soy, cod, beef, chicken, or pork for 11 weeks at thermoneutral conditions. Mice fed a low fat and high fat, high sucrose diet based on casein were used as references. Diet composition and analyses are described in Liisberg et al. (2016b). Data represent mean ± SEM (n = 9). Different letters above the bars denote significant differences between the groups (p < 0.05), using 1-way ANOVA followed by Tukey's multiple comparison.



So far, very little is known on how different protein sources affect the gut microbiota. But recently, the composition of gut bacteria in the caecum of rats fed proteins from red meat (beef and pork), white meat (chicken and fish) as well as casein and soy was determined (Zhu et al., 2015). In this study, the meat proteins had been extracted from animal muscles and the animal feed contained regular amount (20%) of protein and was low (7%) in fat. Marked inter- and intra-group variation in the composition of the cecal microbiota was observed, with a more tight microbiota clustering of rats fed the non-meat proteins casein and soy, indicating that the composition of the gut microbiota diverged between rats fed feed based on meat proteins and non-meat proteins (Zhu et al., 2015). Young rats fed a diet with proteins from chicken (17.7%) for 14 days had an increased relative abundance in the genus Lactobacillus. However, the opposite pattern was demonstrated in middle-aged rats (Zhu et al., 2016).

Animal studies from our laboratories suggest that proteins from seafood are less obesogenic than proteins from terrestrial animals. C57BL/6J mice fed a Western diet containing a mixture of lean seafood (ling, rosefish, cod, wolf fish, and muscle from Canadian scallop) for 12 weeks accumulated less fat mass than mice fed a Western diet containing a mixture of skinless chicken breast, pork tenderloin, and beef sirloin (Holm et al., 2016). Comparison of the gut microbiomes of mice fed the two Western diets revealed significant differences in the relative abundance of operational taxonomic units belonging to the orders Bacteroidales and Clostridiales, with genes involved in metabolism of aromatic amino acids exhibiting higher relative abundance in the microbiomes of mice fed the seafood Western diet (Holm et al., 2016). Whether these differences in the abundance of microbial genes were of physiological relevance is still not clear. In a similar dietary setting, obesity development was attenuated in mice by exchanging lean pork meat with cod (Liisberg et al., 2016a). Further, intake of lean seafood such as white crab meat, scallop, and a mixture of cod and scallops has been demonstrated to attenuate diet-induced obesity and hepatic steatosis in mice (Tastesen et al., 2014a,b).

As discussed above, rodent studies clearly demonstrate that the protein source modulates the obesogenic effect of high protein diets and that casein is a rather unique protein source. However, the anti-obesogenic properties of casein may also extend to other milk-derived proteins, such as whey, and may be of relevance in humans. Epidemiological studies indicate that a high intake of low-fat dairy products is associated with protection against obesity (Fogelholm et al., 2012; Mozaffarian, 2016). Additionally, some human intervention studies using a dairy protein source with 80% casein and 20% whey have shown promising effects on weight loss (Zemel et al., 2004; Faghih et al., 2011). Still a meta-analysis of randomized controlled trials suggests that dairy intake only increases weight loss in combination with energy restriction (Chen et al., 2012).

To our knowledge, data on the potential of casein and/or whey to induce weight loss in obese animals is lacking. When present in the diet in regular amounts we have demonstrated that casein has an anti-obesogenic effect when compared with meat proteins from terrestrial animals and seafood (Ibrahim et al., 2011; Tastesen et al., 2014b). However, data from us and others suggest that whey is slightly more efficient than casein (Lillefosse et al., 2014; McAllan et al., 2015; Tranberg et al., 2015). Of note, concomitant with reduced weight gain, mice fed whey protein isolate had lower stomach weight and intestinal length (McAllan et al., 2015). In a study where mice were fed a high fat diet with either casein or a lactoperoxidase and lactoferrin-enriched whey protein isolate (WPI) at different doses, WPI specifically increased Lactobacillaceae/Lactobacillus and decreased Clostridiaceae/Clostridium in high fat diet-fed mice (McAllan et al., 2015). Further, Shi et al. have shown that replacing 5, 50, or 100% of the dietary casein-derived energy content with WPI caused a proportional suppression of body weight gain in high fat diet fed mice (Shi et al., 2011). It has been demonstrated that in comparison to casein, whey protein intake increased levels of Lactobacilli and Bifidobacteria in a rat model of colitis (Sprong et al., 2010). Still, whether the observed changes in the gut microbiota can be linked to differences in the anti-obesogenic effects of casein and whey remain to be investigated. It should be mentioned that some strains of Bifidobacteria are reported to have anti-obesogenic properties in rodents (An et al., 2011; Wang et al., 2015; Li et al., 2016). Increased proportions of Lactobacillus have been observed in high fat diet fed mice (Clarke et al., 2013). However, certain species of Lactobacillus, such as Lactobacillus plantarum (Isokpehi et al., 2017) were recently associated with weight-loss in humans. Further, supplementation with Lactobacillus curvatus HY7601 and L. plantarum KY1032 in diet-induced obese mice was associated with gut microbial changes and reduction in obesity (Park et al., 2013). The two probiotic strains L. plantarum KY1032 and L. curvatus HY7601 have also been demonstrated to reduce adipose tissue mass in diet-induced obese mice (Yoo et al., 2013).

In line with epidemiological studies indicating that a high intake of proteins from vegetarian sources and dairy is associated with protection against obesity (Fogelholm et al., 2012; Mozaffarian, 2016), rats receiving soy as the protein source were demonstrated to gain less body weight than rats receiving beef, pork, or turkey (Brandsch et al., 2006). A few human studies have investigated differences between omnivores and vegetarians but the results from these studies are not consistent (Graf et al., 2015). Human and animal studies investigating the effect of soy on the microbiota were recently reviewed, and in general, consumption of soy foods appeared to increase the levels of Bifidobacteria and Lactobacilli and alter the ratio between Firmicutes and Bacteroidetes (Huang et al., 2016). Although challenged, a decreased Bacteroidetes-to-Firmicutes ratio has been associated with obesity in both humans and animals (Ley et al., 2005; Turnbaugh et al., 2006). Further, as demonstrated with certain strains of Lactobacillus (see above), also some strains of Bifidobacteria have been associated with protection against diet-induced obesity in rodents (An et al., 2011; Wang et al., 2015; Li et al., 2016). Still, further studies are required to establish a causal relationship.

BRANCHED CHAIN AMINO ACIDS

Beyond the needs required for protein synthesis, amino acids participate in numerous pathways and certain amino acids may be directly involved in regulating metabolism. The impact on metabolism can be directly proportional to dietary intake. For instance, dietary intake of tryptophan or phenylalanine affects appetite regulation, intake of arginine alters nitric oxide production, and intake of branched chain amino acids (BCAAs) activates mammalian target of rapamycin complex 1. Casein and whey have a high content of the BCAAs; valine, leucine, and isoleucine. Of note, the chronic elevated levels of BCAAs in mice with disrupted mitochondrial branched chain aminotransferase were associated with increased energy expenditure (She et al., 2007). In rats fed a high fat diet, inclusion of BCAAs also attenuated obesity (Newgard et al., 2009). The relative high amounts of BCAAs in casein and whey, may hence contribute to the anti-obesogenic effect of dairy proteins. Studies by Freudenberg et al. have demonstrated that increasing leucine content in a high fat diet with regular protein content to a level matching a diet with high whey content attenuated obesity development (Freudenberg et al., 2012, 2013). Of note, BCAA-supplementation in mice delayed age-associated changes in the gut microbiota (Yang et al., 2016). In addition, BCAA supplemented mice had higher abundance of Akkermansia and Bifidobacterium in the gut. This may be of importance as Akkermansia muciniphilia has been associated with protection against diet-induced obesity (Everard et al., 2013; Shin et al., 2014), and the same has been reported for some strains of Bifidobacteria (An et al., 2011; Wang et al., 2015; Li et al., 2016). Still, the finding that equimolar supplementation with alanine decreased body fat mass gain in a short-term mouse experiment similarly as leucine (Freudenberg et al., 2013; Petzke et al., 2014), suggests that at least some of the observed effects are not specifically related to leucine, but due to increased amino nitrogen consumption. Thus, emphasizing that the effect of BCAA on metabolism is complex and far from fully understood.

TAURINE

Compared to terrestrial protein sources, seafood protein is characterized by high levels of taurine (Spitze et al., 2003). Supplementation of taurine to the diet or drinking water has been shown to prevent diet-induced weight gain, adiposity, and steatosis in rodents (Nakaya et al., 2000; Chang et al., 2011; Nardelli et al., 2011). In mice, it has been demonstrated that taurine supplementation reduced the abundance of Proteobacteria, especially Helicobacter and led to increased SCFA content in feces (Yu et al., 2016). SCFA, mainly acetate, propionate and butyrate are produced from non-digestible carbohydrates and may enter the systemic circulation and directly affect metabolism. Thus, SCFAs generally have been reported to counteract obesity in both rodents and humans (Canfora et al., 2015). However, a recent study revealed that increased acetate production led to hyperphagia and obesity in mice (Perry et al., 2016).

We have demonstrated that in mice fed an obesogenic diet with varying taurine concentrations, i.e., chicken, cod, crab, and scallop, for 7 weeks, the intake of taurine and glycine correlated negatively with body mass and total fat mass gain (Tastesen et al., 2014a). Further, rats fed diets with fish protein hydrolysate, rich in taurine and glycine exhibited reduced adiposity, possibly via increased bile acid concentration in plasma (Liaset et al., 2009, 2011). Primary bile acids are synthesized in the liver from cholesterol where they are conjugated to glycine or taurine in a species-dependent manner, and metabolized into secondary bile acids in the gut by the microbiota. Bile acids are ligands for the nuclear receptor farnesoid X receptor (FXR) and intestinal FXR is required for the development of obesity in response to a high-fat diet (Li et al., 2013). In addition, bile acids may also by binding and activating TGR5 increase energy expenditure (Watanabe et al., 2006; Broeders et al., 2015; Zietak and Kozak, 2016). In rodents, it has been proposed that the gut microbiota, in addition to regulating secondary bile acid metabolism, also inhibits bile acid synthesis in the liver by alleviating FXR inhibition in the ileum via reduced production of tauro-beta-muricholic acid (Sayin et al., 2013). Further, it is demonstrated that the gut microbiota promoted weight gain in an FXR-dependent manner, and the bile acid profiles and composition of fecal microbiota differed between Fxr−/− and wild-type mice (Parseus et al., 2017). Hence, whether the amino acid composition in protein rich food is able to influence obesity development via effects on bile acid metabolism in the microbiota warrants further investigation.

FATTY ACID COMPOSITION

In addition to the amino acid composition, different protein sources vary in other macronutrients. Regarding obesity development, the type and amount fat may be of particular importance. Meat from terrestrial sources, in particular red and processed meats, is rich in saturated fatty acids (SFAs), whereas meat from seafood, such as mackerel, halibut and salmon contains marine n-3 polyunsaturated fatty acids. The dietary fatty acid composition may influence obesity development directly, as well as via their reported influence on the gut microbiota. Animal studies have shown that intake of diets rich in SFAs resulted in increased adiposity and lower metabolic rate, relative to a polyunsaturated fatty acid (PUFA)-rich diet (Matsuo et al., 1995; Takeuchi et al., 1995). Data from an intervention study with abdominally obese humans also showed that intake of SFAs, as compared to n-6 PUFAs, promoted hepatic fat deposition (Bjermo et al., 2012). In an overeating study with young healthy adults, intake of SFAs induced hepatic and visceral fat gain as compared to intake of n-6 PUFAs (Rosqvist et al., 2014). Thus, consumption of SFAs is likely to induce fat gain relative to n-6 PUFAs. We recently demonstrated that the fatty acid composition in salmon filet may be of importance. Replacement of marine oils in salmon feed with vegetable oils, soybean oil in particular, profoundly increased the n-6:n-3 ratio in fish filets and in red blood cells (RBCs) collected from mice consuming the salmon (Alvheim et al., 2013; Midtbo et al., 2013). Of note, the increased n-6:n-3 ratio in the RBC of the mice was accompanied with increased obesity (Alvheim et al., 2013; Midtbo et al., 2013, 2015). Although the results from rodent studies are more convincing than results from human trials (Madsen and Kristiansen, 2012), n-3 fatty acids are reported to increase weight loss also in humans (Thorsdottir et al., 2007).

It is well-known that the gut microbiota of high-fat diet-induced obese mice differs from that of lean mice (Serino et al., 2012; Xiao et al., 2015; Kiilerich et al., 2016), and we recently demonstrated that high-fat feeding rather than obesity drives taxonomical and functional changes in the gut microbiota in mice (Xiao et al., 2017). The dietary fatty acid composition is also reported to change the gut bacteria profile. Compared with n-6 or n-3 PUFAs, feeding mice diets rich in SFAs, over a 14-week period decreased the proportion of Bacteroidetes species and hence, the SFA-rich diet resulted in significantly greater decreases in Bacteroidetes-to-Firmicutes ratio than did either of the PUFA-rich diets (Liu et al., 2012). Mice fed fish oil are also reported to have increased levels of A. muciniphila (Caesar et al., 2015), which has been shown to reduce fat mass gain, and white adipose tissue macrophage infiltration, and to improve gut barrier function and glucose metabolism when administered to mice with diet-induced obesity. Further, antibiotic-treated mice receiving gut microbiota from a lard-fed donor showed increased adiposity and inflammation, whereas enrichment of Akkermansia co-occurred with partial protection against adiposity in mice transplanted with microbiota from fish oil fed mice (Caesar et al., 2015).

The different fatty acids have different capacities to activate the Toll-like receptors. In the study mentioned above, saturated lipids from lard were suggested to induce metabolic inflammation through Toll-like receptor signaling mediated by the gut microbiota (Caesar et al., 2015). By contrast, in another study on middle-aged rats, fish oil feeding was demonstrated to increase the relative abundances of the phylum Proteobacteria and the genus Desulfovibrio, concurrent with induced inflammation compared to rats receiving diets with soy bean oil or lard (Li et al., 2017). The innate pathogen receptors, a part of the first line of defense against infectious agents, including Toll-like receptors, nucleotide oligomerization domain containing proteins, and inflammasomes, have been pointed out as a link between the gut microbiota and host metabolism (Jin and Flavell, 2013). Inflammasome-deficiency-dependent modulation of the gut microbiota may be associated with abnormalities related to the metabolic syndrome and obesity in mouse models (Henao-Mejia et al., 2012). Further, changes in gut permeability may be affected through the interaction between diet, host and gut microbiota, augmenting access for proinflammatory molecules and activating inflammation, thereby affecting obesity development (reviewed in Tremaroli and Backhed, 2012).

It has been demonstrated that inclusion of lean fish in low energy diets was as efficient as inclusion of fatty fish or fish oil supplement in accelerating weight loss in humans (Thorsdottir et al., 2007). The total content of n-3 PUFAs is far lower in lean than in fatty seafood, but in lean seafood the majority of the fatty acids are present in the phospholipid (PL) fraction (Lie and Lambertsen, 1991). The bioavailability of eicosapentaenoic acid (EPA) and docosahexaenoic acid (DHA) is reported to be higher when they are PL-bound than triacylglycerol (TAG)-bound (Murru et al., 2013). Of note, the anti-obesogenic effects of PL-bound n-3 PUFAs are superior to TAG-bound n-3 PUFAs in mice (Rossmeisl et al., 2012). The high biological activity of PL-bound PUFAs is suggested to include effects mediated via the endocannabinoid signaling system (Batetta et al., 2009; Rossmeisl et al., 2012).

The endocannabinoid signaling system may link the gut microbiota to adipogenesis, as CBI receptors are reported to control gut permeability through interactions with the gut microbiota (Muccioli et al., 2010). Further, changes in the composition of the gut microbiota during obesity induce gut-barrier dysfunction, which may lead to leakage from the gut of components from Gram-negative bacteria and metabolic endotoxemia triggering the onset of metabolic disorders associated with obesity (Cani et al., 2016). Conversely, administration of the intestinal bacterium A. muciniphila to high-fat diet fed mice led to an increase in intestinal levels of the endocannabinoids, 2-arachidonoylglycerol, 2-oleoylglycerol and 2-palmitoylglycerol, along with improved gut-barrier function and decreased metabolic endotoxemia (Everard et al., 2013). The molecular mechanisms that link gut microorganisms and the synthesis of endocannabinoids or other bioactive lipids are still unknown, and it is not known to what extent such molecules play significant roles in obesity development or metabolic dysfunctions associated with obesity.

PERSISTENT ORGANIC POLLUTANTS

Importantly, food is also the primary route of exposure to pollutants from numerous chemical classes. Actually, food contributes more than 90 % to the total current exposure of POPs, especially food of animal origin such as fish, dairy products, or meat (Li et al., 2006; Malisch and Kotz, 2014). During the last decade increasing attention has been paid to the possible relationship between POP exposure and the current obesity epidemic. Studies have reported an association between obesity and plasma levels of certain polychlorinated biphenyls (PCBs) and pesticides (Dhooge et al., 2010; Ronn et al., 2011; Lee et al., 2012; Roos et al., 2013). Thus, concern about the possible connection between exposure to environmental contaminants and the epidemics of obesity has been raised (Lee et al., 2014). However, a causal relationship between POP exposure and obesity development has not yet been demonstrated, and inverse relationships between obesity and plasma levels of POPs, in particular highly chlorinated PCBs, are also reported (Nawrot et al., 2002; Dirinck et al., 2011). A direct causal link between POP exposure and obesity in humans is difficult to establish, but repeated injections of PCB-153 (Wahlang et al., 2013) and PCB-77 (Arsenescu et al., 2008) are reported to exacerbate obesity in mice. We have previously observed that POPs of marine origin accumulate in adipose tissue concomitant with obesity development in mice fed farmed Atlantic salmon (Ibrahim et al., 2011). However, mice fed high levels of POPs from whale meat were leaner than control casein fed mice, despite a high accumulation of POPs in adipose tissue (Ibrahim et al., 2012). In a recent study we reduced the levels of PCBs and DDTs by 50% in salmon filets by partial replacement of fish oil with vegetable oils in aquatic feed leading to aggravated insulin resistance and hepatic lipid accumulation, despite a reduction in the levels of PCBs and DDTs (Midtbo et al., 2013).

The relationship between the gut bacteria and environmental pollutants is bidirectional (Parks et al., 2013). First, POP exposure alters the composition of the gut microbiota in mice. It has been demonstrated that gavage with a high dose of a mixture of PCB congeners found in meat and fatty fish for 2 days diminished the overall abundance of bacteria (Choi et al., 2013). Of note, exercise prevented these changes (Choi et al., 2013). Further, it has been reported that exposure to 2,3,7,8 tetrachlorodibenzofuran, TCDF, alters the gut microbiome by shifting the ratio of Firmicutes to Bacteroidetes (Zhang et al., 2015), which as mentioned earlier has been associated with obesity (Ley et al., 2005; Turnbaugh et al., 2006). Secondly, the gut microbiota can affect body burden of POPs by a number of mechanisms. The bacteria may metabolize the POPs and alter absorption and excretion as well as influence the host detoxification capacity and the enterohepatic circulation of environmental chemicals (Claus et al., 2016; Spanogiannopoulos et al., 2016). Last, we have provided evidence that the dietary composition of macronutrients profoundly modulates accumulation of four environmental relevant POPs in adipose tissue and liver in C57BL/6 mice (Myrmel et al., 2016). Thus, understanding the potential roles of the gut microbiota in the metabolism and toxicity of environmental pollutants could provide valuable knowledge for targeted approaches in reducing the detrimental health impact of environmental pollution.

CONCLUSION

The efficiency of different proteins to attenuate obesity in both human and animal trials varies depending on the protein source as illustrated in Figure 2. Different food groups and dietary patterns are linked to obesity and disease development, and to distinct gut microbiota composition. However, the association between diet, obesity and gut microbiota is not established. Here we have reviewed data from several different studies in order to illustrate how different protein sources may affect the gut microbiota, linking protein-dependent changes in the gut microbiota with metabolism. The varying amounts of amino acids, fatty acid composition, and POPs derived from different protein sources, such as dairy, vegetarian sources, seafood and meat, are discussed in light of their impact on gut microbiota and obesity. Casein and other dairy proteins stand out as the most efficient protein sources in preventing obesity, having a high content of BCAAs with possible impact on gut microbiota and obesity. The distinct impacts of lean seafood and meat are suggested to involve differences in the content of amino acids, such as aromatic amino acids, glycine and taurine, possibly affecting the bile acids with further impact on energy expenditure and the gut microbiota. The n-3 PUFAs may affect the metabolism through the endocannabinoid system and the gut microbiota composition, but the molecular mechanisms linking the gut microorganisms to the synthesis of endocannabinoids or other bioactive lipids are still largely unexplored. As dietary sources will inevitably lead to exposure of pollutants, their impact on metabolism may also contribute to the varying impact of different protein sources. Knowledge of the mutually reciprocal interactions between the gut microbiota and environmental pollutants present in different food sources and the combined effects on whole body metabolism could provide new modalities involving targeted dietary approaches reducing the detrimental health impact of environmental pollution.


[image: image]

FIGURE 2. Illustration of how different protein sources vary in their efficiency to attenuate obesity development and suggested links with the gut microbiota. Proteins derived from different food sources contain varying amounts of amino acids, fatty acids, and pollutants, which may interact with the gut microbiota and change the host metabolism, and further impact on obesity development. Casein and other dairy products have a high content of branched chain amino acids and are efficient protein sources for attenuating obesity development in rodents. Proteins from vegetarian sources contribute to high fiber content in the diet and have been demonstrated to protect against obesity. Compared to animal protein sources, seafoods contain high amounts of taurine, aromatic amino acids, n-3 polyunsaturated fatty acids (PUFAs) and persistent organic pollutants, which further may impact on the gut microbiota, production of bile acids or endocannabinoids. Different sources of meat contribute with saturated fatty acids, n-6 PUFAs and persistent organic pollutants. Generally, intake of proteins from meat has been demonstrated to be more obesogenic than intake of proteins from seafood or vegetables. It remains to be established to what extent such differences between proteins reflect direct metabolic effects in the host or to what extent the microbiota plays a causal role.
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Recent studies have linked branched-chain amino acid (BCAA) with numerous metabolic diseases. However, the molecular basis of BCAA's roles in metabolic regulation remains to be established. KLF15 (Krüppel-like factor 15) is a transcription factor and master regulator of glycemic, lipid, and amino acids metabolism. In the present study, we found high concentrations of BCAA suppressed KLF15 expression while BCAA starvation induced KLF15 expression, suggesting KLF15 expression is negatively controlled by BCAA.Interestingly, BCAA starvation induced PI3K-AKT signaling. KLF15 induction by BCAA starvation was blocked by PI3K and AKT inhibitors, indicating the activation of PI3K-AKT signaling pathway mediated the KLF15 induction. BCAA regulated KLF15 expression at transcriptional level but not post-transcriptional level. However, BCAA starvation failed to increase the KLF15-promoter-driven luciferase expression, suggesting KLF15 promoter activity was not directly controlled by BCAA. Finally, fasting reduced BCAA abundance in mice and KLF15 expression was dramatically induced in muscle and white adipose tissue, but not in liver. Together, these data demonstrated BCAA negatively regulated KLF15 expression, suggesting a novel molecular mechanism underlying BCAA's multiple functions in metabolic regulation.

Keywords: BCAA, Klf15, PI3K, Akt, regulation

INTRODUCTION

Branched chain amino acid (BCAA), including leucine, isoleucine, and valine, are essential amino acids. In addition to building proteins, numerous metabolic functions of BCAA have been investigated (Nair and Short, 2005). BCAA modulates insulin and glucagon secretion in pancreas (Meijer and Dubbelhuis, 2004). Increasing BCAA intake was often associated with positive effects on body weight and glucose homeostasis, attenuating obesity and type 2 diabetes mellitus T2DM (Lynch and Adams, 2014). BCAA regulates protein synthesis and degradation in various tissues. In addition, BCAA influences brain function by participating in synthesis and transport of glutamate, an important excitatory neurotransmitter, and by modifying large, neutral amino acid transport at the blood–brain barrier (Joshi et al., 2006).

Branched chain amino acid (BCAA) has recently been linked with numerous diseases. Elevated circulating levels of BCAA have been associated with an increased risk of T2DM and insulin resistance in humans (Newgard et al., 2009; Huang et al., 2011; Melnik, 2012; Lu et al., 2013; Lynch and Adams, 2014). Defect of BCAA catabolism promotes heart failure progression and associated with cardiovascular diseases (Shah et al., 2010; Sun et al., 2016). Impaired BCAA transportation and metabolism is associated with autism (Novarino et al., 2012; Târlungeanu et al., 2016). Elevated plasma BCAA levels have been found in early pancreatic ductal adenocarcinoma patients, supporting formation of non–small cell lung carcinoma and growth of pancreatic ductal adenocarcinoma (Mayers et al., 2014, 2016; Dey et al., 2017). The novel roles of BCAA in metabolic, cardiovascular, neurological diseases, and cancer are being investigated.

Little is known about the molecular basis of BCAA's function in cells. BCAA, especially leucine, is one key regulator of target of rapamycin complex 1 (TORC1) signaling, which is the central component of a complex signaling network of cell growth and metabolism (Saxton and Sabatini, 2017). Recently, SESN2 has been reported to be a cytoplasmic leucine sensor to activate TORC1 (Saxton et al., 2016; Wolfson et al., 2016). It has been implicated that BCAA enhanced TORC1 activation and contributed to insulin resistance (Newgard et al., 2009). In Maple Syrup Urine Disease and heart failure, branched-chain alpha keto acid (BCKA), the intermediate metabolite of BCAA catabolism, suppressed mitochondrial respiration and induced oxidative stress in cells (Funchal et al., 2006; Ribeiro et al., 2007; Sun et al., 2016). Other than these observations, the molecular basis of BCAA's roles in metabolic regulation remains to be fully explored.

KLF15 (Krüppel-like factor 15) is a transcription factor and a master regulator of metabolism. KLF15-deficient mice have impaired ability to catabolize muscle BCAAs as fuel for gluconeogenic flux during fasting (Gray et al., 2007). In addition, during sustained aerobic exercise, KLF15-deficient mice fail to augment muscle lipid utilization and consequently have impaired endurance exercise capacity (Haldar et al., 2012; Prosdocimo et al., 2014). During adipocyte differentiation, KLF15 is dramatically induced and indispensable for the differentiation (Mori et al., 2005). Under fasting condition, KLF15 is induced and inhibits the expression of SREBP-1C in liver, suppressing lipogenesis (Takeuchi et al., 2016). KLF15 regulates the insulin-sensitive glucose transporter GLUT4 expression (Gray et al., 2002). KLF15 is one key regulator of circadian homeostasis and controls the homeostasis of amino acids during circadian cycle (Jeyaraj et al., 2012; Zhang et al., 2015). In addition, KLF15 controlled the circadian homeostasis of bile acid synthesis. KLF15 deficient mice produced much less bile acids that slowed down the absorption of lipid and other nutrients (Han et al., 2015). Thus, KLF15 is a master regulator of circadian and metabolic regulation of bile acid, glycemic, lipid, and amino acids.

In an effort to understand molecular basis of BCAA's function in cells, we examined the gene expression profiles in mouse embryonic fibroblasts (MEF) in response to BCAA starvation and replenishment. Unexpectedly, KLF15 was among the dramatically regulated genes. In the present study, we investigated the KLF15 regulation by BCAA. The results demonstrated BCAA controls KLF15 expression through PI3K-AKT signaling pathway.

MATERIALS AND METHODS

Animals

Wildtype C57BL/6 mice were purchased from SLAC Laboratory Animals Company Limited, Shanghai, China. All animals were housed at with a 12-h light, 12-h dark cycle with free access to water and standard chow. This study was carried out in accordance with the guidelines of the Committee for Humane Treatment of Animals at Shanghai Jiao Tong University School of Medicine. The protocol was approved by the Committee for Humane Treatment of Animals at Shanghai Jiao Tong University School of Medicine.

Cell Culture

HepG2, NIH 3T3, and MEF cells were cultured in Dulbecco's modified Eagle's medium (Hyclone, Beijing) supplemented with 10% fetal bovine serum (FBS, Gibco BRL, Gaithersburg, MD), penicillin (100 IU/mL) and streptomycin (100 μg/mL) in a humidified 5% CO2-95% air incubator at 37°C. Custom BCAA-free DMEM was provided by Invitrogen. BCAA and BCKA chemicals were purchased from Sigma.

Plasmids, Transfection, and Luciferase Assays

The 3′UTR of mouse KLF15 was identified using the UCSC Genome Browser (http://genome.ucsc.edu/) and cloned into the psiCHECK_2 plasmid (Promega) with XhoI and NotI sites, respectively. The 3'UTR fragment (921 bp) was located in the 3′ flanking region of the synthetic Renilla luciferase gene. Thus, Renilla luciferase expression can be regulated by the downstream 3′UTR activity. The promoter region of Klf15 (−5 kb before the translation start site in the second exon) was cloned into PGL3 reporter vector (Promega) (Jeyaraj et al., 2012). Plasmids were transfected using lipofectimine2000 (Invitrogen) according to the manufacturer's protocol. The transfected cells were rinsed once with cold PBS and lysed with passive lysis buffer (Promega) after transfection for 24 h. Luciferase activity was measured using the GloMax-Multi Detection System (Promega) and the Dual-Luciferase Reporter Assay System (Promega). Renilla luciferase expression was normalized to the expression of firefly luciferase. Data are represented as means ± SE from three biological replicates representing three independent experiments.

RNA Extraction, Reverse Transcription and Real-Time PCR Analysis

Total RNA was extracted using the Trizol (Invitrogen) according to the manufacturer's instructions. Total RNA (2 μg) was reverse transcribed using random primers and MMLV (Promega). Each cDNA sample was analyzed in triplicate with the Applied Biosystems Prism7900HT Real-Time PCR System using Absolute SYBR Green (ABI) with the specific primers. The relative amount of specific mRNA was normalized by 18sRNA. Mouse KLF15 primer sequences are: forward, 5′-TCTCGTCACCGAAATGCTCA-3′ and reverse, 5′-GAGTCAGGGCTGGCACAAGA-3′.

Western Blot Analysis

Proteins from tissue or cells were harvested in buffer (50 mM HEPES [pH7.4], 150 mM NaCl, 1% NP-40, 1 mM EDTA, 1 mM EGTA, 1 mM glycerophosphate, 2.5 mM sodium pyrophosphate 1 mM Na3VO4, 20 mM NaF, 1 mM phenylmethylsulfonyl fluoride, 1 μg/mL of aprotinin, leupeptin, and pepstatin). Samples were separated on 4–12% Bis-Tris gels (Invitrogen), and transferred onto a nitrocellulose blot (Amersham). The blot was probed with the indicated primary antibodies. Protein signals were detected using conjugated secondary antibodies and enhanced chemiluminescence (ECL) western blotting detection regents (Pierce). The BCKDK antibody (AV52131) was purchased from sigma. Phospho-Akt (#4051 for pAKT Ser473 and #2965 for pAKT Thr308) and total AKT (#9272 for AKT1,2,3) antibodies were purchased from Cell Signaling Technology. β-actin antibody was purchased from Sigma Chemical Co.

Determination of BCAA Concentration

Fifty microliter of plasma was precleared of protein by addition of an equal volume of methanol, followed by two rounds of centrifugation to precipitate protein. The supernatant (90% recovery) was lyophilized and resuspended in 45 μl dH2O. Standards (L-valine, L-leucine, L-isoleucine, L-allo-isoleucine) were prepared from powder. 10 mM stocks were made in dH2O and serial pooled dilutions prepared. A 250 μM stock of D3-Leucine was also prepared in dH2O. 2 μl of standard or 2 μl of sample was diluted in 50 μl of butanolic HCL in 1.5 ml tube, heated to 60°C for 20 min and then speed vacuumed to dryness. The samples were resuspended in 200 ul of 50:50 dH2O:acetonitrile containing 0.1% formic acid. The samples were analyzed by LC-MS/MS.

Statistical Analysis

Unless otherwise specified, statistical analyses were performed with Student's t-test (two groups) or one-way ANOVA (>2 groups) where appropriate. Data are calculated as the mean ± SE (standard error) unless otherwise indicated. A p-value of less than 0.05 was considered statistically significant.

RESULTS

KLF15 Expression Is Negatively Controlled by BCAAs

To verify the KLF15 regulation by BCAAs identified in gene expression profiles of MEF (data not shown), we examined the time course of KLF15 expression following BCAA deprivation. In commercial Dulbecco's Modified Eagle's Medium (DMEM), the BCAAs concentration is 800 μM. A customized DMEM containing all components except for BCAAs was used to deprive BCAA. In MEFs, KLF15 mRNA demonstrated a clear increase at 2 h after BCAA deprivation, and remained elevated for at least 10 h (Figure 1A). Further study showed that BCAA suppressed KLF15 expression in a dose-dependent way (Figure 1B). To further verify the suppression of BCAA on KLF15 expression, we starved the cells with BCAA-free DMEM and then replenished with BCAA. BCAA replenishment clearly inhibited the BCAA-deprivation-induced KLF15 expression (Figure 1C). KLF15 induction by BCAA starvation was also observed in other cell types, such as liver (AML12) and muscle (C2C12) cell lines (Figures 1D,E).
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FIGURE 1. BCAA negatively controls KLF15 expression. Quantitative PCR results of KLF15 in MEFs. (A) MEFs were cultured in BCAA-free DMEM for indicated time before harvesting. (B) MEFs were cultured with different concentrations of BCAAs for 6 h before harvesting. (C) MEFs were cultured without BCAA (−) for 4 h followed with or without (−) BCAA replenishment for extra 2 h before harvesting. (D,E), AML12 liver cell line (D) and C2C12 muscle cell line (E) were cultured with (+) or without (−) BCAA for 4 h before harvesting. Data are means ± SE for three individual samples. *p < 0.05, **p < 0.01.



BCAA but Not Their Catabolites Regulate KLF15

BCAA can be catabolized in cells. BCAA and their catabolites such as BCKA and 3-hydroxyisobutyrate exert various physiological and pathological functions (Lynch and Adams, 2014; Jang et al., 2016). We then explored whether BCAA or their catabolic intermediates affected the KLF15 expression. Branched-chain amino acid transaminase 2 (BCAT2) catalyzes the first reaction of BCAA catabolism. If the BCAT2 expression is abolished, BCAA can't be catalyzed into BCKA and other intermediates. When BCAT2 expression was silenced by siRNA in NIH-3T3 cell (Figure 2A), KLF15 expression was not affected (Figure 2B). Meanwhile, In the BCAT2 knockdown cell, KLF15 expression was induced by BCAA deprivation, which was inhibited by replenishing BCAA (Figure 2C). Thus, BCAA, but not BCKA or downstream catabolites, suppressed the expression of KLF15.
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FIGURE 2. BCAA but not their catabolites regulate KLF15 expression. (A,B) Quantitative PCR results of BCAT2 (A) or KLF15 (B) in MEFs with Bcat2 silencing using shRNA. (C) Quantitative PCR results of KLF15 in MEFs with Bcat2 silencing with or without BCKA (500 μM) or 800 μM BCAAs replenishment for 2 h after 4-h BCAA starvation (−). *p < 0.05, **p < 0.01.



BCAA Starvation Activates PI3K-AKT Signaling Pathway

We then explored the signaling pathway(s) involved in KLF15 regulation by BCAA. A recent study showed that amino acid starvation activated PI3K/AKT signaling (Tato et al., 2011). PI3K is a key signaling molecule to transduce extracellular signals to regulate gene expression in a variety of cell types. AKT is a well-known downstream target of PI3K and its activation can be measured by phosphorylation at signature sites Ser473 or Thr308. To address whether BCAA deprivation activated PI3K pathway, we determined the AKT phosphorylation at Ser473 and Thr308 in response to BCAA starvation. BCAA deprivation caused significant AKT activation at 1 and 2 h (Figure 3A; Figure S1). BCAAs deprivation induced AKT activation in a dose-dependent way (Figure 3B; Figure S2).
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FIGURE 3. BCAA starvation induces AKT phosphorylation. Measurements of Ser473 or Thr308 phosphorylation of AKT (pAKT) or total AKT (60KD band) using immunoblots. (A) MEF cells were treated with BCAA deprivation (−) for indicated time. (B) MEF cells were treated with different concentrations of BCAAs for 2 h. Data showed 1 experiment representative of 3.



PI3K-AKT Signaling Mediates BCAA-Starvation-Induced KLF15 Expression

Pharmacological inhibitors of PI3K were then used to determine whether PI3K signaling pathway participated in BCAA-deprivation-induced KLF15 expression. The basal level and BCAA-starvation-induced Akt phosphorylation at Thr308 and Ser473 were blocked by LY294002 and Wortmannin, demonstrating a clear inhibition of PI3K signaling (Figure 4A; Figure S3). Both LY294002 and Wortmannin abolished BCAA-starvation-induced KLF15 expression (Figure 4B). Similarly, AKT inhibitor MK-2206 inhibited AKT activation (Figure 4C; Figure S4) and the KLF15 mRNA expression induced by BCAA starvation (Figure 4D). Together, these data support a critical role of PI3K-AKT signaling pathway in BCAA-starvation-induced KLF15 expression.
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FIGURE 4. Inhibitors of PI3K and AKT attenuate BCAA-starvation-induced KLF15 expression. (A) Measurements of Ser473 or Thr308 phosphorylation of AKT (pAKT) or total AKT (60KD band) using immunoblots. Cells were pretreated 60 min with 10 μM LY294002 or 1 μM Wortmannin before BCAA deprivation (−) for 2 h. Data showed 1 experiment representative of 3. (B) Cells were pretreated 60 min with 10 μM LY294002 or 1 μM Wortmannin before BCAA deprivation (−) for 4 h and then harvested for measurement of KLF15 mRNA by quantitative PCR. (C) Measurements of Ser473 or Thr308 phosphorylation of AKT (pAKT) or total AKT (60KD band) using immunoblots. Cells were pretreated 60 min with 10 μM AKT inhibitor MK-2206 before BCAA deprivation (−) for 2 h. Data showed 1 experiment representative of 3. (D) Cells were pretreated 60 min with 10 μM AKT inhibitor MK-220 before BCAA deprivation (−) for 4 h and then harvested for measurement of KLF15 mRNA by quantitative PCR. Data are means ± SE for three individual samples. *p < 0.05, **p < 0.01.



BCAA Regulates KLF15 Expression at Transcriptional Level

We then investigated whether BCAA starvation induced KLF15 expression at transcriptional or post-transcriptional level. Actinomycin D, an inhibitor of RNA synthesis, prevented KLF15 induction by BCAA starvation (Figure 5A), suggesting a transcriptional regulation. To investigate whether BCAAs affected KLF15 expression at post-transcriptional level, we cloned mouse KLF15 3'UTR fragments into the reporter vector p-siCHECK_2, where Renilla luciferase expression is regulated by downstream 3′UTR, and generated Luc-3′UTR reporters. After transfecting this reporter vector into cells, the luciferase activity was measured. The results showed that BCAA starvation did not affect the expression of the luciferase fused with mouse KLF15 3'UTR (Figure 5B). Meanwhile, BCAA starvation failed to affect the half-life of KLF15 mRNA (Figure 5C). These data suggest that BCAA starvation affect the KLF15 expression at transcriptional but not post-transcriptional level.
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FIGURE 5. BCAA regulates KLF15 expression at transcriptional level. (A) Quantitative PCR was performed to measure the mRNA level of KLF15 in cells pretreated with actinomycin D (5 μg/ml) or DMSO for 30 min before BCAA starvation (−) for 6 h. (B) Luciferase assay results from MEF cells transfected with luciferase reporter vectors with (+) or without (−) KLF15 3'UTR with (+) or without BCAA (−). (C) Quantitative PCR was performed to measure the relative mRNA level of KLF15 in cells treated with actinomycin D (5 μg/ml) for indicated time in the presence (con) or absence of BCAA (BCAA starvation). Data are means ± SE for three individual samples. **p < 0.01.



BCAA Does Not Directly Regulate KLF15 Promoter Activity

A common mechanism of transcriptional regulation is promoter activation. A chimeric construct of luciferase gene under the control of KLF15 promoter was introduced into cells by transient transfection (Jeyaraj et al., 2012). KLF15-promoter contains a well-defined GRE for the transactivity by glucocorticoid receptor (Shimizu et al., 2011). Unexpectedly, BCAA starvation failed to increase the KLF15-promoter-driven luciferase activity (data not shown). Meanwhile, the KLF15-promoter-driven luciferase mRNA expression was also not induced by BCAA starvation (Figure 6A) even BCAA starvation induced endogens KLF15 mRNA expression (Figure 6B). On the other hand, activation of KLF15 promoter and mRNA were observed following dexamethasone treatment (Figure 6). Thus, BCAA starvation induced the KLF15 transcription without directly affecting KLF15 promoter activation.
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FIGURE 6. BCAA does not directly affect KLF15 promoter activity. Quantitative PCR was performed to measure the mRNA level of luciferase (A) or KLF15 (B) in cells transfected with empty PGL3-basic or KLF15-promoter-driving luciferase constructs and treated with BCAA starvation (−) or dexamethasone for 24 h. Data are means ± SE for three individual samples. *p < 0.05.



BCAA Abundance Is Negatively Associated with KLF15 Expression in Vivo

We further investigated the relationship between BCAA and KLF15 expression in vivo. Plasma BCAA levels significantly decreased after 12-h fasting (Figure 7A). We measured the KLF15 expression in different tissues in fasted mice. KLF15 expression was significantly induced in muscle and white adipose tissue, but not in liver (Figure 7B). These data suggest that, in vivo, BCAA abundance was negatively associated with KLF15 expression.
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FIGURE 7. Fasting leads to lower BCAA abundance and higher KLF15 expression in vivo. Mice at 10-week of age were fasted for 12 h. Plasma levels of BCAAs were measured (A, n = 7 in each group) and mRNA level of KLF15 in different tissues were analyzed with quantitative PCR (B, n = 4 in each group). *p < 0.05, **p < 0.01.



DISCUSSION

Our data demonstrated that KLF15 expression is negatively controlled by BCAA. BCAA starvation induced KLF15 expression. The regulation occurs at transcriptional level although KLF15 promoter activity was not directly controlled by BCAA. Interestingly, BCAA starvation induced PI3K-AKT signaling that mediated KLF15 expression. In addition to the cellular studies, we further showed that BCAA abundance is negative associated with KLF15 expression in vivo. Considering the critical roles of KLF15 in numerous cellular functions, these data suggested BCAA could play roles in metabolic regulation through controlling KLF15 expression.

It has been well established that BCAA, particularly leucine, positively regulates mTOR activity. The mechanism was revealed only recently, showing leucine directly interacts with its sensor Sestrin2 and activates mTOR via numerous protein-protein interactions on the surface of lysosome (Saxton et al., 2016; Wolfson et al., 2016). In this way, BCAA, particularly leucine, positively regulates TORC1 activity independent of AKT activity. On the other hand, insulin and other growth factors induced mTOR via activating PI3K-AKT pathway (Saxton and Sabatini, 2017). In the present study, BCAA starvation reduced TORC1 activity (data not shown). Therefore, it is interesting to find that BCAA starvation induced PI3K-AKT activity while reducing mTOR activity. Further investigations are warranted to elucidate how BCAA-regulated PI3K-AKT and Sestrin2 pathways crosstalk to determine the mTOR activity.

Our results showed that BCAA regulates KLF15 mRNA expression at transcriptional level, illustrated by the inhibition from actinomycin D and lack of activity by KLF15 3′UTR. However, the KLF15 promoter-driving luciferase expression was not affected by BCAA starvation even though the endogenous KLF15 mRNA is induced. The KLF15 promotor used in the current study has high GC content. It is possible that the structure of KLF15 promoter in the plasmid impaired the response to BCAA starvation. On the other hand, epigenetic changes induced by BAA starvation has been reported (Chaveroux et al., 2010). Amino acid starvation induces the transcription of numerous genes such as CHOP, ATF3, and TRB3, a process associated with modifications of histone acetylation and chromatin structure. The KLF15 promoter activation may require epigenetic changes, which remains to be further explored.

The KLF15 induction in response to BCAA starvation appears to be cell type specific. Among different cell types, liver cell line such as AML12 showed the weakest increase of KLF15 mRNA in response to BCAA starvation. The KLF15 mRNA in AML12 was induced ~1.8-fold by BCAA deprivation, compared to more than 5-fold induction in other cell types (Figure 1). Similarly, in liver, the KLF15 expression showed a trend for increase in response to fasting, whereas the KLF15 induction was more significant in skeletal muscle and white adipose tissue. This cell-type-specific KLF15 induction indicated diverse BCAA sensing mechanisms and responses to BCAA nutrient in different cells and tissues.

In conclusion, our data showed that BCAA negatively regulate KLF15 expression. Dysfunctional BCAA homeostasis has been linked with metabolic, neurological, cancer, and cardiovascular diseases three regulation by BCAA strongly indicates a novel mechanism for BCAA's roles in different physiological processes.
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Aims: Renal renin-angiotensin system (RAS) plays a pivotal role in the development of diabetic nephropathy (DN). Angiotensin II (Ang II) type 1 receptor (AT1R) blockade elevates (pro)renin, which may bind to (pro)renin receptor (PRR) and exert receptor-mediated, angiotensin-independent profibrotic effects. We therefore investigated whether PRR activation leads to the limited anti-fibrotic effects of AT1R blockade on DN, and whether PRR inhibition might ameliorate progression of DN.

Methods: To address the issue, the expression of RAS components was tested in different stages of streptozotocin (STZ)-induced diabetic rats (6, 12, and 24 weeks) and 6-week AT1R blockade (losartan) treated diabetic rats. Using the blocker for PRR, the handle region peptide (HRP) of prorenin, the effects of PRR on high glucose or Ang II-induced proliferative and profibrotic actions were evaluated by measurement of cell proliferation, matrix metalloproteinase-2 (MMP-2) activity, activation of extracellular signal-regulated kinase 1/2 (ERK1/2) and transforming growth factor-β1 (TGF-β1) expression in rat mesangial cells (MCs).

Results: PRR was downregulated in the kidneys of different stages of diabetic rats (6, 12, and 24 weeks). Moreover, 6-week losartan treatment further suppressed PRR expression via upregulating AT2R, and ameliorated diabetic renal injury. HRP inhibited high glucose and Ang II-induced proliferative and profibrotic effects in MCs through suppressing TGF-β1 expression and activating MMP-2. Meanwhile, HRP enhanced losartan's anti-fibrotic effects through further inhibiting phosphorylation of ERK1/2 and TGF-β1 expression. Moreover, the inhibitive effect of HRP on Ang II-induced TGF-β1 expression depended on the regulation of PRR expression by AT2R.

Conclusions: Our findings suggest that inhibition of PRR contributes to renoprotection against diabetic nephropathy by AT1R blockade.

Keywords: diabetic nephropathy, renin-angiotensin system, (pro)renin receptor, angiotensin II type 1 receptor, angiotensin II type 2 receptor

INTRODUCTION

Diabetic nephropathy (DN) is one of the most important long-term complications of diabetes and the major cause of end-stage renal disease and mortality in diabetic patients (Reidy et al., 2014). Activated renal tissue-localized renin-angiotensin system (RAS) plays an important role in the development of kidney disease in diabetes (Rahimi, 2016). Though multiple clinical trials have shown that angiotensin-converting enzyme inhibitors (ACEI) (Lewis et al., 1993) and Angiotensin II (Ang II) type 1 receptor (AT1R) blockades (ARB) (Brenner et al., 2001) attenuate DN, these effects were limited and were unable to halt the progression of DN into end-stage organ failure (Zhang et al., 2011). One of the most remarkable changes during Ang II blockade treatment is the increased production of prorenin/renin in plasma and kidney (Gomez et al., 1990; Zhang et al., 2011). Increased plasma prorenin concentration is associated with microalbuminuria in patients with diabetes mellitus (Deinum et al., 1999). Moreover, in addition to produce Ang II, prorenin/renin had its receptor, (pro)renin receptor (PRR) (Nguyen et al., 2002). The binding of prorenin/renin to PRR exerts angiotensin-independent, receptor-mediated profibrotic effects through activating intracellular signal transductions such as extracellular-signal-regulated kinase (ERK) and p38MAPK (Nguyen et al., 2002). We hypothesize that PRR activation may limit the anti-fibrotic effects of angiotensin blockade in DN, and thus, PRR inhibition may enhance the therapeutic effects. In 2004, Ichihara et al. synthesized a decoy peptide, called “handle region peptide” (HRP), which serves as a PRR blocker (Ichihara et al., 2004). HRP prevented the development of glomerulosclerosis in human PRR transgenic rats (Kaneshiro et al., 2007). Our previous studies showed that both PRR siRNA and HRP inhibited mesangial cells (MCs) proliferation and reduced associated fibrotic factor release, including transforming growth factor-β1 (TGF-β1) and matrix metalloproteinase-2 (MMP-2) (He et al., 2009). However, the interaction between PRR and DN has not been well-studied.

In this study, we aim to investigate whether PRR plays a role during different stages of DN (from early to end stage) and during losartan (AT1R blockade) treatment, especially in the setting of high glucose and Ang II-related renal fibrosis in vivo and in vitro. Our findings demonstrate that the kidney PRR is downregulated in diabetic rats and is further significantly suppressed after 6 weeks of losartan treatment. HRP inhibits high glucose and Ang II-induced proliferative and profibrotic effects in MCs through suppressing ERK1/2 activation, TGF-β1 expression and activating MMP-2. Co-treatment of HRP and losartan produced an additive anti-fibrotic effects through further inhibiting phosphorylation of ERK1/2 and TGF-β1 expression. HRP blunts Ang II-induced TGF-β1 expression through regulating PRR via AT2R in MCs. Our findings highlight blockade of PRR as a possible new therapy for DN.

METHODS

Animals and Experimental Protocol

All animal procedures were carried out in accordance with the guidelines for the Care and Use of Laboratory Animals of Shanghai Jiao Tong University School of Medicine and approved by the Institutional Animal Care and Use Committee (Department of Laboratory Animal Science, Shanghai Jiao Tong University School of Medicine). Male Sprague-Dawley (SD) rats (150–200 g) were supplied by Shanghai SLAC Laboratory Animal Co. LTD (Shanghai, China). All animals were housed under standard laboratory conditions (12 h light/12 h dark, temperature 22–26°C, air humidity 55–60%) with ad libitum water and rat chow. The STZ-induced diabetic rat models in different stages were constructed as previously described (Tesch and Allen, 2007; He et al., 2010). Plasma level of glucose was measured using blood glucose kit assays (Jiancheng Bioengineering Company, Nanjing, China) 1 week after STZ administration. Rats with plasma glucose higher than 16.7 mM were used in the present study. The blood glucose, urine volume, urine protein excretion, and serum creatinine were measured as described previously (He et al., 2010).

For losartan treatment experiments, STZ-induced diabetic rats were further divided randomly into three groups: one was treated with losartan (gift of Hangzhou MSD Pharmaceutical Co. Ltd., Zhejiang, China) at a dose of 20 mg/kg body weight per day by gavage once daily (n = 8) for 6 weeks (beginning 1 week until 7 weeks after STZ administration); another group DM rats (n = 8) was given equal volume of water by gavage administration for 6 weeks. The third group, i.e., the non-diabetic rats, was used as the Control group (n = 8) and was given equal volume of water via gavage administration for 6 weeks. All the rats in these three groups were anesthetized and sacrificed after 6 weeks of losartan treatment to obtain the blood sample and kidney of each animal.

Histology and Immunohistochemistry

Rat kidneys collected from different groups were immediately fixed in 4% formaldehyde, and were then embedded in paraffin. Paraffin-embedded kidney sections (5 μm) were analyzed after hematoxylin & eosin (H&E) staining and periodic acid-Schiff (PAS) staining.

For immunohistochemistry, after deparaffinization and hydration through xylenes, slides were subjected to microwave for antigen retrieval. Endogenous peroxidase activity was quenched and sections were incubated with rabbit serum for 20 min, followed by incubation overnight at 4°C with a 1:100 dilution of the primary antibody, rabbit anti- rat ATP6IP2/renin receptor antibody (Abcam, Cambridge, UK, 1:100 dilution). The PRR was then detected using a commercial immunoperoxidase staining kit (Boster ABC kit, Wuhan, China). Briefly, the sections were incubated with a 1:100 dilution of biotinylated secondary goat anti-rabbit antibody for about 30 min at 37°C, followed by avidin-biotin-peroxidase complex (ABC) reagent incubation for 30 min at 37°C. Bound antibody conjugates were visualized using 3,3′-diaminobenzidine (DAB) as a chromogen to develop a brown stain and mounted with glycerol gelatin. The sections were not counterstained with hematoxylin to better compare PRR expression (Deng et al., 2006).

Electron Microscopy Analysis

Rat kidneys were fixed in 2.5% glutaraldehyde in sodium cacodylate buffer. Samples were post-fixed in OsO4, dehydrated in ethanol, and embedded in resin. Ultrathin sections (50~60 nm) were counterstained with uranyl acetate and lead citrate and examined with a Philips CM120 transmission electron microscope.

Measurements of the Components of RAS

For the determination of plasma renin activity, plasma AngII and kidney AngII, we treated the plasma and kidney as previously reported (He et al., 2009, 2010). Plasma renin activity was determined by the rate of angiotensin I (AngI) generation from angiotensinogen at a substrate concentration close to Km. Plasma renin activity was determined with Ang I radioimmunoassay kit (Beijing North Institute of biological technology, China) and plasma Ang II and kidney Ang II were determined with Ang II radioimmunoassay kit (Beijing North Institute of biological technology, China).

RNA Extraction and Real-time PCR

Total RNA of isolated renal cortexes or MCs was extracted using Trizol reagent (Invitrogen, Carlsbad, CA, USA) according to the manufacturer's instructions. Complementary DNA was synthesized with the Prime-Script RT reagent kit (Promega, Madison, WI). Real-time PCR was performed using SYBR Green PCR Master Mix (Applied Biosystems, CA) on an ABI 7900HT fast real-time PCR system (Applied Biosystems). Expression data were normalized to internal GAPDH and the relative expression levels were evaluated using the ΔΔCt method (He et al., 2010, 2013; Zhang et al., 2016). Primer sequences used in real-time PCR are shown in Table S1. The levels of target gene mRNA were calculated as a percentage of those in control MC or kidney. The data were expressed as average of triplicates ± SEM. The same experiments were repeated 3–5 times.

Western Blotting Analysis

Cell lysates were fractionated by sodium dodecyl sulfate (SDS)-polyacrylamide gelelectrophoresis and then transferred to nitrocellulose membrane (Axygen, Union City, CA). After blocking with 5% nonfat milk in Tris-buffered saline, the membranes were incubated with the antibodies against anti-ATP6IP2/renin receptor antibody (Abcam, Cambridge, UK, 1:1,000 dilution), anti-phosphorylation of ERK1/2 (Cell Signaling Technology, Beverly, MA, 1:1,000 dilution), anti-ERK1/2 (Cell Signaling Technology, Beverly, MA, 1:1,000 dilution) or anti-β-actin (Merck, Darmstadt, Germany, 1:5,000 dilution) followed by horseradish peroxidase (HRP)-linked secondary antibodies (KPL, Guildford, UK, 1:2,000 dilution) for 1 h at room temperature. The filter was finally washed three times and treated with enhanced chemiluminescent reagents, exposed to Kodak X-ray film for 1–20 min to detect the signals.

Cell Culture

The immortalized rat renal mesangial cell line was kindly provided by the Department of pathology of Fudan University, China (He et al., 2009). The cells were incubated in Dulbecco's modified Eagle medium (DMEM, Sigma-Aldrich, St. Louis, MO, USA) containing normal glucose concentration of 5.56 mM D-glucose and supplemented with 10% new bovine serum (NBS) in a humidified atmosphere of 95% air and 5% CO2 at 37°C. To observe the effect of high glucose, D-glucose (Sigma-Aldrich) was added into the culture medium to increase the glucose concentration to 30 mM; and 24.44 mM mannitol (Sigma-Aldrich, St. Louis, MO, USA) was added instead of glucose to serve as osmolality control.

Fluorescence Microscopy Studies on Binding of HRP and PRR

To study the binding of HRP and PRR in MCs, we synthesized HRP labeled by FITC at the C terminal of the decapeptide, and its sequence is FITC-RILLKKMPSV-COOH (He et al., 2009). Treated with FITC-HRP for 5 min, MCs were washed by cold PBC twice, fixed, blocked, incubated with the anti-ATP6IP2/renin receptor antibody (Abcam, Cambridge, UK, 1:100 dilution), followed by 1 h of incubation at room temperature with Rhodamine (TRIC) labeled anti-goat antibody (rabbit polyclonal; 1:50; KPL, USA) in blocking buffer. Images were then obtained via the laser scanning confocal microscope (Leica, Germany). The co-localization was detected in a triple fluorescence photograph using View-sect software (Leica, Germany).

MMP-2 Activity Determination by Gelatin Zymography

The MMP-2 enzyme activity was determined by gelatin zymography as described previously (He et al., 2009). The ratio of the densities of active MMP-2 (68 kD) to total MMP-2 (the sum of 68 and 72 kD) represents the activity of MMP-2 in the culture medium. The experiment was performed in triplicate.

Cell Proliferation Assay

Cell proliferation of MCs was measured using a colorimetric 5-bromo-2′-deoxyuridine (BrdU) enzyme-linked immunosorbent assay (ELISA) (Roche Applied Science, USA.) according to the manufacturer's protocol. The developed color of the reaction product and thereby the absorbance values difference of 370 and 492 nm (A370–A492 nm) correlates directly to the amount of DNA synthesis, and thus, cell proliferation. The experiments were performed in triplicate.

Statistical Analysis

All values are presented as mean ± SEM. The statistical significance of differences among groups was assessed by using one way-ANOVA, followed by Student-Newman-Keul test. A P-value of < 0.05 was taken as statistically significant.

RESULTS

Renal Damage in the Different Stages of STZ-Induced Diabetic Duration

To investigate the role of PRR in DN, we constructed a STZ-induced diabetic rat model and the rats with blood glucose higher than 16.7 mM were included in this study. In the different stages of STZ-induced diabetic duration (6, 12, and 24 weeks after STZ administration), the urine protein excretion and metabolic indices, including blood glucose, body weight, and urine output of each group were collected (Table 1). After 6 or 12 weeks, the survival rates of both Control and diabetic mellitus (DM) group were 100% (7/7). But the survival rate of DM rats in 24 weeks was decreased to 75% (6/8), while no rats in Control group (7/7) died (Table 1). All of the DM rats in the three stages exhibited progressive increase in blood glucose level, urinary protein excretion, and kidney weight, but showed a decrease in body weight (Figures 1A–C and Table 1). Moreover, the urinary protein excretion in DM rats increased with time (2.74, 6.03, and 10.95-fold higher in DM than age-matched Control group at 6-, 12-, and 24-weeks). Renal pathological examination by H&E and PAS staining indicated glomerular hypertrophy, expansion of mesangium, and increased diffusely appearing deposits in the basement membranes of capillary loops of the glomeruli in DM rats (Figures 1C,D). Electron microscopy showed glomerular basement membrane thickening (Figure 1E), increase of mesangial matrix (Figure 1F), and extensive podocyte fusion in model groups (Figure 1E). The severity of renal morphological changes increased with time, approximating diffuse diabetic glomerulosclerosis at advanced DN stages. This series study provided a successful model for investigating the role of PRR in DN development.


Table 1. Blood glucose, kidney weight, urine volume, and urinary protein excretion in control rats (Control) and STZ-induced diabetic rats (DM).
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FIGURE 1. Evidence for diabetic nephropathy (DN) in different stages of STZ-induced diabetic rats. (A) Body weight, (B) ratio of right kidney to body weight of the Control (n = 7) and diabetic rats (DM rats) (n = 6) in 24 weeks after STZ administration. The photographs are the representative for rats and kidneys. (C) Representative hematoxylin and eosin (H&E) staining and (D) periodic acid-Schiff (PAS) staining of glomeruli from Control and DM rats in the different diabetes stages (6, 12, and 24 weeks). Scale bar: 50 μm. (E,F) Electron microscopy of kidney sections from Control and DM rats in the different diabetes stages (6, 12, and 24 weeks after STZ administration). (E) Representative electron microscopy images of glomerular basement membranes and podocytes in glomeruli. Scale bar: 1 μm. (F) Representative electron microscopy images of mesangial areas in glomeruli. Scale bar: 2 μm. *P < 0.05 Control vs. DM rats.



Expression of PRR and the Other Components of RAS in the Kidney and Plasma of Diabetic Rat

We tested the components of RAS in kidneys of all groups. Plasma renin activity was significantly lower in DM rats than in the age-matched Control rats from early to end stage DN (at stages of 6-, 12-, and 24-week diabetic duration) (Figure 2A), but kidney (pro)renin mRNA was higher in DM rats (Figure 2B). Both PRR mRNA and protein levels in the renal cortex of DM rats were significantly lower than those of the Control group (Figures 2C,D). Meanwhile, DM rats showed a significant increase in plasma and kidney Ang II (Figures 2E,F).
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FIGURE 2. RAS components in the plasma and kidney of Control and DM rats at the end of 6, 12, or 24 weeks after STZ induction. (A) Plasma renin activity measured by radioimmunoassay. (B) Kidney (pro)renin and (C) PRR mRNA level by real-time PCR. (D) Kidney PRR protein level by Western blotting. (E) Plasma and (F) kidney Ang II measured by radioimmunoassay. *P < 0.05 Control vs. DM rats in the same time point.



Renal-Protective Effects of AT1R Blockade (Losartan) in Diabetic Rats

AT1R blockade losartan treatment (20 mg/kg body weight per day by gavage for 6 weeks) attenuated, but did not completely reverse hyperglycaemia, renal hypertrophy, polyuria, proteinuria and elevations of serum creatinine of DM rats (Table 2). Losartan had no effect on the body weight of DM rats. H&E (Figure 3A), PAS staining (Figure 3B), and electron microscopy (Figures 3C,D) showed that the changes of DN in 6 weeks, including glomerular hypertrophy, expansion of mesangium, mesangial matrix increase, glomerular basement membrane thickening and extensive podocyte fusion, were attenuated by losartan treatment. These data suggest that losartan exhibits a renoprotective effect in STZ-induced rats, but cannot completely halt the progression of DN into end-stage organ failure.


Table 2. Effects of 6-week losartan treatment on blood glucose, kidney weight, urine protein excretion, and serum creatinine of STZ-induced diabetic rats.
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FIGURE 3. Histology analysis of kidneys from Control, DM and losartan treated DM (DM + losartan) rats. (A) Representative H&E staining and (B) PAS staining of glomeruli from Control, DM and DM + losartan rats. Scale bar: 50 μm. (C,D) Electron microscopy of kidney sections. (C) Representative electron microscopy images of glomerular basement membranes and podocytes in glomeruli. Scale bar: 1 μm. (D) Representative electron microscopy images of mesangial areas of glomeruli. Scale bar: 2 μm.



Effects of Losartan on the Expression of PRR and TGF-β1 Expression in Kidneys of Diabetic Rats

To investigate the roles of PRR in the protective effects of losartan in DN, we tested the renal levels of PRR, TGF-β1, and other components of RAS in the Control, DM and DM treated with losartan group (DM + losartan). DM rats exhibited a reduction of kidney PRR mRNA. Notably, 6-week DM + losartan rats had lower PRR mRNA expression compared with DM rats (Figure 4A). Immunohistochemical staining showed that PRR mainly localized in the glomeruli mesangium zone (Figure 4B). Moreover, the kidney positive staining for PRR of the DM + losartan group was significantly lower than that of DM rats, similar to the real-time PCR results (Figure 4A). The increased kidney TGF-β1 mRNA of DM rats was attenuated by losartan, but the level was still higher than the Control group (Figure 4C). Meanwhile, the (pro)renin and AT2R mRNA levels of DM rats were significantly increased after losartan treatment (Figures 4D,F). However, losartan had no effect on the kidney AT1R level of DM rats (Figure 4E). These data suggest that AT1R blockade may play renoprotective roles not only by blocking the AT1R, but also by decreasing PRR.
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FIGURE 4. Expression of the components of RAS and TGF-β1 in the kidney of Control, DM and DM + losartan rats. (A) Kidney PRR mRNA level by real-time PCR. (B) Immunohistochemical staining for PRR in the kidneys of Control (n = 8), DM (n = 8) and DM + losartan (n = 8) rats (not counterstained with hematoxylin to compare the PRR expression better). The arrows indicated the representative area of PRR expression in the renal tissues. (C) TGF-β1, (D) (pro)renin, (E) AT1R, (F) AT2R mRNA level in the kidneys of DM (n = 8) and DM + losartan (n = 8) rats by real-time PCR. *P < 0.05 compared with Control rats, #P < 0.05 compared with DM rats.



Co-localization of HRP and PRR

Our previous study reported the existence of (pro)renin mRNA in MCs and renin activity in the cultured medium (He et al., 2009). HRP (10−6 M), the blocker of PRR, was used to identify the roles of PRR in the MCs in vitro. In vivo, PRR was observed mainly in the mesangium of cortical glomeruli (Figure 4B). In MCs, PRR mainly localized to the perinuclear zone and plasma membrane using immunofluorescence (Figure 5Aa). FITC-labeled HRP (FITC-HRP) was synthesized to observe the cellular distribution of the HRP-PRR complex. FITC-HRP translocated from culture medium into the cytoplasm within 30 s. Triple fluorescence photograph by confocal microscopy showed that the co-localization of PRR and FITC-HRP was mainly on the cell membrane and in the perinuclear zone of the cytoplasm in 5 min after FITC-HRP treatment (Figures 5A,B). These data further suggest that HRP may interact with PRR in MCs.
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FIGURE 5. Co-localization of PRR and FITC-HRP. (Aa) Immunofluorescence showing FITC-HRP was mainly located in the cytoplasm and membrane. (b) Immunofluorescence showing PRR was mainly located in the cytoplasm and membrane. (c) Analysis of the overlay of PRR and HRP. Yellow is the co-localization. (B) Triple fluorescence photograph with confocal microscopy reveals the co-localization of PRR and FITC-HRP (5 min). The co-localization (yellow staining) mainly focused in the membrane and cytoplasm. Scale bar: 20 μm.



HRP Suppresses High Glucose-Induced Phosphorylation of ERK1/2, TGF-β1 Expression and MMP-2 Deactivation in MCs

Since it has been reported that PRR activation promotes the production of profibrotic factors through activating ERK signaling, we examined the effect of HRP on high glucose-induced phosphorylation of ERK1/2 and TGF-β1 expression, one of the most important fibrotic factors in DN (Nguyen et al., 2002). Treatment with high glucose caused a significant increase in phosphorylation of ERK1/2 (Figure 6A) and TGF-β1 mRNA expression (Figure 6B), while no significant change was observed in MCs treated with mannitol (as osmolarity control). HRP (10−6 M) attenuated high glucose-induced phosphorylation of ERK1/2 to control group level (Figure 6A). HRP (10−7 and 10−6 M) reversed the increased TGF-β1 mRNA expression to control level or even lower level than control (Figure 6B). High glucose also induced a decrease in MMP-2 activity of the MCs, while HRP (10−7 M and 10−6 M) reversed the decreased MMP-2 activity to control or mannitol group levels (Figure 6C). These data suggest that PRR is activated and involved in high glucose-induced proliferative and profibrotic effects and HRP may eliminate these effects through blocking the activation of PRR in MCs.
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FIGURE 6. HRP suppressed high glucose and Ang II-induced proliferative and fibrotic effects in MCs. Antagonistic action of HRP (10−7 M and 10−6 M) on high glucose-induced increase in phosphorylation of ERK1/2 (A) and TGF-β1 mRNA expression (B) by real-time PCR. (C) Abolition of the high glucose-induced decrease in MMP-2 activity by HRP by gelatin zymography. *P < 0.05 compared with control; #P < 0.05 compared with high glucose group. (D) BrdU ELISA shows suppression of the Ang II-induced increase in proliferation of MCs by HRP (10−7 M and 10−6 M). (E) Abolition of the Ang II-induced decrease in MMP-2 activity by HRP (10−7 M and 10−6 M) by gelatin zymography. Co-treatment of HRP and losartan leads to a further reduction in phosphorylation of ERK1/2 (F) and TGF-β1 expressions (H) compared with losartan or HRP individual treatment. (G) Ang II causes a dose-dependent increase in TGF-β1 mRNA expression. (I) The suppressing effect of Ang II on PRR expression is induced by activation of AT2R. HRP has no effect on the PRR expression. (J) Effects of AT2R activation and PRR inhibition by HRP on TGF-β1 expressions in MCs by real-time PCR. *P < 0.05 compared with control; #P < 0.05 compared with Ang II group; §P < 0.05 compared with individual treatment by losartan or HRP.



HRP Suppresses Ang II-Induced Cell Proliferation and MMP-2 Deactivation in MCs

Besides high glucose, Ang II is another pivotal factor in the pathogenesis of DN in vivo as shown in Figure 2. HRP (10−7 M and 10−6 M) eliminated high Ang II-induced cell proliferation as shown by BrdU incorporation (Figure 6D). In addition, the reduction of MMP-2 activity induced by Ang II (10−7 M) at 72 h was attenuated by HRP (Figure 6E). These data show HRP blunts Ang II-induced proliferative and profibrotic actions in MCs, suggesting that PRR may be involved in the Ang II signaling pathway.

Combined Treatment with HRP and Losartan Has an Additive Effect on Inhibiting Phosphorylation of ERK1/2 and TGF-β1 Expression in MCs

Ang II caused an increase in phosphorylation of ERK1/2 and a dose-dependent increase in TGF-β1 mRNA expression (Figures 6F,G). Losartan (10−6 M) or HRP (10−6 M) attenuated Ang II-induced phosphorylation of ERK1/2 and expression of TGF-β1 mRNA (Figures 6F,H). The level of phosphorylation of ERK1/2 and TGF-β1 expression in HRP or losartan individual treatment group is still higher than control group (Figures 6F,H). Notably, combined treatment with losartan and HRP led to a further reduction in phosphorylation of ERK1/2 (Figure 6F) and TGF-β1 expression (Figure 6H) to control level, suggesting that HRP may enhance losartan's anti-fibrotic effects on DN through further or fully inhibiting PRR.

Inhibitive Effects of HRP on the Ang II Signaling Pathway Depends on PRR Expression Regulated by AT2R

As described in our previous studies (He et al., 2010), Ang II (10−7 M) or AT2R agonist (CGP42112A) (10−6 M) decreased the expression of PRR mRNA, while AT2R antagonist (PD123319) (10−5 M) abolished the Ang II-induced repression of PRR expression (Figure 6I). HRP (10−6 M) did not affect the downregulation of PRR by AT2R activation (Figure 6I). Ang II (10−7 M) stimulated TGF-β1 mRNA expression and CGP42112A (10−6 M) significantly reduced TGF-β1 mRNA expression after 24 h treatment (Figure 6J). HRP (10−6 M) suppressed the induction of TGF-β1 mRNA expression by combined treatment with Ang II (10−7 M) and PD123319 (10−5 M), but did not further reduce the expression of TGF-β1 induced by CGP42112A (10−6 M) (Figure 6J). These data indicate that Ang II-induced proliferative and profibrotic actions are mediated at least in part through PRR. Moreover, HRP inhibition on the Ang II signaling pathway is dependent on regulation of PRR expression by AT2R.

DISCUSSION

A pivotal role for the RAS in the pathogenesis and development of DN is widely accepted, based largely on work showing the attenuation of DN by ACEI (Lewis et al., 1993; Zhang et al., 2011) and ARBs (Brenner et al., 2001; Zain and Awan, 2014). However, these agents cannot halt the progression of DN into end-stage organ failure, possibly because of insufficient suppression of the intrarenal RAS, especially the increased production of prorenin (Gomez et al., 1990). Prorenin, the inactive proenzyme form of renin, may contribute to kidney damage by binding to and activating PRR (Nguyen et al., 2002). On binding to PRR, pro(renin) induces direct (receptor-mediated, angiotensin-independent) proliferative and profibrotic effects by increasing phosphorylation of ERK1/2, and increasing TGF-β1 and MMP-2 expression (Nguyen et al., 2002; He et al., 2009). Therefore, PRR activation may limit therapeutic effects of ACEI and ARB on DN, and thus, a PRR blocker may enhance their anti-fibrotic effects.

In this study, DN models of different duration (6, 12, and 24 weeks) were constructed and metabolic indices, renal function, and kidney histological morphology suggested that the severity of renal damage increased with duration of STZ treatment. This series study provides a means for investigating the role of RAS in DN development. Plasma renin activity was suppressed and kidney (pro)renin mRNA expression was upregulated in DM rats, reflecting suppressed systemic RAS activity, possibly resulting from increased kidney-specific RAS activity (Price et al., 1999; Oshima et al., 2014). The expression of PRR mRNA and protein in the kidneys of DM rats was significantly downregulated in all three stages. These results are in agreement with our previous study showing the downregulation of PRR expression in the kidneys of early stage diabetic rats (1 and 3 weeks after STZ injection) (He et al., 2010). The regulation of kidney PRR expression during DM has not been consistently shown. Huang et al showed that the expression of rat kidney PRR was significantly increased 6 weeks after development of diabetes (Siragy and Huang, 2008). However, other reports showed no difference between the kidney PRR expression levels of nondiabetic and diabetic subjects (Konoshita et al., 2006). This difference may be caused by (1) different high glucose, Ang II and (pro)renin levels in vivo: we tested these parameters as shown in Table 1 and Figure 2, but these were not shown in other reports; (2) mRNA and protein extracted from different regions of the renal tissues: our immunohistochemical staining showed PRR localized mainly to the glomeruli mesangium zone (Figure 4B), but other reports used whole kidney. The regulation of PRR in the different types of renal cells may be different.

The major interest of this study was focused on the roles of PRR in the renal-protective effects of AT1R blockade on DN. We showed that losartan exhibited a protective effect on DN, suppressing phosphorylation of ERK1/2 and TGF-β1 expression, which also occurred in the previous observations in animals and patients (Siragy and Huang, 2008; Huang et al., 2011; Anbar et al., 2016). PRR activation by binding (pro)renin may activate ERK1/2 signaling, resulting in the production of profibrotic factors in diabetic nephropathy, such as TGF-β1 (Nguyen et al., 2002). Even PRR is suppressed (Figure 6I), HRP blunts high glucose and Ang II-induced phosphorylation of ERK1/2 (Figures 6A,F) and TGF-β1 expression (Figures 6B,H) through blocking the PRR. These suggest that PRR is activated and involved in diabetic nephropathy development even PRR is downregulated by high glucose and Ang II. Therefore, a clinically relevant finding in the present study is that losartan may further downregulate PRR. This maybe one of the mechanisms through which losartan exerts its renoprotective effects in DN besides blocking AT1R. In vivo, losartan had a mild protective effect against diabetic glycemia (Table 2), which is similar to the findings of Murali and Goyal (Murali and Goyal, 2001). Meanwhile, kidney (pro)renin and AT2R levels, but not AT1R level, were significantly upregulated by losartan. So, increased tissue Ang II (Figure 2F) suppresses PRR expression via AT2R activation (Figure 6I), which is consistent with our previous studies (He et al., 2010). On the other hand, Schefe et al. reported that on the activation of PRR by (pro)renin, the direct interaction partner of PRR, promyelocytic leukemia zinc finger protein (PLZF) is translocated to the nucleus and repressed the transcription of the PRR itself (Schefe et al., 2006). The present results are in agreement with these findings: losartan-induced high (pro)renin levels suppressed PRR expression through a short negative-feedback loop, preventing excessive receptor activation. In addition, there is also evidence indicating that Ang II stimulation induces cytosolic PLZF to bind to AT2R at the plasma membrane, driving PLZF to translocate into the nucleus in cardiac hypertrophy (Senbonmatsu et al., 2003). We observed the expression of PLZF mRNA in both the MCs and rat kidney (data not shown). Therefore, the possibility of the involvement of PLZF in regulation of PRR by AT2R cannot be ruled out and we will further study the detailed mechanism.

On the basis of the available knowledge of PRR and present data, we hypothesize that in diabetic patients or animals, a high level of prorenin promotes renal MCs proliferation and fibrosis through binding to the PRR, which are further augmented by both high glucose and Ang II (via AT1R). On the other hand, prorenin, as well as high glucose and Ang II lead to a downregulation of PRR expression, possibly through PLZF (Schefe et al., 2006) and AT2R (Senbonmatsu et al., 2003; He et al., 2010), indicating a negative feedback mechanism (Figure 7). The final regulation and effects of PRR are determined by the balance of all of these factors. The activation of the downregulated PRR still involes in the diabetic nephropathy development. Besides blocking AT1R, losartan exerts renoprotection through further downregulating PRR via upregulation of AT2R (Figure 7). The present data suggest that downregulation of PRR plays an important adaptive and protective role in decreasing high glucose or Ang II induced renal fibrosis during diabetic condition.
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FIGURE 7. Schematic diagram of a proposed mechanism for blockade of (pro)renin/PRR activation as a therapeutic strategy. Binding of (pro)renin and PRR activates ERK1/2 signaling, resulting in the production of profibrotic factors in diabetic nephropathy, such as TGF-β1. During diabetes development, high glucose and Ang II, as well as high level (pro)renin, lead to a downregulation of PRR expression, through the mediation of AT2R (He et al., 2010) or PLZF (Schefe et al., 2006), indicating a negative feedback mechanism. But, the activation of the downregulated PRR still involes in the diabetic nephropathy development. Besides blocking AT1R, losartan plays renoprotective roles through further suppressing PRR via upregulation of AT2R. Moreover, HRP may enhance losartan's anti-fibrotic effects through further or fully inhibiting PRR. The present findings highlight blockade of PRR as a possible new addition therapy to AT1R blockade for DN. Abbreviations: Ang II, angiotensin II; AT1R, angiotensin II type 1 receptor; AT2R, angiotensin II type 2 receptor; ERK1/2, extracellular signal-regulated kinases 1 and 2; HRP, handle region peptide (HRP) of prorenin; PLZF, promyelocytic zinc finger; PRR, (pro)renin receptor; TGF-β1, transforming growth factor-β1.



HRP mimics the handle region of prorenin and binds competitively to PRR, thereby preventing receptor-mediated prorenin activation and intracellular signaling activation (Suzuki et al., 2003; Ichihara et al., 2004). In the present study, HRP eliminated the high glucose-induced profibrotic actions in MCs. Meanwhile, we firstly reported that HRP inhibited Ang II-induced MCs proliferation and MMP-2 deactivation, suggesting PRR is involved in Ang II-induced proliferative and profibrotic effects. The actions of Ang II are mainly via the signaling of AT1 and AT2 receptors (Senbonmatsu et al., 2003; Ding et al., 2016). Firstly, co-treatment of HRP and AT1R blockade (losartan) showed an additive inhibitory effect on Ang II-induced phosphorylation of ERK1/2 and TGF-β1 expression (Figure 6F). Since losartan totally blocked the AT1R, the effect of HRP cannot be explained on the basis of the suppression of local angiotensin generation, suggesting that HRP exerts beneficial effects in an Ang II-independent manner. This is consistent with the previous work showing that HRP inhibits the development of glomerulosclerosis in diabetic AT1A-receptor-deficient mice (Ichihara et al., 2006). Therefore, therapeutically induced increases in (pro)renin play a role in the limited effectiveness of Ang II blockade, and PRR blockade maybe a good addition to AT1R blockade for DN, especially for patients with high Ang II level (Figure 7). Secondly, HRP had no effect on the downregulationof PRR by activation of AT2R. HRP suppressed Ang II and AT2R blockade (PD123319)-induced increase of TGF-β1, but did not further reduce the decreased TGF-β1 expression by AT2R agonist (CGP42112A). This result indicated that the inhbitive effects of HRP on Ang II-induced cell proliferation and fibrosis depended on the regulation of PRR by AT2R.

In summary, the present study suggests inhibition of PRR may play a protective role in decreasing high glucose or Ang II-induced renal fibrosis during diabetic condition (Figure 7). We demonstrated that kidney PRR was downregulated in different stages of diabetic rats and further suppressed after AT1R blockade treatment. Importantly, HRP enhances losartan's therapeutic actions, confirming that PRR activation may be one of the reasons for limited anti-fibrotic effects of AT1R blockade on DN and PRR blocker may be a possible new therapy for DN.
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