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Abstract:



The Platycodon grandiflorus root, a Korean medicinal food, is well known to have beneficial effects on obesity and diabetes. In this study, we demonstrated the metabolic effects of P. grandiflorus root ethanol extract (PGE), which is rich in platycodins, on diet-induced obesity. C57BL/6J mice (four-week-old males) were fed a normal diet (16.58% of kilocalories from fat), high-fat diet (HFD, 60% of kilocalories from fat), and HFD supplemented with 5% (w/w) PGE. In the HFD-fed mice, PGE markedly suppressed the body weight gain and white fat mass to normal control level, with simultaneous increase in the expression of thermogenic genes (such as SIRT1, PPARα, PGC1α, and UCP1), that accompanied changes in fatty acid oxidation (FAO) and energy expenditure. In addition, PGE improved insulin sensitivity through activation of the PPARγ expression, which upregulates adiponectin while decreasing leptin gene expression in adipocytes. Furthermore, PGE improved hepatic steatosis by suppressing hepatic lipogenesis while increasing expression of FAO-associated genes such as PGC1α. PGE normalized body fat and body weight, which is likely associated with the increased energy expenditure and thermogenic gene expression. PGE can protect from HFD-induced insulin resistance, and hepatic steatosis by controlling lipid and glucose metabolism.
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1. Introduction


Obesity is defined as excessive fat accumulation that may have adverse effects on health, such as type 2 diabetes, insulin resistance, atherosclerosis, dyslipidemia, hepatic steatosis, and cancer [1,2]. Elevated triglycerides, blood pressure, and fasting glucose levels, as well as reduced HDL cholesterol levels, are recognized as major risk factors for these disorders [3]. Obesity-induced inflammation, a key feature of adipose tissue dysfunction, has been proposed to be an important link between obesity and insulin resistance [4]. Adipose tissue is a critical component of metabolic control and an endocrine organ that secretes a number of adipokines, known to mediate lipid metabolism, inflammation, and insulin sensitivity [5].



Dysregulation of lipid metabolism in the liver induces abnormal accumulation of lipids and subsequent formation of lipid droplets (LDs), known as hepatic steatosis, which is common in obese individuals and strongly linked to insulin resistance [6]. Current strategies to ameliorate this disease include increasing energy expenditure and browning of white adipose tissue (WAT). In particular, genes involved in browning of WAT are associated with resistance to obesity, metabolic dysfunction, and hepatic insulin resistance [7,8].



The Platycodon grandiflorus root has long been used as a traditional medicine for treating bronchitis, asthma, pulmonary tuberculosis, hyperlipidemia, inflammation, and diabetes in Asia [9]. Recently, saponins from the root of P. grandiflorus showed a novel pharmacological potential as a treatment for metabolic diseases such as hyperlipidemia and diabetes [10]. The P. grandiflorus root, an oriental medicinal herb used in this study, has been approved in Korea as a food ingredient and used in oriental medicine for the treatment of obesity [11], although the mechanism of action of its extract has not been reported yet.



We investigated whether P. grandiflorus root ethanol extract (PGE) could attenuate adiposity, insulin resistance, hepatic steatosis, and inflammation in C57BL/6J mice fed a high-fat diet (HFD), a widely used animal model for obesity [12]. We also attempted to elucidate the molecular mechanism of PGE action by examining its effects on mRNA expression of browning markers in WAT of the diet-induced obesity (DIO) mice.




2. Materials and Methods


2.1. Preparation of Platycodon grandiflorus Root Extract


P. grandiflorus roots were obtained from Omniherb, Korea, and extracted with 10 volumes of 70% ethanol for 6 h at 50 °C. The extract (PGE) was collected and concentrated using a vacuum evaporator and then freeze-dried (yield 13.1%) for use in this study. The PGE contained bioactive components such as triterpenoid saponins as determined by liquid chromatography–mass spectrometry (Table S1).




2.2. Animals and Diets


Male C57BL/6J mice (4-week-old) were obtained from The Jackson Laboratory (Bar Harbor, ME, USA). All mice were individually housed under a constant temperature (24 °C) and 12-h light/dark cycle, fed a normal chow diet for a one-week acclimation period, and subsequently randomly divided into three groups. The mice in the different groups were fed, respectively, a normal diet (ND, 16.58% of kilocalories from fat, n = 10), HFD (60% of kilocalories from fat, n = 10), or HFD with 5% (w/w) of PGE (n = 10) for 12 weeks. The experimental diets were prepared every week and stored at 4 °C. At the end of the experimental period, all mice were anesthetized with ether after 12 h of fasting. Blood was taken from the inferior vena cava to determine the plasma lipid, adipokine, and hormone concentrations. The liver and adipose tissue were removed, rinsed with physiological saline, weighed, immediately frozen in liquid nitrogen, and stored at −70 °C until analysis. The animal study protocols were approved by the Ethics Committee at Kyungpook National University (Approval No. KNU 2015-0020).



Energy expenditure, morphology of the liver and fat tissues, glucose metabolism markers, hepatic lipid content, glucose- and lipid-regulating enzyme activity, and analysis of gene expression were performed as indicated in supporting information Material and Methods.





3. Results


3.1. Composition of Platycosides in PGE


Platycoside compounds of PGE were analyzed using LC-MS/MS method. The 18 platycoside compounds (about 4%) were identified in the PGE, which are deapioplatycoside E, platycoside E, deapioplatycodin D3, platycodin D3, platyconic acid B lactone, polygalacin D3, paltycoinc acid A, 3″-O-acetylplatyconic acid A, platycodin D2, platycodin D, 3″-O-acetylplatycodin D2, polygalacin D2, polygalacin D, 3″-O-acetylplatycodin D, platycodin V, platycodin A, 2″-O-actylpolygalacin D2, and 2″-O-actylpolygalacin D (Table S1). The most abundant platycoside compounds were platycodin A (10.28 μg/mg), 3″-O-acetylplatycodin D2 (10.25 μg/mg), 3″-O-acetylplatyconic acid A (3.50 μg/mg), 2″-O-actylpolygalacin D2 (2.34 μg/mg), and platycodin D3 (1.87 μg/mg).




3.2. PGE Supplement Lowered Body Weight Gain and Improved Plasma Lipid Profiles and Adipokine Levels in DIO Mice


PGE significantly suppressed the body weight gain from the first week of high-fat feeding and decreased the food efficiency ratio, with no difference in food intake (Figure 1A). Interestingly, the addition of PGE led to a significant reduction of body weight compared to that in the HFD group, bringing it to the level similar to that in the ND group. PGE significantly decreased not only the total cholesterol (TC) and non-HDL cholesterol levels but also the apolipoprotein (Apo) B levels compared to those in the HFD group. The levels of plasma triglycerides (TG), and FFA were also markedly decreased by the PGE treatment compared to those in the HFD group (Figure 1B). Similar to the results for plasma lipid profiles, PGE significantly lowered the plasma adipokine levels, such as resistin, leptin, TNF-α, and plasminogen activator inhibitor-1 (PAI-1) levels (Figure 1C).


Figure 1. Effects of dietary PGE on body weight gain, plasma lipid profiles, insulin resistance, and glucose tolerance via modulating hepatic glucose-regulating enzyme activities in HFD-fed C57BL/6J mice. The data are the mean ± SEM (n = 10). (A) Changes in the body weight, food intake, and food efficiency ratio (FER); (B) levels of plasma total, HDL, and non-HDL cholesterol, AI, TG, FFA, Apo A-1, and Apo B; (C) levels of plasma resistin, leptin, TNF-α, and PAI-1; (D) blood glucose levels after 12 h of fasting; (E) plasma insulin and glucose levels after 12 h of fasting and the HOMA-IR calculated using the fasting blood glucose and insulin levels; (F) glucose tolerance; and (G) activities of the glucose-regulating enzymes G6Pase and PEPCK. ND, mice fed a normal diet; HFD, mice fed a high-fat diet (HFD) alone; PGE, Platycodon grandiflorus root extract (5%, w/w)-treated HFD-fed mice. B.W., body weight, AI, atherogenic index, ((Total-C)-(HDL-C))/HDL-C.
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3.3. PGE Improved Insulin Resistance and Glucose Tolerance by Modulating Activities of Hepatic Glucose-Regulating Enzymes in DIO Mice


The fasting blood glucose concentration was significantly lowered by the PGE treatment after two weeks of high-fat feeding (Figure 1D). PGE significantly decreased the plasma insulin level as well as the HOMA-IR (Figure 1E). Moreover, the IPGTT revealed that PGE significantly improved glucose tolerance (Figure 1F), indicating a decrease in insulin resistance. Hepatic PEPCK and G6Pse activities were suppressed by the PGE treatment (Figure 1G).




3.4. PGE Supplement Decreased Body Fat Mass by Increasing Fatty Acid Oxidation-Related Gene Expression and Energy Expenditure in DIO Mice


The PGE-treated mice showed significantly upregulated mRNA expression levels for a key lipogenic gene, PPARγ, with simultaneous increases in mRNA expression of sterol regulatory element-binding protein 1c (SREBP-1c), stearoyl-CoA desaturase-1 (SCD1), and acetyl-CoA carboxylase 1 (ACC1) in eWAT (Figure 2D). However, similar to the results for body weight, PGE significantly reduced the weight of all WAT depots (including epididymal, perirenal, retroperitoneal, mesenteric, subcutaneous, and interscapular depots), with a decrease in the epididymal adipocyte size compared with the data obtained for the HFD group of the DIO mice (Figure 2A,B). In addition, whole-body oxygen consumption and energy expenditure of PGE-treat mice were significantly increased relative to those of HFD of the DIO mice (Figure 2C). Notably, PGE markedly reduced the weight of all adipose tissue depots to the level of that in the ND group. Importantly, the body fat reduction by the PGE treatment was associated with a significant increase in the expression of thermogenic genes, including the SIRT1, PPARα, PGC1α, and UCP1 genes (Figure 2E). Additionally, the PGE supplementation led to a significant increase in mRNA expression of adiponectin, with a decrease in the TNFα and leptin mRNA expression (Figure 2F). Western blot analysis revealed that the protein expression of the lipogenic and FA uptake factors, such as PPARγ and CD36, as well as FA oxidation related protein factors PGC1α and CPT2 (carnitine palmitoyltransferase 2) were markedly increased in the PGE-fed mice when compared with their expression in the eWAT of the HFD mice (Figure 2G).


Figure 2. Effects of PGE on body fat mass, energy expenditure, and mRNA expression of adipogenic and thermogenic genes via regulation of fatty acid oxidation in epididymal white adipose tissue in HFD-fed C57BL/6J mice. The data are the mean ± SEM (n = 10). (A) The weight of adipose tissue; (B) representative photographs of adipocytes in the epididymal WAT of the mice, 200× magnification; and (C) energy expenditure and oxygen consumption (Vo2). Adipogenesis (D); thermogenesis (E); and adipokine (F) related gene expression. (G) Western blot analysis of β-actin, PPARγ, CD36, PGC1α, and CPT2 expression. ND, mice fed a normal diet; HFD, mice fed a high-fat diet (HFD) alone; PGE, Platycodon grandiflorus root extract (5%, w/w)-treated HFD-fed mice; WAT, white adipose tissue.
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3.5. PGE Supplement Lowered the Levels of Hepatic Lipids and Lipotoxicity Markers by Altering Hepatic Lipogenic Gene Expression and Enzyme Activities in DIO Mice


The PGE treatment markedly decreased the hepatic cholesterol, TG, and FFA content, as well as glutamic-oxaloacetic transaminase (GOT) and glutamic-pyruvic transaminase (GPT) levels in plasma (Figure 3A,C). In addition, PGE significantly decreased the mRNA expression of the genes and transcription factors involved in lipogenesis and cholesterol synthesis, with a simultaneous increase in FAO in the liver of the DIO mice (Figure 3D). Tissue morphology analysis also revealed that the accumulation of hepatic lipids was dropped and the cell size was decreased in the PGE group compared with those in the HFD group (Figure 3B). Furthermore, activities of the hepatic enzymes involved in FA and TG synthesis (FAS, G6PD, ME, and PAP) were significantly decreased by the PGE treatment, with a significant increase in the activity of β-oxidation in the liver (Figure 3E) compared with that in the HFD group.


Figure 3. Effects of PGE treatment on hepatic steatosis-related markers in HFD-fed C57BL/6J mice. The data are the mean ± SEM (n = 10). (A) The weight of the liver and plasma levels of hepatic cholesterol, TG, and FFA; (B) hematoxylin and eosin (H & E)-stained transverse sections of the liver, 1000× magnification; (C) levels of the hepatic lipotoxicity markers GOT and GPT; (D) Lipogenesis-related gene expression; and (E) Hepatic lipid-regulating enzyme activities in the HFD-fed mice. ND, mice fed a normal diet; HFD, mice fed a high-fat diet (HFD) alone; PGE, Platycodon grandiflorus root extract (5%, w/w)-treated HFD-fed mice.
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4. Discussion


4.1. PGE Normalized Body Weight Gain and Fat Mass and Increased Expression of Browning Markers in eWAT


Brown adipose tissue (BAT) is a specialized tissue that dissipates energy in the form of heat (nonshivering thermogenesis) by uncoupling FAO from the ATP production via uncoupling protein 1 (UCP1) in mitochondria to protect against obesity [13]. In contrast, WAT does not normally express UCP1 and is the main storage site of excess energy, primarily in the form of triglycerides, via the uptake of lipogenic substrates from the diet and de novo lipogenesis. Abnormal regulation of adipocyte differentiation, as well as lipogenesis, is linked to obesity [14]. Recently, it has been reported that in the obese, white adipocytes, known as “brite/beige” adipocytes (WAT cells that acquire a brown adipose phenotype, i.e., browning), can exhibit brown adipocyte-like characteristics by increasing expression of brown (thermogenic) genes, such as SIRT1, UCP1, PGC1α, and PPARα [7,8]. An increase in the abundance of brite/beige adipocytes in WAT has been linked to the resistance to diet-induced obesity, with improved insulin resistance and increased energy expenditure, similar to the effects provided by the antidiabetic drug thiazolidinedione [15].



P. grandiflorus root (PG) has long been used as a traditional medicine and as a food in Asia. The major bioactivities components of PG are triterpenoid saponins (platycosides), such as platycodin A, D, and E, and platyconic acid, that may act individually, or in synergy to improve human health, including anti-obesity effects, anti-hyperlipidemia, and anti-inflammation [9,10,11].



In this study, the PGE treatment led to elevated lipogenesis through upregulation of PPARγ, thereby increasing the FA synthesis-associated gene expression (SREBP1c, SCD1, and ACC1), as well as increased FA uptake protein CD36 expression in eWAT. Thus, PGE led to increased FA re-esterification into newly synthesized TG by enhancing the adipose FA uptake and SREBP1c, SCD1, and ACC1 genes. Interestingly, despite the activation of the lipogenic genes involved in FA synthesis in eWAT, the PGE supplement markedly decreased the weights of all WAT depots, as well as the body weight. This effect seemed to be associated with the increase in the mRNA expression of SIRT1, which is involved in thermogenesis and in the enhancement of the mRNA expression of FAO-associated genes genes and protein (PPARα and PGC1α). Our data showed the upregulation of SIRT1, PPARα gene expression, as well as increased PGC1α gene/protein expression by the PGE treatment. In addition, PGE supplementation increased expression of fatty acid oxidation related protein in eWAT, such as CPT2, compared to other HFD group. In rodents, activation of SIRT1 in WAT promotes FAO by increasing the levels of PPARα and its coactivator, PGC1α [8,16]. PGC1α is an important transcriptional coactivator for the expression of the UCP1 gene, biogenesis of mitochondria, and energy expenditure in WAT [17]. Downregulation of PGC1α is associated with obesity and an increased risk of diabetes mellitus in the human population [18]. Additionally, obese animals treated with PPARα agonists can benefit from thermogenesis induction, as the PGC1α-dependent myokine irisin which act through PPARα to activate UCP1 [19]. UCP1-mediated thermogenesis in WAT plays an important role in the regulation of energy expenditure [13]. Furthermore, UCP1 is a major determinant of WAT thermogenic activity. Therefore, the increase of energy expenditure in the PGE-treated mice, associated with a significant increase in the mRNA expression of UCP1, can lead to the browning of WAT, which promotes thermogenesis and energy expenditure. In the obese, excessive lipid storage in WAT has been considered a key reason for obesity-associated insulin resistance and hepatosteatosis [20]. Taken together, it is plausible that PGE can contribute to browning of WAT in DIO mice via inducing FOA related genes (SIRT1, PPARα, PGC1α, and UCP1) and proteins (PGC1α, and CPT2). Therefore, PGE can inhibit lipid accumulation via activation of FA oxidation in eWAT, despite increased of lipogenesis.




4.2. PGE Lowered Inflammatory Adipokines and Improved Insulin Resistance and Hepatic Steatosis by Alteration of Lipogenic Gene Expression and Glucose Metabolism


Furthermore, activation of PPARγ regulates the expression of adipocyte-secreted transcriptional factors such as adiponectin and leptin in WAT, which act as insulin sensitizers by potentiating insulin signaling in adipocytes [21,22]. Therefore, high adiponectin and/or low leptin levels can enhance insulin sensitivity in WAT and increase FAO in the liver, thus leading to the improvement of diabetes [15].



In our study, the increase in insulin sensitivity by the PGE treatment could also be related to PPARγ activation that led to an increase in adiponectin mRNA expression and a decrease in that of leptin in WAT. Elevation of adiponectin levels was correlated with a reduction of the hepatic fat content [23], similar to the effect of the PGE treatment. The hepatic TG and TC levels were significantly decreased compared with those in the DIO mice, which was accompanied by increased expression of browning genes in eWAT. Furthermore, the cell sizes and weight of the liver in the PGE-treated mice were significantly lower than those in the HFD group owing to the decreased levels of hepatic lipogenic mRNA expression (FAS, SCD1, HMGCR, and ACAT), some enzyme activities (G6PD, FAS, ME, and PAP), and the major transcriptional regulators, SREBP1 and SREBP2. Besides, the PGE treatment enhanced β-oxidation enzyme activity by increasing the expression of PGC1α mRNA, which in turn induced a significant decrease in hepatic LD formation and accumulation. In particular, the excessive release of FAs form dysfunctional and insulin-resistant adipocytes results in lipotoxicity, causing the accumulation of TG-derived toxic metabolites in liver [24,25]. PGE significantly reduced the plasma FFA level with a simultaneous increase in adipocyte FA uptake CD36 protein expression, leading to the reduction of hepatic lipotoxicity via the increased FFA flux to the liver.



In addition, increased accumulation of adipose tissue is accompanied by chronic adipose inflammation, which has been proposed to have an important role in the pathogenesis of obesity-related insulin resistance [4]. PGE significantly increased the adiponectin level, with a simultaneous decrease in the levels of leptin and TNF-α in adipocytes, which enhanced insulin sensitivity. Consistent with these findings, the PGE supplement reduced circulating levels of two inflammatory markers, TNF-α and resistin. Resistin is elevated in obesity and insulin resistance, and its deficiency in the mice led to improved glucose homeostasis. The PGE supplementation led to the normalization of plasma glucose and insulin levels, reflecting improved hepatic insulin sensitivity as evidenced by the reduced HOMA-IR and by the IPGTT data. In addition, PGE significantly decreased activities of hepatic glucose-regulating enzymes (PEPCK and G6Pase).



In recent years, studies have demonstrated that platycosides from the PG showed anti-obesitic, hypolipidemic and anti-diabetic properties that occurred via enhanced insulin sensitivity through decrease of plasma TC, glucose and insulin levels as well as hepatic cholesterol and TG in obese rodents [9,10,11]. This could probably be due to the difference in PGE preparation and composition. Moreover, suppression of body weight gain, body fat reduction, and improvement in insulin sensitivity by PGE supplementation were more potent in PGE in our study. These observations indicated that PGE has the potential to regulate glucose metabolism and hepatic lipid metabolism, thereby ameliorating hepatic steatosis and hyperglycemia in DIO mice. Importantly, an increase in WAT thermogenesis or browning of WAT can be accompanied by improved glucose homeostasis in vivo [26], similar to the effect of the PGE treatment.





5. Conclusions


This study demonstrated that the PGE treatment normalized the body weight and body fat mass in the HFD-fed mice by increasing FAO. This partly changed the levels of thermogenesis-related genes such as UCP1 as well as PPARα, PGC1α, and SIRT1 and thus could promote BAT-like features in WAT, as well as enhance energy expenditure. Furthermore, reducing the WAT mass by the PGE treatment enhanced the susceptibility to developing hepatic steatosis and insulin resistance. Figure 4 illustrates the possible mechanisms of the PGE effects for antiobesity. Taken together, PGE can suppress diet-induced obesity and modulate obesity-associated metabolic disorders.


Figure 4. Proposed mechanism for PGE regarding anti-obesity effects. Schematic representation of the role of PGE in amelioration of obesity. PGE can contribute to browning of WAT in diet-induced obese mice through increasing fatty acid oxidation in mitochondria, which promotes energy expenditure. In addition, PPARγ activation by PGE controls adipokines, specifically the insulin-sensitizing hormones adiponectin and leptin. In the liver, PGE downregulates the mRNA expression of lipogenesis and cholesterol synthesis transcription factors, SREBP1 and SREBP2, thereby reducing hepatic steatosis and insulin resistance. PPARγ, peroxisome proliferator-activated receptor γ; SREBP1a, -1c, and -2, sterol regulatory element-binding proteins 1a, 1c, and 2; FAS, fatty acid synthase; ACC, acetyl-CoA carboxylase; SCD1, stearoyl-CoA desaturase; HMGCR, 3-hydroxy-3-methylglutaryl-CoA reductase; ACAT, acetyl-CoA acetyltransferase; SIRT1, sirtuin 1; PPARα, peroxisome proliferator-activated receptor α; PGC1α, peroxisome proliferator-activated receptor gamma coactivator 1-alpha; UCP1, uncoupling protein 1; TNF-α, tumor necrosis factor-α; CPT2, carnitine palmitoyltransferase 2.
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	ACAT
	acetyl-CoA acetyltransferase



	ACC
	acetyl-CoA carboxylase



	BAT
	brown adipose tissue



	FAS
	fatty acid synthase



	HFD
	high-fat diet



	HMGCR
	3-hydroxy-3-methylglutaryl-CoA reductase



	PPARγ
	peroxisome proliferator-activated receptor gamma



	PGC1α
	PPARγ coactivator-1α



	PGE
	Platycodon grandiflorus root ethanol extract



	SCD1
	stearoyl-CoA desaturase1



	SIRT1
	sirtuin1



	SREBP
	sterol regulatory element-binding proteins



	TNF-α
	tumor necrosis factor alpha



	UCP1
	uncoupling protein 1



	WAT
	white adipose tissue



	eWAT
	epididydimal white adipose tissue
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