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Abstract  

Peroxisome proliferator-activated receptor alpha/gamma (PPARα/γ) agonists 

have emerged as important pharmacological agents for improving insulin action. 

Propane-2-sulfonic acid octadec-9-enyl-amide (N15) is a novel PPARα/γ dual 

agonist synthesized in our laboratory. The present study investigates the efficacy 

and safety of N15 on insulin resistance regulation in high fat diet (HFD)-and 

streptozotocin (STZ)-induced diabetic mice and in palmitic acid (PA)-induced 

HepG2 cells. Our results showed that N15 remarkably ameliorated insulin 

resistance and dyslipidemia in vivo, as well as rectified the glucose consumption 

and gluconeogenesis in vitro. Moreover, the glucose-lowering effect of N15 was 

associated with PPARγ mediated up-regulation of hepatic glucose consumption 

and down-regulation of gluconeogenesis. Meanwhile, N15 exerted advantageous 

effects on glucose and lipid metabolism without triggering weight gain and 

hepatotoxicity in mice. In conclusion, our data demonstrated that by alleviating 

glucose and lipid abnormalities, N15 could be used as a potential prophylactic 

and therapeutic agent against type 2 diabetes and related metabolic disorders. 
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1. Introduction 

Type 2 diabetes mellitus (T2DM) is a chronic metabolic disorder characterized 

by hyperglycemia, hyperinsulinemia, glucose intolerance and dyslipidemia 

(Stumvoll et al., 2005). Insulin resistance is caused by the sensitivity to insulin 

reduction in target tissues, whereas pancreas islet β-cells need to secrete more 

insulin to maintain euglycemia (Boden, 2006). Besides increasing the risk of 

T2DM, insulin resistance is a key feature of variety of physiological and 

metabolic disorders (Stumvoll et al., 2005). Previous studies have shown that the 

development of insulin resistance can be dependent on liver function, since 

hepatic glucose production rapidly increases through excessive gluconeogenesis 

tightly associated with excessive circulating blood glucose (Barthel and 

Schmoll, 2003; Nordlie et al., 1999).  

Peroxisome proliferator-activated receptors (PPARs) are transcription factors 

involved with various metabolic pathways, such as lipid metabolism, glucose 

homeostasis and vascular inflammation (Lee et al., 2003). Previous research 

showed that both PPARα and PPARγ agonists have distinct effects on diabetes 

treatment (Kim et al., 2003). Activation of PPARα can lead to cellular fatty acid 

uptake and lipoprotein metabolism, which in turn decreased triglyceride levels 

and enhanced high-density lipoprotein (HDL) cholesterol levels (Ferre, 2004). 

Fibrates, a class of hypolipidemic drugs, are ligands of PPARα essential in 

promoting endocellular fatty acid oxidation (Chaput et al., 2000). PPARγ is the 

molecular target for thiazolidinediones (TZDs), that due to its ability to promote 

insulin-sensitizing properties, has been used in the clinical treatment of T2DM 
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since late 90's (Yki-Jarvinen, 2004). However, pioglitazone is the only molecule 

from this class still in use for T2DM treatment, while others have been 

withdrawn from the market due to serious side effects such as hepatotoxicity, 

heart failure and weight gain (Cariou et al., 2012). These adverse effects have 

shown to be associated with non-specific ligand activation of PPARγ in diverse 

tissues (Argmann et al., 2005; Liu et al., 2015). Selective agonists of PPARα 

have shown to be greatly effective in lipid dysfunction, somewhat reducing side 

effects induced by PPARγ (Harrity et al., 2006; Pickavance et al., 2005). 

Meanwhile, some PPARα agonists have also shown to cause certain side-effects 

that can be avoided by PPARγ activation (Bateson et al., 1978; Garcia-Romero 

et al., 1978). Therefore, compared to single PPARα or PPARγ agonists, dual 

PPARα/γ activation has substantially greater advantage in T2DM treatment 

(Harrity et al., 2006; Pickavance et al., 2005). 

Propane-2-sulfonic acid octadec-9-enyl-amide (N15), an analog of 

oleoylethanolamide (OEA) synthesized in our laboratory, which is resistant to 

enzymatic hydrolysis. Our previous studies has demonstrated that N15 has 

potential ability to activate PPARα and PPARγ, due to structural changes (the 

structure of N15 is shown in Fig. S1) (Chen et al., 2015). In the present study, 

we investigated the effects of N15 on glucose and lipid metabolism in 

insulin-resistant models, and revealed the underlying mechanism involving the 

actions of N15. 

2. Materials and Methods 

2.1 Reagents 
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Streptozotocin (STZ), palmitic acid (PA) and pioglitazone were purchased from 

Sigma (St. Louis, MO, USA). N15 (purity> 98%) was synthesized in our 

laboratory. Dulbecco’s modified Eagle’s medium (DMEM), Fetal Bovine Serum 

(FBS), penicillin and streptomycin were obtained from Gibco BRL (Carlsbad, 

CA, USA). MK886 (a PPARα inhibitor), T0070907 and GW9662 (PPARγ 

inhibitors) were provided by Selleck (Houston, TX, USA). 

2.2 Animals 

Male C57BL/6 (6-8 weeks old, weighting 20-22 g) and Kunming mice (KM) 

(10-11 weeks old, weighting 25-30 g) were purchased from Vital River 

Laboratory Animal Technology Co. Ltd. (Beijing, China). All animals were 

maintained in a specific pathogen-free (SPF) conditions with 12/12-h dark/light 

cycle environment. All animal studies (including the mice euthanasia procedure) 

were done in compliance with the regulations and guidelines of Xiamen 

University institutional animal care and according to the AAALAC and the 

IACUC guidelines. In addition, maximum efforts were made to minimize pain 

and suffering of the animals. 

2.3 Drug administration - in vivo experiments 

Both male C57BL/6 treated with high fat diet (HFD) added low-dose 

streptozotocin (STZ) and male KM mice treated with low-dose STZ can be 

considered as ideal type 2 diabetes animal models with natural disease 

progression and metabolic characteristics (Gilbert et al., 2011; Xu et al., 2015). 

In the present study, C57BL/6 mice were randomly divided into four groups 

(n=12 for each group): normal, HFD+STZ, HFD+STZ+N15-50 and 
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HFD+STZ+N15-100, after acclimatized for 1 week. Normal group was fed 

normal pellet diet (NPD) with 22.47% protein, 12.11% fat and 65.42% 

carbohydrate and other animal were fed HFD with 30% fat, 20% sugar, 15% 

protein, 2.5% cholesterol, 1% sodium cholic acid and 31.5% custom 

carbohydrate. After 6 weeks of dietary manipulation, the HFD feeding mice 

received an intraperitoneal injection of 35 mg/kg STZ (Gilbert et al., 2011), 

while the normal group received vehicle (0.1 ml/kg, i.p.). From the next day, 

these mice were received single daily oral treatment with N15 (50 or 100 mg/kg, 

respectively, dissolved in Tween-80/ saline, 1/ 99) or vehicle (saline, 1% Tween 

80) for 6 weeks. 

For inhibition test, KM mice were randomly divided into four groups (n=15 for 

each group): normal, STZ, STZ+N15-100 and STZ+N15-100+GW9662-1, after 

acclimatized for 1 week (Tureyen et al., 2007). The normal groups were treated 

with an intraperitoneal injection of vehicle, while others were treated with STZ 

(60 mg/kg, i.p.) for five days (Xu et al., 2015). From the next day, these mice 

were received single daily oral treatment with N15 (100 mg/kg, respectively, 

dissolved in Tween-80/saline, 1/99) or vehicle (saline, 1% Tween 80) for 6 weeks. 

GW9662 was given gavage 1 h before administration of N15. 

For chronic toxicity test, KM mice were randomly divided into three groups (n=8 

for each group): normal, N15 and pioglitazone, after acclimatized for 1 week. 

From the next day, these mice were received single daily oral treatment with N15 

(100 mg/kg, respectively, dissolved in Tween-80/ saline, 1/ 99), pioglitazone (10 

mg/kg, respectively, dissolved in Tween-80/ saline, 1/ 99) or vehicle (saline, 1% 

Tween 80) for 15 weeks. 
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2.4 Oral glucose tolerance test 

Oral glucose tolerance test (OGTT) was performed on C57/BL6 mice following 

overnight-fasting period at the 2
nd

, 4
th

 and 6
th

 week post-treatment. Mice were 

administered glucose orally at 2.0 g/kg and tail blood samples were obtained at 0, 

30, 60 and 120 min post glucose load using glucometer (Johnson, New Jersry,  

USA) (Mansuy-Aubert et al., 2013).  

2.5 Drug administration - in vitro experiments 

HepG2 cells were obtained from the Cell Resource Center of the Shanghai 

Institutes for Biological Sciences. Cells were cultured in Dulbecco’s modified 

Eagle’s medium (DMEM) supplemented with 1000 mg/l glucose, 10% FBS, 

penicillin (100 U/ml) and streptomycin (100 μg/ml) at 37℃ under humidified 

atmosphere containing 5% CO2 and 95% O2. The cells were subcultured every 2 

days until passage. To induce insulin resistance, HepG2 cells were treated with 

0.25 mM palmitic acid (PA) dissolved in fatty acid-free bovine serum albumin 

(BSA), and cultured in DMEM serum starvation medium containing 2% Fetal 

Bovine Serum (FBS) for 24 h (Joshi-Barve et al., 2007). For biochemical index 

and protein expression measurement, PA pretreated cells were incubated with 

medium containing various concentrations of N15 (Zhao et al., 2016) or 

pioglitazone or vehicle for 12 h. The peroxisome proliferators-activated receptors 

α (PPARα) inhibitor MK886 (20 μM) (Qin et al., 2007) and the 

proliferators-activated receptors γ (PPARγ) inhibitor T0070907 (20 μM) 

(Giuliano et al., 2009) were added into the medium 2 h before administration of 

N15. 

2.6 Cell viability assay 
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To evaluate the toxicity of N15 and pioglitazone respectively on HepG2 cells, the 

MTS assay was performed. HepG2 cells were plated in 96-well plates (5 × 10
3
 

cells/ well) and treated with various concentrations of N15 or pioglitazone 

separately for 6, 12 and 24 h. Consequently, 100 μl MTS solution (5 mg/ml in 

PBS) was added to each well, and cells were incubated at 37°C for additional 4 h. 

Absorbance was detected at 490 nm using a Microplate Reader (Molecular 

Devices, Silicon Valley, CA, USA). Each experiment was run in triplicate. The 

viability was calculated according to the following formula: Viability (%)= A490 

(sample) / A490 (control)=100%. 

2.7 Biochemical studies 

Mice were fasted for 8 h, and the fasting blood glucose (FBG) levels were 

measured using a blood glucose meter (Johnson & Johnson New Brunswick, NJ), 

once a week. The fasting blood insulin (FIns) level was determined using an 

ELISA kit (ALPCO, Windham, NH). Insulin resistance was assessed by 

calculating the homeostatic model assessment of insulin resistance (HOMA-IR), 

which was previously described. In addition to the serum concentrations of total 

cholesterol (TC), triglyceride (TG), high-density lipoprotein cholesterol (HDL-C), 

low-density lipoprotein cholesterol (LDL-C), glutamic-pyruvic transaminase 

(GPT) and glutamic oxalacetic transaminase (GOT), the level of GPT and GOT 

in liver tissue were measured by the commercial assay kits (Jiancheng, China) 

according to the manufacturer’s instructions. 

2.8 Glucose consumption assay 

The cells were cultured in 6-well plates (2×10
6
 cells/ well) and treated with 

various concentrations of N15 or pioglitazone in FBS-free DMEM (1000 mg/l 
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D-glucose) supplemented with 0.25% BSA for 12 h. The left blank, normal 

(PA-free) and PA group cells were treated with the same BSA DMEM for the 

same time duration. The glucose concentration in the medium was determined by 

a glucose oxidase–peroxidase assay kit (Jiancheng, China). The level of glucose 

consumption was calculated by the glucose concentrations of blank wells 

subtracting the remaining glucose in cell plated wells. The level of glucose 

consumption in the normal group (PA-free) was used as a reference to determine 

the uptake effect (Yin et al., 2002; Yin et al., 2009). 

2.9 Glucose production assay 

The medium in 6-well plates was replaced with 2 ml of FBS and glucose-free 

DMEM supplemented with 20 mM sodium lactate and 2 mM sodium pyruvate. 

After 12 h of incubation, half of the glucose production buffer was collected and 

the glucose concentration was measured using a glucose oxidase–peroxidase 

assay kit (Jiancheng, China). The values were normalized to the total protein 

content, determined from the whole-cell extracts (Lin et al., 2009). 

2.10 Western blot analyses 

Proteins were extracted by RIPA lysis buffer (Aidlab Biotechnologies, Beijing, 

China) containing protease inhibitor (Roche, Basel, Switzerland) and phosphatase 

inhibitors (Applygen, Beijing, China). After quantification with a BCA protein 

assay kit (PIERCE, Rockford, USA), proteins were electrophoresed by 

SDS-PAGE and transferred to a PVDF membrane (Millipore). The 5% 

Nonfat-Dried milk (Solarbio, Beijing, China) in TBST was used to block PVDF 

membranes. The membranes were incubated with primary antibodies at 4℃ 
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overnight. Bound antibodies were incubated with HRP-conjugated goat 

anti-rabbit secondary antibodies (ZSGB-BIO, China) at room temperature for 1 h. 

The protein bands were visualized and quantified by scanning densitometry using 

ImageStation 4000R (Rochester, New York, USA). 

2.11 Statistical analysis 

The results were expressed as the mean ± S.E.M. Statistical analysis was 

performed using one-way ANOVA with Tukey’s post hoc test for comparisons 

between two groups followed by Student-Newman-Keuls test (Prism 5 for 

Windows, GraphPad Software Inc., USA). P values< 0.05 were considered 

statistically significant. 

3. Results  

3.1 The antihyperglycemic and antihyperlipidemic of N15 in diabetic C57BL/6 

mice 

Several other PPARα/γ dual agonists have shown the ability to ameliorate insulin 

resistance and hyperlipidemia in diabetic individuals. To examine whether such 

beneficial effects could be achieved by N15 in vivo, N15 was administered to 

diabetic C57BL/6 mice model which was induced by HFD and low-dose 

intraperitoneal injection of STZ. N15 significantly reduced blood glucose in the 

second week (Fig. 1A). After six weeks of treatment with N15, serum insulin 

(Fig. 1B) and HOMA-IR (Fig. 1C) were significantly reduced to levels 

equivalent in non-diabetic mice (first effect was observed at the 4
th

 week of 

treatment) (Fig. S2A and B). N15 significantly improved glucose tolerance (50 
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and 100 mg/kg) at 4
th

 and 6
th

 week post-treatment (Fig. 1E and F). There was a 

little change in glucose tolerance at the second week (Fig. 1D). Moreover, N15 

triggered favorable changes in plasma lipids, that were identified by a significant 

decrease in TC, TG, LDL-C levels (Fig. 1G, H and J), while there was no effect 

in the HDL-C level (Fig. 1I). Unlike pure PPARγ ligands that have shown to 

significantly increase body weight, N15 prevented body weight gain in diabetic 

C57BL/6 mice (Fig. S3). These data indicated that N15 efficiently improves 

glucose metabolism and lipid contents without causing significant body weight 

gain.  

3.2 Pioglitazone induced hepatocyte cells apoptosis  

The cytotoxicity of N15 and pioglitazone were evaluated using the MTS assay. 

Under basic conditions, cell viability was unaffected by N15 with all the used 

concentrations (20, 50, 100 and 200 μM) over 24 h treatment (Fig. 2A- C). 

However, pioglitazone (100 and 200 μM) treatment caused different cytotoxicity 

over 12 and 24 h (Fig. 2A-C). Moreover, there was a significant dose-dependent 

increase in expression of apoptosis-related protein B-cell lymphoma-2 associated 

X protein (Bax) and cleaved cysteine aspartic protease-3 (cleaved caspase-3), and 

reduced expression of B-cell lymphoma-2 (Bcl-2) after pioglitazone treatment of 

hepatocytes (Fig. 2E-G). In contrast, there was no change in expression of Bcl-2, 

Bax and cleaved caspase-3 in HepG2 cells after N15 treatment.  

To further elucidate the toxicity of N15 and pioglitazone in vivo, the levels of 

GPT and GOT were analyzed following N15 or pioglitazone treatment in KM 

mice for a duration of 15 weeks. Unlike pioglitazone, N15 treatment did not 
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cause increase in GPT and GOT plasma levels (Fig. S4A and B). Moreover, there 

was no change in GPT and GOT hepatic levels following N15 and pioglitazone 

treatment (Fig. S4C and D). These results suggested that N15 exhibits lower 

toxicity compared to pioglitazone (a pure PPARγ agonist). 

3.3 Effects of N15 and pioglitazone on glucose consumption and gluconeogenesis 

in HepG2 cells 

To further investigate the beneficial effects of N15 on insulin resistance, glucose 

consumption was examined in human HepG2 cells. As shown in Fig. 3A, glucose 

consumption was significantly up-regulated in PA-stimulated HepG2 cells 

following N15 or pioglitazone treatment. 

To determine the mechanism of the anti-insulin resistance effect of N15 or 

pioglitazone, glucose production and protein expression levels were analyzed in 

insulin-resistant HepG2 cells after N15 or pioglitazone treatment. Both N15 and 

pioglitazone decreased the glucose production and the expression of key 

gluconeogenic enzyme phosphoenolpyruvate carboxykinase (PEPCK) and 

glucose-6-phosphatase (G6Pase) in PA-stimulated HepG2 cells (Fig. 3C, D and 

Fig. S5A). The observed effects were more significant following N15 treatment 

compared to pioglitazone (Fig. 3C and Fig. S5A).  

3.4 N15 improvement of insulin resistance is depended on PPARγ 

To evaluate the role of the PPARα/γ dual pathways in the anti-insulin resistance 

effect of N15, the PPARα inhibitor MK886 (20 μM) or the PPARγ inhibitor 

T0070907 (20 μM) were added to PA-stimulated HepG2 cells respectively, 

which was then followed by N15 treatment (100 μM) for additional 12 h. 
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Following the treatment with N15, increase in glucose consumption, an obvious 

reduction of glucose production and expression of PEPCK and G6Pase were 

observed following N15 treatment (Fig. 4A, C, D and Fig. S5B). These 

beneficial changes in glucose consumption, gluconeogensis and the expression of 

PEPCK and G6Pase induced by N15 were almost completely reversed by the 

PPARγ inhibitor T0070907, but not the PPARα inhibitor MK886 (Fig. 4A, C, D 

and Fig. S5B). These results indicated that PPARγ are required in order for N15 

to have the effect on glucose consumption and gluconeogenesis. Furthermore, 

MK886 or T0070907 blocked the protein expression of PPARα or PPARγ 

induced by N15 treatment, respectively (Fig. 4E, F). There were no changes in 

glucose consumption, glucose production and protein expression of PEPCK and 

G6Pase after N15, MK886 or T0070907 alone. 

To investigate whether anti-insulin resistance effects of N15 were specifically 

mediated by PPARγ, we further employed GW9662 to diabetic mice to measure 

the levels of FBG, FIns and HOMA-IR. The PPARγ inhibitor GW 9662 (1.0 

mg/kg) was pre-received 1 h before N15 administration. The levels of FBG, FIns 

and HOMA-IR decreased following N15 treatment (Fig. 5A, B and C). These 

changes were all substantially reversed by GW9662 treatment (Fig. 5A, B and C). 

Our findings indicated that PPARγ are necessary for the anti-insulin resistance 

effects of N15 in diabetic mice. 

4. Discussion 

In the present study, our data indicated that N15, a dual-PPARα/γ agonist, is a 

potent and efficient agent that could improve glucose homeostasis and lipid 

metabolism in rodent models of diabetes. N15 effectively inhibited 
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gluconeogenesis, while the mechanism may be through PPARγ pathway. 

Additionally, unlike pure PPARγ agonists, N15 have favorable effects on 

hyperlipidemia without causing weight gain and hepatotoxicity. 

PPARs are important regulators of lipid and glucose metabolism. The 

lipid-lowering effect of PPARα agonist leads to liberation of fatty acids, which 

are taken up and reserved as fat in adipocytes, or metabolized in skeletal muscle 

(Ferre, 2004). PPARγ controls genes involved in insulin sensitivity restoration, 

and glucose transport (Argmann et al., 2005; Liu et al., 2015). In addition, 

synthetic ligands for PPARγ are used in the treatment of type 2 diabetes mellitus 

because they increase glucose consumption into liver and skeletal muscle cells, 

which in turn are associated with increase in the expression and translocation of 

the glucose transporters. Even though PPARγ agonists are potent for ameliorating 

insulin resistance and glycemia, they have only mild to modest effects on lipid 

parameters that are accompanied with few adverse effects. In this study, we 

proved that N15, a novel dual PPARα and PPARγ agonist, is effective in 

improving the abnormal fasting glucose and glucose tolerance, as well as 

decreasing hyperinsulinemia and HOMA index in diabetic mice. Previous studies 

shown that long-term treatment with PPAR-selective agents prevents the diabetes 

progression in T2DM rodents (Hofmann et al., 1991; Horikoshi et al., 2000). 

Our data showed that N15 treatment can ameliorate insulin resistance in T2DM 

mice, which is in line with aforementioned findings (Oberpichler-Schwenk, 

1999). Intriguingly, diabetic mice treated with N15 did not show any signs of 

weight gain, which is a common side effect of PPARγ agonists in rodents. 

However, this beneficial effect is not unique to N15, since it has been reported in 
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several dual-PPARα/γ agonists, and the underlying molecular mechanism 

appeared to be largely associated with the activation of PPARα. Indeed, 

dysregulation of lipid metabolism is often accompanied by systemic destruction 

of insulin and glucose metabolisms. In this study, N15 significantly reduced 

serum triglyceride levels, which are metabolized as free fatty acids (FFA) that are 

an important link between obesity and insulin resistance. According to previous 

studies, similarly to selective PPARα agonists, dual-PPARα/γ agonists could 

reduce visceral adiposity development by stimulating PPARα mediated FFA 

oxidation (Harrity et al., 2006; Pickavance et al., 2005). Moreover, N15 

treatment decreased plasma TC and LDL levels, these results suggested that N15 

promote cholesterol metabolism in diabetic mice. Our findings support the idea 

that dual-PPARα/γ agonists can successfully treat dyslipidemia because of 

preferential affinity to PPARα (Chen et al., 2009; Jeong et al., 2011; Jung et al., 

2017). It is highly likely that the effect of N15 on lipid metabolism dysfunction is 

based on the activation of PPARα. In addition, our previous study has showed 

that N15 has PPARα agonist activity, with higher affinity than PPARγ (Chen et 

al., 2015), which implies that N15 could transport extra lipids, thus reinforcing 

lipid catabolism and resulting in weight gain prevention. In fact, the efficiency 

differences between pioglitazone and other thiazolidinediones refer to their 

ability to partially activate PPARα (Cariou et al., 2012). However, they are also 

limited by a number of side effects, some of which have shown to be potentially 

dangerous (Boelsterli and Bedoucha, 2002; Hashimoto et al., 2000). PPARγ 

ligands induced hepatic toxicity is a matter of concern, and therefore the safety 

effect of N15 in hepatocytes still needs to be clarified. 
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Increasing evidence has shown that various thiazolidinediones lead to 

drug-induced liver injury in patients, since the accumulation and retention of bile 

acids caused apoptosis (Hashimoto et al., 2000; Rao and Reddy, 2001). 

Furthermore, it has been shown that PPARα agonists cause hepatomegaly in 

rodents because of peroxisome proliferation (Evans et al., 2004; Holden and 

Tugwood, 1999). In the present study, the results revealed the ascent of 

concentrations of GPT and GOT in serum following pioglitazone treatment. 

Similarly, pioglitazone treatment decrease cell viability in hepatocyte. In contrast, 

N15 treatment had no influence on the concentrations of GPT or GOT in serum 

and cell viability in vitro. Additionally, the results showed that pioglitazone 

induced hepatocyte apoptosis through increasing protein expression of Bax and 

cleaved-caspase-3 and decreasing Bcl-2 expression. However, the expression of 

apoptosis-related proteins were unaffected by N15 treatment. Additionally, the 

results also indicted that PPARα mediated effects were not dependent on 

enlargement of liver size (data not shown). These findings indicate that N15 

might be used as a potential therapeutic agent for T2DM eliminating the risk of 

drug-induced hepatocyte apoptosis. 

It is well known that the primary cause of insulin resistance is a comprehensive 

reduction of glucose disposal rate in peripheral tissues and hepatic glucose output 

suppression (Barthel and Schmoll, 2003). Glucose output is the result of 

gluconeogenesis and glycogen breakdown, while the glucose disposal rate is the 

result of glucose consumption and transportation in peripheral tissues. The key 

enzymes involved in gluconeogenesis are PEPCK and G6Pase, which are also the 

major underlying mechanism of PPARγ-mediated insulin sensitization (Kamon 
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et al., 2003). In the present study N15 enhanced hepatic glucose consumption, 

which can be employed in various ways to improve insulin sensitivity. The 

results were similar to those previously reported in relation to other 

insulin-resistant models by dual agonists such as SN158, DGF and aleglitazar 

(Benardeau et al., 2009; Jung et al., 2017; Lee et al., 2016). Increased insulin 

sensitivity in tissue is serious condition that inhibits gluconeogenesis by 

suppressing the expression of the key gluconeogenic enzymes, i.e. PEPCK and 

G6Pase. Compared with vehicle-treated HepG2 cells, the glucose production and 

the protein expressions of PEPCK and G6Pase were significantly reduced by N15 

or pioglitazone treatment. The properties of N15 in reducing gluconeogenesis 

were stronger compared with pioglitazone, which suggested that N15 might be 

more effective in inhibiting hepatic glucose production and suppressing insulin 

resistance. 

It has been known that a dual PPARα/γ agonist always includes therapeutic 

advantages of PPARα and/or PPARγ agonists in metabolic disturbances. As 

revealed by previous studies, a number of dual PPARα/γ agonists have shown 

beneficial effects on glucose and lipid metabolisms through tissue-specific 

activation of PPARα and PPARγ. For instance, CG301269 and P633H, have 

shown the ability to up-regulate the target genes of PPARα in liver and PPARγ in 

adipose tissues, respectively (Chen et al., 2009; Jeong et al., 2011). However, 

there was no direct evidence demonstrating that the major underlying mechanism 

in improvement of dyslipidemia or pathoglycemia is based on PPARα and/or 

PPARγ activation or another target gene. Meanwhile, previous findings have 

shown that several dual PPARα/γ agonists are effective in ameliorating insulin 
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resistance and lipid parameter, nevertheless they did not show whether they 

interact or act independently. In addition, just like N15, numerous PPARα/γ 

agonist have shown to be effective in promoting glucose consumption and 

suppressing gluconeogenesis. Notably, in the present study, N15 treatment 

markedly increased the expressions of PPARα and PPARγ in hepatocyte. To 

verify whether the PPARα and PPARγ signaling pathways were involved in the 

role of N15 on lipid and glucose metabolism, both PPARα and PPARγ 

antagonists, MK886 and T0070907, were applied to HepG2 cells. The results 

showed that N15 markedly promoted glucose consumption, as well as 

significantly inhibited glucose production and the expression of PEPCK and 

G6Pase. These changes were almost reversed following pretreatment with 

T0070907, but not MK886. Meanwhile, the levels of glucose consumption 

remained unchanged following treatment with MK886 or T0070907, which 

indicated that MK886 and T0070907 alone could not block the activation of 

glycometabolism. To further clarify whether PPARγ were major factors of N15 

in the treatment of insulin resistance, PPARγ antagonists GW9662 were given to 

diabetic mice before N15 administration. The results showed that N15 markedly 

ameliorated the increased levels of FBG, FIns and HOMA-IR, whereas the role 

of N15 in the regulation of insulin resistance was abolished by GW9662. 

Consistent with in vitro experiments, these results indicated that the anti-insulin 

resistance effect of N15 may be depended on PPARγ pathway. Taken together, 

these results demonstrated that PPARγ might play a crucial role in the 

anti-gluconeogenic and anti-hyperglycemic regulation of N15 on 

glycometabolism. Unlike other known dual-PPARα/γ agonists, N15 partially 

activated PPARγ with lower affinity than PPARα. We speculate that the 
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anti-hyperlipidmia effects of N15 may be mediated by PPARα pathway. 

Nevertheless, particular molecular mechanism(s) by which N15 would cause 

increase in adiposity and serum lipid still need to be elucidated. 

5. Conclusion  

As a novel PPAR α/γ agonist, N15 exerts advantageous effects on glucose and 

lipid metabolism without causing serious side effects detected in existing PPARγ 

agonists. These roles may be due to its beneficial effects on PPARγ mediated 

inhibition of gluconeogensis. Therefore, our results suggested that N15 may be a 

potential and effective compound against type 2 diabetes. 
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Figure legends 

Figure 1 

Effect of N15 on glucose and lipid mediation in insulin-resistant C57BL/6 mice. 

N15 treated groups were received single daily oral treatment with N15 (50 or 100 
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mg/kg), while the normal and HFD+STZ groups were treated with vehicle at 

daily basis. (A) Sequential monitoring of blood glucose after 8 h fasting. (B) 

Fasting blood insulin, and (C) levels of HOMA-IR were measured at 6 weeks 

post-treatment (D) 2, 4 and 6 weeks post-treatment, OGTT was performed after 8 

h fasting. (E-H) The levels of TC, TG, HDL and LDL were measured at 6 weeks 

post-treatment, respectively. Values are shown as means ± S.E.M (n=12 per 

group). 
# 

P < 0.05, 
## 

P < 0.01, 
### 

P < 0.001 vs. normal group; 
* 
P < 0.05, 

** 
P < 

0.01, 
*** 

P < 0.001 vs. HFD+STZ group. 

Figure 2 

Effects of N15 and pioglitazone on cell viability and Bcl-2, Bax and 

cleaved-caspase-3 protein expresssion in HepG2 cells. HepG2 cells were cultured 

with different concentrations of N15 (20, 50, 100 and 200 μM) or pioglitazone 

(20, 50, 100 and 200 μM) for 6, 12, 24 h, respectively. (A-C) Cell viability in 

different concentrations of N15 or pioglitazone with 6, 12, 24 h treatment was 

measured by MTS. (D) Representative western blots images of Bcl-2, Bax and 

cleaved-caspase-3 proteins of HepG2 cells cultured in the absence or presence of 

different concentrations of N15 or pioglitazone for 12 h. (E-G) Quantitative 

analysis of Bcl-2, Bax and cleaved-caspase-3. The values are expressed as 

percentages compared with the normal group (set to 100%) and represented as 

means ± S.E.M of five separate experiments performed in duplicate (n = 5). 
# 

P < 

0.05, 
## 

P < 0.01 vs. normal group, 
^ 
p < 0.05, 

^^ 
P < 0.01, 

^^^ 
P < 0.001 vs. N15 

group. 

Figure 3 
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Effects of N15 and pioglitazone on glucose consumption and the protein 

expression of key hepatic glucogenesis enzymes in PA-stimulated HepG2 cells. 

N15 or pioglitazone group were treated with different concentrations of N15 (20, 

50 and 100 μM) or pioglitazone (100 μM), while the normal and PA groups were 

treated with vehicle at daily basis. (A) The levels of glucose consumption. (B) 

Representative western blots images of PEPCK and G6Pase proteins. (C, D) 

Quantitative analysis of PEPCK and G6Pase proteins. The values are expressed 

as percentages compared to normal group (set to 100%) and are represented as 

means ± S.E.M of five separate experiments performed in duplicate (n = 5). 
# 

P < 

0.05, 
## 

P < 0.01, 
### 

P < 0.001 vs. normal group; 
* 

P < 0.05, 
** 

P < 0.01, 
*** 

P < 

0.001 vs. PA group; 
^ 
p < 0.05 vs. N15-100 group. 

Figure 4 

Effects of PPARα or PPARγ pathways on the anti-insulin resistance action of 

N15. HepG2 cells were subjected to the PPARα antagonist MK886 (20 μM) or 

the PPARγ antagonist T0070907 (20 μM) for 2 h, followed by N15 (100 μM) 

treatment for an additional 12h. (A) The levels of glucose consumption. (B) 

Representative western blots images of PEPCK, G6Pase, PPARα and PPARγ 

proteins. (C-F) Quantitative analysis of PEPCK, G6Pase, PPARα and PPARγ 

proteins. The values are expressed as percentages compared with the normal 

group (set to 100%) and represented as means ± S.E.M of five separate 

experiments performed in duplicate (n = 5). 
#
 P < 0.05, 

## 
P < 0.01, 

### 
P < 0.001 

vs. normal group; 
** 

P < 0.01, 
*** 

P < 0.001 vs. PA group; 
^ 
P < 0.05, 

^^^ 
P < 0.001 

vs. N15-100 group. 

Figure 5 
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Effects of PPARγ pathways on the anti-insulin resistance action of N15 in 

diabetic KM mice. N15 treated groups were received single daily oral treatment 

with N15 (100 mg/kg) for 6 weeks. N15+GW9662 groups received single daily 

oral treatment with GW9662 (1.0 mg/kg) 1 h before N15 (100 mg/kg) 

administration for 6 weeks. The normal and STZ groups were treated with 

vehicle at daily basis. (A) Sequential monitoring of blood glucose after 8 h 

fasting; (B) Serum insulin and (C) HOMA-IR was measured at 6 weeks 

post-treatment. Values are means ± S.E.M (n=15 per group). 
# 

P < 0.05, 
### 

P < 

0.001 vs. normal group; 
* 

P < 0.05, 
*** 

P < 0.001 vs. STZ group;
 ^^ 

P < 0.01, 
^^^ 

P 

< 0.001 vs. N15 group. 

Supplementary data 

Figure S1 

The structure of the dual PPARα/γ agonist N15 (propane-2-sulfonic acid 

octadec-9-enyl-amide). 

Figure S2 

N15 treatment improved insulin resistance in diabetic C57BL/6 mice. N15 

treated groups were received single daily oral treatment with N15 (50 or 100 

mg/kg), while the normal and HFD+STZ groups were treated with vehicle at 

daily basis. (A) Serum insulin and (B) HOMA-IR was measured at 2 or 4 weeks 

post-treatment. Values are means ± S.E.M (n=12 per group). 
# 

P < 0.05, 
## 

P < 

0.01 vs. normal group; 
** 

P < 0.01, 
*** 

P < 0.001 vs. HFD+STZ group. 

Figure S3 
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Effect of N15 on body weight in insulin-resistant C57BL/6. N15 treated groups 

were received single daily oral treatment with N15 (50 or 100 mg/kg), while the 

normal and HFD+STZ groups were treated with vehicle at daily basis. Body 

weight was measured at 6 weeks post-treatemnt. Values are means ± S.E.M 

(n=12 per group). 
# 

P < 0.05 vs. normal group; 
* 
P < 0.05 vs. HFD+STZ group. 

Figure S4 

The toxicity of N15 and pioglitazone in vivo. N15 or pioglitazone groups were 

received single daily oral treatment with N15 (100 mg/kg) or pioglitazone (10 

mg/kg) for 15 weeks, while normal groups were treated with vehicle at daily 

basis. (A) Levels of GPT and (B) GOT in serum, and (C) levels of GPT and (D) 

GOT in liver were measured at 15 week post-treatment. The values are 

represented as means ± S.E.M (n=8 per group). 
# 

P < 0.05, 
## 

P < 0.01 vs. normal 

group; 
^^^ 

P < 0.001 vs. N15-100 group. 

Figure S5 

N15 inhibited glucose production may be through PPARγ pathway. (A) The 

effect of N15 (20, 50 and 100 μM) or pioglitazone (100 μM) on glucose 

production in PA-stimulated HepG2 cells. (B) Effects of PPARα or PPARγ 

pathways on the anti-gluconeogenesis action of N15. HepG2 cells were subjected 

to the PPARα antagonist MK886 (20 μM) or the PPARγ antagonist T0070907 

(20 μM) for 2 h before treatment with N15 (100 μM) for an additional 12 h. The 

level of glucose production was tested in different group. The values are shown 

as means ± S.E.M of five separate experiments performed in duplicate (n = 5). 
### 
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P < 0.01 vs. normal group; 
** 

P < 0.01, 
*** 

P < 0.001 vs. PA group; 
^^ 

P < 0.01, 
^^^ 

P < 0.001 vs. N15-100 group. 
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