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Abstract
Background
Obesity is the leading chronic disease affecting people of all ages. The objective of this study was to optimize composition of a bitter melon seed oil (BMSO) product to maximize its anti-adiposity effect.

Methods
Bleaching oil, saponifiables and non-saponifiables were prepared from BMSO, with α-eleostearic acid (α-ESA) content in BMSO maintained in bleaching oil and saponifiables. C57BL/6 J mice were allocated into five groups (n = 10/group) to receive diet C [30% soybean oil (SBO)], BM [25% SBO + 5% BMSO], BMS, BMNS or BMD. For the three latter diets, saponifiables (hydrolyzed fatty acids from BMSO), non-saponifiables (excluding fatty acids from BMSO) or bleaching oil (excluding pigments from BMSO), respectively, were added in amount equivalent to their content in 5% BMSO and SBO was added to bring total fat to 30%. After 14 wk., indices associated with adiposity and safety, as well as lipid metabolic signaling in white adipose tissue (WAT), were measured.

Results
The body fat percentage of mice in group BM, BMS, BMNS, and BMD were 90 ± 26, 76 ± 21, 115 ± 30 and 95 ± 17% of that in group C. Based on body fat percentage and plasma leptin concentrations, an anti-adiposity effect was evident in groups BM, BMS and BMD (greatest effect in BMS). Histologically, inguinal fat had smaller adipocytes in groups BM, BMS and BMD (P < 0.05), but not in group BMNS, relative to group C. There were no differences among groups in blood pressure or heart rate. Moreover, Sirt1 mRNA levels in inguinal fat were significantly greater in groups BM, BMS and BMD than group C.

Conclusion
We concluded that the anti-adiposity function of BMSO was solely attributed to the fatty acid fraction, with the free fatty acid form having the greatest effect.
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Background
Obesity, a complex metabolic disorder, is the leading chronic disease affecting people of all ages. Effective and safe agents that can be used as adjuncts to decrease body fat deposition are urgently needed. We reported that bitter melon seed oil (BMSO) was more potent than soybean oil (SBO) in attenuating body fat accumulation via cAMP-activated protein kinase (PKA) and leptin activation in white adipose tissue (WAT) in diet-induced obese mice [1]. In oils extracted from seed of 10 varieties of bitter melon (Momordica charantia), α-eleostearic acid (α-ESA; cis-9, trans-11, trans-13- isomer of conjugated linolenic acid) comprised 30–60% of total fatty acids [2].
Using the 3 T3-L1 preadipocyte cell line, we determined that α-ESA was far less potent than its non-conjugated counterpart, α-linolenic acid, or other common unsaturated C18 fatty acids in stimulating adipocyte differentiation [3]. This effect was partly ascribed to the apoptotic effect of α-ESA on proliferating [3, 4] and differentiating preadipocytes [3]. Conjugated linolenic acid (CLNA) is a collective term for a group of positional and geometric isomers of linolenic acid with at least two conjugated double bonds. Punicic acid (cis-9,trans-11,cis-13 isomer of CLNA), catalpic acid (trans-9,trans-11,cis-13 isomer of CLNA), calendic acid (trans- 8,trans-10,cis-12 isomer of CLNA), and a CLNA mixture of cis-9,trans-11,cis-15 and cis-9,trans-13,cis-15 isomers, had anti-obesity potential both in vivo and in vitro [5–8].
In addition to α-ESA, other fat-soluble phytochemicals, including phytosterols (β-sitosterol and stigmasterol), pigments (lutein and lycopene) and phytol have been identified in the whole fruit [9] or seed coat [10] of bitter melon. These compounds have favorable effect on lipid metabolism, including upregulating fatty acid β-oxidation via peroxisome proliferator-activated receptor α (PPARα) activation [11], sirtuin 1 (SIRT1) activation [12, 13], or modulation of microRNA [14]. We speculated that these compounds, despite their low concentrations, may act synergistically with α-ESA for anti-obesity.
The objective was to optimize composition of a BMSO product to maximize the anti-adiposity effect; therefore, components with potential for synergy with α-ESA were explored. An animal feeding trial was conducted to compare anti-adiposity effects among BMSO and saponifiables, non-saponifiables and bleaching oil from BMSO, with SBO alone as a control. Results should be useful for development of safe and effective functional food products.

Methods
Preparation of BMSO
BMSO was prepared by solvent extraction [15] with details as described [1]. Bitter melon seed (supplied by Hualien District Agricultural Research and Extension Station, Hualien, Taiwan) was powdered, dissolved in 10 volumes of n-hexane and agitated overnight at room temperature. After filtration through Whatman filter paper (No 1), residue was re-extracted as above, and filtrates were combined and evaporated under reduced pressure and used as BMSO. The yield was 25 g from 100 g of bitter melon seed.

Preparation of bleaching BMSO
Bleaching BMSO was prepared as described [16], with slight modifications. The BMSO was dissolved in n-hexane (1:1, w:v), mixed with 3% activated carbon (0.325 mm) for 1 h at room temperature, and centrifuged (15,000 × g for 10 min) to collect the decolorized oil supernatant. The yield of bleaching oil was 89 g from 100 g BMSO.

Preparation of saponifiables and non-saponifiables of BMSO
Following Hsu et al. [9], BMSO was saponified by dissolving it in 10-fold volume of 3.6 N KOH/methanol and incubating it at room temperature overnight. Then, solvent was evaporated and residue partitioned in ethyl acetate (EA) and distilled water (3–5 times). The EA and water fractions were collected for preparation of non-saponifiable and saponifiable fractions, respectively, of BMSO. Aqueous fractions were further acidified with 5 N H2SO4 to reach pH 2 and then extracted (twice) with an equal volume of EA. The upper phase (EA extract) was collected and washed with water until the aqueous phase was pH 7. Thereafter, organic solvent was evaporated to yield saponifiables of BMSO (83% yield). In addition, after saponification, the EA fraction was collected and evaporated to yield non-saponifiables (1% yield).

Thin-layer chromatography
Aliquots of BMSO, bleaching oil, saponifiables and non-saponifiables were separately dissolved in chloroform (10 mg/mL). Thin-layer chromatography on a silica gel 60 plate developed by a 9/1 (v/v) mixture of petroleum ether/80% acetone was used to confirm hydrolysis of BMSO into free fatty acids. To visualize development, plates were immersed in 10% sulfuric acid and baked at 100 °C for 1 min.

‬UV spectrometry
An α-ESA standard (quoted purity >98%) was purchased from Cayman (Ann Arbor, MI, USA). The BMSO, bleaching oil, saponifiables, non-saponifiables and α-ESA standard were individually dissolved in n-hexane (7 μg/mL) and UV spectrometry (U-2000, Hitachi, Tokyo, Japan) used to measure absorbances between 200 and 300 nm (1-nm resolution).

Animals and diets
Male C57BL/6 JNarl mice were purchased from the National Laboratory Animal Center of the National Applied Research Laboratories, Taipei, Taiwan. At 6 wk. of age, mice were randomly allocated into five groups, i.e. C, BM, BMS, BMNS, and BMD (n = 10 per group), and fed one of the test diets which were modified from AIN-93G [17] (Table 1).The 30% dietary fat composed of SBO alone (C), 25% SBO + 5% BMSO (BM), 25.06% SBO + 4.94% saponifiables (BMS), 29.94% SBO + 0.06% non-saponifiables (BMNS), 25.55% SBO+ 4.45% bleaching oil (BMD). In this context, C served as a control and BM served as a positive control. For BMS, BMNS and BMD diet, saponifiables, non-saponifiables or bleaching oil, respectively, were added in amounts equivalent to their content in 5% BMSO and total fat was increased to 30% by addition of SBO. All mice were kept in a room maintained at 23 ± 2 °C on a controlled 12-h light:dark cycle with ad libitum access to food and tap water. Diets were stored in sealed containers filled with nitrogen, and fresh food was supplied every other day. Body weight was recorded weekly. After 14 wk. of dietary treatment, food was withheld overnight and mice were killed by carbon dioxide asphyxiation. Adipose tissues (retroperitoneal, epididymal, and inguinal fat) were excised and weighed. Blood was collected in EDTA tubes and plasma was separated by centrifugation (3000×g for 10 min at 4 °C). Plasma leptin concentrations were measured using an enzyme-linked immunosorbent assay (R&D, Minneapolis, MN, USA).Table 1Composition (g/100 g feed) of test diets used in this study


	Component
	C
	BM
	Diet BMS
	BMNS
	BMD

	Corn starch
	16
	16
	16
	16
	16

	Casein
	26
	26
	26
	26
	26

	Cellulose
	6.1
	6.1
	6.1
	6.1
	6.1

	Sucrose
	16
	16
	16
	16
	16

	Soybean oil
	30
	25
	25.06
	29.94
	25.55

	BMSO
	–
	5
	 	 	 
	 Saponifiables
	 	 	4.94
	 	 
	 Non-saponifiables
	 	 	 	0.06
	 
	 bleaching oil
	 	 	 	 	4.45

	AIN- 93 Mineral mix
	4.2
	4.2
	4.2
	4.2
	4.2

	AIN- 93 Vitamin mix
	1.2
	1.2
	1.2
	1.2
	1.2

	DL-Cystine
	0.3
	0.3
	0.3
	0.3
	0.3

	Choline bitartrate
	0.2
	0.2
	0.2
	0.2
	0.2


C, soybean oil-based high-fat diet; BM, soybean oil-based high-fat diet containing BMSO; BMS, soybean oil-based high-fat diet containing saponifiables of BMSO; BMNS, soybean oil-based high-fat diet containing non-saponifiables of BMSO; BMD, soybean oil-based high-fat diet containing bleached BMSO



                        

Adipocyte cell diameter
Fixed inguinal fat was dehydrated through a graded ethanol series, embedded in paraffin, cut into 5-μm sections, and examined under a light microscope (OLYMPUS I × 71, Tokyo, Japan) equipped with a SPOT RT color-2000 digital camera (Diagnostic Instruments, Sterling Heights, MI, USA) to obtain images; adipocyte cell diameter was estimated with Adiposoft software (ImageJ; National Institutes of Health, Bethesda, MD, USA).

Blood pressure and heart rate
After 13 wk on the diets, diastolic and systolic blood pressures and heart rate were measured using a tail-cuff system (MK-2000ST, Muromachi Kikai Co., Ltd., Tokyo, Japan) that uses a photoelectric sensor to detect blood flow in the tail. Mice were acclimated to the procedure for 7 consecutive days prior to blood pressure and heart rate recordings on day 8. For each mouse, at least 1 set of 10 measurements with 9 or more successful readings, was obtained.

RNA isolation and mRNA detection
Total RNA was extracted from inguinal fat using TRIZOL reagent (Invitrogen, San Diego, CA, USA) according to the manufacturer’s instructions. The quality of the extracted RNA was confirmed by a value of 2 for the 28S: 18S ribosomal RNA ratio after ethidium bromide staining. Total RNA (1 μg) was reverse-transcribed into first-strand cDNA using 200 units of MMLV-RT in a total volume of 20 μL. For real-time PCR, a SYBR system (Applied Biosystems, Foster, CA, USA) and primers designed in our laboratory (Additional file 1), were used. Amplification using 40 cycles of two steps (95 °C for 15 s and 60 °C for 1 min) was performed on an ABI Prism 7900HT sequence detection system (Foster City, CA, USA). Quantitative values were obtained from the threshold cycle value (Ct), the point at which a significant increase of fluorescence is first detected. Calculation of the relative mRNA concentration was made using the 2-ΔΔCt-method, with GAPDH as a reference gene.

Immunoblotting
Inguinal fat was homogenized in RIPA buffer containing 1% protease inhibitor cocktail and 1% phosphatase inhibitor cocktail (Sigma) and samples (30 μg of protein) were subjected to electrophoresis on 10% SDS gels, transferred to a polyvinylidene fluoride-plus transfer membrane (NEN Life Science, Boston, MA, USA), and immunoblotted. Primary antibodies (diluted 1:1000 in PBS) were rabbit antibodies against human UCP1, AMPK catalytic subunit α, phospho-AMPKα (Thr172), ACC, phospho-ACC (Ser 79) and GAPDH, whereas HRP-labeled donkey anti-rabbit IgG (Amersham International, Buckinghamshire, UK) at a dilution of 1:5000 in PBS was the secondary antibody. Bound antibodies were detected using an enhanced chemiluminescence Western blotting kit (Amersham International) and images were quantified by densitometric analysis using a Multimage Light Cabinet (Alpha Innotech, San Leandro, CA, USA).

Statistical analyses
Data were expressed as mean ± SD. Comparisons among groups were done with 1-way ANOVA and Duncan’s multiple range test. If variances were not homogeneous, data were log-transformed prior to analysis. The General Linear Model (SAS, SAS Institute, Cary, NC, USA) was used for statistical analyses and differences were considered significant at P < 0.05.


Results
Separation and properties of saponifiables, non-saponifiables and bleaching oil
The appearance of BMSO, saponifiables, non-saponifiables and bleaching oil are shown (Fig. 1a). The BMSO was dark brown, but became light yellow after decolorization (Fig. 1a, I versus IV), suggesting pigments were efficiently removed by adsorption with activated carbon. The color of saponifiables (Fig. 1a, II) was intermediate between BMSO and bleaching oil, indicating partial removal of pigments. However, compared to non-saponifiables (Fig. 1a, III), saponifiables were much clearer. Measurement of α-ESA can be done with UV-VIS spectrometry [18] which peaks at 270 nm. Wavelength scans from 200 to 300 nm of all four products, as well as α-ESA standard, are shown (Fig. 1b ). At a consistent concentration (7 μg/mL), OD270 was 0.63, 0.60, 0.02, 0.62, and 1.03 for BMSO, saponifiables, non-saponifiables, bleaching oil and α-ESA standard, respectively, indicating an equal amount of α-ESA (~60% of oil) in BMSO, saponifiables, and bleaching oil, while with an absence in non-saponifiables. Thin-layer chromatography (Fig. 1c) confirmed efficient hydrolysis of BMSO, as there was no residue of triglycerides in saponifiables. In this normal phase chromatography, triglyceride (nonpolar) moves faster than free fatty acids (FFA). Non-saponifiables contained trace FFA contamination and polar compounds (migrated between triglyceride and FFA).[image: A12944_2017_578_Fig1_HTML.gif]
Fig. 1Appearance (a), UV spectrum (b), and thin-layer chromatography results (c) of BMSO and its fractions. I, BMSO; II, saponifiables; III, non- saponifiables; IV, bleached BMSO




                        

Adiposity indices
During the 14-wk intervention period, energy intake did not differ among groups (data not shown). Based on body fat percentage (Fig. 2a) and plasma leptin concentrations (Fig. 2b), as indicators of total body fat mass, mice fed saponifiables (group BMS) had the lowest values among groups (significantly less than groups C or BMNS). Compared to group C, there were varying degrees of anti-adiposity effects for BMSO (group BM), saponifiables (group BMS) and bleaching oil (group BMD), but not for non-saponifiables (group BMNS). The body fat percentage of mice in group BM, BMS, BMNS, and BMD were 90 ± 26, 76 ± 21, 115 ± 30 and 95 ± 17% of that in group C. Consistent with these findings, cell diameter in inguinal fat (Fig. 3) was significantly reduced in group BMD, with further reductions in groups BMS and BM, but not at all in group BMNS, relative to group C. In general, based on these indices, the anti-adiposity effect was greatest for saponifiables, followed by BMSO (irrespective of decolorization). However, the anti-adiposity effect totally disappeared when fatty acids were removed from BMSO.[image: A12944_2017_578_Fig2_HTML.gif]
Fig. 2Body fat percentage (a) and plasma leptin concentrations (b) of mice fed SBO-based high-fat diets containing various fractions of BMSO for 14 wk. C, soybean oil-based high-fat diet; BM, soybean oil-based high-fat diet containing BMSO; BMS, soybean oil-based high-fat diet containing saponifiables of BMSO; BMNS, soybean oil-based high-fat diet containing non-saponifiables of BMSO; BMD, soybean oil-based high-fat diet containing bleached BMSO. Results are mean ± SD (n = 10) a-cMeans without a common letter differed (P < 0.05)




                           [image: A12944_2017_578_Fig3_HTML.gif]
Fig. 3Adipocyte size of mice fed SBO-based high-fat diets containing various fractions of BMSO for 14 wk. C, soybean oil-based high-fat diet; BM, soybean oil-based high-fat diet containing BMSO; BMS, soybean oil-based high-fat diet containing saponifiables of BMSO; BMNS, soybean oil-based high-fat diet containing non-saponifiables of BMSO; BMD, soybean oil-based high-fat diet containing bleached BMSO. Results are mean ± SD (n = 10 mice/group). a-c Means without a common letter differed (P < 0.05)




                        

Blood pressure and heart rate
As BMSO is effective in attenuating body fat accumulation through mechanisms associated with sympathetic activation, i.e. β-adrenergic receptor/PKA signaling in the WAT [1], we measured blood pressure and heart rate at the end of intervention. There were no differences among groups for either heart rate (473.88 ± 25.53 beats/min) or blood pressure (126.20 ± 8.84 and 78.12 ± 4.87 mmHg for systolic and diastolic blood pressure, respectively). Furthermore, these values were within the normal range [19].

Thermogenic proteins and signaling in WAT
We had reported that a high dose (15%) of BMSO increased thermogenesis in WAT [1, 20, 21]. Here, we measured proteins associated with thermogenesis and energy homeostasis in WAT of mice subjected to low-dose BMSO and its fractions (Fig. 4a). At a lower dose of BMSO (5%), induction of WAT browning was not as obvious as that of high dose; however, for UCP1 protein in inguinal fat, there was a significant difference between groups BM and BMNS, with intermediate values for other groups. AMP-activated protein kinase (AMPK) serves as an energy switch, which phosphorylates and inactivates lipogenic enzymes such as acetyl-CoA carboxylase (ACC) [22]. In accordance with a slightly higher phosphorylation levels of AMPKα in groups BM, BMS and BMD than groups C and BMNS, phosphorylation levels of ACC in groups BM, BMS and BMD were significantly higher than group C and BMNS (Fig. 4b).[image: A12944_2017_578_Fig4_HTML.gif]
Fig. 4Phosphorylation levels of AMPK and ACC protein and thermogenic protein UCP1 in inguinal fat of mice fed SBO-based high-fat diets containing various fractions of BMSO for 14 wk. Representative immunoblot (a). Signals were quantified by image analysis and results expressed as phosphorylated/total protein ratio of AMPK and ACC, as well as ratio of UCP1/GAPDH (b). C, soybean oil-based high-fat diet; BM, soybean oil-based high-fat diet containing BMSO; BMS, soybean oil-based high-fat diet containing saponifiables of BMSO; BMNS, soybean oil-based high-fat diet containing non-saponifiables of BMSO; BMD, soybean oil-based high-fat diet containing bleached BMSO. Results are mean ± SD (n = 10 mice/group) a,b Means without a common letter differed (P < 0.05).




                        
We previously reported that α-ESA activated SIRT1, through increased mRNA levels and activity of nicotinamide phosphoribosyltransferase (NAMPT), a rate-limiting enzyme for NAD+ salvage synthesis [23] in a hepatocyte cell line [2]. SIRT1, as a NAD+-dependent deacetylase, has been implicated as a master controller that contributes to favorable metabolic effects associated with caloric restriction. The mRNA levels of Sirt1 in inguinal fat in group BMD were significantly higher than groups BMNS and C, with intermediate values for groups BM and BMS (Fig. 5a). The mRNA levels of Nampt in groups BMD and BM were significantly higher than group BMNS, with groups BMS and C intermediate (Fig. 5b).[image: A12944_2017_578_Fig5_HTML.gif]
Fig. 5Levels of mRNA for Sirt1 (a) and Nampt (b) in inguinal fat of mice fed SBO-based high-fat diets containing various fractions of BMSO for 14 wk. C, soybean oil-based high-fat diet; BM, soybean oil-based high-fat diet containing BMSO; BMS, soybean oil-based high-fat diet containing saponifiables of BMSO; BMNS, soybean oil-based high-fat diet containing non-saponifiables of BMSO; BMD, soybean oil-based high-fat diet containing bleached BMSO. Results are mean ± SD (n = 10 mice/group). a-cMeans without a common letter differed (P < 0.05)




                        


Discussion
The anti-adipogenic effect of α-ESA, demonstrated in 3 T3-L1 cell cultures, is regarded as the main contributor to the anti-adiposity function of BMSO in vivo, although there other components may contribute synergistically [9, 10, 24]. Therefore, saponifiables (mainly comprised of hydrolysed fatty acids from BMSO), non-saponifiables (excluding fatty acids from BMSO) and bleaching oil (excluding pigments from BMSO) were prepared and tested on diet-induced obese mice for anti-adiposity function. Based on diet composition, if α-ESA was the sole functional component, the extent of body fat reduction would have been the same for groups BM, BMS and BMD. However, if there were active components present in non-saponifiables, efficacy would have been compromised in groups BMS or BMD relative to group BM. In the present study, there was clear evidence that anti-adiposity components were present in the fatty acid fraction. Non-fatty acid components, including lutein, lycopene, phytol, phytosterols [9, 10] or other triterpenoids [24], although present in bitter melon and bitter melon seed, may be in insufficient concentrations to exert synergistic effects on BMSO-mediated anti-adiposity function.
The most remarkable anti-adiposity effect occurred in group BMS. Though the possibility that some unknown ingredients in BMSO (perhaps in non-saponifiables) block the BMS-mediated anti-adiposity could not be excluded, we believe this was ascribed to greater intestinal bioavailability of FFA compared to the esterified form. In studies of fish oil supplements, absorption rate of eicosapentaenoic acid (EPA) + docosahexaenoic acid (DHA) was usually greatest for the FFA form relative to the triglyceride form, and lowest for the EE form. This was attributed to esterified forms requiring hydrolysis by pancreatic enzymes (secreted in response to fat intake) prior to being absorbed, whereas FFA do not require hydrolysis [25]. In addition, EPA + DHA in FFA form was superior to the EE form in reducing blood triglyceride concentrations [26]. However, marketing commercial BMSO products in FFA form has inherent challenges. Given the highly oxidizable nature of FFA and therefore the propensity to rapidly become rancid, products will need greater stability to have an extended shelf life.
We previously demonstrated BMSO activates β-adrenergic receptor/PKA signaling in WAT [1], thus raising safety concerns, since side effects of ephedrine (central nervous system stimulant) such as insomnia, worries, hypertension, and palpitation are well known. However, there was no increase in either blood pressure or heartbeat rate for mice subjected to this low dose of BMSO or its fractions. We reported BMSO increased tyrosine hydroxylase (TH) protein concentrations in WAT and that TH was responsible for catecholamine (i.e., adrenaline and noradrenaline) synthesis [21]. Therefore, we speculated BMSO increased concentrations of catecholamine in local WAT, which activated PKA signaling (by autocrine or paracrine mechanisms), thus contributing to increased lipolysis and thermogenesis.
Though evidence of WAT browning in this study was not as prominent as our previous reports (using high-dose BMSO [1, 20, 21]), plausible metabolic benefits of BMSO or α-ESA on WAT were expected. In inguinal fat, groups BM, BMS and BMD had significantly higher Sirt1 mRNA levels and slightly higher AMPK activation than groups C and BMNS. It is noteworthy that SIRT1 acted as a novel upstream regulator of LKB1/AMPK signaling in the protective effect of polyphenols against high glucose-induced lipid accumulation in hepatocytes [27]. By deacetylating LKB1, SIRT1 influences its nuclear/cytoplasmic localization, binding to STE-related adaptor and activation of AMPK [28]. Sequential phosphorylation and deacetylation by AMPK and SIRT1 activates transcriptional coactivator peroxisome proliferator- activated receptor gamma coactivator-1α, a positive modulator of peroxisome proliferator-activated receptor α activity and mitochondrial biogenesis [29, 30], and prevents translocation of sterol regulatory element-binding protein 1c, a lipogenic transcription factor, into the nucleus [31, 32].
Based on overexpression or RNA interference, it has been clearly demonstrated that SIRT1 is a negative modulator of adipogenesis in 3 T3-L1 preadipocytes [33]. Meanwhile, it is believed that SIRT1 activation promotes fat mobilization in adipocytes through peroxisome proliferator-activated receptor γ (PPARγ) repression. Using ChIP assays, SIRT1 and PPARγ were demonstrated to bind to the same DNA sequences, suggesting that SIRT1 acted as a co-repressor of PPARγ [33]. The anti-adipogenic effect of AMPK was expected; based on its role in energy production and adipocyte differentiation, it is regarded as an energy-consuming process prohibited by AMPK activation [34]. In addition, via p38 MAPK, AMPK phosphorylates PPARγ, thus inhibiting its transcriptional activity and thereby blocking adipocyte differentiation [35, 36]. In accordance with this, a botanical supplement for weight management, Xanthigen, with punicic acid and fucoxanthin (from brown seaweed) as major components, had anti-adipogenic effects in 3 T3-L1 by up-regulating the SIRT1 and AMPK signaling pathway accompanied with downregulation of PPARγ [37].
In addition to α-ESA, many isomers of CLNA have anti-obesity potential. Punicic acid from pomegranate seed or genetically modified rapeseed oil decreased fat mass in mice with upregulated carnitine palmitoyltransferase activity in liver and brown adipose tissue [5, 38]. Catalpic acid from catalpa seed decreased abdominal fat accumulation, along with upregulated adipose PPARα in diet-induced obese and db/db mice [6]. Furthermore, calendic acid in its EE form was reported to reduce body fat in ICR mice though with low efficacy compared to conjugated linoleic acid (CLA), which has anti-adiposity function been extensively investigated and sold on market for weight loss [7]. Luciferase transactivation assay identified a mixture of CLNA isomers (cis-9,trans-11,cis-15 and cis-9,trans-13,cis-15) activated PPARα, but not PPARγ, and reduced triglyceride contents in 3 T3-L1 adipocytes along with increased expression of lipolytic enzymes [8]. Among these CLNA, only α-ESA and punicic acid are present in edible foods.
In contrast to many drugs and therapies which have been limited by side effects, research and development for functional foods or nutraceuticals holds a great potential for the anti-obesity market. Using a proteomic approach combined with histological evidence, we have shown WAT from BMSO-fed mice with features of caveolae reduction, ROS increase, tissue remodeling/repair, mitochondria uncoupling, actin cytoskeleton stabilization, and inflammation increase [20]. These features were very similar to the WAT of mice subject to CLA [39]. Though α-ESA and CLA both are PPARα activators [40] which enhance lipid catabolism, α-ESA and CLA seem to have unique effects on adipocytes since both reduce body fat in a PPARα-independent manner [21]. The underlying mechanisms for BMSO or α-ESA-mediated anti-adiposity function were attributed to (pre)adipocyte apoptosis and PKA activation [1, 20], and these effects persisted even with PPARα being ablated [21]. Commercial CLA product is chemically synthesized from base-catalyzed n6-PUFA-rich oil, while α-ESA or BMSO possesses the advantage of a natural source. Of course, the function awaits to be validated in human studies which may provide an opportunity for industries wishing to launch a new effective and safe product.

Conclusion
We concluded that the anti-adiposity function of BMSO was solely attributed to its fatty acid fraction and that the FFA form was more effective than the triglyceride form. In the context of producing and marketing food, α-ESA may be used as an efficacy index for materials selectivity and quality control during processing. Therefore, these results should assist food processors to develop safe and effective functional food products.

Acknowledgements
None
Funding
Financial support for this study was provided by the Ministry of Science and Technology, R. O. C. [grant number MOST 104–2622-B-039 -004 -CC2] and Aquavan Technology Co., Ltd.

Availability of data and materials
All data generated or analyzed during the current study are available from the corresponding author on reasonable request.


Authors’ contributions
G.-C.C participated in the design of the study, carried out the experiment, performed the statistical analysis, and drafted the manuscript. W.-H.C. and K.-T.T provided materials for research and participated in interpretation. P.-M.C. conceived of the study, revised the manuscript and has given final approval of the version to be submitted. All authors have read and approved the final manuscript.

Ethics approval
Mice were used according to the Guiding Principles in the Care and Use of Laboratory Animals published by the U.S. National Institutes of Health. Animal experiments described in our study were approved by the Institutional Animal Care and Use Committee of the China Medical University, Taichung, Taiwan (104–229-N).

Consent for publication
All authors agree to publish this article in the journal of Lipids in Health and Disease.

Competing interests
The authors declare that they have no competing interests.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in published maps and institutional affiliations.


[image: Creative Commons]
                           Open AccessThis article is distributed under the terms of the Creative Commons Attribution 4.0 International License (http://​creativecommons.​org/​licenses/​by/​4.​0/​), which permits unrestricted use, distribution, and reproduction in any medium, provided you give appropriate credit to the original author(s) and the source, provide a link to the Creative Commons license, and indicate if changes were made. The Creative Commons Public Domain Dedication waiver (http://​creativecommons.​org/​publicdomain/​zero/​1.​0/​) applies to the data made available in this article, unless otherwise stated.

References
1.
Chen PH, Chen GC, Yang MF, Hsieh CH, Chuang SH, Yang HL, Kuo YH, Chyuan JH, Chao PM. Bitter melon seed oil-attenuated body fat accumulation in diet-induced obese mice is associated with cAMP-dependent protein kinase activation and cell death in white adipose tissue. J Nutr. 2012;142:1197–204.CrossrefPubMed

2.
Chen GC, Su HM, Lin YS, Tsou PY, Chyuan JH, Chao PM. A conjugated fatty acid present at high levels in bitter melon seed favorably affects lipid metabolism in hepatocytes by increasing NAD(+)/NADH ratio and activating PPARalpha, AMPK and SIRT1 signaling pathway. J Nutr Biochem. 2016;33:28–35.CrossrefPubMed

3.
Chou YC, Su HM, Lai TW, Chyuan JH, Chao PM. cis-9, trans-11, trans-13-Conjugated linolenic acid induces apoptosis and sustained ERK phosphorylation in 3T3-L1 preadipocytes. Nutrition. 2012;28:803–11.CrossrefPubMed

4.
Lu S, Nishimura K, Hossain MA, Jisaka M, Nagaya T, Yokota K. Regulation and role of arachidonate cascade during changes in life cycle of adipocytes. Appl Biochem Biotechnol. 2004;118:133–53.CrossrefPubMed

5.
Koba K, Imamura J, Akashoshi A, Kohno-Murase J, Nishizono S, Iwabuchi M, Tanaka K, Sugano M. Genetically modified rapeseed oil containing cis-9,trans-11,cis-13-octadecatrienoic acid affects body fat mass and lipid metabolism in mice. J Agric Food Chem. 2007;55:3741–8.CrossrefPubMed

6.
Hontecillas R, Diguardo M, Duran E, Orpi M, Bassaganya-Riera J. Catalpic acid decreases abdominal fat deposition, improves glucose homeostasis and upregulates PPAR alpha expression in adipose tissue. Clin Nutr. 2008;27:764–72.CrossrefPubMed

7.
Chardigny JM, Hasselwander O, Genty M, Kraemer K, Ptock A, Sebedio JL. Effect of conjugated FA on feed intake, body composition, and liver FA in mice. Lipids. 2003;38:895–902.CrossrefPubMed

8.
Miranda J, Lasa A, Fernandez-Quintela A, Garcia-Marzo C, Ayo J, Dentin R, Portillo MP. cis-9,trans-11,cis-15 and cis-9,trans-13,cis-15 CLNA mixture activates PPARalpha in HEK293 and reduces triacylglycerols in 3T3-L1 cells. Lipids. 2011;46:1005–12.CrossrefPubMed

9.
Hsu C, Tsai TH, Li YY, Wu WH, Huang CJ, Tsai PJ. Wild bitter melon (Momordica charantia Linn. var. abbreviata Ser.) extract and its bioactive components suppress Propionibacterium acnes-induced inflammation. Food Chem. 2012;135:976–84.CrossrefPubMed

10.
Wu JJ. Column chromatography coupled with supercritical carbon dioxide antisolvent precipitation of lycopene enriched particulates. Taichung: 13th Taiwan Supercritical Fluid Association; 2014.

11.
Gloerich J, van Vlies N, Jansen GA, Denis S, Ruiter JP, van Werkhoven MA, Duran M, Vaz FM, Wanders RJ, Ferdinandusse S. A phytol-enriched diet induces changes in fatty acid metabolism in mice both via PPARalpha-dependent and -independent pathways. J Lipid Res. 2005;46:716–26.CrossrefPubMed

12.
Qiu X, Gao DH, Xiang X, Xiong YF, Zhu TS, Liu LG, Sun XF, Hao LP. Ameliorative effects of lutein on non-alcoholic fatty liver disease in rats. World J Gastroenterol. 2015;21:8061–72.CrossrefPubMedPubMedCentral

13.
Lomb DJ, Laurent G, Haigis MC. Sirtuins regulate key aspects of lipid metabolism. Biochim Biophys Acta. 1804;2010:1652–7.

14.
Ahn J, Lee H, Jung CH, Ha T. Lycopene inhibits hepatic steatosis via microRNA-21-induced downregulation of fatty acid-binding protein 7 in mice fed a high-fat diet. Mol Nutr Food Res. 2012;56:1665–74.CrossrefPubMed

15.
Eddy CF. Solvent extraction of vegetable oils. Ind Eng Chem. 1922;14:810.Crossref

16.
Toro Vazquez JF. Interactions among oil components during adsorption effects of carotenoids and peroxides. J Food Sci. 1991;56:1648–50.Crossref

17.
Reeves PG, Nielsen FH, Fahey GC Jr. AIN-93 purified diets for laboratory rodents: final report of the American Institute of Nutrition ad hoc writing committee on the reformulation of the AIN-76A rodent diet. J Nutr. 1993;123:1939–51.PubMed

18.
Nzali HG, Tchiegang C, Mignolet E, Turu C, Larondelle Y, Meurens M. Study of bioconversion of conjugated linolenic acid (CLNA) of Ricinodendron heudelotii (Bail.) seed in male rats into conjugated linoleic acid (CLA) using UV-Vis spectrometry and gas chromatography. Asian J Biochem. 2012;7:194–205.Crossref

19.
Davies B, Morris T. Physiological parameters in laboratory animals and humans. Pharm Res. 1993;10:1093–5.CrossrefPubMed

20.
Hsieh CH, Chen GC, Chen PH, Wu TF, Chao PM. Altered white adipose tissue protein profile in C57BL/6J mice displaying delipidative, inflammatory, and browning characteristics after bitter melon seed oil treatment. PLoS One. 2013;8:e72917.CrossrefPubMedPubMedCentral

21.
Chang YY, Su HM, Chen SH, Hsieh WT, Chyuan JH, Chao PM. Roles of peroxisome proliferator-activated receptor alpha in bitter melon seed oil-corrected lipid disorders and conversion of alpha-eleostearic acid into rumenic acid in C57BL/6J mice. Nutrients. 2016;8:e805.CrossrefPubMed

22.
Long YC, Zierath JR. AMP-activated protein kinase signaling in metabolic regulation. J Clin Invest. 2006;116:1776–83.CrossrefPubMedPubMedCentral

23.
Zhang T, Berrocal JG, Frizzell KM, Gamble MJ, DuMond ME, Krishnakumar R, Yang T, Sauve AA, Kraus WL. Enzymes in the NAD+ salvage pathway regulate SIRT1 activity at target gene promoters. J Biol Chem. 2009;284:20408–17.CrossrefPubMedPubMedCentral

24.
Hsu C, Hsieh CL, Kuo YH, Huang CJ. Isolation and identification of cucurbitane-type triterpenoids with partial agonist/antagonist potential for estrogen receptors from Momordica charantia. J Agric Food Chem. 2011;59:4553–61.CrossrefPubMed

25.
Yang LY, Kuksis A, Myher JJ. Lipolysis of menhaden oil triacylglycerols and the corresponding fatty acid alkyl esters by pancreatic lipase in vitro a reexamination. J Lipid Res. 1990;31:137–47.PubMed

26.
Offman E, Marenco T, Ferber S, Johnson J, Kling D, Curcio D, Davidson M. Steady-state bioavailability of prescription omega-3 on a low-fat diet is significantly improved with a free fatty acid formulation compared with an ethyl ester formulation: the ECLIPSE II study. Vasc Health Risk Manag. 2013;9:563–73.CrossrefPubMedPubMedCentral

27.
Hou X, Xu S, Maitland-Toolan KA, Sato K, Jiang B, Ido Y, Lan F, Walsh K, Wierzbicki M, Verbeuren TJ, et al. SIRT1 regulates hepatocyte lipid metabolism through activating AMP-activated protein kinase. J Biol Chem. 2008;283:20015–26.CrossrefPubMedPubMedCentral

28.
Lan F, Cacicedo JM, Ruderman N, Ido Y. SIRT1 modulation of the acetylation status, cytosolic localization, and activity of LKB1. Possible role in AMP-activated protein kinase activation. J Biol Chem. 2008;283:27628–35.CrossrefPubMedPubMedCentral

29.
Canto C, Gerhart-Hines Z, Feige JN, Lagouge M, Noriega L, Milne JC, Elliott PJ, Puigserver P, Auwerx J. AMPK regulates energy expenditure by modulating NAD+ metabolism and SIRT1 activity. Nature. 2009;458:1056–60.CrossrefPubMedPubMedCentral

30.
Sugden MC, Caton PW, Holness MJ. PPAR control: it's SIRTainly as easy as PGC. J Endocrinol. 2010;204:93–104.CrossrefPubMed

31.
Ponugoti B, Kim DH, Xiao Z, Smith Z, Miao J, Zang M, Wu SY, Chiang CM, Veenstra TD, Kemper JK. SIRT1 deacetylates and inhibits SREBP-1C activity in regulation of hepatic lipid metabolism. J Biol Chem. 2010;285:33959–70.CrossrefPubMedPubMedCentral

32.
Li Y, Xu S, Mihaylova MM, Zheng B, Hou X, Jiang B, Park O, Luo Z, Lefai E, Shyy JY, et al. AMPK phosphorylates and inhibits SREBP activity to attenuate hepatic steatosis and atherosclerosis in diet-induced insulin-resistant mice. Cell Metab. 2011;13:376–88.CrossrefPubMedPubMedCentral

33.
Picard F, Kurtev M, Chung N, Topark-Ngarm A, Senawong T, Machado De Oliveira R, Leid M, MW MB, Guarente L. Sirt1 promotes fat mobilization in white adipocytes by repressing PPAR-gamma. Nature. 2004;429:771–6.CrossrefPubMedPubMedCentral

34.
Daval M, Foufelle F, Ferre P. Functions of AMP-activated protein kinase in adipose tissue. J Physiol. 2006;574:55–62.CrossrefPubMedPubMedCentral

35.
Hu E, Kim JB, Sarraf P, Spiegelman BM. Inhibition of adipogenesis through MAP kinase-mediated phosphorylation of PPARgamma. Science. 1996;274:2100–3.CrossrefPubMed

36.
Diradourian C, Girard J, Pegorier JP. Phosphorylation of PPARs: from molecular characterization to physiological relevance. Biochimie. 2005;87:33–8.CrossrefPubMed

37.
Lai CS, Tsai ML, Badmaev V, Jimenez M, Ho CT, Pan MH. Xanthigen suppresses preadipocyte differentiation and adipogenesis through down-regulation of PPARgamma and C/EBPs and modulation of SIRT-1, AMPK, and FoxO pathways. J Agric Food Chem. 2012;60:1094–101.CrossrefPubMed

38.
Vroegrijk IO, van Diepen JA, van den Berg S, Westbroek I, Keizer H, Gambelli L, Hontecillas R, Bassaganya-Riera J, Zondag GC, Romijn JA, et al. Pomegranate seed oil, a rich source of punicic acid, prevents diet-induced obesity and insulin resistance in mice. Food Chem Toxicol. 2011;49:1426–30.CrossrefPubMed

39.
LaRosa PC, Miner J, Xia Y, Zhou Y, Kachman S, Fromm ME. Trans-10, cis-12 conjugated linoleic acid causes inflammation and delipidation of white adipose tissue in mice: a microarray and histological analysis. Physiol Genomics. 2006;27:282–94.CrossrefPubMed

40.
Chuang CY, Hsu C, Chao CY, Wein YS, Kuo YH, Huang CJ. Fractionation and identification of 9c, 11t, 13t-conjugated linolenic acid as an activator of PPARα in bitter gourd (Momordica charantia L.). J Biomed Sci 2006;13:763-72.




OEBPS/sidebar.gif





OEBPS/cc-by.png
() _®





OEBPS/A12944_2017_578_Fig2_HTML.gif
b

wab T

ab

‘Epididymal

Inguinal

uc
oBM
oBMS
BBMNS
oBMD

uc
oBM
aBMS
HBMNS
SBMD





OEBPS/A12944_2017_578_Fig4_HTML.gif
A C BM BMS5  BMNS  BMD

AMPK g s
raccT I ™EENEE

UCPL e v W @B e -

GATDIL - -

Wt e
@b gy OBM
omvs

BEMNS

BBMD
05

DAMPK/AMPK  p-ACC/ACC UeP1






OEBPS/contact.gif





OEBPS/A12944_2017_578_Fig3_HTML.gif
c
oM
oBMS
aBMNS
oBMD

o

8 8 8§ = =2 =«
() 2z o e






OEBPS/A12944_2017_578_Fig1_HTML.gif
25

tessssrannennnananydd

250

‘Walvelength (am)

Y

205






OEBPS/A12944_2017_578_Fig5_HTML.gif
3500

1500

‘mMRNA Jevels

1000

5.00

0.00

3.00

250

200

150

MRNA levels

100

050

0.00

ab

»

b

sirtl

be

o

Nampt

nc
oBM
aBms
BBMNS

BBMD

ac
aBM
oBMs
BBMNS
aBMD





