Gundelia tournefortii: fractionation, chemical composition and anti-diabetic efficacy
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Abstract

In this study, GT methanol extract was sub-fractionated into 10 samples using flash chromatography. The fractions toxicity was evaluated by MTT assay on L6 muscle cells stably expressing GLUTmyc (L6-GLUT4myc). The fractions efficacy on augmenting GLUT4 to the L6 PM was evaluated at non-toxic concentrations. Fractions 6 was the most effective one as it stimulated GLUT4 translocation 3.5 and 5.2 times (at 250 g/ml) in the absence and presence of insulin respectively. Fraction 1 and 3 did not possess any significant effect on GLUT4 translocation while the others increased GLUT4 translocation up to twice. GC/MS analysis of the silylated fractions reviled 98 distinct compounds. 25 of the compounded are known as anti-diabetic and glucose disposal inhancers. These findings suggest that GT methanol sub-fractions exert an anti-diabetic effect principally via modulation of GLUT4 translocation in L6 muscle cells. The present in vitro findings, suggest that GT chemicals can be developed as a new therapeutic agent for T2D treatment.
Introduction
Type 2 diabetes (T2D) is among the leading global causes of early mortality and morbidity and is associated  with vast critical complications including but not limited to neuropathy and cardiovascular diseases (Zaid, Tamrakar, Razzaque, & Efferth, 2018). T2D is mainly characterized by insulin resistance in the hypatocytes, adipocytes and myocytes 


(Klip, McGraw, & James, 2019; Zaid, Antonescu, Randhawa, & Klip, 2008) ADDIN EN.CITE . Skeletal muscle insulin resistance plays a critical role in T2D development. Insulin stimulated glucose uptake into muscle accounts for approximately 75% of whole-body insulin-activated glucose disposal and for nutrient utilization. In healthy subjects insulin stimulates the mobilization of glucose transporter-4 (GLUT4) to the surface of muscle fibers and thus enhance glucose uptake. Regrettably, this process is impaired in insulin resistant and diabetic patients 


(Klip, McGraw, & James, 2019) ADDIN EN.CITE .
GLUT4 is expressed in cardiac and skeletal muscles as well as in brown and white adipocytes 


(Klip, McGraw, & James, 2019) ADDIN EN.CITE . Unlike most other cells in the body, where GLUTs are unregulated, in muscle, liver and fat cells, GLUT4 distribution in the cell surface is rapidly up-regulated several folds in response to insulin, and muscle exercise. This process is known as GLUT4 translocation, as it largely requires changes in the distribution of GLUT4 between intracellular compartments and the plasma membrane 


(Klip, McGraw, & James, 2019; Zaid, Antonescu, Randhawa, & Klip, 2008) ADDIN EN.CITE .
T2D and insulin resistance can be prevented and managed through healthy life style. Concomitantly, natural medicine, one of the therapeutic approaches of complementary and alternative medicine, has attracted considerable attention by individuals with T2D especially because of its law cost and minimal side effects. Many of the active phytochemicals in herbs, especially polyphenolic compounds, possess antidiabetic properties (Zaid, Mahdi, Tamrakar, Saad, Razzaque, & Dasgupta, 2016). Gundelia tournefortii L. (GT) is a vegetable that is similar to artichoke and grows in the semi‑desert climate of many countries in the Mediterranean zone. GT is a wild eatable plant and has curing benefits for bacteria, cancer, epilepsy, stomach and diabetes 


(Abu-Lafi, Rayan, Kadan, Abu-Lafi, & Rayan, 2019; Kadan, Sasson, Saad, & Zaid, 2018) ADDIN EN.CITE . 
GT anti-diabetic activity was evaluated in vivo in dexamethasone induced diabetic mice. Oral administration of GT to the diabetic mice led to significantly decrees in serum glucose levels (Azeez, 2012). Kadan et al have recently tested GT anti-diabetic activity in vitro. Methanol and hexane GT extracts augment GLUT4 translocation to the PM (Kadan, Sasson, Saad, & Zaid, 2018). The chemical composition of GT crude extracts was tested in several research groups 


(Abu-Lafi, Rayan, Kadan, Abu-Lafi, & Rayan, 2019; Asadi-Samani, Rafieian-Kopaei, & Azimi, 2013; Halabi, 2005; Kadan, Sasson, Saad, & Zaid, 2018) ADDIN EN.CITE . Using GC/MS analysis, we had recently reported 44 new compounds in GT methanol and hexane extracts (Kadan, Sasson, Saad, & Zaid, 2018). Sterols, esters, phenolic, saturated and unsaturated fatty acids, and aromatic compounds were detected. Only six components, namely, Stigmasterol, β-Sitosterol, Linoleic acid, α-Linolenic acid, Stearic acid and Palmitic acid were reported elsewhere 


(Asadi-Samani, Rafieian-Kopaei, & Azimi, 2013; Kadan, Sasson, Saad, & Zaid, 2018) ADDIN EN.CITE . Herein we tested the efficacy of ten sub-fractions of methanol GT extract in augmenting GLUT4 into the muscle plasma membrane. The chemical composition of the ten fractions was identified and their potential antidiabetic mechanism(s) of action is reported. 
Materials and methods

Materials: L6-GLUT4myc cell were from Kerafast (Boston, MA, USA). Fetal bovine serum, α-MEM (modified Eagle’s medium), standard culture medium and all other tissue culture reagents used were purchased from biological industries (Beit Haemek, Israel). Horseradish peroxidase (HRP)-conjugated goat anti-rabbit antibodies were obtained from Promega (Madison, WI, USA).  Polyclonal anti-myc (A-14), MTT reagent, Methoxyamine hydrochloride, Pyridine, N-methyl-N-(trimethylsilyl)-trifluoroacetamid (MSTFA), and other standard chemicals were purchased from Sigma Aldrich.
Plant extract preparation: Gundelia tournefortii (GT, aerial parts) were collected from the northern Negev area in Israel on beginning of March 2018.  Two hundred grams of the air-dried aerial parts of GT were powdered and mixed with one liter methanol, packed in an Erlenmeyer. The Erlenmeyer was then sonicated for 2 hours at 50oC, left in dark glass bottles for 24 h for complete extraction to give a dark green extract. The extract was filtered and concentrated by a rotary vacuum evaporator. The yield of the extracts was found to be 2.1%. The stock extracts kept at -20°C in airtight glass container.
Flash cromatography extract fractionation
The GT crude extract was further purified by subjecting it to normal phase column chromatography at ISCO flash chromatography system equipped with UV detector.  The solvent evaporated under reduced pressure then the solid dissolved in EtOH and about 2 spoons of silica 40-60 microns, were added. The solvent evaporated under reduced pressure and the solid transferred to cartridge and connected to 40g of silica gold column (ISCO). The chromatographic separation was performed in RediSep Column. The mobile phase gradient was Hexane: Ethyl acetate (EtoAc): Ethanol (EtOH) at 40ml/min flow rate as shown in Table 1. 254 nm and 210 nm wavelength were used for detection. Ten samples were collected.
Table 1: Gradient conditions
	Hexane
	EtoAc
	EtOH
	Time (min)

	From 0%
	To 100%
	
	30.2

	
	100%
	
	15

	
	From 0%
	To 100%
	15

	
	
	100%
	15


Silylation derivatization:
40 µl solution of 40mg/mL Methoxyamine hydrochloride [MeOX] solution in Pyridine was added to each dried sample (10 mg) with 10 µl of ribitol Standard solution 0.2 mg/ml, then the samples were shaked for 1.5 hours at 37°C, after that we added 90µl of the MSTFA e to each sample Cap immediately and were Shaked at maximum speed at 37°C for 30 minutes. Contents  were transferred to glass vials with micro-serts inserted and cap immediately  
 ADDIN EN.CITE 
(Mahajna, Kadan, Tietel, Saad, Khasib, Tumeh, et al., 2019)
. One μL of each derivatized sample was injected into the gas chromatograph (GC) coupled with mass selective detector (MS).

Gas chromatography-mass spectrometry analysis: GC/MS analysis was performed with HP5890 Series II GC equipped with a Hewlett-Packard MS Engine (HP5989A) single quadrupole MS, HP7673 auto-sampler, HP MS-DOS Chemstation, and HP-5MS capillary column (0.25 μm × 15 m × 0.25 mm). The temperature program was: injector temperature, 180°C; initial temperature, 40°C for 6 min; gradient of 20°C/min until 140 °C; gradient of 10°C/min until 200°C; and hold time, 3 min. The MS parameters were set as follows: source temperature, 180°C; transfer line, 280°C; positive ion monitoring; and EI-MS (70eV) 


(Mahajna, et al., 2019) ADDIN EN.CITE . 
Identification of components: The percentage composition of the samples was computed from the GC peak areas. Library searches were carried out using the NIST GC/MS Library and with mass spectra from literature. Component relative percentages were calculated based on GC peak areas without using correction factors 


(Mahajna, et al., 2019) ADDIN EN.CITE . The GC/MS chromatogram is shown in the supplementary Fig. 1.
Cell culture: Cells from the rat L6 muscle cell line, stably expressing myc-tagged GLUT4 (L6-GLUT4myc), were grown in a humidified atmosphere of air and 5% CO2 at 37°C. Myoblasts were maintained in α-MEM supplemented with 10% fetal bovine serum (FBS), 100 U/ml penicillin and 0.1 mg/ml streptomycin.
MTT assay: The viability of L6-GLUT4myc cells that were seeded in 96-well plates at a density of 20,000 cells per well in the presence of GT fractions at increasing concentrations (0-500 g/ml) for 24 hours, was evaluated by performing MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide) assay 


(Kadan, Saad, Sasson, & Zaid, 2016) ADDIN EN.CITE . Cells medium was replaced with 200 µl of 0.5 mg/ml MTT fresh medium for each well and cultivated for another 4 h darkened in the cells incubator. The MTT-medium was removed and 100 µl isopropanol were added per well. The color density was measured at 620 nm with microplate reader (Anthos). The effect of the extract fraction on cell viability was expressed using the following formula: 
Percent viability = (A620nm of fraction treated sample/A620nm of none treated sample)*100
Determination of surface GLUT4myc: GLUT4myc distribution at the cells PM in intact cells was assayed as previously described 


(Kadan, Saad, Sasson, & Zaid, 2016; Zaid, Talior-Volodarsky, Antonescu, Liu, & Klip, 2009) ADDIN EN.CITE . Briefly, Cells grown in 24-well plates for one day followed by addition of the GT extract fractions for 20 h and serum-starved for 3 h were treated without or with 100nM insulin for 20 min. The cells washed with ice-cold PBS, fixed with  paraformaldehyde and blocked with goat serum. Using anti-myc antibody for 1 h at 4 °C followed by washing and secondary antibody conjugated to horseradish peroxidase for 1 h at 4 °C and washing with PBS, we were able to detect the relative amount of GLUT4 at the PM compared to vehicle non treated cells. o-phenylenediamine dihydrochloride reagent used to develop the color that measured at 492 nm.
Results
Using GC/MS analysis, we had recently reported 44 new compounds in Gundelia tournefortii (GT, aerial parts) methanol and hexane extracts. Sterols, esters, phenolic, saturated and unsaturated fatty acids, and aromatic compounds were detected (Kadan, Sasson, Saad, & Zaid, 2018). To clarify the anti‐diabetic effect position of GT methanol extract components and to point out the potential anti diabetic active fraction/phtochemical(s), ten sub-fractions were prepared from GT methanol extract and its anti‐diabetic effects were evaluated in L6 skeletal muscle cells stably expressing GLUT4myc (L6-GLUT4myc cells).

GT methanol extract fractionation and chemical detection
200 gr of powdered dried GT aerial part were mixed with 1 liter of methanol, sonicated for 2 hours at 50oC and then left in dark glass bottles for 24 h. The extract obtained was then concentrated by rotary vacuum evaporator. The crude extract was further purified by subjecting it to normal phase column chromatography as mentioned in the methods section and ten fractions were collected. To maximize the number of detected compounds, the fractions were silylated subsequent to GC/MS analysis. 

The compounds detected in fraction 1 to 10 (range from 3 to 29 compounds) are listed in table 2 and their potential anti-diabetic activity is mentioned. The main compounds in each fraction are highlighted bold (Table 2) and mentioned in supplementary Fig.1. The structure of the phytochemicals known to possess ant-diabetic activity and enhance GLUT4 activity is shown in figure 3.
GT fractions toxicity and effect on GLUT4 translocation
The MTT assay was adopted to assess the fractions toxicity on the L6-GLUT4myc cells. The cells were exposed to increased concentrations of the GT extract fractions up to 500 g/ml for 24 h. Results obtained show no toxicity effect of the fractions 1 to 3 and 8 to 10 up to 500 g/ml, fractions 5 up to 125 g/ml and fractions 4, 6 and 7 up to 250 g/ml (Fig. 1 and Table 3). To assess the fractions efficacy on augmenting GLUT4 translocation to the muscle cells membrane, the L6-GLUT4myc cells were incubated with 125 and 250 g/ml of each fraction (fraction 9 and 10 tested with 63 and 125 g/ml only due to limitation in the fractions amount) for 23 h in the presence and absence of insulin.  Results obtained indicate that fraction 6 was the most efficient one as it enhanced GLUT4 translocation about 3.5 and 5.2 times when treated with 250 g/ml in the absence and presence of insulin respectively. Fractions 1 and 3 had no significant effect on GLUT4 translocation. Fractions 4 and 7 at 250 g/ml increased GLUT4 translocation 2 and 1.5 times only in the absence of insulin. 
The rest of the fractions enhanced GLUT4 translocation about 1.3 to 1.5 times in the absence of insulin at 125 g/ml without insulin and up to 2.9 times in the presence of insulin (Fig. 2 and Table 3).
GT fraction chemicals attributed to GLUT4 translocation
18 compounds were detected in the first fraction. 6 compounds are known as glucose disposal enhancers especially in muscle. Yet, this fraction did not increase GLUT4 translocation in L6-GLUT4myc cells. This might be due to antagonist effect of other chemicals. Only 3 compounds were detected in fraction 2: Palmitic Acid, β-Amyrin and Lupeol.  All are known to enhance glucose disposal in muscle. 9 compounds in fraction 3 possess anti diabetic activity (Table 2). Yet, this fraction did not affect GLUT4 translocation to the PM. Most of these 9 compounds are present in very low percentage (up to 2.5%), except for Ursolic acid, Ursolic aldehyde and Palmitic acid at 38.46%, 19.3% and 8.2% respectively. Ursolic acid and Palmitate are known to augment GLUT4 translocation in muscle cells. Conversely, Brucine a toxic alkaloid is an inhibitor of Akt, ERK and mTOR signaling pathway 


(Saraswati & Agrawal, 2013) ADDIN EN.CITE  is present at 11.65% and might be one of the major compounds as antagonist for the GLUT4 translocation enhancers.
6 compounds out of the 14 detected in fraction 4 possess anti diabetic activity (Table 2). Although Brucine (which is thought to inhibit GLUT4 translocation) accounts for half of this fraction; it augmented GLUT4 translocation 3.5 times at 0.25mg/ml in the basal conditions. This could be due to the presence of 4 compounds known to stimulate GLUT4 translocation in muscle cells namely, Hydroxylamine, Myristic acid, Palmitic acid and Stearic acid. Half of the molecules in fraction 5 are known as anti-diabetic. 4-Hydroxybenzoic acid, a phenolic derivative of benzoic acid, accounts for 76% of the fraction amount. It was reported to decrease plasma glucose in streptozotocin-diabetic rats without affecting either serum insulin level nor liver glycogen content in the diabetic model, suggesting that 4-Hydroxybenzoic acid might activate glucose uptake and consumption 


(Peungvicha, Thirawarapan, & Watanabe, 1998) ADDIN EN.CITE . 6 out of the 15 detected compounds in fraction 6 namely, 4-Hydroxybenzoic acid, Isovanillic acid, Azelaic acid, Quinic acid, Palmitic acid and Stearic acid are known to enhance glucose disposal (Table 2). These active compounds correspond to 48% of the fraction. 33% of the total amount of the chemicals in fraction 7 (6 out of 16 compounds) are glucose disposal stimulants. None of the other chemicals is known to affect GLUT4 translocation. In fraction 8, only 7 out of the 23 detected chemicals are associated with anti-diabetic activity. Similarly, only 4 compounds out of the 16 in fraction 9 possess anti diabetic activity. Most telling is Myo-Inositol (accounts for about 23% of the total chemicals) that stimulates GLUT4 translocation to the PM in L6 myotubes and in mice muscle (Dang, Mukai, Yoshida, & Ashida, 2010). 5 out of the 29 compounds in fraction 10 are known to enhance GLUT4 translocation to the PM (Table 2).

Table 2. Phytochemicals of Gundelia tournefortii methanol extract fractions verified by GC/MS.

Frc.1
	Peak
	Name
	Rt
	% area
	Match factor
	Relation to diabetes
	References

	1
	Hydroxylamine


	15.28
	0.60
	93.2
	Enhances glucose uptake in C2C12 skeletal muscle cells.
	


(Kimura, Kato, Machikawa, Kimura, Katayama, & Kawabata, 2014) ADDIN EN.CITE 

	2
	Glycerol
	20.34
	0.10
	86.6
	
	

	3
	Neophytadiene

	33.02
	0.46
	93.3
	
	

	4
	Myristic acid
	33.22
	0.08
	81.2

	Enhances basal glucose uptake in myotubes.
	


(Wada, Sakiyama, Sakai, & Sakane, 2016) ADDIN EN.CITE 

	5
	3,7,11,15-
Tetramethyl-2-hexadecen-1-ol

	33.67
	0.20
	90.8
	
	

	6
	Methyl palmitate 

	34.28
	1.80
	94.6
	
	

	7
	Palmitic Acid


	35.81
	0.70
	95.7
	Enhances basal glucose uptake in myotubes.
	


(Nugent, Prins, Whitehead, Wentworth, Chatterjee, & O'Rahilly, 2001; Pu, Peng, Li, Na, Liu, & Liu, 2011) ADDIN EN.CITE 

	8
	9,12-Octadecadienoic acid, methyl ester, (E,E)-

	36.34
	0.67
	93.1
	
	

	9
	9-Octadecenoic acid (Z)-, methyl ester

	36.41
	0.87
	89.4
	
	

	10
	Methyl stearate

	36.68
	0.15
	88.9
	
	

	11
	α-Linolenic acid


	37.04
	0.30
	86.3
	enhances insulin secretion from pancreatic beta cell
	


(Yore, Syed, Moraes-Vieira, Zhang, Herman, Homan, et al., 2014) ADDIN EN.CITE 

	12
	Stearic acid


	37.86
	0.43
	93.7
	Enhances basal glucose uptake in myotubes.
	


(Yore, et al., 2014) ADDIN EN.CITE 

	13
	Dinonyl phthalate

	45.19
	0.11
	82.2
	
	

	14
	24-Noroleana-3,12-
diene
	47.32
	0.48
	83.7
	
	

	15
	β-amyrin acetate

	54.89
	18.74
	93.3
	
	

	16
	Lupeol


	55.40
	49.25
	82.4
	Stimulate glucose utilization by skeletal muscles.
	


(Khan, Maurya, Dev, Arha, Rai, Tamrakar, et al., 2014) ADDIN EN.CITE 

	17
	Cycloartenyl acetate

	56.37
	8.19
	83.3
	
	

	18
	Lupeol, trifluoroacetate
	56.53
	16.88
	82.8
	Stimulate glucose utilization by skeletal muscles.
	


(Khan, et al., 2014) ADDIN EN.CITE 

	     Fr.2
	
	
	
	
	
	

	Peak
	Name
	Rt
	% area
	Match factor
	Relation to diabetes
	References

	1
	Palmitic Acid
	35.81
	11.2
	91.6
	Enhances basal glucose uptake in myotubes.

	


(Nugent, Prins, Whitehead, Wentworth, Chatterjee, & O'Rahilly, 2001; Pu, Peng, Li, Na, Liu, & Liu, 2011) ADDIN EN.CITE 

	2
	β.-Amyrin
	53.60
	35.00
	90.3
	 Reduced the elevated plasma glucose levels during the oral glucose tolerance test in mice.

 Alpha-glucosidase inhibitor.


	


(Etsassala, Badmus, Waryo, Marnewick, Cupido, Hussein, et al., 2019; Santos, Frota, Arruda, de Melo, da Silva, Brito, et al., 2012) ADDIN EN.CITE 

	3
	Lupeol
	55.31
	53.79
	86.1
	Stimulate glucose utilization by skeletal muscles.
	


(Khan, et al., 2014) ADDIN EN.CITE 


Frc.3

	Peak
	Name
	Rt
	% area
	Match factor
	Relation to diabetes
	References

	1
	Benzoic Acid
	19.13
	0.19
	91.1
	
	

	2
	Glycerol
	20.34
	0.11
	88.9
	
	

	3
	4-(Methoxycarbonyl)phenol

	25.67
	1.88
	93.4
	
	

	4
	lauric acid
	29.39
	0.39
	82.3
	enhance glucose-stimulated insulin secretion
	(McVeay, Fitzgerald, Horowitz, & Feinle-Bisset, 2019)

	5
	Azelaic acid

	32.45
	1.13
	88.1
	 Return the levels of plasma glucose, insulin, HbA1c, Hb, liver glycogen and carbohydrate to normal in diabetic mice.
	(Muthulakshmi & Saravanan, 2013)

	6
	Myristic acid
	33.21
	0.53
	94.6
	Enhances basal glucose uptake in myotubes.
	


(Wada, Sakiyama, Sakai, & Sakane, 2016) ADDIN EN.CITE 

	7
	Pentadecanoic acid

	34.61
	0.07
	86.2
	
	

	8
	Palmitic Acid
	35.82
	8.22
	98.7
	Enhances basal glucose uptake in myotubes.
	


(Nugent, Prins, Whitehead, Wentworth, Chatterjee, & O'Rahilly, 2001; Pu, Peng, Li, Na, Liu, & Liu, 2011) ADDIN EN.CITE 

	9
	Heptadecanoic acid
	36.88
	0.22
	86.8
	
	

	10
	Linoelaidic acid
	37.57
	1.41
	92.8
	
	

	11
	9-Octadecenoic acid, (E)-
	37.62
	2.88
	96
	
	

	12
	Stearic acid
	37.86
	2.56
	97.1
	Enhances basal glucose uptake in myotubes.
	


(Yore, et al., 2014) ADDIN EN.CITE 

	13
	Eicosanoic acid
	39.61
	0.48
	88.6
	
	

	14
	Glyceryl palmitate
	40.96
	3.54
	86
	
	

	15
	Glycerol monostearate
	43.08
	1.28
	93.5
	
	

	16
	Lignoceric acid

	43.68
	0.50
	87.1
	
	

	17
	Stigmasterol
	52.84
	2.62
	94.5
	Increase GLUT4 translocation and expression.


	(Wang, Huang, Yang, Ma, Zheng, Deng, et al., 2017)

	18
	β-sitostirol
	53.65
	2.54
	90.9
	Improves glycemic control through activation of insulin receptor and GLUT4 in the adipose tissue.


	


(Ponnulakshmi, Shyamaladevi, Vijayalakshmi, & Selvaraj, 2019) ADDIN EN.CITE 

	19
	Ursolic acid

	56.32
	38.46
	91.3
	Stimulates glucose uptake in 3T3-L1 adipocytes & α-glucosidase inhibitor.
	


(Y. He, Li, Li, Zhang, Wang, & Sun, 2014) ADDIN EN.CITE 

	20
	Ursolic aldehyde 
	56.86
	19.33
	59.4
	Ursolic acid analogues are α-glucosidase inhibitors.
	


(Etsassala, et al., 2019) ADDIN EN.CITE 

	21
	Brucine
	57.35
	11.65
	91.7
	
	


Frc. 4

	Peak
	Name
	Rt
	% area
	Match factor
	Relation to diabetes
	References

	1
	Hydroxylamine
	15.28
	0.22
	83.9
	enhances glucose uptake in C2C12 skeletal muscle cells
	


(Kimura, Kato, Machikawa, Kimura, Katayama, & Kawabata, 2014) ADDIN EN.CITE 

	2
	Glycerol
	20.34
	0.61
	91
	
	

	3
	Benzeneacetic acid
	20.60
	2.83
	94.7
	
	

	4
	Suberic acid
	30.51
	0.46
	83.8
	
	

	5
	Azelaic acid
	32.45
	5.87
	92.1
	Return the levels of plasma glucose, insulin, HbA1c, Hb, liver glycogen and carbohydrate to normal in diabetic mice.
	(Muthulakshmi & Saravanan, 2013)

	6
	Myristic acid
	33.21
	0.64
	88.5
	Enhances basal glucose uptake in myotubes.
	


(Wada, Sakiyama, Sakai, & Sakane, 2016) ADDIN EN.CITE 

	7
	Gallic acid

	34.99
	0.74
	81.9
	
	

	8
	Palmitic Acid
	35.82
	11.79
	98.6
	Enhances basal glucose uptake in myotubes.
	


(Nugent, Prins, Whitehead, Wentworth, Chatterjee, & O'Rahilly, 2001; Pu, Peng, Li, Na, Liu, & Liu, 2011) ADDIN EN.CITE 

	9
	Linoelaidic acid
	37.57
	3.04
	83.9
	
	

	10
	Stearic acid
	37.86
	5.64
	95
	Enhances basal glucose uptake in myotubes.
	


(Yore, et al., 2014) ADDIN EN.CITE 

	11
	Glyceryl palmitate
	40.96
	7.82
	90
	
	

	12
	Glycerol monostearate

	43.08
	4.77
	91.2
	
	

	13
	Stigmasterol
	52.84
	2.14
	85.1
	Increase GLUT4 translocation and expression.
	(Wang, et al., 2017)

	14
	Brucine
	57.36
	53.42
	91.7
	
	


Frc. 5

	Peak
	Name
	Rt
	% area
	Match factor
	Relation to diabetes
	References

	1
	Lactic Acid
	13.71
	0.28
	86.2
	
	

	2
	Glycerol
	20.34
	0.26
	92.6
	
	

	3
	Benzeneacetic acid

	20.59
	1.10
	95.6
	
	

	4
	4-Hydroxybenzoic acid
	28.93
	76.20
	98.9
	Increase glucose consumption in normal and diabetic rat.
	(Peungvicha, Temsiririrkkul, Prasain, Tezuka, Kadota, Thirawarapan, et al., 1998)

	5
	Isovanillic acid
	31.89
	0.29
	83
	Stimulate a dose-dependent increase in glucose transport through GLUT4.
	


(Houghton, Kerimi, Mouly, Tumova, & Williamson, 2019) ADDIN EN.CITE 

	6
	Azelaic acid
	32.45
	0.55
	89.9
	Return the levels of plasma glucose, insulin, HbA1c, Hb, liver glycogen and carbohydrate to normal in diabetic mice.
	(Muthulakshmi & Saravanan, 2013)

	7
	D-Pinitol
	33.93
	0.39
	86.4
	Stimulate translocation of GLUT4 in skeletal muscle of C57BL/6 mice & induce translocation of GLUT4 to plasma membrane.
	


(Dang, Mukai, Yoshida, & Ashida, 2010; Yap, Nishiumi, Yoshida, & Ashida, 2007) ADDIN EN.CITE 

	8
	Palmitic Acid
	35.81
	3.18
	98.6
	Enhances basal glucose uptake in myotubes.
	


(Nugent, Prins, Whitehead, Wentworth, Chatterjee, & O'Rahilly, 2001; Pu, Peng, Li, Na, Liu, & Liu, 2011) ADDIN EN.CITE 

	9
	Stearic acid
	37.86
	1.99
	94.7
	Enhances basal glucose uptake in myotubes.
	


(Yore, et al., 2014) ADDIN EN.CITE 

	10
	Glyceryl palmitate
	40.96
	4.56
	96
	
	

	11
	Glycerol monostearate
	43.08
	3.45
	94.1
	
	

	12
	Brucine
	57.30
	7.75
	90.2
	
	


Frc. 6

	Peak
	Name
	Rt
	% area
	Match factor
	Relation to diabetes
	References

	1
	Lactic Acid
	13.69
	0.66
	92.7
	
	

	2
	Glycerol
	20.34
	0.62
	91.8
	
	

	3
	4-Hydroxybenzoic acid
	28.89
	7.67
	98.2
	Increase glucose consumption in normal and diabetic rat.
	(Peungvicha, et al., 1998)

	4
	Isovanillic acid
	31.89
	8.35
	96.8
	Stimulate a dose-dependent increase in glucose transport through GLUT4.
	


(Houghton, Kerimi, Mouly, Tumova, & Williamson, 2019) ADDIN EN.CITE 

	5
	Azelaic acid
	32.45
	1.14
	92.9
	Return the levels of plasma glucose, insulin, HbA1c, Hb, liver glycogen and carbohydrate to normal in diabetic mice.
	(Muthulakshmi & Saravanan, 2013)

	6
	Quinic acid 
	33.88
	4.21
	87.7
	Enhance glucose-stimulated insulin secretion in both INS-1E cells and mouse islets.
	(Heikkila, Hermant, Thevenet, Bermont, Kulkarni, Ratajczak, et al., 2019)

	7
	dihydroferulic acid
	34.01
	2.61
	94.2
	
	

	8
	4-Coumaric acid
	34.57
	7.73
	96.5
	
	

	9
	Indole-5-carboxylic acid
	35.67
	16.26
	84.9
	
	

	10
	Palmitic Acid
	35.81
	6.18
	98
	Enhances basal glucose uptake in myotubes.
	


(Pu, Peng, Li, Na, Liu, & Liu, 2011) ADDIN EN.CITE 

	11
	Isoferulic acid
	36.42
	9.52
	94.6
	
	

	12
	Stearic acid
	37.86
	5.18
	96.3
	Enhances basal glucose uptake in myotubes.
	


(Yore, et al., 2014) ADDIN EN.CITE 

	13
	Glyceryl palmitate
	40.95
	11.71
	96.3
	
	

	14
	Glycerol monostearate

	43.08
	9.65
	97.1
	
	

	15
	Questinol
	52.85
	8.50
	82.1
	
	


Frc. 7

	Peak
	Name
	Rt
	% area
	Match factor
	Relation to diabetes
	References

	1
	Propanoic acid
	16.86
	2.74
	91.1
	
	

	2
	Glycerol
	20.34
	1.40
	93.8
	
	

	3
	Succinic acid
	21.20
	47.86
	98.1
	
	

	4
	4-Hydroxybenzoic acid
	28.89
	0.36
	87.8
	Increase glucose consumption in normal and diabetic rat.
	(Peungvicha, et al., 1998)

	5
	Azelaic acid
	32.45
	7.81
	94.6
	Return the levels of plasma glucose, insulin, HbA1c, Hb, liver glycogen and carbohydrate to normal in diabetic mice.
	(Muthulakshmi & Saravanan, 2013)

	6
	D-Ribonic acid

	32.66
	1.45
	90
	
	

	7
	Protocatechuic acid

	32.94
	12.24
	95.9
	Protects mesangial cells against high glucose damage via inhibition of the p38 MAPK signaling pathway.
	


(Kakkar & Bais, 2014; Krzysztoforska, Mirowska-Guzel, & Widy-Tyszkiewicz, 2019; Scazzocchio, Vari, Filesi, Del Gaudio, D'Archivio, Santangelo, et al., 2015) ADDIN EN.CITE 

	8
	Quinic acid
	33.88
	1.01
	83.8
	Enhance glucose-stimulated insulin secretion in both INS-1E cells and mouse islets.
	(Heikkila, et al., 2019)

	9
	Syringic acid
	34.09
	1.49
	94.3
	
	

	10
	Caffeic acid
	36.93
	12.81
	95.8
	Reduce insulin resistance and modulate glucose uptake in HepG2 cells.
	


(Chen, Teng, & Cao, 2019) ADDIN EN.CITE 

	11
	1,2-Hexadecanediol
	37.56
	5.02
	82.7
	
	

	12
	Stearic acid
	37.86
	2.03
	95.2
	Enhances basal glucose uptake in myotubes.
	


(Yore, et al., 2014) ADDIN EN.CITE 

	13
	Glyceryl palmitate
	40.95
	1.37
	90.3
	
	

	14
	Chrysophanol
	43.05
	1.60
	85.2
	Increase GLUT4 expression in myotubes.
	


(Lee & Sohn, 2008) ADDIN EN.CITE 

	15
	Decanedioic acid, bis(2-ethylhexyl) ester
	43.27
	0.82
	81.9
	
	


Frc. 8

	Peak
	Name
	Rt
	% area
	Match factor
	Relation to diabetes
	References

	1
	Hydroxylamine
	15.28
	0.28
	90.8
	Enhances glucose uptake in C2C12 skeletal muscle cells.
	


(Kimura, Kato, Machikawa, Kimura, Katayama, & Kawabata, 2014) ADDIN EN.CITE 

	2
	Hydracrylic acid
	16.33
	1.65
	94.7
	
	

	3
	Glycerol
	20.34
	0.46
	93.7
	
	

	4
	Succinic acid
	21.22
	42.22
	98.3
	
	

	5
	Uracil
	21.92
	14.05
	97.1
	
	

	6
	5- methylpyrimidine- 2,4-diol


	23.59
	5.37
	91.8
	
	

	7
	4,5-Dihydro-4-hydroxy-5-(hydroxymethyl)-2(3H)-furanone

	26.22
	7.73
	86.3
	
	

	8
	pyroglutamic acid

	26.52
	2.87
	83.2
	Reduce oral glucose tolerance and serum insulin levels in rats.
	(Yoshinari & Igarashi, 2011)

	9
	3,4,5- trihydroxytetrahydro-2H-pyran-2-one


	29.22
	4.04
	87.1
	
	

	10
	3,4-dihydroxy-5-
(hydroxymethyl)dihydrofuran-2(3H)-one
	29.31
	1.34
	93.6
	
	

	11
	D-(+)-Ribono-1,4-lactone
	30.39
	0.77
	89
	
	

	12
	Xylonic acid


	32.65
	0.70
	90.9
	
	

	13
	Protocatechuic acid

	32.94
	0.76
	91.7
	Protect mesangial cells against high glucose damage via inhibition of the p38 MAPK signaling pathway.
	


(Kakkar & Bais, 2014; Krzysztoforska, Mirowska-Guzel, & Widy-Tyszkiewicz, 2019; Scazzocchio, et al., 2015) ADDIN EN.CITE 

	14
	Quinic acid


	33.89
	1.70
	84.9
	Enhance glucose-stimulated insulin secretion in both INS-1E cells and mouse islets.
	(Heikkila, et al., 2019)

	15
	Gulonic acid, .gamma.-lactone
	34.33
	1.34
	83.5
	
	

	16
	D-Gluconic acid


	35.76
	1.84
	92.9
	
	

	17
	Caffeic acid


	36.93
	0.66
	92.9
	Reduce insulin resistance and modulate glucose uptake in HepG2 cells.
	


(Chen, Teng, & Cao, 2019) ADDIN EN.CITE 

	18
	Stearic acid
	37.86
	1.67
	96.7
	Enhances basal glucose uptake in myotubes.
	


(Yore, et al., 2014) ADDIN EN.CITE 

	19
	Glyceryl palmitate
	40.95
	0.83
	86.4
	
	

	20
	Glycerol monostearate
	43.08
	0.64
	84.1
	
	

	21
	Decanedioic acid, bis(2-ethylhexyl) ester
	43.28
	0.97
	89.9
	
	

	22
	Genistein
	50.21
	0.26
	83.4
	Improve insulin secretion from pancreatic beta-cells.
	


(Fu & Liu, 2009) ADDIN EN.CITE 

	23
	Brucine
	57.30
	7.84
	91.6
	
	


Frc. 9

	Peak
	Name
	Rt
	% area
	Match factor
	Relation to diabetes
	References

	1
	Hydracrylic acid
	16.34
	0.44
	93
	
	

	2
	Urea
	19.16
	2.42
	95.1
	
	

	3
	Glycerol
	20.37
	35.50
	97.8
	
	

	4
	Butanedioic acid
	21.20
	1.98
	97.7
	
	

	5
	meso-Erythritol
	26.60
	1.97
	97.8
	
	

	6
	2-Isopropylmalic acid
	27.99
	0.67
	92.4
	
	

	7
	2-deoxy-D-ribitol

	28.73
	0.73
	93
	
	

	8
	Quinic acid 
	33.89
	7.75
	89.4
	Enhance glucose-stimulated insulin secretion in both INS-1E cells and mouse islets.
	(Heikkila, et al., 2019)

	9
	D-(-)-Fructose
	34.11
	8.16
	95.9
	
	

	10
	L-(-)-Sorbose
	34.25
	4.30
	96
	
	

	11
	D-Sorbitol
	34.88
	4.79
	98
	
	

	12
	Myo-Inositol
	35.18
	22.82
	96.3
	Stimulate translocation of GLUT4 in skeletal muscle of C57BL/6 mice & induce translocation of GLUT4 to plasma membrane.
	


(Dang, Mukai, Yoshida, & Ashida, 2010; Yap, Nishiumi, Yoshida, & Ashida, 2007) ADDIN EN.CITE 

	13
	D-Gluconic acid
	35.76
	0.75
	91.5
	
	

	14
	Caffeic acid
	36.93
	1.71
	95.1
	Reduce insulin resistance and modulate glucose uptake in HepG2 cells.
	


(Chen, Teng, & Cao, 2019) ADDIN EN.CITE 

	15
	D-(+)-Trehalose 
	43.33
	3.94
	95.1
	
	

	16
	Chlorogenic acid 
	50.61
	2.06
	80.5
	Reduce insulin resistance and modulate glucose uptake in HepG2 cells.
	


(Chen, Teng, & Cao, 2019) ADDIN EN.CITE 


Frc. 10
	Peak
	Name
	Rt
	% area
	Match factor
	Relation to diabetes
	References

	1
	L-Proline
	16.99
	4.91
	91.8
	
	

	2
	L-Valine
	18.50
	1.11
	95.5
	
	

	3
	Urea
	19.08
	0.69
	96.4
	
	

	4
	L-Leucine
	20.14
	0.08
	90.1
	
	

	5
	Glycerol
	20.34
	2.69
	97.3
	
	

	6
	Butanedioic acid
	21.19
	0.43
	96.1
	
	

	7
	Glyceric acid
	21.88
	0.99
	95.8
	
	

	8
	Serine
	22.66
	0.32
	95.3
	
	

	9
	L-Threonine


	23.37
	0.71
	90.7
	
	

	10
	3-Aminoisobutyric acid
	25.01
	0.26
	91.9
	
	

	11
	pyroglutamic acid
	26.52
	3.94
	96.7
	Reduce oral glucose tolerance and serum insulin levels in rats.
	(Yoshinari & Igarashi, 2011)

	12
	4-Aminobutanoic acid
	26.75
	3.15
	94.8
	
	

	13
	Threonic acid
	27.44
	0.25
	92.6
	
	

	14
	L-Threonic acid
	27.86
	0.31
	93.3
	
	

	15
	Phenylalanine
	28.98
	0.67
	96.1
	
	

	16
	Asparagine
	30.11
	0.18
	85.2
	
	

	17
	D-(+)-Arabitol
	31.00
	0.35
	88.8
	
	

	18
	Xylitol
	31.00
	0.35
	87.4
	
	

	19
	Quinic acid 
	33.90
	58.03
	89.9
	Enhance glucose-stimulated insulin secretion in both INS-1E cells and mouse islets.
	(Heikkila, et al., 2019)

	20
	D-(-)-Fructose
	34.11
	2.16
	91.8
	
	

	21
	L-(-)-Sorbose
	34.25
	0.66
	93.8
	
	

	22
	D-(+)-Talose
	34.45
	0.37
	86.1
	
	

	23
	L-Tyrosine
	34.72
	0.32
	85
	
	

	24
	D-Sorbitol


	34.87
	0.92
	96.9
	
	

	25
	Myo-Inositol
	35.18
	12.01
	96
	Stimulate translocation of GLUT4 in skeletal muscle of C57BL/6 mice & induce translocation of GLUT4 to plasma membrane.
	


(Dang, Mukai, Yoshida, & Ashida, 2010; Yap, Nishiumi, Yoshida, & Ashida, 2007) ADDIN EN.CITE 

	26
	D-Gluconic acid
	35.81
	0.70
	84.9
	
	

	27
	Caffeic acid
	36.93
	0.67
	94
	Reduce insulin resistance and modulate glucose uptake in HepG2 cells.
	


(Chen, Teng, & Cao, 2019) ADDIN EN.CITE 

	28
	D-(+)-Trehalose


	43.33
	4.34
	96.2
	
	

	29
	Chlorogenic acid
	50.61
	1.56
	80.8
	Reduce insulin resistance and modulate glucose uptake in HepG2 cells.
	


(Chen, Teng, & Cao, 2019) ADDIN EN.CITE 


Table 3: summary of the cytotoxicity and anti-diabetic activity of the GT fractions
	Frac. Number
	Cytotoxicity (g/ml),

Safe up to:
	GLUT4 translocation (% relative to controls)

At 125 g/ml

	
	
	- insulin

Relative to control without insulin
	+ insulin

Relative to control with insulin

	1
	500
	1.14 
	0.94 

	2
	500
	1.18 
	1.4 

	3
	500
	1.1 
	1 

	4
	250
	1.59 
	1.08

	5
	125
	1.3 
	1.4 

	6
	250
	1.65 
	1.95 

	7
	250
	1.38 
	0.96 

	8
	500
	1.36 
	1.19 

	9
	500
	1.46 
	1.24 

	10
	500
	1.42 
	1.48 


Discussion
Phytochemicals and herbal extracts became a main quarry for drug development programs especially because of low cost and least adverse effects (Kooti, Farokhipour, Asadzadeh, Ashtary-Larky, & Asadi-Samani, 2016). Indeed, use of anti-diabetic herbal drugs shows fewer side effects and is usually effective 


(J. H. He, Chen, & Li, 2019) ADDIN EN.CITE . Recently we reported that GT methanol extract is efficient in augmenting GLUT4 translocation to L6 muscle PM. In this study, GT methanol extract was sub fractioned into 10 samples via flash chromatograph. 25 distinct anti-diabetic molecules were detected and the main ones are: Lupeol (frac. 1,2), Lupeol, trifluoroacetate (frac. 1), Palmitic acid (frac. 2, 4), β-Amyrin (frac. 2), Ursolic acid and Ursolic aldehyde (frac. 3), 4-Hydroxybenzoic acid (fraction 5), 3,4-Dihydroxybenzoic acid and Caffeic acid (fraction 7), Myo-Inositol (frac. 9, 10), Quinic acid (frac. 10). All the fractions (except 1 and 3) were efficient in stimulating GLUT4 translocation to the PM in L6-GLUT4myc cells. GLUT4 translocation to the PM is a predominant action leading to faster glucose uptake into the cells in response to insulin or other stimuli (Zaid, Antonescu, Randhawa, & Klip, 2008).
Lupeol and  Lupeol, trifluoroacetate

Lupeol and Lupeol derivatives increased GLUT4 translocation to the PM in L6 muscle cells about two times 
 ADDIN EN.CITE 
(Khan, et al., 2014)
. Lupeol Stimulation of glucose uptake is associated with activation of IRS-1/PI3K/AKT-dependent signaling pathway in L6 cells leading to enhanced translocation of GLUT4 


(Khan, et al., 2014) ADDIN EN.CITE . Although Lupeol and Lupeol, trifluoroacetate were present in fraction 1, no significant effect on GLUT4 translocation was observed. This might be due to antagonist effect of other chemicals. For instance, methyl palmitate opens K channels (Xia & Li, 2017) which in turn lead to reduction in GLUT4 translocation to the PM 


(Jaimes-Hoy, Gurrola, Cisneros, Joseph-Bravo, Possani, & Charli, 2017) ADDIN EN.CITE . Lupeol was also present in fraction 2 at 11.2%. This fraction possesses only 3 compounds all known to augment GLUT4 translocation to the PM (Table 2). Interestingly, Lupeol was reported to bind directly to GLUT4 


(Malik, Jamil, Butt, Waquar, Gan, Shafique, et al., 2019) ADDIN EN.CITE  and this action might be additive to its activating the IRS-1/PI3K/AKT-dependent signaling pathway 


(Khan, et al., 2014) ADDIN EN.CITE . 
Palmitic acid
Palmitic acid is present in fractions 1 to 6, but in high concentrations only in fractions 2 and 4 (about 11%). It enhances glucose uptake in skeletal muscle treaded with 300 µM Palmitic acid for up to 60 min 


(Pu, Peng, Li, Na, Liu, & Liu, 2011) ADDIN EN.CITE . Similarly, short-term treatment of adipocytes with fatty acids increases basal glucose uptake 


(Nugent, Prins, Whitehead, Wentworth, Chatterjee, & O'Rahilly, 2001; Thode, Pershadsingh, Ladenson, Hardy, & McDonald, 1989) ADDIN EN.CITE . However, myocytes exposed to palmitate for long term (16 – 24 hours) exhibited insulin resistance 
 ADDIN EN.CITE 
(Gorgani-Firuzjaee, Bakhtiyari, Golestani, & Meshkani, 2012; Yang, Wei, Mo, Zhang, Wang, Han, et al., 2013)
. In this study, L6 cells were exposed to GT fractions extract for 23 h in which Palmitic acid percentage was (0.7, 11.2, 8.2, 11.8, 3.2, 6.2%) in the fractions 1 to 6 respectively.  The presence of relatively high levels of Palmitic acid in fractions 2, 3 and 4 could explain the relatively lower translocation levels in those fractions. In Fraction 2, only 3 compounds were detected: β-Amyrin, Lupeol and palmitic acid. The first 2 compounds are known to enhance glucose uptake and GLUT4 translocation 
 ADDIN EN.CITE 
(de Melo, de Oliveira, Costa Silva, Gomes Quindere, Marinho Filho, Araujo, et al., 2019; Nair, Sabulal, Radhika, Arunkumar, & Subramoniam, 2014; Santos, et al., 2012)
, yet the GLUT4 translocation in L6 cells treated with 250g/ml was increased only by (1.3 and 1.22 (relative to insulin control) times) in the presence and absence of insulin respectively. This could be due to the negative effect of Palmitic acid. Fraction 3 did not affect GLUT4 translocation, while fraction 4 increased GLUT4 translocation 1.6 and 2 times when treated with 125 and 250g/ml without insulin. No significant effect was appreciated in the presence of insulin (Fig. 2). This result could also be due to the high level of Brucine (50.5%). Brucine is an inhibitor of Akt, ERK and mTOR signaling pathway 


(Saraswati & Agrawal, 2013) ADDIN EN.CITE  and might be one of the major compounds as antagonist for the GLUT4 translocation enhancers.

Brucine is present in fractions 3, 4, 5 and 8 at 11.6, 53.4, 7.7 and 7.8% respectively. This could explain the highest GLUT4 translocation in L6 cells treated with fraction 6 (3.5 and 5.2 times when treated with 250 g/ml in the absence and presence of insulin respectively; Fig. 2). This result is also attributed to the high content of GLUT4 activators in fraction 6 as 6 out of the 15 detected compounds in fraction 6 namely, 4-Hydroxybenzoic acid, Isovanillic acid, Azelaic acid, Quinic acid and Stearic acid are known to enhance glucose disposal (Table 2). These active compounds correspond to 32.8% of the fraction. 
β-Amyrin

It was present only in fraction 2 (35%) and a β-Amyrin acetate was detected in fraction 1 at 18.7%. β-Amyrin was reported to reduce the elevated plasma glucose levels in STZ diabetic mice during the oral glucose tolerance test 


(Santos, et al., 2012) ADDIN EN.CITE . In independent study, β-amyrin palmitate led to similar results in diabetic rats 


(Nair, Sabulal, Radhika, Arunkumar, & Subramoniam, 2014) ADDIN EN.CITE . Intriguingly, membranal GLUT4 amount and glucose uptake in 3T3- L1 adipocytes treated with β-Amyrin was significantly higher compared to vehicle 


(de Melo, et al., 2019) ADDIN EN.CITE . Therefore, GLUT4 translocation increase in cells treated with fraction 2 could be attributed at least in part to β-Amyrin. To our best of knowledge, β-Amrrin acetate was not reported to affect glucose disposal nor GLUT4 translocation; this could partially explain the neutral effect of fraction 1 on GLUT4 translocation. 
Ursolic acid and Ursolic aldehyde

These two compounds were detected only in fraction 3 at 38.5 and 19.3% respectively. Some studies have shown that Ursolic acid inhibited protein tyrosine phosphatase (PTP1B),  a negative  regulator of insulin signaling, and improved insulin sensitivity 


(Na, Oh, Kim, Cai, Kim, Kim, et al., 2006; Ramirez-Espinosa, Rios, Lopez-Martinez, Lopez-Vallejo, Medina-Franco, Paoli, et al., 2011) ADDIN EN.CITE . Ursolic acid combined with rosiglitazone improved insulin sensitivity by increasing the skeletal muscle insulin-stimulated IRS-1 tyrosine phosphorylation in high-fat diet-fed diabetic mice 


(Sundaresan, Radhiga, & Pugalendi, 2016) ADDIN EN.CITE . Most-telling, Ursolic acid stimulated GLUT4 translocation and glucose uptake in 3T3-L1 adipocytes through the PI3K pathway 


(Y. He, Li, Li, Zhang, Wang, & Sun, 2014) ADDIN EN.CITE . Ursolic acid derivates were shown to inhibit α-glucosidase activity 
 ADDIN EN.CITE 
(Etsassala, et al., 2019)
. Other Urolic acid derivates inhibited  intestinal glucose uptake in Caco-2 cells and stimulated insulin secretion in diabetic rats 


(Wu, He, Zhao, Huang, Lu, & Zhang, 2014) ADDIN EN.CITE . Even though Ursolic acid is known to enhance GLUT4 translocation, fraction 3 did not show any significant effect on GLUT4. This could be due to the presence of Brucine, an inhibitor of Akt, ERK and mTOR signaling pathway 


(Saraswati & Agrawal, 2013) ADDIN EN.CITE  which is expected to prevent GLUT4 translocation to the PM.
4-Hydroxybenzoic acid and 3,4-Dihydroxybenzoic acid
4-Hydroxybenzoic acid was detected in fractions 5 to 7 at 76.2, 7.7 and 0.36% respectively. Oral administration of 4-Hydroxybenzoic acid lowered blood glucose level in streptozotocin-diabetic rats (Peungvicha, et al., 1998) and in normal rats (Peungvicha, et al., 1998). However, its activity is attributed mainly to stimulating insulin secretion (Peungvicha, et al., 1998) rather than direct activation of the glucose transporters. This could explain the low GLUT4 augmentation in cells exposed to fraction 5 which mainly have 4-Hydroxybenzoic. Moreover, the high efficacy of fraction 6 is not related to the presence of 4-Hydroxybenzoic.  One derivative of this compound, 3,4-dihydroxybenzoic acid also known as Protocatechuic acid is present in fraction 7 at 12.2%. Interestingly, it is known to reverse hyperglycemia in diabetic rats (Harini & Pugalendi, 2010).  More telling, it is insulin-mimicking as it activates the INSR/PI3K/AKT and the AMPK pathways both in vitro and in vivo. It also triggers glucose uptake through GLUT4 translocation 
 ADDIN EN.CITE 
(Scazzocchio, et al., 2015)
. Therefore, we attribute fraction 7 enhancement GLUT4 translocation in part to Protocatechuic acid.
Caffeic acid

Caffeic acid was detected here in fraction 7 at 12.8% and in fraction 8, 9 and 10 at about 1% in each. It was reported to correlate with AKT phosphorylation 


(Rebollo-Hernanz, Zhang, Aguilera, Martin-Cabrejas, & Gonzalez de Mejia, 2019) ADDIN EN.CITE , an upstream activator of GLUT4 translocation. It also attenuated insulin resistance and modulated glucose uptake in HepG2 cells 


(Chen, Teng, & Cao, 2019) ADDIN EN.CITE .  Those reports are in line with our results as fraction 5 significantly led to increase in GLUT4 translocation. The activity of fractions 8 to 10 cannot be attributed to caffeic acid due to its low content in those fractions.
Myo-Inositol and Quinic acid
Myo-Inositol was detected in fraction 9 and 10 at 22.8 and 12.01% respectively. Inositol derivatives stimulated glucose uptake accompanied by the translocation of glucose transporter 4 (GLUT4) to the plasma membrane in L6 myotubes. Myo-Inositol increased GLUT4 translocation in mice skeletal muscle and lowered postprandial blood glucose level (Dang, Mukai, Yoshida, & Ashida, 2010). It also activates AMPK pathway and increases GLUT4 expression 


(Cabrera-Cruz, Orostica, Plaza-Parrochia, Torres-Pinto, Romero, & Vega, 2020) ADDIN EN.CITE  leading to GLUT4 translocation and accumulative glucose uptake. This is in line with fractions 9 and 10 activating GLUT4 translocation. Quinic acid was present in fractions 6 to 10. However, its anti-diabetic activity is promoting insulin secretion from pancreatic beta cells (Heikkila, et al., 2019).
To summarize, 25 out of the 98 distinct compounds detected in the GT 10 fractions possess anti diabetic activity. Most of them enhance glucose disposal and GLUT4 translocation to the PM.  These active compounds account for about 25% of the total compounds amount. In addition to the main compounds discussed above, 14 other chemicals present at low percentage are reported as anti-diabetic (Table 2).
Conclusions

GT methanol extract sub-fractions (except 1 and 3) significantly stimulated GLUT4 translocation to L6 myocytes PM. 25% of the compounds total amount are reported as anti-diabetic agents, while 20% are known to either enhance GLUT4 transport activity or translocation to the PM. The activity of these fractions must be examined on diabetic animal models and human subject before prescribing them as anti-diabetic therapy.
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