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中 文 摘 要 ： Vitexin, identified as apigenin-8-C-D-

glucopyranoside, a natural flavonoid compound found 

in certain herbs such as hawthorn herb. The aim of 

this study is to investigate the regulation of 

glycolysis underlying vitexin-induced anti-

adipogenesis in 3T3-L1 adipocytes. In preadipocyte 

migration, vitexin decreased the metastatic potential 

to about 80%. The expression of tumor suppressor p53 

and plasminogen activator inhibitor type 1 (PAI-1) 

increased, however, the expression and activity of 

active MMP-2 were decreased. By using pifithrin-α 

(10 μM) to knockdown the expression of p53 suggested 

that vitexin influence the expansion of adipose 

tissue through its ability to inhibit preadipocyte 

migration via the p53~PAI-1 signaling. In 

adipogenesis, vitexin inhibited adipose accumulation, 

glucose consumption and triglyceride synthesis. The 

expression of ERK 1/2 MAPK greatly induced by 

vitexin, whereas the expression of adipogenic markers 

Akt and peroxisome proliferator-activated receptor γ 

(PPARγ) diminished. ERK 1/2 MAPK inhibitor PD98059 

(10 μM) significantly enhanced lipid accumulation, 

triglyceride synthesis and the expression of 

adipogenic markers. However, PD98059 had no effect on 

glucose consumption. Vitexin induced the expression 

of glycerol-3-phosphate dehydrogenase (GPDH) at 

higher dosage (50 and 100 μM) and without any effect 

on glucose-6-phosphate dehydrogenase (G6PDH) 

expression. On the contrary, PD98059 had an opposing 

effect that it significantly increased the expression 

of G6PDH, but decreased the expression of GPDH. We 

demonstrated evidences for the first time that using 

of vitexin to against adipose accumulation, at least 

in part, was regulation of glycolysis via ERK 1/2 

MAPK signaling. Moreover, blockade pentose phosphate 

pathway may be a novel strategy for obesity 

prevention and therapy. 

中文關鍵詞： vitexin, 3T3-L1 adipocyte, migration, adipogenesis, 

ERK 1/2 MAPK, glycolysis, pentose phosphate pathway 

英 文 摘 要 ：  
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Abstract 

Vitexin, identified as apigenin-8-C-D-glucopyranoside, a natural flavonoid compound 

found in certain herbs such as hawthorn herb. The aim of this study is to investigate 

the regulation of glycolysis underlying vitexin-induced anti-adipogenesis in 3T3-L1 

adipocytes. In preadipocyte migration, vitexin decreased the metastatic potential to 

about 80%. The expression of tumor suppressor p53 and plasminogen activator 

inhibitor type 1 (PAI-1) increased, however, the expression and activity of active 

MMP-2 were decreased. By using pifithrin-α (10 μM) to knockdown the expression 

of p53 suggested that vitexin influence the expansion of adipose tissue through its 

ability to inhibit preadipocyte migration via the p53~PAI-1 signaling. In adipogenesis, 

vitexin inhibited adipose accumulation, glucose consumption and triglyceride 

synthesis. The expression of ERK 1/2 MAPK greatly induced by vitexin, whereas the 

expression of adipogenic markers Akt and peroxisome proliferator-activated receptor 

γ (PPARγ) diminished. ERK 1/2 MAPK inhibitor PD98059 (10 μM) significantly 

enhanced lipid accumulation, triglyceride synthesis and the expression of adipogenic 

markers. However, PD98059 had no effect on glucose consumption. Vitexin induced 

the expression of glycerol-3-phosphate dehydrogenase (GPDH) at higher dosage (50 

and 100 μM) and without any effect on glucose-6-phosphate dehydrogenase (G6PDH) 

expression. On the contrary, PD98059 had an opposing effect that it significantly 

increased the expression of G6PDH, but decreased the expression of GPDH. We 

demonstrated evidences for the first time that using of vitexin to against adipose 

accumulation, at least in part, was regulation of glycolysis via ERK 1/2 MAPK 

signaling. Moreover, blockade pentose phosphate pathway may be a novel strategy 

for obesity prevention and therapy. 
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Introduction 

Obesity has become a major public health problem of global significance. The 

prevalence rate of obesity is increasing in all parts of the world, not only in developed 

but also in developing countries. As the economy and technology have rapidly 

developed and advanced over the past few decades, the lifestyles and dietary habits of 

the people in Taiwan have evolved toward affluence. In Taiwan, the prevalence and 

problem of obesity has increased significantly in recent decades and has become an 

important public health issue. Chu and Pan (2007) showed that about one third of the 

boys and one quarter of the girls were overweight and/or obesity in Taiwan. The 

prevalence and trend of overweight and obesity in Taiwan have increased steadily 

since the 1990s. Specifically, the prevalence of obesity for men has increased from 

10.5% in 1993–1996 to 32% in 2005–2008 (Fu et al., 2011). 

Glucose is the major carbohydrate available to most animal cells. Most of the carbon 

for fatty acid synthesis is derived from glucose. Glycolytic intermediates fuel several 

biosynthetic pathways that are essential for duplication of biomass during cellular 

proliferation. After cellular uptake through glucose transporters, glucose must be 

phosphorylated by hexokinase (HK), which produced glucose-6-phosphate (G6P), to 

prevent its transport out of the cell and to prime it for metabolism in subsequent 

reactions. The glycolysis can be divided into four shunts after G6P (Fig. 1). (1) 

Pentose phosphate pathway (PPP, also called the phosphogluconate pathway and 

the hexose monophosphate shunt). G6P can either proceed into glycolysis through 

conversion into fructose-6-phosphate (F6P) by glucose-6-phosphate isomerase (GPI), 

or it can be shunted into the oxidative branch of the PPP by glucose-6-phosphate 

dehydrogenase (G6PDH) (Hamanaka and Chandel, 2012). G6PDH, the rate-limiting 

enzyme of PPP, produces cellular NADPH which is required for the biosynthesis of 
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fatty acids and cholesterol (Park et al., 2005). (2) Glycerol-3-phosphate (G3P) shunt, 

the interconversion of G3P and dihydroxyacetone phosphate (DHAP) by 

glycerol-3-phosphate dehydrogenase (GPDH). G3P is important as a precursor for 

glycerol and glycerolipid synthesis (Herrera-Valencia et al., 2012). GPDH occupies a 

key position in metabolism linking glycolysis to phospholipid and triacylglycerol 

synthesis. It catalyzes the conversion of DHAP and NADH to G3P and NAD
+
 

(Koekemoer et al., 1995; Alarcon et al., 2012). The activity of GPDH is also 

increased during preadipocyte differentiation, presumably playing an important role in 

the conversion process and it is thus used as a classical marker for adipose cell 

differentiation (Pairault and Green, 1979). (3) Oxidative phosphorylation (OXPHOS). 

Before the introduction of free oxygen into the atmosphere, life on earth depended on 

glycolysis for energy production. With the rise of atmospheric oxygen, cells evolved 

the ability to use OXPHOS to produce more energy per metabolite than the more 

ancient anaerobic pathway (Bui and Thompson, 2006). About 95% of the energy that 

cells need to live is produced in the mitochondria through OXPHOS such as in normal 

differentiated cells (Samavati et al., 2008). (4) Anaerobic glycolysis, the 

transformation of pyruvate to lactate when limited amounts of oxygen are available. 

In most cancer cells instead rely on aerobic glycolysis to produce lactic acid, a 

phenomenon termed “Warburg effect” (Heiden et al., 2009). Most tumors in vivo 

synthesize some ATP by oxidative metabolism, and some by glycolytic metabolism to 

lactate (aerobic glycolysis). Clearly, if the oxygen supply is removed (acute hypoxia), 

the tumor cells switch to anaerobic glycolysis, just as would normal tissue (Stubbs et 

al., 2000). Oncogenic signaling drives glucose uptake and metabolism in excess of 

cellular needs. Because most tumor cells cannot store carbon as glycogen or 

triglyceride, the excess carbon from glycolysis must be secreted as lactate (Bui and 

http://en.wikipedia.org/wiki/Pyruvate
http://en.wikipedia.org/wiki/Oxygen
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Thompson, 2006).  

Vitexin, identified as apigenin-8-C-D-glucopyranoside, a natural flavonoid compound 

found in certain herbs such as hawthorn herb (Li et al., 2009). It showed remarkable 

promise for a wide range of pharmacological uses, including anti-inflammatory (Lee 

et al., 2011), anti-oxidant (Farsi et al., 2011), anti-thyroid (Gaitan et al., 1995) and 

anti-turmor (Yang et al., 2013). Here, we demonstrate that blockade pentose 

phosphate pathway may be a novel strategy for obesity prevention and therapy. 
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Materials and Methods 

Cell culture 

Mouse 3T3-L1 preadipocytes were cultured in maintained medium , DMEM (Gibco 

BRL, Gaithersburg, MD) supplemented with 10% fetal bovine serum (Gibco BRL) , 

streptomycin (10000 U/ ml) and penicillin (10000 U /ml), at 37 ˚C in 5 % CO2. In 

3T3-L1 cell line, growth arrest is required before initiation of differentiation and 

growth-arrested postconfluent cells can be converted into adipocytes by the presence 

of the adipogenic hormones dexamethasone, 3-isobutyl-1-methylxanthine and insulin 

(Omatsu-Kanbe et al., 2006). To induce adipocyte differentiation, cells were grown in 

plates to full confluence and then the medium was changed to adipogenic medium, 

maintained medium containing 10 μg/ml insulin (Sigma Chemical Co., St. Louis, 

MO), 0.5 μM dexamethasone (Sigma), and 0.5 mM isobutylmethyl xanthine (IBMX) 

(Sigma). Concurrently, the adipogenic medium supplemented with various 

concentrations (0, 12.5, 25, 50 and 100 μM, respectively) of vitexin (Sigma) for 8 

days. The media was changed every two days in cultivation. Vitexin was dissolved in 

DMSO (Sigma) and stored at −20°C. The volume of DMSO was equalized to 0.1 or 

0.2% in all culture dishes. 

 

Cell viability assay 

To examine the cytotoxic effect, cell viability was measured by alamar blue assay 

(AbD Serotec, Oxford, UK) as the manufacturer recommended. Alamar blue assay 

was quantified the reducing environment of the cells. The reducing environment of 

the cells in the alamar blue assay is measured through the conversion of resazurin 

(oxidised form) to resorufin (reduced form). This results in colorimetric (absorbance) 

and fluorescence changes. Resazurin is blue and non-fluorescent whereas resorufin is 
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red and highly fluorescent. In short, cells were seeded in a 24 wellplate as described 

in “Cell culture”. At the end of incubation, add alamar blue reagent in an amount 

equal to 10% of the volume in the well. Incubated cultures for 4 hours then measured 

cytotoxicity by using spectrophotometry at 570 and 600 nm.  

 

In vitro migration assay 

Cell migration assay was identified by the ability to migrate through Transwell inserts 

(Millipore Co., Billerica, MA) with 8.0 μM pore size polyethylene terephthalate (PET) 

membrane. Briefly, placed 10000 isolated cells in the upper chamber and filled both 

the upper and lower compartments of the migration chamber with DMEM medium 

containing 10% FBS and various concentrations of vitexin. After incubation for 2 

hours at 37 ˚C, fixed with methanol and stained with 0.5% crystal violate. 

Non-migrated cells were removed from the upper chamber with a cotton swab to aid 

visualization of migrated cells. After acquired pictures, air dried the Transwell insert 

membranes followed by dissolving in 33% glacial acetic acid (Sigma). The 

absorbance was determined at 570 nm.  

 

Gelatinase zymography  

Gelatinase activity was determined by zymography. It was performed in 10% SDS 

polyacrylamide gel in the presence of 0.2% gelatin (Sigma) under nonreducing 

conditions. Briefly, the protein quantity was determined with Bio-Rad protein assay 

(Bio-Rad ) using bovine serum albumin as a standard. The cultured media (10 μg/lane) 

was mixed with sample buffer and applied to non-reduced SDS-polyacrylamide gel 

electrophoresis. Following electrophoresis the gels were renatured by exchanging 

SDS with 2.5% Triton X-100 for 30 min twice at room temperature and then 
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incubated at 37˚C overnight in substrate buffer containing 40 mM Tris-HCl and 10 

mM CaCl2 at pH 8.0. Stained with 0.5% Coomassie Blue R250 in 50% methanol and 

10% glacial acetic acid for 30 min and destained. Gels were scanned and images of 

band patterns were analyzed with NIH image software (National Institutes of Health, 

Bethesda, MD). 

 

Glucose consumption assay 

Glucose consumption was measured by using glucose assay kit, glucose liquicolor 

(HUMAN GmbH, Wiesbaden, Germany), as the manufacturer recommended. The 

glucose is determined after enzymatic oxidation in the presence of glucose oxidase. 

The formed hydrogen peroxide reacts under catalysis of peroxidase with phenol and 

4-aminophenazone to a red-violet quinoneimine dye as indicator. Briefly, the medium 

was collected and centrifuged to remove the cells, and incubated for 5 min at 37 ˚C 

with enzyme reagent. The glucose concentration can be measured by the absorbance 

at 500 nm. 

 

Triglyceride synthesis 

Triglyceride synthesis was measured by using triglyceride assay kit, triglycerides 

liquicolor
mono

 (HUMAN GmbH), as the manufacturer recommended. The triglyceride 

determined after enzyme hydrolysis with lipases. Indicator is quinoneimine formed 

from hydrogen peroxide, 4-aminoantipyrin and 4-chlorophenol under the catalytic 

influence of peroxidase. Briefly, the medium was collected and centrifuged to remove 

the cells, and incubated for 5 min at 37 ˚C with triglyceride assay buffer. The 

absorbance was determined at 500 nm. 
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Lactic acid biosynthesis 

L(+)-lactate is a metabolic compound formed in animals by the action of the enzyme 

lactate dehydrogenase. L(+)-lactate is the major stereoisomer of lactate formed in 

human intermediary metabolism. To investigate in vitro lactate production, lactic acid 

synthesis was measured by using lactate assay kit (Sigma) as the manufacturer 

recommended. Briefly, the medium was collected and centrifuged to remove the cells, 

and lactate concentration is determined by an enzymatic assay, which results in a 

colorimetric/fluorometric product, proportional to the lactate present.  

 

Oil Red O staining 

Oil Red O dye (Sigma) was dissolved in isopropanol (Sigma) and then diluted with 

distilled water. Cell monolayer was rinsed with PBS and fixed with 10% formalin at 

room temperature for 1 hour. After fixation, cells were washed with 60% isopropanol 

for 5 min then let the cells dry completely at room temperature. Stained for 10 min at 

room temperature by immersion with Oil Red O solution followed by washed with 

distilled water several times. After acquired images under microscope, dried the cells 

completely again and then eluted Oil Red O dye by 100% isopropanol and measured 

the absorption at 500 nm. 

 

Immunoblotting analysis 

3T3-L1 adipocytes were harvested 8 days after the initiation of differentiation. The 

cells were washed twice with cold PBS before being extracted with cell lysis reagent 

(Fermentas Inc., Hanover, MD). The protein quantity was determined with Bio-Rad 

protein assay (Bio-Rad Laboratories Inc., Hercules, CA) using bovine serum albumin 

as a standard. The expression level of p53 (Sigma) and a set of regulatory proteins, 
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including PPARγ, PCNA, MMP-2, G6PDH, β-actin (Santa Cruz Biotechnology Inc., 

Santa Cruz, CA), Akt, ERK 1/2 (Cell Signalling Technology, Beverly, MA) and 

GPDH (Abcam, Cambridge, UH) were analyzed by western blot. The tumor 

suppressor p53 inhibitor pifithrin- α and ERK 1/2 MAPK inhibitor PD98059 were 

purchased from Sigma. Briefly, samples were heated at 95°C for 5 min in Laemmli 

buffer and then chilled on ice. Subsequently, after electrophoresis (30μg/lane), the 

proteins were electro-blotted to PVDF transfer membrane (Millipore Co.). 

Nonspecific binding on the PVDF transfer membrane was blocked with 5% nonfat 

dry milk in 20 mM of Tris and 150 mM of NaCl before incubating with primary 

antibodies against specific antigens. After incubation with the conjugated second 

antibody, the proteins of interest were detected with an ECL western blotting 

detection reagent (Amersham Pharmacia Biotech, Buckinghamshire, UK) and the 

blotted PVDF transfer membrane was exposed to X-ray films or FluorChem 

HD Imaging System (Alpha Innotech Co., San Leandro, CA), and images of blotted 

patterns were analyzed with NIH image software (National Institutes of Health, 

Bethesda, MD). Blots were routinely re-probed with anti-actin to ensure equivalence 

of loading. If necessary, membranes were stripped by western blot stripping reagent 

(T-Pro Biotechnology, Taipei, Taiwan) at room temperature for 3 min. 

 

Statistical analysis 

All data were analyzed by ANOVA (analysis of variance) and expressed as mean ± 

standard deviation. A p-value of less than 0·05 was considered statistically significant. 
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Results 

The anti-metastatic effect is through p53~PAI-1 signaling 

Enhancement of preadipocyte migration into fat cell clusters is one of the essential 

processes of adipose tissue development in vivo that induces adipocyte hyperplasia 

(Omatsu-Kanbe et al., 2006). The mRNA level for MMP-2 strongly induced in obese 

adipose tissues compared with lean tissues (Chavey et al., 2003). To investigate the 

effect of vitexin on preadipocyte migration, we performed migration assays by using 

Transwell inserts with 8.0 μM pore size polyethylene terephthalate (PET) membrane 

as described in “Materials and Methods”. The result showed that vitexin inhibited 

preadipocyte migration to about 80% at 25-100 μM after 2 hours incubation (Fig. 2A). 

Previously studies showed that vitexin has anti-metastatic potential in rat 

pheochromacytoma (Choi et al., 2006) and human oral cancer cells (Yang et al., 

2013 ). In the meanwhile, 3T3-L1 cells were cultured in 6 wellplates for 2 hours 

followed by harvesting the cell lysate and cultured media to analysis the expression of 

migration-associated transcription factors. The expression of p53 and PAI-1 induced 

by vitexin in a concentration dependent manner (Fig. 2B). The MMP-2 expression 

profile as well as gelatinase activity, collected days 2 to 8 of the program, were 

examined by western blot analysis and gelatin zymography respectively. The 

expression and activity of 62 kDa active MMP-2 in control’s media decreased 

gradually throughout the process and vitexin enhanced the repression (Fig. 2C). To 

investigate the role of p53 played in preadipocyte migration, we used 10 μM 

pifithrin-α (PFTα) as p53 inhibitor to abolish the expression of p53. Inhibited the 

expression of p53 lead to induce cell migration to about 1.3 fold and diminish the 

effect of vitexin (Fig. 2D). The result of western blot showed that PFTα reduced the 

expression of PAI-1, however, increased the expression and activity of 62 kDa 
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activevMMP-2 (Fig. 2E). It indicated that p53 played a negative role in preadipocyte 

migration and PAI-1played as a downstream gene of p53. We demonstrated that 

vitexin influence the expansion of adipose tissue through its ability to inhibit 

preadipocyte migration. Here, we evidenced that vitexin inhibits preadipocyte 

migration is via the p53~PAI-1 signaling. 

 

The expression of adipogenic genes and anti-adipogenic effect 

To determine the anti-adipogenic effect of vitexin, 3T3-L1 adipocytes were cultured 

in 6 wellplates for 8 days as described in “Materials and Methods”. There is no 

difference in cell viability after treated with vitexin for 8 days (data not shown). 

Glucose consumption, triglyceride level in media and adipose accumulation were 

inhibited by vitexin in a dose-dependent manner (Fig. 3A and 3B). It has been 

reported that ERK 1/2 MAPK, PPARγ and PI3K/Akt were involved in regulation of 

glucose metabolism. In general, polypeptides that stimulate cell growth block fat cell 

differentiation. Activation of ERK 1/2 MAPK signaling significantly inhibited the 

transcriptional activity and ability to promote adipogenesis of PPARγ through 

phosphorylation of PPARγ in adipocytes, thereby promoting lipolysis (Hu et al., 1996; 

Kim et al., 2009). Kim et al. (2010) showed that vitexin decreased C/EBPα and 

PPARγ protein expression level in 3T3-L1 cells. Our result showed that 3T3-L1 

adipocyte treated with vitexin upregulated ERK 1/2 MAPKs expression, whereas it 

downregulated the expression of adipogenic marker PPARγ and PI3K/Akt (Fig. 3C). 

Yu et al., (2008) indicated that inhibitor of phosphatidylinositol 3-kinase (PI3K) 

LY294002 severely suppressed lipid accumulation, as well as the expression of two 

master adipogenic transcription factors PPARγ2 and C/EBPα. Enhanced PI3K/Akt 

signaling results in significant translocation of glucose transporter GLUT4 to the cell 
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surface even in the absence of insulin (Cong et al., 1997) and metabolic 

transformation via multiple pathways, including increased expression of genes 

involved in glycolysis and stimulation of hexokinase and PFK activities (Jones and 

Thompson, 2009). The result suggested that vitexin inhibited adipogenesis through 

classic adipogenic markers PPARγ and PI3K/Akt as previous studies. 

 

ERK 1/2 MAPK played a negative role in adipogenesis 

When 3T3-L1 preadipocyte in culture reach a confluent state, their growth rate 

decreases greatly and many of the cells undergo differentiation (Green and Kehinde, 

1974). ERK 1/2 MAPK would be necessary to initiate the preadipocyte into the 

differentiation process and, thereafter, this signal transduction pathway needs to be 

shut-off to proceed with adipocyte maturation (Bost et al., 2005). To investigate the 

role of ERK 1/2 MAPK played in adipose accumulation, we used PD98059 as 

specific inhibitor to abolish the expression of ERK 1/2 MAPK. The result showed that 

PD98059 (10μM) induced the expression of adipogenic genes PPARγ and PI3K/Akt 

(Fig. 4A). It showed that Akt and PPARγ were downstream genes of ERK 1/2 MAPK 

in adipogenesis. However, it had no effect on cell viability (data not shown) and 

glucose consumption (Fig. 4B). On the contrary, PD98059 significantly induced 

triglyceride synthesis (Fig. 4B) and adipose accumulation (Fig. 4C). Moreover, 

PD98059 abolished the ability to decrease triglyceride synthesis and adipogenic effect 

of vitexin (Fig. 4B and 4C). The result indicated that ERK 1/2 MAPK played a 

negative role in adipogenesis. Interestingly, triglyceride synthesis and adipose 

accumulation, but not glucose consumption, were significantly induced by PD98059. 

It implied that cells may regulate glucose flux, rather than increase glucose uptake, to 

supply abundant glucose for adipogenesis. 
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Regulation of glycolysis is associated with adipogenesis  

Glucose is traditionally viewed as the main precursor of the glycerol backbone and 

thus, enhanced glucose uptake would be expected to result in increased triacylglycerol 

synthesis and contribute to obesity (Muñoz et al., 2010). During adipose cell 

differentiation, both differentiation marker GPDH and G6PDH were greatly induced 

(Pairault and Green, 1979; Shantz et al., 1989; Park et al., 2005). G6PDH produces 

cellular NADPH, which is required for the biosynthesis of fatty acids and cholesterol. 

G6PDH knockdown via small interfering RNA attenuated adipocyte differentiation 

with less lipid droplet accumulation (Park et al., 2005). By using DNA microarrays, 

the expression of genes normally associated with adipocyte differentiation were 

down-regulated in obesity such as ATP-citrate lyase, GPDH, stearoyl CoA desaturase, 

and fatty acid binding protein (Nadler et al., 2000). In untreated 3T3-L1 cells, the 

expression of G6PDH and GPDH significantly induced and maintained stable from 

day 2 to day 6 after starting differentiation. At day 8, the expression of G6PDH 

increased about 35% and GPDH expression decreased to about 55% (Fig. 5A). 

Actually, greatly accumulated of adipose droplets mostly occurred at day 8 in 

cultivation (data not shown). The result suggested that overexpression of G6PDH and 

GPDH were associated with onset of adipocytes differentiation, whereas the mature 

adipocyte diverted glucose flux from glycerol-3-p shunt to pentose phosphate 

pathway for lipid biosynthesis. Vitexin greatly induced the expression of GPDH at 

higher concentration (50 and 100 μM), however, it had no effect on the expression of 

G6PDH (Fig 5B). On the contrary, PD98059 greatly induced the expression of 

G6PDH, and down-regulated the expression of GPDH (Fig. 5C). Previous study 

indicated that G6PDH overexpression stimulated the expression of most adipocyte 
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marker genes such as PPARγ, CCAAT-enhancer-binding proteins alpha (C/EBPα) 

and adipocyte protein 2 (aP2, also called fatty acid binding protein 4) , and elevated 

the levels of cellular free fatty acids, triglyceride, and free fatty acids release in 

3T3-L1 cells. G6PDH knockdown via small interfering RNA (siRNA) or 

dehydroepiandrosterone (DHEA) attenuated adipocyte differentiation with less lipid 

droplet accumulation (Shantz et al., 1989; Park et al., 2005). In lactic acid synthesis, it 

increased after differentiation and maintained stable from day 4 to day 8 in untreated 

cells (Fig. 5D). Vitexin increased the lactic acid synthesis in concentration dependent 

(Fig 5E). PD98059 decreased the level of lactic acid in media (Fig. 5F). Our result is 

not consistent with previous studies (Digirolamo et al., 1992; Lovejoy et al., 1992). 

Fat cells from obese or diabetic rats (or humans) can metabolize to lactate as much as 

50-70% of the glucose taken up (Digirolamo et al., 1992). Thus, in obesity, with 

increased adipose cell size and cell number, a considerable amount of lactate can be 

produced (Lovejoy et al., 1992). Our result evidenced that diverted glucose 

metabolism to pentose phosphate pathway is associated with adipogenesis. 
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Discussion 

One of the initial stages of adipogenesis is migration of preadipocytes into cell 

clusters to form primitive fat organs. Several proteases and their specific inhibitors 

modulate the interdependent processes of cell migration and matrix proteolysis. The 

most widely distributed cell-associated proteolytic enzymes are the plasminogen 

activators, including urokinase plasminogen activator (uPA) and its inhibitor PAI-1. 

The PAI-1 is synthesized and released from human adipose tissue and plays an 

important role through inhibits the effect of uPA on the conversion of inactive 

zymogen plasminogen to active plasmin, which activated the proenzyme forms of the 

matrix metalloproteinases (MMPs), such as MT1-MMP (Okumura et al., 1997) and 

MMP-2 (Baricos et al., 1995), MMP-9 (Baramova et al., 1997) to prevent 

preadipocyte migration (Crandall et al., 2000). A novel role for p53 as an 

mRNA-binding protein that regulates increased PAI-1 expression and stabilization of 

PAI-1 mRNA in human lung epithelial and carcinoma cells (Shetty et al., 2008). We 

showed that it existence the p53~PAI-1 signaling pathway in vitexin-induced 

anti-metastasis.  

The conclusions of ERK 1/2 MAPK played in regulating adipogenesis are somewhat 

controversial. Some studies showed that activation of MAPK by various effectors 

inhibited adipogenesis (Hu et al., 1996; 2002; Dang et al., 2004; Constant et al., 2008; 

Lii et al., 2012; Lim et al., 2012), whereas others suggest that it promote preadipocyte 

differentiation (Prusty et al., 2002; Chuang et al., 2008). It is quite possible that both 

claims are correct. The distinguishing factor might involve the precise time of MAPK 

activation during the initial stages of the differentiation process. For instance, 

effectors that activate the MEK/ERK pathway at late stages of adipogenesis are likely 

to block adipogenic gene expression due to a MAPK-dependent phosphorylation of 

http://www.ncbi.nlm.nih.gov/pubmed/?term=Shetty%20S%5Bauth%5D
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PPARγ. Activation of the pathway early during adipogenesis prior to PPARγ 

expression might, on the other hand, promote differentiation by activating 

transcription factors operating to initiate PPARγ and C/EBPα expression (Prusty et al., 

2002). 

The intracellular redox potential (also known as reduction potential, oxidation / 

reduction potential) plays an important role in cell survival. G6PDH controls the flow 

of carbon through the pentose phosphate pathway and also produces the principal 

intracellular reductant NADPH (Wagle et al., 1998). The amount of NADPH 

produced by the pentose cycle was sufficient for about 50-75% of that required for 

fatty acid synthesis (Rognstad and Katz, 1979). G6PDH is important for cellular 

antioxidant defense to against oxidative stress (Tian et al., 1999). Adipose cells are 

highly sensitive to oxidative stress, overproduction of oxidative stress in adipose 

tissue may upregulate inflammation, cellular proliferation, dysregulation of 

adipokines and insulin resistance (Dandona et al., 2004; Furukawa et al., 2004; 

Schwartz and Pashko, 2004; Soares et al., 2005). The reactive oxygen species (ROS) 

production and G6PDH activity exponentially increased as differentiation progressed. 

ROS from accumulated fat in obesity leads to elevated systemic oxidative stress and 

contributes to the development of obesity-linked chronic disorders (Lee et al., 2009).  

 Lactic acid, a major waste product, is mainly produced from glucose metabolism but 

can also be produced in small amounts from glutamine (Ozturk et al., 1992). Previous 

study showed that resting thymocytes meet their ATP demand mainly by oxidative 

glucose breakdown (88%), whereas proliferating thymocytes produce 86% by 

glycolytic degradation of glucose to lactate and only 14% by oxidation to CO2 and 

water. Aerobic glycolysis by proliferating cells being a means to minimize oxidative 

stress and supply the enhanced energy demand during the phases of the cell cycle 
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where maximally enhanced biosynthesis and cell division do occur (Brand and 

Hermfisse, 1997). Moreover, previous study showed that low extracellular pH 

benefits tumor cells because it promotes invasiveness, whereas a high intracellular pH 

gives them a competitive advantage over normal cells for growth (Stubbs et al., 2000). 

The acidifying extracellular medium generated by decreasing pH or increasing lactate 

promoted the retention of adipogenic differentiation potential of rabbit mesenchymal 

stem cells (rMSCs) during in vitro expansion (Chen et al., 2009). He et al. (2013) 

reported that D-lactate is more cytotoxic than L-lactate at high concentrations. Yet, 

either L- or D-lactic acids seem acceptable in most of medical applications, because 

the cytotoxicity is significant only when the concentrations are as high as 20 mmol/L 

for both of them. 

 

 

Acknowledgement 

This study was supported by grant from the National Science Council, Taiwan (NSC 

100-2314-B-040 -007-MY2). 

 

 

Conflict of Interest 

We state that all authors have read and agree to the publication of the manuscript, and 

that the manuscript has not been submitted elsewhere. The authors declare no conflict 

of interest. 



 
 

20 
 

Reference 

Alarcon, D.A., M. Nandi, X. Carpena, I. Fita and P.C. Loewen. Structure of 

glycerol-3-phosphate dehydrogenase (GPD1) from Saccharomyces cerevisiae at 2.45 

Å resolution. Acta Crystallogr. F Struct. Biol. Cryst. Commun. 68:1279-1283, 2012. 

Baramova, E.N., K. Bajou, A. Remacle, C. L'Hoir, H.W. Krell, U.H. Weidle, A. Noel 

and J.M. Foidart. Involvement of PA/plasmin system in the processing of pro-MMP-9 

and in the second step of pro-MMP-2 activation. FEBS Lett. 405: 157-162, 1997. 

Baricos W.H., S.L. Cortez, S.S. El-Dahr and H.W. Schnaper. ECM degradation by 

cultured human mesangial cells is mediated by a PA/plasmin/MMP-2 cascade. Kidney 

Int. 47: 1039-1047, 1995. 

Bost, F., M. Aouadi, L. Caron and B. Binétruy. The role of MAPKs in adipocyte 

differentiation and obesity. Biochimie 87: 51-56, 2005. 

Brand K.A. and U. Hermfisse. Aerobic glycolysis by proliferating cells: a protective 

strategy against reactive oxygen species. FASEB J. 11: 388-395, 1997. 

Bui, T. and C.B. Thompson. Cancer’s sweet tooth. Cancer Cell 9: 419-420, 2006. 

Chavey C., B. Mari, M.N. Monthouel, S. Bonnafous, P. Anglard, E. Van Obberghen 

and S. Tartare-Deckert. Matrix metalloproteinases are differentially expressed in 

adipose tissue during obesity and modulate adipocyte differentiation. J. Biol. Chem. 

278: 11888-11896, 2003. 

Chen, T., Y. Zhou and W.S. Tan. Influence of lactic acid on the proliferation, 

metabolism, and differentiation of rabbit mesenchymal stem cells. Cell Biol. Toxicol. 

25: 573-586, 2009. 

Choi, H.J., J.S. Eun, B.G. Kim, S.Y. Kim, H. Jeon and Y. Soh. Vitexin, an 

HIF-1alpha inhibitor, has anti-metastatic potential in PC12 cells. Mol. Cells 22: 

291-299, 2006. 

http://www.ncbi.nlm.nih.gov/pubmed?term=Alarcon%20DA%5BAuthor%5D&cauthor=true&cauthor_uid=23143232
http://www.ncbi.nlm.nih.gov/pubmed?term=Nandi%20M%5BAuthor%5D&cauthor=true&cauthor_uid=23143232
http://www.ncbi.nlm.nih.gov/pubmed?term=Carpena%20X%5BAuthor%5D&cauthor=true&cauthor_uid=23143232
http://www.ncbi.nlm.nih.gov/pubmed?term=Fita%20I%5BAuthor%5D&cauthor=true&cauthor_uid=23143232
http://www.ncbi.nlm.nih.gov/pubmed?term=Loewen%20PC%5BAuthor%5D&cauthor=true&cauthor_uid=23143232
http://www.ncbi.nlm.nih.gov/pubmed/23143232
http://www.ncbi.nlm.nih.gov/pubmed?term=Baramova%20EN%5BAuthor%5D&cauthor=true&cauthor_uid=9089282
http://www.ncbi.nlm.nih.gov/pubmed?term=Bajou%20K%5BAuthor%5D&cauthor=true&cauthor_uid=9089282
http://www.ncbi.nlm.nih.gov/pubmed?term=Remacle%20A%5BAuthor%5D&cauthor=true&cauthor_uid=9089282
http://www.ncbi.nlm.nih.gov/pubmed?term=L'Hoir%20C%5BAuthor%5D&cauthor=true&cauthor_uid=9089282
http://www.ncbi.nlm.nih.gov/pubmed?term=Krell%20HW%5BAuthor%5D&cauthor=true&cauthor_uid=9089282
http://www.ncbi.nlm.nih.gov/pubmed?term=Weidle%20UH%5BAuthor%5D&cauthor=true&cauthor_uid=9089282
http://www.ncbi.nlm.nih.gov/pubmed?term=Noel%20A%5BAuthor%5D&cauthor=true&cauthor_uid=9089282
http://www.ncbi.nlm.nih.gov/pubmed?term=Foidart%20JM%5BAuthor%5D&cauthor=true&cauthor_uid=9089282
http://www.researchgate.net/researcher/38573411_Hwa_Jung_Choi
http://www.researchgate.net/journal/1016-8478_Molecules_and_Cells


 
 

21 
 

Chu, N.F. and H.W. Pan. Prevalence of obesity and its comorbidities among 

schoolchildren in Taiwan. Asia Pac. J. Clin. Nutr. 16: 601-607, 2007. 

Chuang, C.C., R.S. Yang, K.S. Tsai, F.M. Ho and S.H. Liu. Hyperglycemia enhances 

adipogenic induction of lipid accumulation: involvement of extracellular signal- 

regulated protein kinase 1/2, phosphoinositide 3-kinase/ Akt, and peroxisome 

proliferator-activated receptor γ signaling. Endocrinology 148: 4267-4275, 2008. 

Cong, L.N., H. Chen, Y. Li, L. Zhou, M.A. McGibbon, S.I. Taylor and M.J. Quon. 

Physiological role of Akt in insulin-stimulated translocation of GLUT4 in transfected 

rat adipose cells. Mol. Endocrinol. 11: 1881-1890, 1997. 

Constant, V.A., A.M. Gagnon, M. Yarmo and A. Sorisky. The antiadipogenic effect of 

macrophage-conditioned medium depends on ERK1/2 activation. Metabolism 57: 

465-472, 2008. 

Crandall, D.L., D.E. Busler, B. Mchendry-Rinde, T.M. Groeling and J.G. Kral. 

Autocrine regulation of human preadipocyte migration by plasminogen activator 

inhibitor-1. J. Clin. Endocrinol. Metab. 85: 2609-2614, 2000. 

Dandona, P., A. Aljada and A. Bandyopadhyay. Inflammation: the link between 

insulin resistance, obesity and diabetes. Trends Immunol. 25: 4-7, 2004. 

Dang, Z.C. and C.W.G.M Lowik. Differential effects of PD98059 and U0126 on 

osteogenesis and adipogenesis. J. Cell. Biochem. 92: 525-533, 2004. 

Digirolamo, M., F.D. Newby and J. Lovejoy. Lactate production in adipose tissue: a 

regulated function with extra-adipose implications. FASEB J. 6: 2405-2412, 1992. 

Farsi, E., A. Shafaei, S.Y. Hor, M.B.K. Ahamed, M.F. Yam, I.H. Attitalla, M.Z. 

Asmawi and Z. Ismail. Correlation between enzymes inhibitory effects and 

antioxidant activities of standardized fractions of methanolic extract obtained from 

Ficus deltoidea leaves. Afr. J. Biotech. 10: 15184-15194, 2011. 



 
 

22 
 

Furukawa, S., T. Fujita, M. Shimabukuro, M. Iwaki, Y. Yamada, Y. Nakajima, O. 

Nakayama, M. Makishima, M. Matsuda and I. Shimomura. Increased oxidative stress 

in obesity and its impact on metabolic syndrome. J. Clin. Invest. 114: 1752-1761, 

2004. 

Gaitan, E., R.C. Cooksey, J. Legan and R.H. Lindsay. Antithyroid effects in vivo and 

in vitro of vitexin: a C-glucosylflavone in millet. J. Clin. Endocrinol. Metab. 80: 

1144-1147, 1995. 

Green, H. and O. Kehinde. Sublines of mouse 3T3 cells that accumulate lipid. Cell 1: 

113-116, 1974. 

Hamanaka, R.B. and N.S. Chandel. Targeting glucose metabolism for cancer therapy. 

J. Exp. Med. 209: 211-215, 2012. 

He, Y., W.R. Wang and J.D. Ding. Effects of L-lactic acid and D,L-lactic acid on 

viability and osteogenic differentiation of mesenchymal stem cells. Chinese Sci. Bull. 

20: 2404-2412, 2013. 

Heiden, M.G.V., L.C. Cantley and C.B. Thompson. Understanding the Warburg effect: 

the metabolic requirements of cell proliferation. Science 324: 1029-1033, 2009. 

Herrera-Valencia, V.A., L.A. Macario-González, M.L. Casais-Molina, A.G. 

Beltran-Aguilar and S. Peraza-Echeverría. In silico cloning and characterization of the 

glycerol-3-phosphate dehydrogenase (GPDH) gene family in the green microalga 

chlamydomonas reinhardtii. Curr Microbiol 64: 477-485, 2012. 

Hu, E., J.B. Kim, P. Sarraf and B.M. Spiegelman. Inhibition of adipogenesis through 

MAP kinase–mediated phosphorylation of PPARγ. Science 274: 2100-2103, 1996. 

Jones, R.G. and C.B. Thompson. Tumor suppressors and cell metabolism: a recipe for 

cancer growth. Genes Dev 23: 537-548, 2009. 

Kim, J., D.C. Han, J.M. Kim, S.Y. Lee, S.J. Kim, J.R. Woo, J.W. Lee, S.K. Jung, K.S. 

http://www.ncbi.nlm.nih.gov/pubmed?term=Furukawa%20S%5BAuthor%5D&cauthor=true&cauthor_uid=15599400
http://www.ncbi.nlm.nih.gov/pubmed?term=Fujita%20T%5BAuthor%5D&cauthor=true&cauthor_uid=15599400
http://www.ncbi.nlm.nih.gov/pubmed?term=Shimabukuro%20M%5BAuthor%5D&cauthor=true&cauthor_uid=15599400
http://www.ncbi.nlm.nih.gov/pubmed?term=Iwaki%20M%5BAuthor%5D&cauthor=true&cauthor_uid=15599400
http://www.ncbi.nlm.nih.gov/pubmed?term=Yamada%20Y%5BAuthor%5D&cauthor=true&cauthor_uid=15599400
http://www.ncbi.nlm.nih.gov/pubmed?term=Nakajima%20Y%5BAuthor%5D&cauthor=true&cauthor_uid=15599400
http://www.ncbi.nlm.nih.gov/pubmed?term=Nakayama%20O%5BAuthor%5D&cauthor=true&cauthor_uid=15599400
http://www.ncbi.nlm.nih.gov/pubmed?term=Makishima%20M%5BAuthor%5D&cauthor=true&cauthor_uid=15599400
http://www.ncbi.nlm.nih.gov/pubmed?term=Matsuda%20M%5BAuthor%5D&cauthor=true&cauthor_uid=15599400
http://www.ncbi.nlm.nih.gov/pubmed?term=Shimomura%20I%5BAuthor%5D&cauthor=true&cauthor_uid=15599400
http://jcem.endojournals.org/search?author1=E+Gaitan&sortspec=date&submit=Submit


 
 

23 
 

Yoon,  H.G. Cheon, S.S. Kim, S.H. Hong and B.M. Kwon. PPARγ partial agonist, 

KR-62776, inhibits adipocyte differentiation via activation of ERK. Cell. Mol. Life 

Sci. 66: 1766-1781, 2009. 

Kim, J.P., I.S. Lee, J.J. Seo, M.Y. Jung, Y.H. Kim, N.H. Yim and K.H. Bae. Vitexin, 

orientin and other flavonoids from Spirodela polyrhiza inhibit adipogenesis in 3T3-L1 

cells. Phytother. Res. 24: 1543-1548, 2010. 

Koekemoer, T.C., D. Litthauer and W. Oelofsen. Isolation and characterization of 

adipose tissue glycerol-3-phosphate dehydrogenase. Int. J. Biochem. Cell Biol. 27: 

625-632, 1995. 

Lee, O.H., Y.I. Kwon, H.D. Hong, C.S. Park, B.Y. Lee and Y.C. Kim. Production of 

reactive oxygen species and changes in antioxidant enzyme activities during 

differentiation of 3T3-L1 adipocyte. J. Korean Soc. Appl. Biol. Chem. 52: 70-75, 

2009. 

Lee, S.J., J.H. Lee, H.H. Lee, S. Lee, S.H. Kim, T. Chun and J.Y. Imm. Effect of nung 

bean ethanol extract on pro-inflammtory cytokines in LPS stimulated macrophages. 

Food Sci. Biotechnol. 20: 519-524, 2011. 

Li, H., F. Song, J. Xing, R. Tsao, Z. Liu, S. Liu. Screening and structural 

characterization of α-glucosidase inhibitors from hawthorn leaf flavonoids extract by 

ultrafiltration LC-DAD-MSn and SORI-CID FTICR MS. J. Am. Soc. Mass Spectrom 

20: 1496-1503, 2009. 

Lii, C.K., C.Y. Huang, H.W. Chen, M.Y. Chow, Y.R. Lin, C.S. Huang and C.W. Tsai.  

Diallyl trisulfide suppresses the adipogenesis of 3T3-L1 preadipocytes through ERK 

activation. Food Chem. Toxicol. 50: 478-484, 2012. 

Lim, S., H.J. Jang, E.H. Park, J.K. Kim, J.M. Kim, E.K. Kim, K. Yea, Y.H. Kim, W. 

Lee-Kwon, S.H. Ryu and P.G. Suh. Wedelolactone inhibits adipogenesis through the 



 
 

24 
 

ERK pathway in human adipose tissue-derived mesenchymal stem cells. J Cell. 

Biochem. 113: 3436-3445, 2012. 

Lovejoy, J., F.D. Newby, S.S.P. Gebhart and M. DiGirolamo. Insulin resistance in 

obesity is associated with elevated basal lactate levels and diminished lactate 

appearance following intravenous glucose and insulin. Metabolism 41: 22-27, 1992. 

Muñoz, S., S. Franckhauser, I. Elias, T. Ferré, A. Hidalgo, A.M. Monteys, M. Molas, 

S. Cerdán, A. Pujol, J. Ruberte and F. Bosch. Chronically increased glucose uptake by 

adipose tissue leads to lactate production and improved insulin sensitivity rather than 

obesity in the mouse. Diabetologia 53: 2417-2430, 2010. 

Nadler, S.T., J.P. Stoehr, K.L. Schueler, G. Tanimoto, B.S. Yandell and A.D. Attie. 

The expression of adipogenic genes is decreased in obesity and diabetes mellitus. 

Proc. Natl. Acad. Sci. 97: 11371–11376, 2000. 

Okumura, Y., H. Sato, M. Seiki and H. Kido. Proteolytic activation of the precursor of 

membrane type 1 matrix metalloproteinase by human plasmin. A possible cell surface 

activator. FEBS Lett. 402: 181–184, 1997. 

Omatsu-Kanbe, M., K. Inoue, Y. Fujii, T. Yamamoto, T. Isono, N. Fujita and H. 

Matsuura. Effect of ATP on preadipocyte migration and adipocyte differentiation by 

activating P2Y receptors in 3T3-L1 cells. Biochem. J. 393: 171-180, 2006. 

Ozturk, S.S., M.R. Riley and B.O. Palsson. Effect of ammonia and lactate on 

hybridoma growth, metabolism, and antibody production. Biotechnol. Bioeng. 39: 

418-431, 1992. 

Pairault, J. and H. Green. A study of the adipose conversion of suspended 3T3 cells 

by using glycerophosphate dehydrogenase as differentiation marker. Proc. Natl. Acad. 

Sci. 76: 5138-5142, 1979. 

Park, J., H.K. Rho, K.H. Kim, S.S. Choe, Y.S. Lee and J.B. Kim. Overexpression of 

http://www.ncbi.nlm.nih.gov/pubmed?term=Okumura%20Y%5BAuthor%5D&cauthor=true&cauthor_uid=9037191
http://www.ncbi.nlm.nih.gov/pubmed?term=Sato%20H%5BAuthor%5D&cauthor=true&cauthor_uid=9037191
http://www.ncbi.nlm.nih.gov/pubmed?term=Seiki%20M%5BAuthor%5D&cauthor=true&cauthor_uid=9037191
http://www.ncbi.nlm.nih.gov/pubmed?term=Kido%20H%5BAuthor%5D&cauthor=true&cauthor_uid=9037191


 
 

25 
 

glucose-6-phosphate dehydrogenase is associated with lipid dysregulation and insulin 

resistance in obesity. Mol. Cell. Biol. 25: 5146-5157, 2005. 

Prusty, D., B.H. Park, K.E. Davis and S.R. Farmer. Activation of MEK/ERK 

signaling promotes adipogenesis by enhancing peroxisome proliferator-activated 

receptor γ (PPARγ) and C/EBPα gene expression during the differentiation of 3T3-L1 

preadipocytes. J. Biol. Chem. 277: 46226-46232, 2002. 

Rognstad, R. and J. Katz. Effects of 2,4-dihydroxybutyrate on lipogenesis in rat 

hepatocytes. J. Biol. Chem. 254: 11969-11972, 1979. 

Samavati, L., I. Lee, I. Mathes, F. Lottspeich and M. Hüttemann. Tumor necrosis 

factor α inhibits oxidative phosphorylation through tyrosine phosphorylation at 

subunit I of cytochrome c oxidase. J. Biol. Chem. 283: 21134-21144, 2008. 

Shantz, L.M., P. Talalay and G.B. Gordon. Mechanism of inhibition of growth of 

3T3-L1 fibroblasts and their differentiation to adipocytes by dehydroepiandrosterone 

and related steroids: Role of glucose-6-phosphate dehydrogenase. Proc. Natl. Acad. 

Sci. 86: 3852-3856, 1989. 

Shetty, S., P. Shetty, S. Idell, T. Velusamy, Y.P. Bhandary and R.S. Shetty. Regulation 

of plasminogen activator inhibitor-1 expression by tumor suppressor protein p53. J. 

Biol. Chem.  283: 19570-19580, 2008. 

Soares, A.F., M. Guichardant, D. Cozzone, N. Bernoud-Hubac, N. Bouzaïdi-Tiali, M. 

Lagarde and A. Géloën. Effects of oxidative stress on adiponectin secretion and 

lactate production in 3T3-L1 adipocytes. Free Radical Bio. Med. 38: 882-889, 2005. 

Stubbs, M., P.M.J. McSheehy, J.R. Griffiths and C.L. Bashford. Causes and 

consequences of tumour acidity and implications for treatment. Mol Med Today 6: 

15-19, 2000. 

Tian, W.N., L.D. Braunstein, K. Apse, J. Pang, M. Rose, X. Tian and R.C. Stanton. 

http://www.ncbi.nlm.nih.gov/pubmed/?term=Shetty%20S%5Bauth%5D
http://www.ncbi.nlm.nih.gov/pubmed/?term=Shetty%20P%5Bauth%5D
http://www.ncbi.nlm.nih.gov/pubmed/?term=Idell%20S%5Bauth%5D
http://www.ncbi.nlm.nih.gov/pubmed/?term=Velusamy%20T%5Bauth%5D
http://www.ncbi.nlm.nih.gov/pubmed/?term=Bhandary%20YP%5Bauth%5D
http://www.ncbi.nlm.nih.gov/pubmed/?term=Shetty%20RS%5Bauth%5D


 
 

26 
 

Importance of glucose-6-phosphate dehydrogenase activity in cell death. Am. J. 

Physiol. Cell. Physiol. 276: C1121-C1131, 1999. 

Wagle, A., S. Jivraji, G.L. Garlock and S.R. Stapleton. Insulin regulation of 

glucose-6-phosphate dehydrogenase gene expression is rapamycin-sensitive and 

requires phosphatidylinositol 3-kinase. J. Biol. Chem. 273: 14968-14974, 1998. 

Yang, S.H., P.H. Liao, Y.F. Pan, S.L. Chen, S.S. Chou and M.Y. Chou. The novel 

p53-dependent metastatic and apoptotic pathway induced by vitexin in human oral 

cancer OC2 cells. Phytother. Res. 27: 1154-1161, 2013. 

Yu, W., Z. Chen, J. Zhang, L. Zhang, H. Ke, L. Huang, Y. Peng, X. Zhang, S. Li, B.T. 

Lahn and A.P. Xiang. Critical role of phosphoinositide 3-kinase cascade in 

adipogenesis of human mesenchymal stem cells. Mol. Cell. Biochem. 310: 11-18, 

2008. 

 



 
 

27 
 

Figure 1. Schematic diagram showing shunts of glycolysis. The glycolytic pathway 

can be divided into four shunts: (1) Pentose phosphate pathway (PPP, also called the 

phosphogluconate pathway and the hexose monophosphate shunt) branched off 

glycolysis and it shunted by glucose-6-phosphate dehydrogenase (G6PDH). (2) 

Glycerol-3-phosphate (G3P) shunt, the interconversion of G3P and dihydroxyacetone 

phosphate (DHAP) by glycerol-3-phosphate dehydrogenase (GPDH). (3) Oxidative 

phosphorylation (OXPHOS), by which most ATPs (~34-36) are produced in cellular 

respiration (4) Anaerobic glycolysis, in which glucose broken down to produce energy 

and lactate. 

 

Figure 2. Inhibits 3T3-L1 preadipocyte migration through p53~PAI-1 signaling. (A) 

Cell migration was identified by the ability to migrate through 8.0 mm Transwell 

migration chamber. Quantification of migrated cells was by staining and dye 

extraction. Cells treated with 25 to 100 μM vitexin inhibited cell migration to about 

80%. A:0, B:12.5, C:25, D:50 and E:100 μM. (B) The expression of tumor suppressor 

p53 and plasminogen activator inhibitor type 1 (PAI-1) were induced by vitexin in 

dose-dependent. (C) We performed western blot (30 μg/lane) and gelatin zymography 

(10 μg/lane) to determine the expression and activity of MMP-2 respectively which 

secreted into media. Vitexin decreased the expression and activity of 62 kDa active 



 
 

28 
 

MMP-2 through the cultivation. (D) By using PFTα (10 μM) as tumor suppressor p53 

inhibitor, knockdown the expression of p53 significantly induced preadipocyte 

migration. A:control, B:100 μM vitexin, C:10 μM PFTα and D: 100 μM vitexin +10 

μM PFTα.(E) PFTα reduced the expression of PAI-1, whereas enhanced the 

expression and activity of active MMP-2. The values are expressed as mean±standard 

deviation from three or four independent experiments, and representative photos are 

shown (p<0.05). 

 

Figure 3. Vitexin inhibited adipogenesis through ERK 1/2 MAPK signaling. (A) The 

cultured media was collected and centrifuged to remove cells. The result showed that 

the amount of glucose consumption and triglyceride synthesis decreased in 

dose-dependent. (B) The lipid droplets were stained by Oil Red O. After acquired 

images under microscope, eluted Oil Red O dye by 100% isopropanol and measured 

the absorption at 500 nm. Vitexin significantly diminished adipose accumulation at 50 

and 100 μM. A:0, B:12.5, C:25, D:50 and E:100 μM. (C) The expression of ERK 1/2 

MAPK were upregulated by vitexin, whereas vitexin downregulated the expression of 

adipogenic markers PPARγ and PI3K/Akt. The values are expressed as 

mean±standard deviation from three independent experiments, and representative 

photos are shown (p<0.05). 
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Figure 4. Down-regulation ERK 1/2 MAPK activity promoted adipogenesis. (A) By 

using PD98059 (10 μM) as ERK 1/2 MAPK inhibitor, the expression of adipogenic 

markers Akt and PPARγ were induced. (B, C) Knockdown the expression of ERK 1/2 

MAPK increased triglyceride synthesis and adipose accumulation significantly, but 

without any effect on glucose uptake. A:control, B:100 μM vitexin, C:10 μM 

PD98059 and D: 100 μM vitexin +10 μM PD98059.The values are expressed as 

mean±standard deviation from three independent experiments, and representative 

photos are shown (p<0.05). 

 

Figure 5. Alteration of the glycolysis is associated with adipose accumulation. (A) 

The expression of G6PDH and GPDH of untreated 3T3-L1 adipocyte. Day 0: cells 

were full confluence and untreated with adipogenic medium. (B) Vitexin upregulated 

the expression of GPDH at higher concentration (50 and 100 μM), however, it had no 

effect on the expression of G6PDH. (C) Knockdown the expression of ERK 1/2 

MAPK by PD98059 greatly induced the expression of G6PDH, and down-regulated 

the expression of GPDH. (D) In lactic acid synthesis, it increased after differentiation 

and maintained stable from day 4- day 8 in untreated cells. (E, F) Vitexin increased 

the lactic acid synthesis in concentration dependent. However, PD98059 had the 



 
 

30 
 

opposing effect that it decreased the rate of glycolysis as measured in lactic acid 

synthesis. The values are expressed as mean±standard deviation from three 

independent experiments, and representative photos are shown (p<0.05). 
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