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Abstract

Scope—Ginger exerts protective effects on obesity and its complications. Our objectives here are 

to identify bioactive compounds that inhibit adipogenesis and lipid accumulation in vitro, elucidate 

the anti-obesity effect of gingerenone A (GA) in diet-induced obesity (DIO), and investigate 

whether GA affects adipose tissue inflammation (ATI).

Methods and results—Oil red O staining showed that GA had the most potent inhibitory effect 

on adipogenesis and lipid accumulation in 3T3-L1 cells among ginger components tested at a 

single concentration (40 μM). Consistent with in vitro data, GA attenuates DIO by reducing fat 

mass in mice. This was accompanied by a modulation of fatty acid metabolism via activation of 

AMP-activated protein kinase (AMPK) in vitro and in vivo. Additionally, GA suppressed ATI by 

inhibiting macrophage recruitment and downregulating pro-inflammatory cytokines.

Conclusion—These results suggest that GA may be used as a potential therapeutic candidate for 

the treatment of obesity and its complications by suppressing adipose expansion and 

inflammation.
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1 Introduction

Obesity is characterized by the accumulation of excessive fat, which is associated with 

metabolic disorders [1]. Therefore as an important approach to prevent and/or treat obesity, 

it has been suggested to suppress adipose tissue expansion resulting from both increased 

adipocyte cell number (hyperplasia) and cell size (hypertrophy) [2]. Extra energy is stored as 

neutral lipids in adipocyte lipid droplets. The lipids originate from ingested triacylglycerol 

(TAG) in food and/or endogenous synthesis of fatty acids [3]. When the body requires 

energy, stored fat is degraded into free fatty acids (FFAs) and glycerol, a process referred to 

as lipolysis [3,4]. The FFAs are then metabolized to produce energy through mitochondrial 

β-oxidation [4]. Several studies have reported that enhanced energy expenditure based on β-

oxidation via lipolysis in white adipose tissue (WAT) helps improve obesity and metabolic 

disorders in rodents and humans [5–7]. Moreover, obese subjects have greater quantities of 

stored TAG and also show a lower lipid turnover rate than non-obese subjects [8].

AMP-activated protein kinase (AMPK), a major energy sensor in the cell, is activated when 

energy demands increase [9]. Activated AMPK inhibits anabolic pathways and enhances 

catabolic pathways [9]. Although these roles of AMPK are mostly known in muscle and 

liver tissue, there have also been several studies proposing that activated AMPK influences 

obesity and insulin resistance via enhancement of β-oxidation and inhibition of lipogenesis 

in WAT [5,10]. Previous studies have suggested that some natural compounds are beneficial 

in the treatment of obesity and metabolic disorders by increasing AMPK activity [10–12].

Adipose tissue in obese patients contains a greater number of macrophages [13]. The 

paracrine interactions between adipocytes and these recruited macrophages further influence 

obesity-related inflammation. Such chronic low-grade inflammation in WAT is considered a 

contributing factor to insulin resistance [14, 15]. Previous studies have reported that several 

adipokines are abnormally secreted in obese subjects. While adiponectin is significantly 

decreased [16], pro-inflammatory cytokines including tumor necrosis factor-α (TNF-α) and 

chemokines such as monocyte chemoattractant protein (MCP)-1 are increased in the obese 

state [17, 18]. MCP-1 and/or FFA released from adipocytes attract monocytes/macrophages, 

which subsequently secrete pro-inflammatory cytokines [18]. Adipose tissue macrophages 

can be categorized as M1 or M2 macrophages according to their distinguishing surface 

markers [15, 18]. M1 macrophages are characterized by F4/80+ CD11c+ CD206−, whereas 

M2 macrophages typically express F4/80+ CD11c− CD206+. M1 or pro-inflammatory 

macrophages are more dominant than M2 or anti-inflammatory macrophages in the 

condition of obesity, thereby accelerating adipose tissue inflammation (ATI) [15,18].

Ginger, Zingiber officinale Roscoe, has been reported to prevent obesity and its 

complications [12,19]. 6-gingerol (6G), one of the main bioactive components of ginger, has 

been extensively studied to elucidate the mechanisms involved in the anti-obesity effect of 

ginger [20, 21]. Our previous study demonstrated that 6-shogaol (6S), but not 6G, has an 

inhibitory effect on adipogenesis and lipid accumulation in 3T3-L1 cells [22]. Although 

Dugasani [23] and Byun et al., [24] compared the anti-inflammatory and anti-cancer 

activities, respectively, of various ginger components, there is no literature about their effects 
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on obesity. Thus, we sought to examine which component of ginger may have the greatest 

anti-adipogenic and anti-lipogenic effects in vitro, and whether GA, a polyphenol present in 

ginger, can elicits anti-obesity and anti-inflammatory in vivo.

2 Materials and methods

2.1 Chemicals and regents

6G, 8G, 10G, and 6S were purchased from Sigma Chemical (St. Louis, MO). GA was 

synthesized from curcumin according to a previously reported procedure with some 

modified methods [25]. Bovine calf serum (BCS), fetal bovine serum (FBS) and antibiotic-

antimycotic were obtained from Life Technologies (Grand Island, NY). 3-isobutyl-

methylxanthine (IBMX), dexamethasone (DEX), insulin, and Oil red O powder were 

purchased from Sigma Chemical. Antibodies against sterol regulatory element–binding 

protein-1 (SREBP-1), carnitine palmitoyltransferase-1 (CPT-1), and peroxisome proliferator-

activated receptor-γ (PPARγ) were purchased from Santa Cruz Biotechnology (Santa Cruz, 

CA). Antibodies against CCAAT/enhancer-binding proteinα (C/EBPα), adipose triglyceride 

lipase (ATGL), phospho-hormone-sensitive lipase (p-HSL) (Ser565), HSL, fatty acid 

synthase (FAS), p-AMPKα (Thr172), AMPKα, p-acetyl-CoA carboxylase (p-ACC) 

(Ser79), and ACC were obtained from Cell Signaling Biotechnology (Beverly, MA). 

Antibody against peroxisome proliferator-activated receptor gamma coactivator 1α 
(PGC-1α) was obtained from Abcam (Cambridge, MA). Antibodies against β-actin and 

glyceraldehyde-3-phosphate dehydrogenase (GAPDH) were purchased from Sigma 

Chemical.

2.2 Cell culture

3T3-L1 preadipocytes and Raw 264.7 macrophages were obtained from the American Type 

Culture Collection (Manassas, VA). 3T3-L1 cells were maintained in DMEM (Welgene, 

Daegu, Korea) containing 10% BCS and 1% antibiotic-antimycotic, and Raw 264.7 cells 

were cultured in DMEM supplemented with 10% FBS. The cells were incubated in a 

humidified atmosphere of 5% CO2 at 37°C.

2.3 Adipogenesis

3T3-L1 cells were seeded at 2.6 × 104 cells per cm2, and incubated in DMEM containing 

10% BCS. The medium was replaced every 2–3 days until the cells reached 100% 

confluence. After 2 days post-confluence (day 0), the media were exchanged with DMEM 

supplemented with 10% FBS and an adipogenic cocktail including 0.5 mM IBMX, 1 μM 

DEX and 5 μg/mL insulin (MDI) for 2 days. On day 2, the medium was then replaced with 

DMEM supplemented with 10% FBS and 5 μg/mL insulin, and the cells were cultured for a 

further 2 days. From Day 4, the cells were cultured in 10% FBS-DMEM for 2 additional 

days.

2.4 Cell viability

To determine the number of viable cells, MTS/PMS mixture (Promega Corp., Madison, WI) 

was treated for 1 h at 37°C in a humidified 5% CO2 atmosphere. Converted formazan was 

detected at 490 nm using a microplate reader (Molecular Devices, Menlo Park, CA).
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2.5 Oil red O staining

MDI-induced differentiated 3T3-L1 cells were fixed with 3.7% (v/v) paraformaldehyde and 

then intracellular lipid droplets were stained with Oil red O solution. For the quantification 

of the lipid content, the stained Oil red O was extracted with 2-propanol, and the absorbance 

was measured at 515 nm with a microplate reader.

2.6 Immunoblotting

Cells and tissues were lysed with RIPA buffer (Cell Signaling Biotechnology) and 

centrifuged (24 100 × g, 4°C, 10 min) to collect supernatants separately to the layer of fat. 

The protein extracts were loaded onto SDS-PAGE and transferred to PVDF membranes 

(Millipore, Marlborough, MA). The membranes were blocked with 5% skim milk and 

incubated with specific primary antibodies followed by incubation with HRP-conjugated 

secondary antibodies. Protein bands were visualized using a chemiluminescence detection 

kit (Amersham Pharmacia Biotech, Piscataway, NJ).

2.7 Experimental animals and diets

All experiments were approved by the Institutional Animal Care and Use Committee 

(IACUC) of Seoul National University (SNU-111018-4). Six-week-old male C57BL/6J mice 

were purchased from Japan SLC Inc. (Hamamatsu, Shizuoka, Japan) and acclimated for 1 

week before the study, with free access to chow and water. A total of 47 mice were randomly 

assigned to the following four groups: standard diet (SD) (10 kcal% fat; n = 12), high-fat 

diet (HFD) (60 kcal% fat; n = 12), HFD plus 50 mg/kg body weight GA (HFD-GA50; n = 

12), or HFD plus 10 mg/kg body weight GA (HFD-GA10; n = 11). The diets were 

purchased from Research Diets, Inc. (New Brunswick, NJ) and provided in the form of 

pellets for 15 weeks. GA was dissolved in polyethylene glycol (PEG) 200 and introduced to 

the mice in the HFD-GA groups by oral gavage every day, and mice in the SD and HFD 

groups were gavaged with vehicle only. After 15 weeks of treatment, mice were sacrificed 

after an overnight fast, and all efforts were made to minimize suffering. Blood samples were 

collected from the heart chambers, and then several tissue samples were promptly removed 

and weighted. Epididymal WAT (EWAT) was snap-frozen in liquid nitrogen and stored at 

−80°C for RNA and protein analysis.

2.8 Hematoxylin and eosin staining (H&E) and adipocyte cell size assessment

Paraffin sections of formalin-fixed EWATs were stained with H&E for morphological 

evaluation. The area of each adipocyte was quantified using Image J software (National 

Institutes of Health, Bethesda, MD).

2.9 Histological analysis

To determine the effect of dietary GA on macrophage infiltration in EWATs, 3-μm-thick 

sections of EWAT embedded in paraffin were incubated with mouse anti-CD68 mAb at 

dilutions of 1/200 (Abcam, Cambridge, MA). The sections were then immunostained with 

HRP polymer (Thermo Fisher Scientific, Fremont, CA) in accordance with the 

manufacturer’s specifications. Crown-like structures (CLS) and CD68-positive cells were 

counted using Image J software.
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2.10 Biochemical analyses

Blood samples were collected in serum separator tubes (Becton Dickinson, Franklin Lakes, 

NJ) and centrifuged at 1100 × g for 20 min. Serum FFAs were determined using a Wako 

NEFA C test kit (Wako Chemicals, Osaka, Japan). Serum levels of TAG and total cholesterol 

(TC) were determined by using enzymatic assay kit (Asan Pharmaceutical Co., Seoul, 

Korea). Liver lipids were isolated by the Folch methods [26], and the hepatic TG and TC 

levels were measured using the same commercial kit used for the serum analysis.

2.11 qRT-PCR analysis

Total RNA was extracted from EWATs with an Ambion® RNA isolation kit (Life 

Technologies, Gaithersburg, MD). cDNA was synthesized with a PrimeScript™ 1st strand 

cDNA Synthesis Kit (Takara, Kyoto, Japan) and qRT-PCR reaction was conducted using 

specific primers and SYBR Green Master Mix (BioRad, Hercules, CA) with a Bio-Rad 

CFX96 real-time PCR detection system (BioRad, Hercules, CA). The primers for each 

transcript are shown in Supporting Information Table 1.

2.12 Trans-well migration assay

RAW264.7 macrophages were plated onto filters in 6.5 mm trans-well inserts in 24-well 

plates at 2.5 × 104 cells/filter and treated with GA (10 μM). The lower chamber of the well 

was filled with DMEM in the presence or absence of 3T3-L1 adipocyte conditioned medium 

(adipocyte-CM) and 0.1% BSA. Cells were then incubated for 2 h. Cells that had migrated 

into the Type IV collagen-coated membrane were stained with H&E and counted using 

Image J software.

2.13 Co-culture of adipocytes and macrophages

Adipocytes and macrophages were co-cultured in a contact system. RAW 264.7 

macrophages (5 × 104 cells/mL) were plated with differentiated 3T3-L1 adipocytes, and the 

co-cultures were incubated in serum-free DMEM for 2 h. As a control, adipocytes and 

macrophages, the numbers of which were equal to those in the co-culture system, were 

cultured separately and mixed after harvest. GA was added to the co-cultures at 10 μM.

2.14 Statistical analysis

While in vitro results are presented as means ± SD, in vivo data are expressed as means ± 

SEM. Differences between the negative and positive controls were assessed with unpaired 

Student’s t-test. To compare the differences between the differentiated or HFD-fed groups, 

one-way analysis of variance (ANOVA) with post hoc Duncan’s test or two-way ANOVA 

followed by a Bonferroni post hoc test was used. A probability value of p < 0.05 was used as 

the criterion for statistical significance.
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3 Results

3.1 GA exerts the most potent inhibitory effects on MDI-induced adipogenesis and lipid 
accumulation in 3T3-L1 cells among treated ginger components

We first compared the effect of gingerols (6G, 8G, and 10G), 6S, or GA, on adipogenesis in 

3T3-L1 preadipocytes (Fig. 1A). 6S was used as a positive control according to a previous 

report [22]. Post-confluent 3T3-L1 preadipocytes were stimulated with MDI to promote 

differentiation into mature adipocytes in the presence or absence of each ginger compound 

(40 μM) for 6 days. Photographic and quantitative assessments of intracellular lipid content 

by Oil red O staining revealed that GA had the most potent anti-adipogenic effect of the 

tested ginger compounds at the same concentration without affecting cell viability (Fig. 1B–

F). Compared to undifferentiated cells, the relative lipid levels of MDI-treated differentiated 

cells were significantly increased by 3.4-fold. MDI-induced lipid accumulation was most 

effectively reduced by GA at 40 μM, up to 72.7% (Fig. 1C).

Next, we evaluated the effect of the ginger compounds on adipocyte hypertrophy. Matured 

3T3-L1 cells were incubated for 4 days supplemented with the ginger compounds (40 μM). 

Consistent with its anti-adipogenic effect, GA showed the most potent inhibitory effect on 

lipid accumulation in mature adipocytes by 18.6%. (Fig. 1E). Collectively, these results 

suggest that non-toxic concentrations of GA elicits the most potent anti-adipogenic and anti-

lipogenic effects in vitro among the five major non-volatile compounds present in ginger.

3.2 GA suppresses adipocyte differentiation and lipid accumulation in 3T3-L1 cells by 
regulating expression and phosphorylation levels of adipogenic and fatty acid metabolism 
related proteins

We next tested different concentrations of GA (10, 20, and 40 μM) for 6 days on the 

adipogenesis of 3T3-L1 cells. Visualized and quantitative data demonstrated that treatment 

with non-toxic concentrations of GA reduced lipid accumulation in a dose-dependent 

fashion (Fig. 2A–C). Consistent with these results, protein expression levels of adipogenic 

transcription factors such as PPARγ and C/EBPα, and lipogenic protein FAS in cells treated 

with GA at concentrations of 20 and 40 μM were lower than those in MDI only 

differentiated cells (Fig. 2D). Taken together, we conclude that GA has an anti-adipogenic 

effect by reducing the expression levels of adipogenic and lipogenic proteins.

Furthermore, we also found that the inhibitory effect of GA on intracellular lipid 

accumulation in mature 3T3-L1 adipocytes was dose-dependent without affecting cell 

viability (Fig. 2E–G). To examine how GA inhibits adipocyte hypertrophy, we then 

investigated whether GA affects fatty acid metabolism related markers. The protein 

expression levels of SREBP-1 and FAS (lipogenesis markers) were decreased, and the 

protein expression of PGC-1α and CPT-1 (fatty acid oxidation markers) were increased after 

treatment with GA at concentrations of 20 and 40 μM (Fig. 2H). We also examined the level 

of AMPK phosphorylation, as AMPK is a major regulator of cellular anabolic and catabolic 

pathways. The phosphorylation level of AMPK was increased by GA at 40 μM. These 

results suggest that GA suppresses adipocyte lipid accumulation via regulation of fatty acid 

metabolism through AMPK activation.
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3.3 GA attenuates weight gain and reduces adipocyte size in HFD-fed mice

To investigate the anti-obesity effect of GA in vivo, we administered GA orally (10, 50 

mg/kg) in C57BL/6J mice fed on HFD for 15 weeks. The group receiving 50 mg/kg GA 

(HFD-GA50) had lower body weights (30.82 ± 0.50 g) than the HFD group (33.87 ± 0.88 g) 

at 15 weeks (p < 0.001; Fig. 3A). Treatment with the lower dose of GA (HFD-GA10) did 

not have a significant effect on body weight (34.91 ± 0.68 g) over 15 weeks (Fig. 3A). 

Notably, the final body weight gain of the HFD-GA50 mice was significantly different from 

control mice fed HFD despite similar caloric intake (Fig. 3B and C). Collectively, these 

results suggest that GA 50 mg/kg supplementation attenuates DIO without significantly 

affecting on caloric intake.

Increased fat mass is a major attribute of DIO. We sought to determine whether the decrease 

in body weight gain was associated with a decrease in fat mass. Consistent with the 

photographic results (Fig. 3D), visceral fat mass (sum of epididymal, mesenteric, 

retroperitoneal, and perirenal fat) was significantly lower in the HFD-GA50 versus HFD 

group (Fig. 3E). In order to determine whether the reductions in fat mass were correlated 

with adipocyte size, we performed histological analyses of fixed EWAT and quantified 

adipocyte sizes. As expected, adipocytes from HFD-fed mice were significantly larger than 

SD-fed mice by up to 2-fold. Interestingly, adipocytes from HFD-GA50 were significantly 

smaller than adipocytes from the HFD group by 46% (Fig. 3F and G). Analyses of adipocyte 

size distribution in EWAT revealed that HFD feeding resulted in a significant shift toward 

larger adipocytes, whereas treatment of HFD-fed mice with GA 50 mg/kg prevented this and 

restored a normal distribution profile for adipocyte size (Fig. 3H). Taken together, these 

results suggest that GA supplementation decreases HFD-induced fat mass gain by reducing 

adipocyte size.

3.4 GA reduces circulating free fatty acid levels

We next evaluated serum and liver lipid concentrations because a decrease in adipose tissue 

mass can trigger lipodystrophy, an abnormal state of adipose tissue (Table 1). Lipodystrophy 

can lead to ectopic lipid deposition, caused by an increase in circulating FFAs [27]. 

Although fasting FFA levels in the HFD group were not significantly different from the SD 

group, the HFD-GA50 group had significantly lower FFA levels as compared to the HFD 

group. In contrast, serum TAG and TC levels were not significantly different between treated 

and non-treated HFD-fed groups. While liver weight and hepatic TC levels were unchanged, 

hepatic TAG contents in the HFD-GA50 group tended to be lower than in the HFD group (p 
= 0.07). Taken together, our results suggest that GA supplementation is unlikely to induce 

lipodystrophy.

3.5 GA regulates fatty acid metabolism and mitochondrial biogenesis via activation of 
AMPK in adipose tissue

To further investigate the mechanisms involved in GA-induced fat mass reduction, we 

evaluated fatty acid metabolism in EWAT. Since GA decreased circulating FFA levels (Table 

1), we first analyzed lipolysis-related biomarkers in EWAT. We determined whether the 

expression of ATGL, HSL proteins, and the p-HSL at S565 is affected by GA treatment. 

ATGL expression in HFD-fed mice was 40% lower than in SD-fed mice, whereas the HFD-
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GA50 group showed significantly higher ATGL expression than the HFD-fed mice (Fig. 

4A). HSL expression in HFD-fed mice was significantly higher than SD-fed mice by up to 

2-fold, and this increase was significantly inhibited by GA50 (Fig. 4A). In contrast, p-HSL 

(Ser565) levels tended to be lower in the HFD group than for SD (p < 0.07), and the 

phosphorylated HSL levels after high fat feeding were significantly increased by treatment 

with GA 50 mg/kg (Fig. 4A). These results suggest that GA inhibits lipolysis by inhibiting 

HSL activity in EWAT. We next investigated whether the expression of SREBP-1 and FAS is 

regulated by GA treatment to examine the effect of GA on lipogenesis in EWAT. As shown 

in Fig. 4B, GA significantly reduced the expression of SREBP-1 and FAS.

ATGL-medicated TAG degradation can promote β-oxidation by providing a source such as 

FFA [28]. We next examined the expression of β-oxidation-related genes because GA 

treatment increased the expression levels of ATGL (Fig. 4A). GA significantly increased 

PPARGC1A (PGC-1α gene), PPARA (PPARα gene), and CPT2 gene expression (Fig. 4C). 

We also observed that GA significantly enhanced mitochondrial biogenesis-related genes 

such as nuclear respiratory factor 1 (NRF1) and mitochondrial transcription factor A 

(TFAM) in EWAT (Fig. 4C). To further investigate the mechanisms, we assessed AMPK 

activity in EWAT. P-AMPKα (T172) and p-ACC (S79) expression levels down-regulated by 

HFD were significantly recovered by treatment with GA 50 mg/kg (Fig. 4D). These results 

indicate that GA regulates fatty acid oxidation and mitochondrial biogenesis by activating 

AMPK in EWAT.

3.6 GA suppresses macrophage recruitment and modulates cytokine expression in vitro

We next examined the effect of GA on Raw 264.7 macrophage infiltration into adipocyte-

CM using a trans-well system. As shown in Fig. 5A and B, the adipocyte-CM significantly 

induced macrophage migration, and GA treatment strongly inhibited this migration. This 

indicates that treatment with GA has an inhibitory effect on adipocyte-CM-induced 

macrophage chemotaxis.

To further investigate the mechanisms underlying the observed GA-inhibited macrophage 

migration, we measured gene expression of chemokine C-C Motif Chemokine Lig- and 2 

(CCL2, MCP-1 gene) and the pro-inflammatory marker TNF using a co-culture contact 

system. Co-cultures of differentiated 3T3-L1 adipocytes and Raw264.7 macrophages in the 

contact system up-regulated the expression of CCL2 and TNF in comparison to the control 

group (p < 0.05), while addition of GA significantly inhibited this increased expression (Fig. 

5C and D).

3.7 GA administration inhibits HFD-induced macrophage infiltration into adipose tissue 
and reduces ATI by regulating adipokines

We next examined the effect of GA on macrophage infiltration into EWAT and ATI in vivo. 

Histological examination revealed that the number of CLS in EWAT samples in the HFD 

group were higher than those in the SD group, which were reduced after GA 

supplementation (Fig. 6A and B). Moreover, GA suppressed HFD-induced increases in both 

CD68+ cell recruitment and CD68 gene expression (Fig. 6C and D). We then examined the 

expression of integrin subunit alpha X (ITGAX, M1 marker) and mannose receptor, C type 1 
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(MRC1, M2 marker) in EWAT. HFD significantly increased gene expression of ITGAX in 

adipose tissue, whereas GA treatment significantly reduced this HFD-induced ITGAX 
mRNA expression (Fig. 6E). Unlike ITGAX, expression of MRC1 was not changed 

significantly by HFD feeding however, GA significantly increased the expression levels in 

EWAT (Fig. 6F). Taken together, these results indicate that GA suppresses monocyte/

macrophage infiltration and promotes an M2 phenotype in EWAT macrophages.

Next, we investigated cytokine gene expression levels involved in macrophage recruitment 

and ATI. GA prevented the upregulation of mRNA expression of CCL2 and TNF in response 

to HFD at a concentration of 50 mg/kg in EWAT (Fig. 6G and H). We then analyzed the 

expression of ACRP30 (adiponectin gene), an adipokine with anti-inflammatory and insulin-

sensitizing effects in obese mice. At a concentration of 50 mg/kg, GA increased the 

expression level of ACRP30 (Fig. 6I). These results suggest that GA may be preventing local 

inflammation in EWAT by inhibiting macrophage recruitment and regulating inflammatory 

cytokine expression.

4 Discussion

Adipocyte hyperplasia and hypertrophy result in adipose tissue expansion [2]. 3T3-L1 

preadipocyte is a useful model to examine adipogenesis and lipid accumulation for 

understanding these processes [29]. Previous in vitro studies of ginger extracts and its 

compounds, 6G and 6S, were conducted using 3T3-L1 cells [21, 22]. In the present study, 

we first compared the effects of ginger compounds on adipocyte differentiation and lipid 

accumulation using the previously described in vitro model. Our findings show that GA 

elicits the greater inhibitory effects among tested ginger compounds at 40 μM. To broaden 

the scope of these studies, we also examined the in vivo effect of GA on obesity using a DIO 

mouse model, and found that GA has a clear and reproducible anti-obesity effect mainly by 

limiting fat mass increase in response to high fat feeding.

Although gingerols are highly contained in fresh ginger, those concentrations decrease after 

processing (e.g. heating or drying) in contrast to shogaols, which increase [30]. In addition, 

recent finding demonstrate that GA concentrations increase in heated ginger, and exerted 

anti-cancer effects [24]. Given the different bioactive compounds in fresh vs. processed 

ginger, we hypothesized that fresh ginger enriched in gingerols may have potent effects in 

the prevention of obesity and its complications, and that GA as well as 6S may be 

responsible for the anti-obesity effect of processed ginger.

Energy expenditure in adipose tissue has not received widespread attention over the past few 

decades because its resting metabolic rate is relatively lower than other metabolic organs 

such as the liver and muscle [5]. However, recent studies have suggested that the induction 

of energy expenditure via fatty acid oxidation in WAT is a promising strategy to combat 

obesity [31–33]. In addition, activating AMPK is also a potential strategy to treat obesity 

and metabolic disorders by inhibiting anabolic pathways and enhancing catabolic pathways. 

This is demonstrated by the use of metformin, a type 2 diabetes drug that activates AMPK in 

liver and muscle [34]. Li et al., reported that 6G improves glucose metabolism by increasing 

AMPK activity in L6 cells and in vivo rat model [12]. Our findings show that GA also 
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targets AMPK in both 3T3-L1 adipocytes and EWAT, and further studies are needed to 

determine how GA specifically activates AMPK in adipocytes. Collectively, these results 

suggest that GA suppresses body weight gain induced by HFD feeding via the regulation of 

fatty acid metabolism and mitochondrial biogenesis by activating AMPK in EWAT.

Chronic low-grade inflammation induced by obesity is strongly associated with insulin 

resistance [15]. Previous studies have identified macrophage infiltration in adipose tissue, 

suggesting an important link with inflammatory responses [13–15]. Nguyen et al. reported 

that macrophages infiltrate into hypertrophic adipose tissue and secrete cytokines [35]. 

Therefore, substances that exert anti-hypertrophic effect may potentially be useful as anti-

inflammatory agents. We observed that GA suppresses adipocyte hypertrophy in vitro and in 

vivo, suggesting the possibility that GA may be used to alleviate inflammation caused by 

adipose tissues and macrophages. A previous study has shown that macrophages surround 

the dead and dying adipocytes to form CLS in obese adipose tissue [15]. The number of 

CLS is indicative of not only the number of dead adipocytes, but also the extent of 

macrophage recruitment. We observed that GA suppressed the formation of these CLS and 

the expression levels of CD68 (macrophage marker) in EWAT, suggesting the possibility that 

GA exerts a protective effect against ATI. Using a trans-well migration assay with a co-

culture contact system, we showed GA dramatically inhibits macrophage infiltration and 

significantly reduced the expression of the pro-inflammatory cytokine TNF. These results 

strongly suggest that GA inhibits ATI via reduction of fat mass and inhibition of 

macrophage recruitment.

In conclusion, we observed that GA suppressed development of obesity and ATI by reducing 

adipocyte hypertrophy and inhibiting macrophage infiltration. Taken together, these data 

support the use of GA in the prevention of obesity and its complications. We propose that 

further studies are necessary to evaluate the anti-obesity effect of GA in clinical trials.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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AMPK AMP-activated protein kinase

ATGL adipose triglyceride lipase
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ATI adipose tissue inflammation

CLS crown-like structures

CM conditioned medium

CPT-1 carnitine palmitoyltransferase-1

DIO diet-induced obesity

EWAT epididymal white adipose tissue

FAS fatty acid synthase

FFA free fatty acid

GA gingerenone A

HSL hormone-sensitive lipase

PGC-1α peroxisome proliferator-activated receptor gamma coactivator 1α

SREBP-1 sterol regulatory element–binding protein-1

TAG triacylglycerol

TC total cholesterol

TNF-α tumor necrosis factor-α

6G 6-gingerol

8G 8-gingerol

10G 10-gingerol

6S 6-shogaol
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Figure 1. 
GA is the most potent anti-adipogenic and anti-lipogenic agent among the five bioactive 

compounds present in ginger on 3T3-L1 cells. (A) Chemical structure of five bioactive 

compounds present in ginger. (B) The undifferentiated preadipocytes, MDI-induced 

adipocytes, and adipocytes differentiated with five bioactive compounds were subjected to 

Oil red O staining for visualization of lipid droplets. (C) Stained intracellular lipid droplets 

were extracted with 2-propanol and then quantified by measuring the absorbance at 515 nm. 

Lipid content for each group was expressed relative to that of undifferentiated cells 

(designated as 100%). (D) Effect of five ginger compounds on the viability of 3T3-

L1preadipocytes during adipogenesis. (E) Quantification of lipid content in matured 

adipocytes treated with or without ginger components. (F) Effect of ginger components on 

the viability of matured adipocytes. Data are representative of three independent 

experiments, which are presented as means ± SD. Statistical significance between the 
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undifferentiated and differentiated control was determined using Student’s t-test. One-way 

ANOVA was used with Duncan’s multiple rage tests for post hoc analysis. Different letters 

indicate statistically significant differences at p < 0.05.
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Figure 2. 
GA inhibits hyperplasia and hypertrophy of 3T3-L1 cells, and regulates expression or 

phosphorylation levels of adipogenic and fatty acid metabolism related proteins. (A and B) 

Visualization and quantification data of intracellular lipid content treated with GA at various 

concentrations during adipogenesis. (C) Effect of GA on the viability of 3T3-L1 

preadipocytes. (D) Protein levels of PPAR-γ, C/EBP-α, and FAS were examined after 6 

days of differentiation as determined by Western blot analysis. β-actin was used as loading 

control. Matured 3T3-L1 cells were incubated for 4 days and supplemented with the GA, 

and (E) the representative optical images and (F) the relative intracellular lipid content of 

3T3-L1 adipocytes were obtained. (G) Effect of GA on the viability of 3T3-L1 adipocytes. 

(H) Western blot analyses of lipogenesis-related proteins (SERBP-1 and FAS), fatty acid 

oxidation-related proteins (PGC-1α and CPT-1), p-AMPKα (T172) and total AMPKα.
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Figure 3. 
GA administration suppresses weight gain and reduces adipocyte size in HFD-fed mice. (A) 

Body weight curves, (B) body weight gain, and (C) energy intake (kcal/mouse/day) over 15 

weeks. (D) Representative abdominal view. (E) Weight of visceral fat mass. (F) Sections of 

EWAT were stained with H&E. Representative images are shown. Scale bar, 200 μm. (G) 

Adipocyte size area. (H) Adipocyte size distribution of EWAT. The time course values of 

change in body weight were analyzed by two-way ANOVA followed by a Bonferroni post 
hoc test (*p < 0.05 HFD versus SD; #p < 0.05 GA-treatment groups versus HFD). Unpaired 

Student’s t-test was used to detect statistically significant differences between SD and HFD 
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group (*p < 0.05). Then, one-way ANOVA was used with Duncan’s multiple rage tests for 

post hoc analysis to compare the differences among the three HFD groups.
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Figure 4. 
GA treatment regulates the expression of fatty acid metabolism and mitochondrial 

biogenesis related markers via activation of AMPK in EWAT. Western blot analysis of (A) 

lipolysis related proteins (ATGL, HSL, and p-HSL (S565)) in EWAT. Western blot analysis 

of (B) lipogenesis related proteins (SREBP-1 and FAS) in EWAT. GAPDH was used as a 

loading control. The expression levels were quantified using Image J software. (C) Total 

RNA was isolated and qRT-PCR was performed. Fatty acid oxidation related genes 

(PPARGC1A, PPARA, and CPT2) and mitochondrial biogenesis related genes (NRF1 and 

TFAM). (D) Western blot analysis of p-AMPKα (T172), total AMPK, p-ACC (S79), and 

total ACC in EWAT.
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Figure 5. 
GA inhibits macrophage recruitment and modulates adipokines expression. RAW264.7 cells 

were plated in 6-well plate containing differentiated 3T3-L1 cells. As a control, RAW264.7 

cells and differentiated 3T3-L1 cells were separately cultured for 2 h. The migration of 

RAW264.7 cells through a type IV collagen-coated trans-well filter was assessed with 3T3-

L1 CM and GA (10 μM). (A) Photographs of migrated H&E stained cells (white arrows) are 

shown (× 100). (B) Quantitative analysis of the migrated cells. (C, D) total RNA was 

isolated from RAW264.7 cells and 3T3-L1 cells (control) and RAW264.7/3T3-L1 co-

cultures (co-culture), and real-time RT-PCR was performed. Alteration of gene expression of 

pro-inflammatory cytokines (CCL2 and TNF) by co-culture in the contact system. Values 

were analyzed using unpaired Student’s t-test. *p < 0.05 control versus co-culture control, #p 
< 0.05 GA-treated versus co-culture control.
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Figure 6. 
GA prevents aggravation of macrophage infiltration induced by HFD and regulates 

inflammation-related cytokines in EWAT. (A) Immunohisto-chemical detection of CD68 in 

EWAT. Macrophages are stained brown. (200×), (B) number of CLS, and (C) total number 

of infiltrated monocyte/macrophage into EWAT, which was quantified by counting CD68-

positive cells per 100 adipocytes. (D) CD68, (E) ITGAX, and (F) MRC1 genes expression in 

EWAT. (G) CCL2 (H) TNF, and (I) ACRP30 genes expression in EWAT. All values were 

normalized to GAPDH.
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Table 1

Serum and liver biochemical parameters

SD HFD HFD-GA10 HFD-GA50

Serum FFA (mEq/L)     1.36 ± 0.05     1.36 ± 0.09a)     1.47 ± 0.09a)     1.11 ± .0.07b)

Serum TAG (mg/dL)   71.35 ± 3.40   81.84 ± 6.81   74.68 ± 5.41   70.11 ± 6.92

Serum TC (mg/dL) 112.23 ± 3.80 161.38 ± 4.55* 170.00 ± 5.52 158.44 ± 6.67

Liver weight (g)     1.06 ± 0.02     1.00 ± 0.04     1.04 ± 0.01     1.04 ± 0.02

Liver TAG (mg/g liver)   43.54 ± 3.52   36.69 ± 4.55   36.08 ± 3.15   25.86 ± 3.11 (P = 0.07)

Liver TC (mg/g liver)     7.57 ± 0.81     5.67 ± 0.60     6.59 ± 0.68     5.43 ± 0.87

Data represent mean values ± SEM. Unpaired Student’s t-test was used to detect statistically significant differences between SD and HFD group 
(*p < 0.05). Then, one-way ANOVA was used with Duncan’s multiple rage tests for post hoc analysis to compare the differences among the three 
HFD groups. Different letters indicate statistically significant differences. Differences were considered significant at p < 0.05. FFA, free fatty acid; 
TAG, triacylglycerol; TC, total cholesterol.
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