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Diosgenin present in fenugreek improves glucose
metabolism by promoting adipocyte differentiation and
inhibiting inflammation in adipose tissues
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In obesity, adipocyte hypertrophy and chronic inflammation in adipose tissues cause insulin
resistance and type-2 diabetes. Trigonella foenum-graecum (fenugreek) can ameliorate hyper-
glycemia and diabetes. However, the effects of fenugreek on adipocyte size and inflammation
in adipose tissues have not been demonstrated. In this study, we determined the effects of
fenugreek on adipocyte size and inflammation in adipose tissues in diabetic obese KK-Ay
mice, and identified the active substance in fenugreek. Treatment of KK-Ay mice with a high
fat diet supplemented with 2% fenugreek ameliorated diabetes. Moreover, fenugreek
miniaturized the adipocytes and increased the mRNA expression levels of differentiation-
related genes in adipose tissues. Fenugreek also inhibited macrophage infiltration into
adipose tissues and decreased the mRNA expression levels of inflammatory genes. In addi-
tion, we identified diosgenin, a major aglycone of saponins in fenugreek to promote adipocyte
differentiation and to inhibit expressions of several molecular candidates associated with
inflammation in 3T3-L1 cells. These results suggest that fenugreek ameliorated diabetes by
promoting adipocyte differentiation and inhibiting inflammation in adipose tissues, and its
effects are mediated by diosgenin. Fenugreek containing diosgenin may be useful for
ameliorating the glucose metabolic disorder associated with obesity.
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1 Introduction size of adipocytes is inversely related to insulin sensitivity
[3-5]. Excess energy results in adipocyte hypertrophy, which
in turn exerts deleterious effects on insulin sensitivity. Large
adipocytes are less insulin sensitive as shown by impaired
insulin-stimulated glucose uptake [6]. The insulin-resistant
state is a common cause of hypertension and coronary artery
disease, as well as glucose metabolic disorders such as
hyperglycemia, which is a typical symptom of type-2
diabetes [7]. Therefore, it is important for the improvement

Obesity correlates closely with insulin resistance [1, 2].
Insulin resistance is characterized by reduced actions of
insulin in target tissues. It has been demonstrated that the
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of glucose metabolic disorder associated with insulin resis-
tance to suppress adipocyte hypertrophy, for instance, by
promoting adipocyte differentiation [3].

Recent studies have shown that chronic inflammation
characterized by the infiltration of macrophages in obese
white adipose tissue (WAT) may cause whole-body insulin
resistance in obese animals [8-10]. Chronic inflammation
promotes the expression of proinflammatory cytokines such
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as monocyte-chemoattractant protein-1 (MCP-1) and tumor
necrosis factor-o (TNF-a), which induce the infiltration of
macrophages into WAT and systemic insulin resistance,
respectively [6, 11, 12]. On the other hand, expression of
adiponectin, which inhibits inflammatory processes, is
suppressed by adipocyte hypertrophy [13-15]. Thus, it is also
important for the improvement of glucose metabolic disor-
der to suppress chronic inflammation in WAT.

Trigonella foenum-graecum (fenugreek) is native to the
Eastern Mediterranean to Central Asia and Ethiopia, and is
extensively cultivated in India, Pakistan, and China [16]. It
has a long history of medicinal uses in Ayurvedic and
Chinese medicine, and has been used for numerous indi-
cations, including labor induction, indigestion and as a
general tonic to improve metabolism and health [17]. Over
the past few years, fenugreek has been shown to display
antidiabetic effects in some animals [18-20], as well as in
humans [21]. These antidiabetic effects may be due to the
intestinal effects of fiber [22, 23] or insulin secretagogue
activity of 4-hydroxyisoleucine [24] in fenugreek seeds.
However, there is no report that shows the effects of fenu-
greek on adipocyte size and inflammation in WAT.

Here, we examined the effects of fenugreek on adipocyte
size and inflammation in WAT in obese diabetic KK-Ay
mice. We showed that fenugreek improved high fat diet
(HFD)-induced glucose metabolic disorders via miniatur-
ization of adipocytes by promoting adipocyte differentiation
and inhibiting inflammation in WAT. To elucidate the
detailed mechanism, we identified diosgenin, a major agly-
cone of saponins in fenugreek, to promote adipocyte
differentiation and to inhibit expressions of several mole-
cular candidates associated with inflammation in 3T3-L1
cells. These results indicate that fenugreek directly affects
adipose tissues and improves insulin sensitivity in obese
diabetic mice, suggesting that the promotional effect of
diosgenin on adipocyte differentiation and the inhibitory
effect on inflammation play important roles in the ther-
apeutic effects of fenugreek on glucose metabolism.

2 Materials and methods
2.1 Animals and chemicals

We purchased 4-wk-old male KK-Ay/Ta Jcl mice from Nippon
CLEA (Tokyo, Japan). KK-Ay mouse is an obese diabetic
model. All the mice were kept in individual cages in a
temperature-controlled room at 24+1°C and maintained on a
12h light/dark cycle. All the animals were fed a commercial
diet (CRF-1, Charles River Japan, Kanagawa, Japan) during
1wk of adaptation, and were given a control HFD (D12492;
Research Diets, NJ, USA) supplemented with fenugreek (0.5
or 2% wjw) for 4wk of feeding in accordance with previous
studies [17]. The control HFD is 60% kcal% fat, 20% carbo-
hydrate, and 20% protein in kcal% (5.2 kcal/g diet) containing
(in mg/kgdiet): casein, 258.4; 1-cystine, 3.9; maltodextrin-10,
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161.5; sucrose, 88.9; cellulose, 64.6; soybean oil, 32.3; lard,
316.6; mineral mix (S10026, Research Diets), 12.9; dicalcium
phosphate, 16.8; calcium carbonate, 7.1; potassium citrate,
21.3; vitamin mix (V10001, Research Diets), 12.9; choline
bitartate, 2.6; FD&C Blue Dye#1, 0.065. A control group fed the
control HFD for the same period. Six mice were used in each
group. The energy intake of all the mice was adjusted by pair
feeding. Thus, the levels of food intake of each group were
almost the same. The animal care procedures and methods
were approved by the Animal Care Committee of Kyoto
University.

Fenugreek with reduced bitterness was provided by House
Foods (Chiba, Japan). Fenugreek powder was prepared as
follows. We purchased fenugreek seeds cultivated in India
from local market. Fenugreek seeds (1kg) were boiled for
5 min, and then cooled to 40°C. The total weight was adjusted
to 6.75kg by adding water. An enzyme (SPEZYME CP, 95g;
Genencor, CA, USA) was added to the boiled seeds, which
were then mashed to obtain fenugreek paste. Subsequently,
the pH of the paste was adjusted to 5.0 using 1N HC],
followed by incubated at 55°C for 6-10h with stirring until the
bitterness of the paste was sufficiently reduced. The enzyme
was deactivated by heating at 90°C for 15 min. The paste was
freeze dried and crushed into powder. We used the powder
that was passed through a 500-um sieve as the fenugreek
powder. Diosgenin was from Wako (the structure is shown in
Fig. 4B; Osaka, Japan). All the other chemicals were from
Sigma (MO, USA) or Nacalai Tesque (Kyoto, Japan) and were
guaranteed to be of reagent- or tissue-culture-grade.

2.2 Blood sample assays and oral glucose tolerance
test

At the end of the treatment period, anesthetized animals were
killed by a cervical dislocation after an overnight fast and blood
sample was obtained. The plasma glucose level was deter-
mined using the glucose ClI-test Wako (Wako). The plasma
insulin level was measured using an ELISA kit (Morinaga
Institute of Biological Science, Yokohama, Japan). Insulin
sensitivity was assessed by the oral glucose tolerance test
(OGTT). OGTT was carried out 4 wk after the start of feeding.
Mice were fasted for 24h, and then glucose (1.5g/kg body
weight) was administered orally. Blood samples were collected
from the tail tip at 15, 30, 60, and 120 min, and the glucose and
insulin concentrations were determined.

2.3 Histochemical analysis of adipose tissues

Epididymal WAT was fixed in 10% formaldehyde/PBS. The
fixed samples were embedded in paraffin wax. They were cut
into 8 um-thick sections and mounted on silanized slides. After
deparaffinization and blocking with 2% normal goat serum/
PBS, the sections were incubated with anti-mouse F4/80 rat
antibody (1:50 dilution; Serotec, NC, USA) overnight at 4°C.
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Immune complexes were detected with biotinylated anti-rat
IgG antibody (1:100 dilution; Cappel research reagents, OH,
USA), HRP-conjugated streptavidin (1:50 dilution; Amersham,
Little Chalfont, UK), and the peroxidase substrate diamino-
benzidine. Slides were observed with a light microscope.
Adipocyte size was measured using Meta Morph software
(Molecular Devices, Downingtown, PA, USA).

2.4 RNA preparation and RT-PCR

Total RNA was prepared from epididymal WAT using Qiazol
lysis reagent (Qiagen, CA, USA) and from 3T3-L1 cells using
Sepasol (Nacalai Tesque), a commercial solution of acid
guanidium-phenol-chloroform in accordance with the manu-
facturer’s protocol. Using M-MLYV reverse transcriptase (Invi-
trogen, CA, USA), we reverse-transcribed 1pg total RNA in
accordance with the manufacturer’s instructions using a
thermal cycler (TaKaRa PCR Thermal Cycler SP: TaKaRa
Shuzo, Shiga, Japan). To quantify mRNA expression, quanti-
tative RT-PCR was performed using a LightCycler System
(Roche Diagnostics, Mannheim, Germany) measuring SYBR
green fluorescence signals intensity, as described previously
[25, 26]. All the primers for the different genes are described in
Table 1.

2.5 Preparation of saponin from fenugreek

Fenugreek powder was defatted using ether. The saponin
fraction was extracted using 70% ethanol, concentrated

Table 1. Oligonucleotide sequences for primer used RNA analysis
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using an evaporator, and separated using a polymer C18
(ODP-400) intermediate column (20 x 300mm; SHOWA
DENKO, Tokyo, Japan) with a solvent system of 50%
aqueous ethanol after using a solvent system of 30%
aqueous ethanol. Its products were designated as the crude
fraction. The saponin fraction was obtained by separating
the crude fraction by ODS HPLC (20 x 250 mm; Senshu
Science, Tokyo, Japan) using a solvent system of 35%
aqueous ethanol. The saponin fraction was dissolved in a
solution containing 1M sulfuric acid and 70% 2-propanol,
and heated at 100°C for 2h. After adding water, the extrac-
tion using t-butyl methyl ether was carried out three times.
The extracted liquid was washed with 1M NaOH twice and
then with distilled water, and dehydrated with sodium
sulfate. After cotton filtration, the extracted liquid was
evaporated, and hydrolyzed saponin was obtained. Hydro-
lyzed saponin was fractionated by RP-HPLC on an Inertsil
ODS-3 column (20 x 250 mm; GL Science, CA, USA) using
a mobile phase of ACN-water (95:5, v/v). The flow rate was
set at 7.5mL/min and the detection wavelength was set at
210nm. Six fractions were separated, as shown in
Fig. 3C.

2.6 Identification and purification of active
substance

The active substance was analyzed on an Inertsil ODS-3
column (2.1 x 150 mm, 3 um; GL Science) using a mobile
phase of ACN-5 mM ammonium acetate in water (95:5, v/v)
and the flow rate was set at 0.2 mL/min. LC/MS and MS/

Gene Accession number Sequence

m aP2 K02109 Fw: AAGACAGCTCCTCCTCGAAGGTT
Re: TGACCAAATCCCCATTTACGC

m LPL J03302 Fw: ATCCATGGATGGACGGTAACG
Re: CTGGATCCCAATACTTCGACCA

m Glut4 AB008453 Fw: TAGGAGCTGGTGTGGTCAATACG
Re: TAAAAGGGAAGGTGTCCGTCG

m PPARy AB008453 Fw: GGAGATCTCCAGTGATATCGACCA
Re: ACGGCTTCTACGGATCGAAACT

m MCP-1 NM_011333 Fw: ATGCAGGTCCCTGTCATGCTTC
Re: GGCATCACAGTCCGAGTCACAC

m TNF-o NM_013693 Fw: ACACTCAGATCATCTTCTCAAAATTCG
Re: GTGTGGGTGAGGAGCACGTAGT

m Adiponectin NM_009605 Fw: ACAACCAACAGAATCATTATGACGG
Re: GAAAGCCAGTAAATGTAGAGTCGTTGA

m F4/80 NM_010130 Fw: TTTCCTCGCCTGCTTCTTC
Re: CCCCGTCTCTGTATTCAACC

m C/EBPf NM_009883 Fw: GCAAGAGCCGCGACCCG
Re: GGCTCGGGCAGCTGCTT

m C/EBPS NM_007679 Fw: ACGACGAGAGCGCCATC
Re: TCGCCGTCGCCCCAGTC

m 36B4 BC011291 Fw: TGTGTGTCTGCAGATCGGGTAC

Re: CTTTGGCGGGATTAGTCGAAG
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MS analyses were performed using a Quattro Premier XE
(Waters, MA, USA) with an ESI interface and an ACQUITY
UPLC (Waters). The data obtained were processed using
Masslynx version 4.1 software. The mass spectrometer
source was maintained at 130°C and a desolvation
temperature of 400°C with a drying gas (nitrogen) at a flow
rate of 800 L/h and a cone gas at a flow rate of 50 L/h. The
cone energy was set at 40V. The MS scan mode was
used for LC/MS. The daughter scan mode was used for
MS/MS, and the product ion spectra at 415.6 were collected.
The collision energy was set at 20V with the collision gas
argon flow rate at 0.15mL/min.

2.7 Cell-based assays

Differentiation of 3T3-L1 preadipocytes (American Type
Culture Collection, Manassas, VA, USA) was performed as
previously described [27, 28]. These cells were treated with
diosgenin throughout the differentiation period. Triglycer-
ide accumulation was measured by Oil Red O staining.
Eight days after differentiation induction, the cells were
rinsed with PBS and fixed with 10% formalin in PBS for 1 h.
After washing twice with PBS, the cells were stained with
Oil Red O for 1h. Then, the cells were washed twice with
water, and photographed. Stained oil droplets were extracted
with isopropyl alcohol and the absorbance was measured at
490nm. Activities of glycerol-3-phosphate dehydrogenase
were measured as previously described [27]. The culture
supernatants from the 3T3-L1 cells were obtained at day 6 or
day 8, as previously described [29, 30]. Adiponectin and
MCP-1 levels were determined using a mouse adiponectin
ELISA development kit (R&D systems, MN, USA) and a
READY-SET-GO! Mouse MCP-1 ELISA kit (eBioscience,
CA, USA), respectively, in accordance with the manu-
facturer’s instructions. To examine mRNA expression of
CCAAT /enhancer-binding protein (C/EBP), total RNA was
prepared using 3T3-L1 cells treated with/without diosgenin
at1, 3, 6,12, and 24 h after the differentiation induction. We
performed cell viability assay using CellTiter 96 Aqueous
One Solution Cell Proliferation Assay (Promega, WC, USA).

2.8 Glucose uptake using 3T3-L1

Measurement of glucose uptake into 3T3-L1 cells was
performed as previously described [31]. Briefly, 6 days after
differentiation induction, 3T3-L1 cells were incubated in
serum-free DMEM for 5h. After washing with HKR buffer
(containing 140 mM NaCl, 5mM KCl, 1mM CaCl,, 2.5 mM
MgSOy4, and 20mM HEPES; pH 7.4), the cells were incu-
bated with 0.5-mL HKR buffer containing 1% BSA at 37°C
for 20min in the presence or absence of 5pug/mL insulin.
[*H]-2-Deoxyglucose (American Radiolabeled Chemicals,
MO, USA) was added at a final concentration of 0.1 mM,
followed by incubation for 10 min. The cells were washed
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with cold PBS and solubilized in 0.1 N NaOH. The radio-
activity of a 200 uL aliquot was determined in a scintillation
counter (LS6500, Beckman Coulter, CA, USA). Glucose
uptake was expressed as the degree of increase compared
with control (0pM diosgenin in the presence of insulin),
normalized to protein concentration.

2.9 Statistical analysis

The data are presented as mean + SEM. Differences between
two groups were assessed using unpaired t-test. Data
involving more than two groups were assessed by one-way
ANOVA and Dunnet’s multiple comparison tests. Differ-
ences were considered significant at p<0.05.

3 Results

3.1 Fenugreek improves insulin resistance in KK-Ay
mice

To examine the effects of fenugreek on the development of
insulin resistance, we fed obese diabetic model mice,
KK-Ay, with HFD supplemented with 0.5 or 2.0% fenugreek
for 4wk. Energy intake during the feeding period in
each group was almost the same (control, 20.5+0.26;
0.5% fenugreek, 20.6+0.23; 2% fenugreek, 20.240.23
kcal/day). Weekly weights of the three experimental groups
showed no difference (Supporting Information Fig. 1). At
the end of this experiment, fenugreek affected neither the
body weight (control, 39.6+0.56; 0.5% fenugreek,
39.9+0.50; 2% fenugreek, 38.8+1.13g) nor total WAT
weight (epididymal, mesenteric, retroperitoneal, and renal
adipose tissues) of KK-Ay mice fed HFD (control,
7.924+0.43; 0.5% fenugreek, 8.64+0.32; 2% fenugreek
7.77 £0.35 g/100 g BW). Fasting plasma glucose and insulin
levels were lower in the 2% fenugreek-fed mice than in the
control mice (Table 2). OGTT showed significant decrease
in plasma glucose levels in the 2% fenugreek-fed mice
compared with that in the control mice at 15 and 60 min
after oral glucose injection (Fig. 1A). Plasma insulin
levels during OGTT were lower in the 2% fenugreek-fed
mice compared with that in the control mice (Fig. 1B).
These data suggest that fenugreek improves glucose meta-
bolic disorder by enhancing insulin sensitivity in KK-Ay
mice fed HFD.

3.2 Fenugreek promotes adipocyte differentiation
and inhibits obesity-related inflammation in
WAT in KK-Ay mice

We next investigated the morphological change in epididy-
mal WAT by histochemical analysis. The increase in

adipocyte size induced by HFD was less pronounced in the
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Table 2. Effect of fenugreek on plasma parameters in KK-Ay mice

Mol. Nutr. Food Res. 2010, 54, 1596-1608

Control 0.5% Fenugreek 2% Fenugreek
Plasma glucose (mg/dL) 386.5+49.1 310.4+80.7 226.9+27.6*
Plasma insulin (ng/dL) 7.22+1.48 6.59+0.78 2.92+1.03*

Each value represents the mean+SEM (n=5). *p<0.05 compared with control, as analyzed by one-way ANOVA and Dunnet’s multiple

comparison tests.
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Figure 1. Effects of fenugreek on glucose tolerance in KK-Ay
mice-fed HFD. We measured plasma glucose (A) and plasma
insulin (B) levels during an OGTT in KK-Ay mice fed 0.5 or 2%
fenugreek. Blood samples were collected from the tail tip at 15,
30, 60, and 120 min. e, control; [J, 0.5% fenugreek; A, 2% fenu-
greek. Each bar represents the mean+SEM (n=5). *p<0.05
compared with control, as analyzed by unpaired t-test.

2% fenugreek-fed mice than in the control mice (Figs. 2A
and B). To clarify the mechanism by which fenugreek
miniaturized WAT, we examined the effect of fenugreek on
the mRNA expression levels of adipocyte-differentiation-
related genes including peroxisome-proliferator-activated
receptor-y (PPARy) and its target genes in WAT. The mRNA
expression levels of PPARy and its target genes (adipocyte
fatty acid-binding protein, aP2; lipoprotein lipase, LPL; and
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glucose transporter 4, Glut4) in WAT were significantly higher
in the 2% fenugreek-fed mice than in the control mice
(Figs. 2C and D).

We next examined the effect of fenugreek on obesity-
related inflammation in WAT. Fenugreek reduced the
macrophage infiltration into WAT (Fig. 2E), and the mRNA
expression level of F4/80 in WAT was also significantly
lower in the 2% fenugreek-fed mice than in the control mice
(Fig. 2F). The mRNA expression levels of MCP-1 and TNF-o
in the epididymal WAT of the 2% fenugreek-fed
mice tended to be lower than those in the epididymal WAT
of the control mice, whereas that of adiponectin was signif-
icantly higher in the 2% fenugreek-fed mice than
in the control mice (Fig. 2G). These results suggest that
fenugreek  miniaturizes adipocytes by  promoting
adipocyte differentiation and inhibits chronic inflam-
mation in WAT in KK-Ay mice under HFD-fed
conditions.

3.3 Effect of saponin fraction from fenugreek on
adipocyte differentiation in 3T3-L1 cells

To elucidate the mechanism by which fenugreek
promotes adipocyte differentiation, we determined the effect
of fenugreek on adipocyte differentiation in 3T3-L1 cells.
Fenugreek contains various alkaloids, flavonoids, and
saponins. Of these, the saponin content is higher than those
of the other two substances. It has been demonstrated that
some saponin components have hypoglycemic -effects
[32, 33]. Therefore, we investigated the effect of the saponin
fraction from fenugreek on adipocyte differentiation in 3T3-
L1 cells. 3T3-L1 cells were treated with the saponin fraction
for 48 h after differentiation induction, followed by incuba-
tion for 8 days. The saponin fraction had no effect on the
adipocyte differentiation in 3T3-L1 cells (data not shown).
Next, the saponin fraction was hydrolyzed with acid, and
3T3-L1 cells were treated with the hydrolyzed saponin for
48h after differentiation induction, followed by incubation
for 8 days. The hydrolyzed saponin promoted lipid accu-
mulation in 3T3-L1 cells, as shown by Oil Red O
staining (Fig. 3A). To identify the active compound, the
hydrolyzed saponin was fractionated into six fractions by
RP-HPLC (Fig. 3B). 3T3-L1 cells were treated with
the fractionated hydrolyzed saponin for 48h after the
induction of differentiation. Fraction nos. 4 and 5
promoted lipid accumulation in 3T3-L1 cells (Fig. 3B).
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These results suggest that fraction nos. 4 and 5 of the
fractionated hydrolyzed saponin stimulate the adipocyte
differentiation of 3T3-L1 cells.

3.4 Identification of active substance in fenugreek

We identified the active substance in fraction no. 4, because
its amount in fenugreek is more than that of fraction no. 5.
To identify the active substance in fraction no. 4, we purified
the fraction further to obtain a single peak by RP-HPLC and
analyzed it by LC/MS. In the positive ESI mode, a proto-
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analyzed by unpaired t-test.

nated ion at m/z 415M+H]" was detected. This finding
suggests that the active substance was diosgenin, which is a
major aglycon of fenugreek saponin [34], and whose mole-
cular weight is 414. When analyzed by LC/MS/MS, the
active substance yielded exactly the same product ions as
those of authentic diosgenin (Fig. 4A). The identity of the
active substance was further confirmed by 'H-NMR and
13C-NMR analyses (data not shown). The chemical structure
of diosgenin is shown in Fig. 4B. 3T3-L1 cells were treated
with diosgenin for 48h after differentiation induction.
Diosgenin promoted lipid accumulation in 3T3-L1 cells, as
well as fraction no. 4 (Fig. 4C). These results suggest that
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diosgenin is the active compound in fenugreek, which
causes adipocyte differentiation.

3.5 Diosgenin enhances glucose uptake by
promoting adipocyte differentiation and
affecting the expression of inflammation-related
factors in 3T3-L1 cells

Next, we investigated the details of the effect on adipocyte
differentiation. 3T3-L1 cells were treated with diosgenin
throughout the differentiation period. Oil Red O staining
showed that diosgenin promotes lipid accumulation in 3T3-
L1 cells in a dose-dependent manner (Fig. 5A) and glycerol-
3-phosphate dehydrogenase activity (Supporting Informa-
tion Fig. 2). None of the tested concentrations of diosgenin
affected the viability of 3T3-L1 cells (relative cell viability:
OuM diosgenin, 100.0+3.08; 1puM, 103.1+2.42; 5uM,
99.04+2.73; 10puM, 99.1+2.49%). Under the same condi-
tions, diosgenin significantly increased the mRNA expres-
sion levels of PPARy and its target genes (aP2, LPL, and
Glut4) in a dose-dependent manner (Figs. 5B-E). Moreover,
the diosgenin treatment throughout the differentiation
period decreased both the mRNA expression level and
protein secretion of MCP-1 (Figs. 6A-C), and increased
those of adiponectin (Figs. 6B-D) in a dose-dependent
manner. These data suggest that diosgenin promotes
adipocyte differentiation in 3T3-L1 cells.
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*%

Fraction No.

Figure 3. Effects of saponin fraction of fenugreek on
triglyceride synthesis in 3T3-L1 cells. (A, C) 3T3-L1 cells
were differentiated into adipocytes in the presence or
absence of hydrolyzed saponin (A) or fractionated hydro-
lyzed saponin (C) for 48h after the induction of differ-
entiation. The following experiments were performed 8
days after the induction of differentiation. Differentiated
adipocytes were stained with Oil Red O and photographed.
The quantity of Oil Red O was determined by measuring
the absorbance at 490 nm. (B) Fractionation of hydrolyzed
saponin by HPLC. Each bar represents the mean+SEM
(n=4). ™p<0.01 versus control (0pM fraction), as
analyzed by one-way ANOVA and Dunnet's multiple
comparison test.

Finally, we investigated the effect of diosgenin on the
insulin-dependent enhancement of glucose uptake into
differentiated 3T3-L1 cells. The glucose uptake into differ-
entiated 3T3-L1 cells (day 10) tended to be higher in dios-
genin-treated groups in the absence of insulin than in no
diosgenin-treated groups in the absence of insulin, but the
difference was not significant. The glucose uptake into
control cells (no diosgenin treatment) was increased to 1.25-
fold by insulin stimulation, whereas in the 5 and 10puM
diosgenin-treated cells, the glucose uptake was increased to
approximately two- and fourfold (versus basal OuM dios-
genin), respectively (Fig. 7). These results indicate that
diosgenin promotes the insulin-dependent glucose uptake
into differentiated 3T3-L1 cells.

3.6 Diosgenin promotes adipocyte differentiation by
increasing C/EBP mRNA expression

To elucidate the mechanism, by which diosgenin promotes
adipocyte differentiation, we determined the effect of dios-
genin on mRNA expression levels of C/EBPs at the early
phase of adipocyte differentiation, which play a crucial role
in the adipocyte differentiation. Diosgenin significantly
increased mRNA expression level of C/EBPJ (Fig. 8A) at 1h
after the induction of adipocyte differentiation, but not that
of C/EBPf (Fig. 8B). These results indicate that diosgenin
increases the mRNA expression of C/EBPJ at the early
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Figure 4. Identification of active substance in saponin fraction.
(A) LC-MS/MS trace obtained by direct infusion of (A) purified
fraction no. 4 (purified diosgenin) and authentic diosgenin
(commercial standard). (B) Structure of diosgenin. (C) 3T3-L1
cells were differentiated into adipocytes in the presence or
absence of diosgenin for 48 h after the induction of differentia-
tion. Differentiated adipocytes were stained with Oil Red O and
photographed. The quantity of Oil Red O was determined by
measuring the absorbance at 490 nm. Each bar represents the
mean+SEM (n=4). **p<0.01 versus control, as analyzed by
one-way ANOVA and Dunnet’s multiple comparison test.
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phase of adipocyte differentiation, suggesting that the
increase of the C/EBPJ expression level results in the
promoting effect of diosgenin on adipocyte differentiation.

4 Discussion

We showed here that fenugreek ameliorated hyperglycemia
and hyperinsulinemia accompanied by HFD-induced
obesity in KK-Ay mice. Moreover, OGTT showed that
fenugreek improved glucose intolerance. This is consistent
with previous reports, in which fenugreek or its extracts
have similar effects under different experimental conditions
[18-20]. However, the detailed mechanism was unclear. In
this study, we showed that fenugreek miniaturized the size
of adipocytes under HFD-fed conditions. In addition, fenu-
greek enhanced the mRNA expression levels of PPARy and
its target genes, which are involved in adipocyte differ-
entiation, in WAT. It has been reported that an increase in
the number of small adipocytes can improve insulin resis-
tance, whereas adipocyte hypertrophy causes insulin resis-
tance [3, 35] and that the mRNA expression levels of such
adipocyte-differentiation-related genes are decreased in large
adipocytes of obese individuals [36]. Thiazolidinediones
show antidiabetic effects by promoting adipocyte differ-
entiation through the increase in the number of small
adipocytes [3, 35]. Thus, these results suggest that fenugreek
improves glucose intolerance by increasing the number of
small adipocytes in WAT and that the increase in small
adipocyte number is due to the promotion of adipocyte
differentiation, similar to the effect of thiazolidinediones.
Several reports have also demonstrated the effect of fenu-
greek seeds on adipocytes [37-39]. In the reports, aqueous
extract of fenugreek seeds is used, in which no saponin is
contained. In addition, the extract is administrated by
intraperitoneal injections. Thus, our findings indicate
another aspect of fenugreek as dietary components. More-
over, we found that fenugreek enhanced the mRNA
expression of Glut4 in WAT. The enhancement may partly
contribute to the improvement of insulin resistance,
because both the translocation of GLUT4 to the plasma
membrane and the Glut4 mRNA expression decrease in
obese WAT [40-42]. Therefore, the enhancement of Glut4
expression in WAT may contribute to the improvement of
insulin resistance and diabetic conditions by the fenugreek
treatment.

To determine the compound responsible for the effects of
fenugreek on the in vivo promotion of adipocyte differ-
entiation, we fractionized the fenugreek used in this study.
It has been demonstrated that some saponin components
have a hypoglycemic effect [32, 33]. Therefore, first, we
investigated the effect of the saponin fraction in fenugreek
on adipocyte differentiation in 3T3-L1 cells, but no effect
was observed. It was assumed that saponin is hydrolyzed
into aglycon, and that the hydrolyzed aglycon is absorbed
in the intestine. Therefore, aglycon, not intact saponin
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(glycosides), must be the active component that induces
various effects in vivo. Given this assumption, we hydrolyzed
the saponin fraction and added the hydrolyzed fraction to
the medium of 3T3-L1 cells. Indeed, the hydrolyzed saponin
fraction promoted adipocyte differentiation, and experi-
ments using additional fractionized samples revealed that
the most effective sample was found to contain diosgenin.
This bioactive compound is a major aglycon of saponin in
fenugreek [34, 43] and has been found to have various
effects [44, 45]. We found no other fraction of our saponin
extract showing the promoting effects on adipocyte differ-
entiation. Therefore, we concluded that diosgenin is the
compound in fenugreek responsible for the antidiabetic
effects observed in this study, although we cannot comple-
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Figure 5. Effects of diosgenin on
adipocyte differentiation. (A) 3T3-L1
cells were treated with diosgenin
throughout the differentiation. The
following experiments were performed
at 6-8 days after the induction of
differentiation. Differentiated adipo-
cytes were stained with Oil Red O and
photographed. The quantity of Oil Red
O was determined by measuring the
absorbance at 490nm. Amounts of
mRNAs of aP2 (B), LPL (C), Glut4 (D),
and PPARy (E) in differentiated 3T3-L1
cells treated with diosgenin throughout
the differentiation period. The amounts
of mRNAs were quantified as described
in the caption of Fig. 2. Each bar
represents the mean+SEM (n=4).
*p<0.05; **p<0.01 versus OuM dios-
genin, as analyzed by one-way ANOVA
and Dunnet’s multiple comparison test.

diosgenin (uM)

tely exclude the possibility that other saponin(s) and/or
compounds other than saponins are also responsible.

We showed that diosgenin enhanced the mRNA expres-
sion levels of PPARy and its target genes in 3T3-L1 cells.
The treatment with diosgenin induced the mRNA expres-
sions of aP2, LPL, and Glut4, which are both adipocyte
differentiation markers and PPARy target genes. These
results indicate that diosgenin promotes adipocyte differ-
entiation. This is confirmed by the fact that diosgenin
enhanced insulin-dependent glucose uptake and intracel-
lular lipid accumulation in 3T3-L1 cells. A similar induction
of differentiation marker genes was observed in the fenu-
greek-treated mice, as described earlier. Moreover, a
stimulatory effect on adipocyte differentiation causes the
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Figure 6. Effects of diosgenin on
inflammation-related factors in 3T3-
L1 cells. Cell culture was performed
as described in the caption of Fig. 3.
Protein secretion was measured
using aliquots collected from differ-
entiated 3T3-L1 cell culture media

6-8 days after the induction of
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Figure 7. Effects of diosgenin on glucose uptake in 3T3-L1 cells.
Cell culture was performed as described in the caption of Fig. 3.
[®H]-2-Deoxyglucose uptake was assessed 10 days after the
induction of differentiation in the absence (A) or presence (B) of
insulin. Glucose uptake was expressed as the degree of increase
compared with basal control (basal 0puM diosgenin). Each bar
represents the mean+SEM (n=4). *p<0.05; **p<0.01, as
analyzed by unpaired t-test.

enhancement of insulin-dependent glucose uptake. Thus, it
is suggested that diosgenin (and fenugreek containing
diosgenin) could contribute to the improvement of systemic
insulin resistance by promoting adipocyte differentiation.
Kato et al. have demonstrated that the diosgenin treatment

© 2010 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

diosgenin (LM)

differentiation. Amounts of mRNAs
of MCP-1 (A) and adiponectin (B) in
3T3-L1 cells. The amounts of mRNAs
were quantified as described in Fig.
2 legend. MCP-1 (C) and adiponectin
(D) secretion from 3T3-L1 cells. Each
bar represents the mean+SEM
(n=4). *p<0.05; **p<0.01 versus
0pM diosgenin, as analyzed by one-
way ANOVA and Dunnet’'s multiple
comparison test.

shows no hypoglycemic effect [46]. However, they examined
only the short-term effect of diosgenin (4h after the dios-
genin administration). On the other hand, we anticipated
the long-term effect (4wk with the diosgenin treatment).
Therefore, our findings demonstrated that the long-term
treatment shows the hypoglycemic effect. In general, the
PPARy ligand enhances the mRNA expression levels of
PPARy target genes and promotes the differentiation of
adipocytes [47-49]. However, diosgenin did not enhance the
transactivation of PPARY in a luciferase reporter assay using
CV-1 cells (data not shown). On the other hand, diosgenin
increased the mRNA expression of C/EBPS at the early
phase of adipocyte differentiation. The increase in the
C/EBPJ expression at the early phase promotes subsequent
adipocyte differentiation processes [50, 51]. Therefore, it is
suggested that diosgenin promotes adipocyte differentiation
by enhancing the mRNA expression of C/EBPJ at the early
phase of adipocyte differentiation. However, further studies
are required to verify the complete mechanism of the
stimulatory effect of diosgenin on adipocyte differentiation.

In this study, in addition to promotion of adipocyte
differentiation, it is shown that fenugreek treatment
suppressed the mRNA expression of an activated macro-
phage-derived proinflammatory factor, TNF-z, which
promotes inflammatory processes and induces insulin
resistance. Moreover, the fenugreek treatment decreased the
number of F4/80-expressing macrophages and the mRNA
expression levels of F4/80 in WAT. We previously reported
that diosgenin suppresses the inflammatory changes asso-
ciated with the interaction of adipocytes and macrophages,
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Figure 8. Effects of diosgenin on expression of C/EBPf and § at
earlier adiopcyte differentiation in 3T3-L1 cells. 3T3-L1 cells were
differentiated into adipocytes in the presence or absence of
10 uM diosgenin for 1, 3, 6, 12, or 24 h after the differentiation
induction. Amounts of mRNAs of C/EBPS (A) and C/EBPJ (B) in
3T3-L1 cells. The amounts of mRNAs were quantified as
described in the caption of Fig. 2. Each bar represents the
mean+SEM (n=4). **p<0.01 versus OuM diosgenin, as
analyzed by unpaired t-test.

using a coculture system of macrophages and adipocytes
[52]. Therefore, these results indicate that the fenugreek
treatment suppresses chronic inflammation of WAT by the
antiinflammatory effect of diosgenin, suggesting that
the hypoglycemic effects of fenugreek are partly caused by
the inhibition of chronic inflammation by suppressing the
infiltration and activation of macrophages in WAT. In
addition to the effects on macrophages, we showed that the
fenugreek treatment significantly decreased the mRNA
expression level of MCP-1 and increased that of adiponectin
in adipocytes. The inhibition of MCP-1 expression by
fenugreek results in the suppression of macrophage infil-
tration. The stimulatory effect on adiponectin expression
suppresses macrophage activation that induces chronic
inflammation in WAT. Therefore, fenugreek and diosgenin
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affect inflammation in not only macrophages but also
adipocytes. It is suggested that the antiinflammatory effects
of fenugreek and diosgenin contribute to the improvement
of insulin resistance, in addition to promoting adipocyte
differentiation.

In conclusion, we found that fenugreek ameliorated
hyperglycemia and insulin resistance by promoting adipo-
cyte differentiation and inhibiting chronic inflammation in
WAT in diabetic obese mice. In addition, in vitro experi-
ments using 3T3-L1 adipocytes showed that diosgenin,
which is a major aglycon of saponin in fenugreek, promoted
3T3-L1 adipocyte differentiation to enhance insulin-depen-
dent glucose uptake, as fenugreek does in vivo, indicating
that diosgenin is the active compound in fenugreek. These
findings indicate that fenugreek directly affects WAT and
improves abnormalities of glucose metabolism in WAT in
diabetic obese mice. In addition to the effects on the
improvement of insulin resistance, we and others have
reported that fenugreek and/or diosgenin also improve
dyslipidemia in obesity-related diabetes [44, 53, 54].
Therefore, fenugreek containing the diosgenin is useful

as a food factor for not only the control of obesity-related
insulin resistance, but also the treatment of metabolic
syndrome.
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