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Abstract

Bioactive components from bitter melon (BM) have been reported to improve glucose metabolism in vivo, but definitive studies on efficacy and mechanism
of action are lacking. We sought to investigate the effects of BM bioactives on body weight, muscle lipid content and insulin signaling in mice fed a high-fat diet
and on insulin signaling in L6 myotubes. Male C57BL/6J mice were randomly divided into low-fat diet control (LFD), high-fat diet (HFD) and HFD plus BM (BM)
groups. Body weight, body composition, plasma glucose, leptin, insulin and muscle lipid profile were determined over 12 weeks. Insulin signaling was
determined in the mouse muscle taken at end of study and in L6 myotubes exposed to the extract. Body weight, plasma glucose, insulin, leptin levels and HOMA-
IR values were significantly lower in the BM-fed HFD group when compared to the HFD group. BM supplementation significantly increased IRS-2, IR β, PI 3K and
GLUT4 protein abundance in skeletal muscle, as well as phosphorylation of IRS-1, Akt1 and Akt2 when compared with HFD (Pb.05 and Pb.01). BM also
significantly reduced muscle lipid content in the HFD mice. BM extract greatly increased glucose uptake and enhanced insulin signaling in L6 myotubes. This
study shows that BM bioactives reduced body weight, improved glucose metabolism and enhanced skeletal muscle insulin signaling. A contributing mechanism
to the enhanced insulin signaling may be associated with the reduction in skeletal muscle lipid content. Nutritional supplementation with this extract, if
validated for human studies, may offer an adjunctive therapy for diabetes.
© 2011 Elsevier Inc. All rights reserved.
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1. Introduction

Type 2 diabetes, a leading cause of death in the United States, has
reached epidemic proportions in the US and worldwide (N18 million
Abbreviations: IPGTT, intraperitoneal glucose tolerance test; IRS-1, insulin
receptor substrate 1; GLUT4, glucose transporter 4.
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and 160million individuals, respectively), and is projected to increase
dramatically [1]. Furthermore, the prevalence of insulin resistance, a
major pathophysiologic parameter contributing to development of
type 2 diabetes and an independent risk factor for cardiovascular
disease and the metabolic syndrome, is even more widespread [2,3].
Thus, the prevention and treatment of diabetes and obesity present
major challenges to the health care system over the coming decades.

As an alternative therapy for diabetes, bitter melon (BM)
(Momordica charantia) has been used historically in Asia, Africa and
Latin America, because of its reported hypoglycemic activity [4]. BM
has been proposed to contain bioactive components having anti-
diabetic properties such as charantin, vicine and polypeptide-p, as
well as other unspecific bioactive components including antioxidants.
The metabolic and hypoglycemic effects of BM extracts have been
demonstrated in cell culture, animal and human studies [5,6].
Recently, a study observed that BM extract was effective in
ameliorating fructose diet-induced hyperglycemia, hyperleptinemia,
hyperinsulinemia and hypertriglyceridemia as well as in decreasing
the levels of free fatty acid in preclinical studies. The mechanism was
proposed to be secondary to significantly increasing the expression of
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peroxisome proliferator-activated receptor gamma (PPAR γ) in white
adipose tissue (WAT), decreasing the expression of leptin inWAT and
increasing the mRNA expression and protein of glucose transporter 4
(GLUT4) in skeletal muscle [7]. BM extract was able to act on a natural
PPARγ signaling pathway in murine hepatoma cell line [8] and
increased both glucose uptake and amino acid uptake in L6 cells [9]. A
recent study reported that BM extract improved insulin sensitivity by
increasing skeletal muscle insulin-stimulated IRS-1 tyrosine phos-
phorylation in rats fed a high-fat diet [10] and increased hepatic IRS
and phosphonositide-3 kinase interactions [11]. However, the precise
mechanisms contributing to the in vivo actions of BM extract on
carbohydrate metabolism, whether via regulation of insulin release or
improvement in insulin signaling, remain unknown. Clearly, in-depth
studies that combine the clinical effect with mechanistic studies of
BM for treating diabetes are needed.

Insulin is the major hormone controlling critical energy functions
such as glucose and lipid metabolism. Insulin activates the insulin
receptor tyrosine kinase, which phosphorylates and recruits different
substrate adaptors including the IRS family of proteins. Tyrosine
phosphorylated IRS then displays binding sites for numerous
signaling partners. Among them, PI3K has a major role in insulin
function mainly via the activation of Akt/PKB. Insulin stimulates
glucose uptake in muscle and adipocytes via translocation of GLUT4
vesicles to the plasma membrane [12]. In addition, lipotoxicity
(increased tissue fat content) has been implicated in the development
of muscle insulin resistance and type 2 diabetesmellitus (T2DM) [13].
It was revealed that reduced adiposity in BM-fed rats is associated
with increased lipid oxidative enzyme activities and uncoupling
protein expression (UCP) [14].

Thus, based on the proposed in vivo effects of BM, we hypothesize
that BM mediates an antidiabetic effect and improves glucose
metabolism by enhancing insulin sensitivity and altering lipid content
in muscle tissues. To test this hypothesis, we conducted a compre-
hensive study to evaluate mechanisms operative in vivo and in vitro.

2. Materials and methods

2.1. Materials

BM extract containing the proposed bioactives (aquatic extracted powder) was
purchased from IdeaSphere, Inc. (American Fork, UT, USA) and was standardized to
contain N8.9%momordicosides A, F2, K and L. HPLC/LC-MS analysis was used to confirm
the presence of molecular masses corresponding to each of themomordicosides as well
as UV and MS chromatograms that were consistent with another commercially
obtained extract of BM. A high-fat diet containing 58% of energy from fat (D-12331)
and a low-fat diet containing 10% kcal from fat (D12250B) were purchased from
Research Diets, Inc. (New Brunswick, NJ, USA). [1,2-3H(N)] 2-Deoxy-D-glucose (2DG)
and [r32P]ATP were purchased from PerkinElmer Life Science (Boston, MA, USA). All
other reagents were from Sigma-Aldrich (St. Louis, MO, USA).

2.2. Animals

All animal experiments were performed according to a protocol approved by the
Institutional Animal Care and Use Committee of the Pennington Biomedical Research
Center. Twenty male C57BL/6J mice at age 5 weeks were ordered from Charles River
Laboratories, Inc. (Wilmington, MA, USA) and were randomly divided into low-fat diet
control (LFD as negative control, n=6), high-fat diet group (HFD as positive control,
n=7) and a BM extract-treated HFD group (BM, n=7). BM was administrated through
food intake by incorporating BM extract into the high-fat diet at 1.2% w/w, based on a
previous study [14]. Food intake (the difference of weight administered to the
treatment groups and leftover plus spillage) and body weight were recorded weekly.
Intraperitoneal glucose tolerance test (IPGTT) and intraperitoneal insulin tolerance test
(IIGTT) were performed at Week 10 and Week 11, respectively. Fasting (4 h) plasma
glucose, insulin and body composition were determined at Weeks 0, 6 and 12 of the
experimental period. Metabolic chamber experiments to assess energy expenditure
were performed at Week 8. At the end of the study, each group was divided into basal
and insulin-stimulated subgroups that were matched by body weight. The vastus
lateralis muscle was collected at basal condition (n=3, fasting overnight, ∼12 h) and
insulin-stimulated condition (n=3–4, at 10min post intraperitoneal injection of insulin
at a dose of 2 U/kg body weight). Plasma, skeletal muscle and other tissues were also
collected and quickly frozen in liquid nitrogen and stored at −80°C for later analysis.
2.3. Blood chemistry and hormone analysis

After 4 h of fasting, blood samples were collected from the orbital sinus in
unconscious mice after a few seconds of CO2 inhalation. Plasma glucose levels were
measured by a colorimetric hexokinase glucose assay (Sigma Diagnostics, St. Louis, MO,
USA). Plasma insulin level was determined by an ultrasensitive rat insulin enzyme-
linked immunosorbent assay (ELISA) kit from Crystal Chem (Downers Grove, IL, USA).
Homeostasis model assessment for determining insulin resistance (HOMA-IR) was
calculated using the following formula: HOMA=[I0 (μU/ml)×G0 (mmol/L)]/22.5 [15].
Plasma leptin was measured as described in our previous study [16].

2.4. Body composition measurement

Body composition for all animals was measured by nuclear magnetic resonance
(NMR-Bruker, Newark, DE, USA) [16]. Total fat mass (FM) and free fat mass (FFM)
were recorded.

2.5. Metabolic chamber (energy expenditure) study

At Week 8, the mice were placed into Oxymax System metabolic chambers
(Columbus Instruments International Corporation, Columbus, OH, USA) with ad libitum
access to water and the indicated diet for 7 days. Their locomotion, food and water
intake, O2 consumption and CO2 emission were automatically monitored. The
respiratory exchange rate (RER, also known as RQ) was calculated as VCO2/VO2.

2.6. Intraperitoneal glucose tolerance test and intraperitoneal insulin tolerance test

IPGTT and IPITT were performed at Week 10 and Week 11, respectively, as
described in a previous study [16]. Briefly, after overnight fasting, IPGTTwas performed
by IP injection of 2 g glucose/kg body weight using 20% glucose in 0.9% NaCL or after
4 h of fasting; IPITT was conducted by IP insulin injection of 0.75 U/kg body weight.
Blood glucose concentrations were measured from nicked tail vein at Time 0
(baseline), 15, 30, 60 and 120 min after glucose or insulin injections using the
Freestyle blood glucose monitoring system (Thera Sense, Phoenix, AZ, USA).

2.7. Western blot analysis

Muscle tissue lysates were prepared by dissection and homogenized in Buffer A [25
mM HEPES, pH 7.4, 1% Nonidet P-40 (NP-40), 137 mM NaCl, 1 mM PMSF, 10 μg/ml
aprotinin, 1 μg/ml pepstatin, 5 μg/ml leupeptin] using a PRO 200 homogenizer (PRO
Scientific, Oxford, CT, USA). The samples were centrifuged at 14,000×g for 20 min at
4°C, and protein concentrations of the supernatant were determined by the Bio-Rad
protein assay kit (Bio-Rad laboratories, Inc. Hercules, CA, USA). Supernatants (50 μg)
were resolved by SDS-PAGE and subjected to immunoblotting. The protein abundance
was detected with antibodies against IRS-1, IRS-2, anti-phospho-IRS-1(Tyr612), p85 of PI
3K, Akt1, Akt2, phosph-Akt1 (ser473) (Upstate, Lake Placid, NY, USA), phosph-Akt2(ser474)

(GenScript Co, Piscataway, NJ, USA) and β-actin using chemiluminescence reagent plus
from PerkinElmer Life Science (Boston, MA, USA), and quantified via a densitometer.
All the proteins were normalized by β-actin, and specific protein phosphorylation was
normalized by the corresponding protein shown in the legends.

2.8. PI 3 kinase activity assay

IRS-1-associated PI 3 kinase activities of the muscle at baseline (0 min) and 10 min
post insulin stimulation (2 U/kg body weight via intraperitoneally) were assessed as
previously described [17]. Briefly, 500 μg of muscle lysates was immunoprecipitated
with 3 μg of IRS-1 antibody and protein A agarose. IRS immune complexes were
incubated (10 min, 22°C) in 50 μl of 20 mM Tris/HCl (pH 7.0) buffer containing 50 μM
[-32P]ATP (5 μCi, Perkin Elmer, Boston, MA, USA), 10 mMMgCl2, 2 mMMnCl2, 100 mM
NaCl, 2 mM EDTA and 10 μg of phosphatidylinositol (PI). After thin layer
chromatography, radiolabeled phosphatidylinositol 3-phosphate was visualized by
autoradiography and quantitated by a densitometer (BioRad, Inc., Hercules, CA, USA).

2.9. Quantitation of muscle acyl carnitines

At 12 weeks, vastus lateralis muscle was collected from the mice, snap frozen and
muscle extracts prepared for analysis of fatty acyl carnitine by mass spectrometry at
the School of Veterinary Medicine of Louisiana State University as previously
described [18].

2.10. Cell culture and BM extract treatment

L6 muscle cells were cultured to myotubes as described by Hajduch et al. [19]. L6
cells were grown inαMEM containing 2% (v/v) FBS and 1% (v/v) antibiotic/antimycotic
solution (100 U/ml penicillin, 100 μg/ml streptomycin, 250 ng/ml amphotericin B) at
37°Cwith 5% CO2/95% oxygen. Fully differentiatedmyotubes were serum starved for 18
h in Dulbecco's Modified Eagle's Medium containing 0.2% bovine serum albumin prior
to experiments.
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2.11. 2-Deoxy-D-glucose uptake in muscle cells

L6 myotubes in 24-well plates were treated with or without various doses of BM
extract (1–10 μg/ml) overnight. After washing with PBS, cells were exposed to 0 or
100 nM insulin in Krebs-Ringer HEPES (KRH) buffer (50 mM HEPES, pH 7.4, 137 mM
NaCl, 4.8 mM KCl, 1.85 mM CaCl2 and 1.3 mM MgSO4) for 15 min followed by an
additional incubation period of 5 min with 2DG (100 μM, 0.5 μCi). The cells were
washed four times with ice-cold KRH buffer and lysed by adding 250 μl of 0.05N NaOH,
then transferred to vials with scintillation cocktail. The radioactivity in the cells was
measured by a liquid scintillation counter. Nonspecific uptake was measured using the
cells pretreated with 20 μM of cytochalasin B.

2.12. Statistical analysis

All data were expressed as mean±S.E.M. Comparisons of groups were done by
t test (two-sided) or ANOVA for experiments with more than two subgroups. P value
b.05 was considered significant.

3. Results

3.1. Effect of BM extract on body weight, food intake, energy expenditure
and body composition in mice

At baseline (Week 0), the body weights of the three groups of
animals were 20.8±0.98, 21.3±1.02 and 21.2±0.87 g, then increased
atWeek 12 to 27.1±1.1, 39.9±0.7 and 37.4±0.4 g in LFD, HFD and BM
groups, respectively (LFD vs. HFD, Pb.01; BM vs. HFD, Pb.05; Fig. 1A).
The food intake (normalized by body weight) was significantly higher
in both HFD and BM groups than in LFD control mice in the first
3 weeks, but was significantly lower in the BM group than in the HFD
group beginning at the first week on diets (Fig. 1B, Pb.01 and Pb.05).
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Fig. 1. Effects of BM extract on body weight and food intake inmice. Bodyweight and food intak
intake in all three groups of mice. Data are presented as mean±S.E.M. (n=6–7/group); ⁎Pb.05
After 4 weeks of feeding, there was no significant difference among all
three groups. Analysis of metabolic parameters demonstrated that the
RER was significantly lower in the HFD and the BM groups than in the
LFD control group, but there was no difference between the BM and
the HFD groups (Fig. 2A and B). The body composition results
demonstrated that the HFD feeding resulted in a significantly
increased FM accumulation (increase about twofold at Week 6 and
threefold at Week 12 in comparison with their baseline). The FM (%)
was slightly increased with time in the LFD mice. However, FFM (%)
was significantly lower in both the HFD and BMgroups than in the LFD
group (Pb.001, Fig. 2C). FFM (%) was slightly higher in the HFD group
than in the BM group, but was not felt to be significantly different.

3.2. BM extract improves glucose metabolism and decreases leptin
concentration in high-fat diet-fed mice

Fasting plasma glucose and insulin levels as well as HOMA-IR
values were significantly increased in the HFD group (Fig. 3A–C).
Animals randomized to the HFD and supplemented with BM (BM
group) were observed to have significantly lower glucose, insulin
and HOMA-IR compared to the HFD group. Furthermore, BM
improved glucose tolerance as measured by IPGTT (Fig. 3D).
Specifically, total areas under the glucose curve (GluAUC) were
calculated by the trapezoidal rule with IPGTT data and showed that
GluAUC was 866±32, 1181±56 and 998±49 mg/dl in LFD, HFD and
BM groups, respectively. The GluAUC was significantly higher in HFD
and BM groups than in the LFD group (Pb.001 and Pb.01), but was
significantly lower in the BM group when compared to the HFD
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group (Pb.01). IPITT data revealed that glucose disposal was the
highest in the LFD group among all groups after injection of insulin,
and BM extract treatment significantly improved insulin sensitivity
when comparedwith theHFD group (Fig. 3E). At 12weeks, the plasma
leptin concentrations in the HFD and BM groups were significantly
higher than in the LFD group (mean±S.E.M. was 8.93±0.6-fold and
7.12±0.36-fold of control, respectively, Pb.001), but leptin concen-
trationwas approximately 20% lower in the BM group than in the HFD
group (Pb.01, Fig. 3F).

3.3. Effect of HFD and BM extract on fatty acyl carnitine content in mice
muscle tissues

Fatty acyl carnitine profiles were assessed by tandem mass
spectrometry in muscle extracts from mice randomized to the LFD,
HFD and BM groups. HFD significantly increased both short/medium
chain acyl carnitine contents (C3, C4 and C12-OH) and long-chain acyl
carnitine contents (C14:2, C14-OH), but decreased C4-DC contents in
the muscle when compared with the LFD control. However, HFD
supplementation with BM modulated the HFD-induced lipid changes
in muscle by significantly reducing fatty acyl carnitine content
(Fig. 4A and B).

3.4. BM extract enhances insulin signaling in muscle tissues in the
HFD-fed mice

The data of insulin signaling pathway protein analysis demon-
strated that IRS-1, IRS-2, PI 3K and GLUT4 protein abundance were
significantly lower in HFD than in LFD (Pb.05 and Pb.001). BM
extract supplementation significantly increased IRS-1, IRS-2, PI 3K
and GLUT4 plus IR β protein abundance in comparison with the HFD
group (Fig. 5A). Insulin-stimulated phosphorylation of IRS1, Akt1
and Akt2 in muscle was significantly lower in the HFD group than in
the LFD, but basal phosphorylation of these proteins was not
different among the three groups. However, BM supplementation
significantly increased basal Akt2 phosphorylation as well as
insulin-stimulated phosphorylation of IRS-1, Akt1 and Akt2 when
compared with HFD animals (Pb.001, Pb.05 and Pb.01, respectively;
Fig. 5B). There were no differences in basal IRS-1 p and Akt 1 p as
well as in insulin-stimulated IRS-1 p, Akt 1 p and Akt 2 p between
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the LFD and BM groups except that basal Akt 2 p content was
significantly higher in BM than in LFD mice. The results of IRS-1-
associated PI-3 kinase (PI 3K) activity in muscle revealed that the
HFD did not significantly alter basal PI 3K activity, but significantly
reduced insulin-stimulated PI3K activation. Moreover, BM supple-
mentation significantly increased basal and insulin-stimulated PI 3K
activities by 1.4- and 2.2-fold in comparison with HFD (Pb.05 and
Pb.001, respectively; Fig. 5C).

3.5. Effect of BM extract on glucose uptake and insulin signaling in
cultured muscle cells

To test whether BM extract has a direct beneficial effect on
improving glucose metabolism and insulin signaling independent of
possible confounders, i.e., calorie intake, as would be present in the
animal study, we conducted in vitro experiments to measure 2DG
uptake and insulin signaling in L6 myotubes treated with various
doses of BM extract (indicated in the legends of figures). We
demonstrated that BM extract treatment dramatically increased
both basal and insulin-stimulated glucose uptake (Pb.05 and Pb.01,
respectively; Fig. 6A). BM also substantially increased IR β, IRS-2, PI
3K and GLUT 4 protein abundance in L6 cells at a BM dose of over
2.5 μg/ml (Fig. 6B). Furthermore, BM extract not only significantly
increased basal Akt 1 p abundance at a dose of over 5 μg/ml, but
also enhanced insulin-stimulated phosphorylation of IRS-1 and Akt1
in a dose-dependent manner (Fig. 6C).

4. Discussion

In this study, we report on the effects of bioactives from BMextract
to favorably enhance glucose metabolism and insulin signaling in
skeletal muscle tissues from mice fed a high-fat diet. Our results
demonstrate that bioactives in BM, when supplemented in a high-fat
diet, significantly increased insulin sensitivity in vivo as assessed by
HOMA index and IPITT. In addition, cellular insulin signaling in
skeletal muscle, such as increased IRS-1, IRS-2, IR β, PI 3K and GLUT4
protein abundance and elevated PI 3K activity, was enhanced by BM
as assessed in both in vivo and in vitro studies. Moreover, BM
supplementation significantly modulated muscle fatty acyl carnitine
content when compared with the HFD group. We also noted no



A Short/medium chain acyl carnitine in muscle tissues
*

25
LFD HFD BM

***

20
# *

15
***

10

5 ###

0A
cy

l c
ar

ni
ti

ne
 (

pm
ol

/m
g 

pr
ot

ei
n)

A
cy

l c
ar

ni
ti

ne
 (

pm
ol

/m
g 

pr
ot

ei
n)

##
##

0
C3 C4 C4-DC C6 C8:1 C12-OH

B
30

Long chain acyl carnitine in muscle tissues

25
LFD HFD BM

20

15

20

10

15
###

10

5

*** ###
##***

0
C14:2 C14:1 C14-OH C16 C18-OH

Fig. 4. Fatty acyl carnitine profiles were obtained by tandem mass spectrometry in muscle extracts from mice fed with low-fat diet (n=6, grey bars), high-fat diet (n=7, white bars)
and BM extract supplementation (n=7, black bars). The effect of HFD and BM on short/medium chain (Panel A) and long-chain fatty acyl carnitine (Panel B) was assessed by ANOVA as
described in Materials and Methods. For each acyl carnitine subtype, C3, acrylylcarnitine; C4, butyrylcarnitine/isobutyrylcarnitine; C4DC, succinyl carnitine; C6, 3-hydroxy-cis-5-
octenoyl carnitine; C8:1, octanoyl-L-carnitine; C12-DC, dodecenoyl-L-carnitine; C14-2, tetradecadienyl-L-carnitine; C14-OH, tetradecenoyl-L-carnitine; C16, hexadecanoyl-L-carnitine;
C18-OH, 3-hydroxysteraroylcarnitine. Mean±S.E.M.; ⁎Pb.05, and ⁎⁎⁎Pb.001, HFD or BM vs. LFD. #Pb.05 and ##Pb.01, BM vs. HFD.

1069Z.Q. Wang et al. / Journal of Nutritional Biochemistry 22 (2011) 1064–1073
differences in energy expenditure and body composition between the
BM and HFD animals. Consistent with prior reports in rats [14], we
observed that the significantly reduced body weight gain of BM mice
is not caused by lower energy intake.

Themain finding from this study lies in the effects of BM extract on
reducing plasma leptin and insulin concentrations as well as on
enhancing muscle insulin signaling in the high-fat diet-fed mice. We
observed that mice developed insulin and leptin resistance during
diet-induced obesity (DIO). Leptin behaves as a potent anorexic and
energy-enhancing hormone in most young or lean animals, but its
effects are diminished or lacking in the obese state associated with a
normal genetic background [20]. In DIO, hypothalamic and systemic
inflammatory factors trigger intracellular mechanisms that lead to
resistance to the main adipostatic hormones, leptin and insulin [21].
In vitro studies have demonstrated the inhibitory effect of leptin on
insulin signaling; Morrison et al. [22] recently reported that there is a
crosstalk between leptin and insulin signaling during the develop-
ment of DIO [20,21]. Further evidence has shown that leptin impairs
insulin signaling in rat adipocytes [23]. Interestingly, metformin, a
hypoglycemic drug, can restore leptin sensitivity in high fat-fed obese
rats with leptin resistance [24]. It is established that leptin increases PI
3K activity in liver, leading to lowered hepatic triglyceride levels in
lean rats, but not in obese animals on a high-fat diet [25]. Since PI 3K
couples leptin and insulin signaling pathways via IRS-1 and IRS-2, it
could be argued that a defective activation of PI 3K could be a novel
mechanism of peripheral leptin or insulin resistance [26]. Recently,
Nerurkar et al. reported that BM extract significantly reduced plasma
apolipoprotein B-100 and increased hepatic IRS-1 and PI 3K activity in
mice fed a high-fat diet [11]. Our findings support the concept that
defective PI 3K activity may also contribute to insulin resistance in
skeletal muscle in the HFD-induced obese animals. We demonstrated
that HFD results in insulin and leptin resistance in mice with
significantly reduced insulin-stimulated PI 3K activity in the muscle.
Consistent with the Sridhar et al. [10] study, we observed that BM
significantly increasedmuscle IRS-1 phosphorylation in themice fed a
HFD. Thus, our study suggests that bioactives in the BM extract were
able to attenuate the effect of a HFD on the insulin signaling pathway
with significant reduction of plasma insulin and leptin levels. BM-
mediated reductions in insulin and leptin may partially result from
decreasing body weight in mice fed a HFD. Emerging evidence
suggests that leptin resistance predisposes the animal to exacerbated
DIO and the elevated plasma concentration of leptin in obesity is
correlated with adipose tissue mass [20]. Furthermore, we demon-
strated that BM directly increases IRS, PI 3K and GLUT4 protein
expression in cultured muscle cells, an in vitro model and condition
for which clinical factors, i.e., calorie intake and body weight, would
not be confounding variables (Fig. 6B and C).

Akt1 and Akt2 are the key downstream intermediates within the
PI 3K pathway linked to insulin action on GLUT4 in adipocytes and
skeletal muscle [24]. Moreover, an Akt2 gene mutation leads to a
dominantly inherited syndrome of insulin-resistant diabetes and
partial lipodystrophy [27]. Interestingly, the isoforms of Akt, i.e., Akt1
and Akt2, are not functionally redundant. Mouse gene knockout
studies, as well as knockdown studies in 3T3L1 adipocytes using small
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interfering RNA, have shown that reducing only Akt1 does not alter
insulin sensitivity, whereas reducing Akt2 levels decreases insulin
sensitivity and reduces glucose disposal [27]. In addition, the
metabolic phenotype was more profound when both Akt1 and Akt2
protein levels were reduced [28,29]. Therefore, both Akt1 and Akt2
are required for insulin signaling. Direct interaction between PI 3K
and membrane vesicles leads to mobilization of GLUT4 glucose
transporters in response to insulin stimulation in adipose and muscle
cells [30].
Another major finding of our study is that BM may modulate lipid
content in skeletal muscle in HFD-fed mice. Evidence has been
accumulating that insulin resistance is accompanied bymitochondrial
dysfunction in skeletal muscle and liver, and that this could be the
proximal cause of impaired lipid oxidation and accumulation of
intramyocellular lipid [31–33]. It was believed that incomplete
muscle long-chain fatty acid (LCFA) β-oxidation increases the tissue
accumulation of acetyl-CoA and generates chain-shortened acyl
carnitine molecules implicated in insulin resistance, but molecular
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links between mitochondrial fat catabolism and insulin action remain
controversial [34,35]. To determine whether LCFA combustion is
associated with insulin resistance, Adams et al. [36] analyzed plasma
acyl carnitine profile in BMI- and age-matched overweight to obese
type 2 diabetic and non-diabetic African-American women and
demonstrated that inefficient tissue LCFA β-oxidation, due in part to
a relatively low tricarboxylic acid cycle capacity, increases tissue
accumulation of acetyl-CoA and generates chain-shortened acyl
carnitine molecules that activate proinflammatory pathways impli-
cated in insulin resistance. Thus, HFD compromised acylcarnitine
metabolism with increased skeletal muscle accumulation of acyl
carnitine esters and insulin resistance [36,37]. It was reported that
reduced acyl carnitine reversesmarked perturbation inmitochondrial
fuel metabolism including low rates of complete fatty acid oxidation,
elevated incomplete β-oxidation and impaired substrate switching
from fatty acid to pyruvate in the muscle of obese rats [38]. A recent
study showed that pioglitazone improved insulin resistance in T2DM
in association with mobilization of fat and toxic lipid metabolites out
of muscle [13]. Our study demonstrated that HFD significantly
increased fatty acyl carnitine content in skeletal muscle when
compared with the LFD mice, while BM supplementation substan-
tially attenuated high-fat diet-induced fatty acyl carnitine accumula-
tion in muscle. Thus, the modulation of lipid metabolism by BM in
muscle may be associated with the improved insulin action, but
clearly our data do not suggest cause and effect. Our data support a
model in which mitochondrial overload and incomplete fatty acid
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oxidation contribute to skeletal muscle insulin resistance [39].
Although there was no difference in energy expenditure between
HFD and BM groups, we confirmed that BM extract treatment
significantly increased fatty acid oxidation and decreased triglyceride
content in cultured muscle cells (data not shown) and a similar
finding of BM increasing lipid oxidative enzyme activities and UCP
expression was observed in a rat study [14]. Therefore, the reduction
of muscle lipids by BMmay play a role in enhancing insulin signaling.

It was previously reported that incubation of L6 myotubes with
different concentrations of BM extract resulted in time-dependent
increases in 2DG with maximal uptakes occurring at a concentration
of 5 μg/ml [40]. Consistent with this report, we observed a similar
optimal concentration of BM in increasing glucose uptake and insulin
signaling proteins in L6 myotubes. It was reported that BM extract
mimics insulin in its ability to exert a hypoglycemic effect and
stimulates amino acid uptake into skeletal muscle cells [9]. We also
demonstrated the effect of BM on insulin signaling with significantly
increasing basal phosphorylation of Akt1 and Akt2, and PI 3K activity
in mice muscle. In addition, BM not only significantly increased basal
glucose uptake, PI 3K and GLUT4 protein expression of L6myotubes in
a dose-dependent manner, but also significantly increased basal Akt 1
phosphorylation, beyond its insulin synergy. Therefore, our study
suggests that the effect of BM on improving glucose metabolism and
enhancing insulin signaling may mimic the action of insulin.
Nevertheless, the effect of BM on insulin signaling in cultured cells
may not precisely mirror the mechanism or response seen in vivo.
Clearly, the difference between the in vivo and in vitro studies may be
due to the variance of BM dosages or to its absorptive bioactive
components in the animals.

The limitation of the current study is that we are unable to
determine whether BM extract affects processes via actions in the
central nervous system or whether BM extract alters secretion of gut
hormones. Another limitation is that, at this time, we are not able to
specifically measure the proposed bioactives in plasma and there is
limited data currently on bioavailability and plasma appearance of
bioactives after ingestion.

5. Conclusion

Bitter melon extract significantly reduced body weight, improved
glucose metabolism and enhanced insulin signaling in mice fed with
HFD. In addition, BM modulated acylcarnitine patterns in muscle
observed with HFD feeding. As such, nutritional supplementation with
this extract, if validated in human studies, may provide an adjunctive
therapy for the treatment of obesity and diet-induced insulin resistance.
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