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Abstract: Gymnema inodorum (GI) is a leafy green vegetable found in the northern region of Thailand.
A GI leaf extract has been developed as a dietary supplement for metabolic diabetic control. However,
the active compounds in the GI leaf extract are relatively nonpolar. This study aimed to develop
phytosome formulations of the GI extract to improve the efficiencies of their phytonutrients in terms
of anti-inflammatory and anti-insulin-resistant activities in macrophages and adipocytes, respectively.
Our results showed that the phytosomes assisted the GI extract’s dispersion in an aqueous solu-
tion. The GI phytocompounds were assembled into a phospholipid bilayer membrane as spherical
nanoparticles about 160–180 nm in diameter. The structure of the phytosomes allowed phenolic acids,
flavonoids and triterpene derivatives to be embedded in the phospholipid membrane. The existence
of GI phytochemicals in phytosomes significantly changed the particle’s surface charge from neutral
to negative within the range of −35 mV to −45 mV. The phytosome delivery system significantly
exhibited the anti-inflammatory activity of the GI extract, indicated by the lower production of
nitric oxide from inflamed macrophages compared to the non-encapsulated extract. However, the
phospholipid component of phytosomes slightly interfered with the anti-insulin-resistant effects
of the GI extract by decreasing the glucose uptake activity and increasing the lipid degradation of
adipocytes. Altogether, the nano-phytosome is a potent carrier for transporting GI phytochemicals to
prevent an early stage of T2DM.

Keywords: Gymnema inodorum extract; phytosome; phytonutrient delivery; anti-inflammation;
anti-insulin resistance; macrophages; adipocytes

1. Introduction

About 90% of diabetes cases are type 2 diabetes mellitus (T2DM), and the incidence
of T2DM will continue to increase in the coming years [1]. The main cause of T2DM is
obesity, which results from an increase in energy intake and the accumulation of lipids in
adipocytes [2]. A high energy intake is related to an increase in pro-inflammatory cytokines
(e.g., TNF-α, IL-1β and IL-6) that are produced by the hypothalamus [3]. These cytokines
inhibit insulin signaling, resulting in dysfunction and insulin resistance in the adipocyte [4].
Insulin resistance further induces an increase in insulin release from a beta cell in order
to keep the blood sugar level within a normal range. Later, the beta cell deteriorates and
is unable to secrete insulin for maintaining glucose homeostasis. Finally, hyperglycemia
occurs in the long term, and T2DM then develops [5].
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Dark green and deep orange/yellow vegetables and non-starchy vegetables (NSVs)
are recommended for dietary consumption with respect to adiposity and metabolic health.
These vegetables contain micronutrients (e.g., vitamins, phenolic compounds, and carotenoids)
and fibers that have protective properties against diabetic and related-metabolic syn-
dromes [6,7]. Adequate vegetable consumption showed significant health-protective effects
in obese humans. Cook et al. [8] found that overweight Latino youth between the ages
of 8 and 18 years who consumed a greater quantity of vegetables showing a reduction
in liver fat and visceral adipose tissue and improvement in insulin sensitivity. Moreover,
Imai et al. [9] indicated that consuming vegetables before carbohydrates also helped slow
the postprandial blood glucose effect.

This study focuses on Gymnema inodorum (Lour.) Decne. It is one of the green leafy
vegetables that is normally used in northern Thai cuisine. G. inodorum (GI) leaves have also
been used as a folk medicine for diabetic treatments [10,11]. The GI leaf contains several
groups of phytochemicals, such as phenolic acids, flavonoids, triterpenoid compounds, and
pregnane glycosides [12–15]. GI phytonutrients can be extracted using water and alcoholic
macerations or related techniques [16,17]. The GI extract (GIE) can lower blood glucose
levels by preventing the intestinal absorption of glucose [16,18], reducing α-glucosidase and
α-amylase activities in the digestive system [14]. Moreover, GIE exhibits antioxidant [11,19],
anti-inflammatory [11] and insulin-mimetic activities [13,15]. However, the anti-diabetic
compounds in GIE are relatively nonpolar [12], resulting in difficulties during membrane
transport and a decrease in biological effects [20].

To date, encapsulation technology has been extensively used in the pharmaceutical
and food industries. The encapsulation of bioactive compounds in the form of micro-sized
and nanoscale colloidal particles depends on chemical ingredients and the methodology
used to fabricate them [21]. The particles can increase absorption efficiency, specificity and
the targeting ability of therapeutic agents [22,23]. In addition, therapeutic substances are
protected from early degradation [24], they can enhance bioavailability, and their presence
is prolonged in blood and cellular uptake [25]. When compared to a microparticle, a
nanoparticle’s size remains homogeneous and exhibits a size between 10 and 500 nm [26].
For oral administration, nanoparticles at sizes lower than 200 nm show direct diffusion via
the respiratory mucus layer [27] and intestinal mucosal sites [28].

The phytosome is one of the most powerful delivery systems for improving bioavail-
ability and the health benefits of common plant constituents. The term “phyto” means plant,
while “some” means cell-like [29]. The phytosome is a liposome-like structure made from
phospholipids constructing a bilayer membrane. The phytoconstituents can be embedded
in the membrane by forming H-bonds at the head group of phospholipids [30,31]. Many
phytonutrients can be enclosed in the phytosome, including Centella asiatica extract [32],
boswellic acids [33], quercetin [34], gymnemic acids [35], silymarin flavonolignans, cur-
cuminoid polyphenols, green tea flavan-3-ol catechins, and grape seed catechin [36]. The
phytosome can also be complexed into hyaluronic acid and gelling agents to increase the
targeting ability of particles [37,38]. The consumption of the phytosome containing such a
poorly absorbed phytoconstituent as a dietary supplement showed promising results and a
significant increase in the bioavailability and biofunctionality of phytoconstituents when
compared to the non-encapsulated phytosome [39,40].

This recent study aimed to study the effects of phytosome formulations containing
GIE on anti-inflammation in macrophages and insulin-mimetic activity in adipocytes. The
phytosomes were characterized in terms of size, surface charge and particle morphology.
The encapsulation and loading efficiencies of GIE in phytosomes were calculated relative to
the phytochemicals in the GIE before and after formulation. The phytochemicals included
total phenolic acids, total flavonoids, total triterpenoids and the amount of (3β,16β)-16,28-
dihydroxyolean-12-en-3-yl-O-β-D-glucopyranosyl-β-D-glucopyranosiduronic acid (GIA1).
Anti-inflammation in macrophages was monitored by a reduction in nitric oxide pro-
duction, while insulin resistance was measured by glucose uptake activity and lipolysis
in adipocytes.
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2. Materials and Methods
2.1. Materials

The leaves of Gymnema inodorum were collected from Fang District, Chiang Mai
Province, Thailand. The plant specimen (CMUB herbarium voucher 38430) was authenti-
cated and preserved at the Chiang Mai University Herbarium and Flora Database, Depart-
ment of Biology, Faculty of Science, Chiang Mai University. All the analytical grade chemi-
cals and solvents used in this study were purchased from Merck Ltd., Klongtoey, Thailand.

2.2. Preparation of G. inodorum Extract (GIE)

G. inodorum leaf samples were rinsed with clean water and dried in a hot-air oven at
70 ◦C for 24 h. The dry leaves were ground and soaked in 95% v/v ethanol with agitation.
The extracting solvent was changed every 24 h for five days. Next, the extract solution was
collected by filtration through a paper filter. After that, ethanol was removed with a rotary
evaporator at 45 ◦C. The solution was then freeze-dried to obtain the ethanolic extract.

2.3. Preparation of Phytosome Nanoparticles

Phytosome formulations were prepared with the thin-film hydration method. The
weight ratios of phosphatidylcholine (PC) and GIE were divided into three groups: (1) blank
phytosome (B-phyto) containing PC:GIE at 1:0; (2) GIE-phytosome 1 (GIE-phyto1) con-
taining PC:GIE at 1:1; and (3) GIE-phytosome 2 (GIE-phyto2) containing PC:GIE at 1:2.
Briefly, the total ingredients (77 mg) were mixed and dissolved in 10 mL of ethanol in a
round-bottomed flask. Next, the solvent was slowly removed with a rotary evaporator at
45 ◦C and 80 rpm under low pressure until a thin film was acquired. The thin film was
rehydrated with 10 mL of phosphate-buffered saline at pH 7.4. The suspensions of phyto-
somes were carried out with an Avanti® Mini-Extruder (Avanti Polar Lipid Inc., Alabaster,
AL, USA), which was equipped with a polycarbonate membrane (0.1 µm pore size). Stock
phytosome solutions (7.7 mg/mL) were kept at 4 ◦C for physicochemical characterizations
and biological activity studies. The stability test of the phytosomes was observed during
the experimental period (56 days).

2.4. Physicochemical Characterizations of Phytosomal Nanoparticles
2.4.1. Morphological Characterizations

Phytosome suspensions were diluted with 100× deionized water. Subsequently, each
solution sample (20 µL) was dropped on a silicon wafer and dried for 4 h in a desicca-
tor. Particle morphology was observed with Nano Search Microscopes LEXT OLS4500
(Olympus, Tokyo, Japan).

2.4.2. Analysis of Particle Size, Polydispersity Index (PDI) and Zeta Potential of
Phytosomal Nanoparticles

Phytosome samples were diluted 100 times with deionized water before measuring
the particle size, PDI and zeta potential with a Zetasizer (Nano ZS, Malvern Instruments
Ltd., Worcestershire, UK).

2.4.3. Encapsulation and Loading Efficiency of Nano-Phytosomes

The entrapment efficiency and the loading efficiency of GIE in phytosomes were
determined by an indirect method. Briefly, the suspensions of phytosomes were centrifuged
at 15,000 rpm at 4 ◦C for 1 h. The supernatant was collected and used to determine the total
contents of phenolic acids, flavonoids and GiA-1 ((3 β,1 6 β) -1 6,2 8 -dihydroxyolean-1 2
-en-3 -yl-O-β-D-glucopyranosyl-β-D182 glucopyranosiduronic acid). The isolation of GiA-1
was carried out using the protocol of Srinuanchai et al., 2021. The percentages of entrapment
efficiency (%EE) and loading efficiency (%LE) were calculated using Equations (1) and (2):

%EE =
(amount of P/F/G in total GIE nano − amount of P/F/G in free GIE)

initial amount of P/F/G in GIE
× 100 (1)
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%LE =
(amount of P/F/G in total GIE nano − amount of P/F/G in free GIE)

amount of P/F/G in GIE
× 100 (2)

where P denotes the total phenolic content, F denotes the total flavonoid content and G
denotes the amount of GiA-1.

2.4.4. Total Phenolic Contents

Briefly, 20 µL amounts of the samples were mixed with 100 µL of 10% (v/v) Folin–
Ciocalteu reagent and incubated in the dark at room temperature for 3 min. Next, 80 µL of
7.5% w/v sodium carbonate was added and the mixture was further incubated in the dark
for 30 min. The color intensity of the solutions was measured as the absorbance at 765 nm
using a spectrophotometer (VICTOR Nivo, PerkinElmer Inc., Shelton, CT, USA). Gallic
acid solutions (0–50 µg/mL) were used as a reference standard curve. The total phenolic
content (TPC) was presented as milligram gallic acid equivalents per one gram of extract
(mg GAE/g extract).

2.4.5. Total Flavonoid Contents

The sample solution (25 µL) was mixed with 125 µL of distilled water and 7.5 µL of 5%
w/v sodium nitrite at room temperature for 6 min. After that, 15 µL of 10% w/v aluminum
chloride was added and the mixture was further incubated for 6 min. Then, 50 µL of 1 M
sodium hydroxide and 27.5 µL of deionized water were added. The mixture was kept in the
dark for 15 min. The absorbance of the sample solutions was then measured at 415 nm with
a spectrophotometer. The calibration curve was prepared using a quercetin solution at con-
centrations of 0–25 µg/mL. The total flavonoid content (TFC) of the samples was measured
using the unit of mg quercetin equivalents per one gram of extract (mg QE/g extract).

2.4.6. High Performance Liquid Chromatography (HPLC)

The GiA-1 content in the samples was analyzed with HPLC using an Agilent LC1260
HPLC system (Agilent Technologies, Santa Clara, CA, USA) with a photodiode array
UV detector. The chromatographic separation was performed following the protocol of
Srinuanchai et al., 2021. Briefly, standard GiA-1 and sample solutions were prepared in
methanol and filtered through a 0.2 µm filter before injection into the HPLC system. A
mobile phase consisted of 1% formic acid in acetonitrile (A) and 1% formic acid in water
(B). The mobile phase was set at 0.6 mL/min with a gradient elution of A and B from
95%B:5%A (29 min) to 5%B:95%A (11 min) and further reverting to 95%B:5%A (10 min).
The total run time was 50 min. The injection volume was 20 µL.

2.5. Biological Activities
2.5.1. Sample Preparation

GIE and GiA-1 stock solutions (200 mg/mL) were prepared in 100% dimethyl sul-
foxide (DMSO) (Sigma-Aldrich, St. Louis, MO, USA). The stock solutions of GIE, GiA-1
and B-phyto were diluted with Dulbecco’s modified eagle medium (DMEM) to obtain
800 µg/mL working solutions. The stock solutions of GIE-phyto1 and GIE-phyto2 were
diluted with DMEM to obtain 1600 µg/mL and 2400 µg/mL working solutions, respec-
tively, which contained a GIE equivalent at 800 µg/mL. The working solutions were filtered
through a 0.2 µm diameter sterile syringe filter (Whatman, Buckinghamshire, UK). Different
concentrations of the samples were further prepared by two-fold dilutions in DMEM for
cytotoxicity and biological assays.

2.5.2. Cell Culture

A RAW 267.4 macrophage cell line was obtained from CLS, Eppel-heim, Germany.
The RAW macrophages were grown in an ultra-low attachment culture dish containing
high glucose Dulbecco’s modified Eagle medium (DMEM) with L-glutamine supplemented
with 10% Fetal Bovine Serum (FBS) and 1% antibiotic solution (penicillin and streptomycin)
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under 5% CO2 at 37 ◦C. In contrast, pre-adipocytes (3T3-L1 cell line) were cultured in
DMEM including 10% FBS and 1% antibiotics at 37 ◦C in 5% CO2. After 2 days, the pre-
adipocytes were differentiated to mature adipocytes by culturing in DMEM containing
0.5 mM 3-isobutyl-1-metylxanthine (IBMX), 1 mM dexamethasone, 167 µM insulin and
10% FBS for 72 h, followed by a DMEM solution containing insulin without IBMX and
dexamethasone for 72 h. The differentiation was completed by incubating the cells in
DMEM containing 10% FBS for 7–14 days.

2.5.3. Cytotoxicity Test

The cytotoxicity was determined using an SRB assay in 96-well plates. Macrophage
cells were seeded 2.5 × 104 cells/well and incubated for 24 h. The 3T3-L1 pre-adipocytes
were plated 3000 cells/well and differentiated to mature adipocytes. Then, the cells were
treated with 100 µL of various concentrations of GIE, GiA-1, B-phyto, GIE-phyto1 and
GIE-phyto2 samples at concentrations within the range of 25–800 µg/mL. Control cells in
each treatment were incubated with DMEM containing an equivalent amount of DMSO or
PBS. After 24 h of incubation, a 50% TCA solution was added for fixed cells at 4 ◦C for 1 h.
After that, cells were removed from the solution and washed with water. The cells were
air dried at room temperature overnight and stained with 0.057% SRB solution at room
temperature for 30 min. After that, the cells were washed with 1% acetic acid and dried
overnight. Finally, the cells were dissolved with 10 mM Tris-base pH 7.4. Optical density
(OD) was measured at 510 nm using a microplate reader. A percentage of cellular viability
can be calculated following Equation (3).

%Cell viability =
(OD of treatment − OD of blank)
(OD of control − OD of blank)

× 100 (3)

2.5.4. Anti-Inflammatory Activity

Anti-inflammatory activity was investigated using nitric oxide (NO) production from
inflamed RAW 264.7 macrophage cells. Cell inflammation was induced by lipopolysaccha-
ride (LPS). Briefly, macrophage cells were cultured in a 96-well plate at 2.5 × 104 cells/well
overnight. The cells were then co-treated with LPS (1 µg/mL) with or without a non-toxic
dose of samples for 24 h. DMSO at 0.1% was used as the vehicle control. The production of
NO (including nitrite and oxidized products of NO) in the cell culture medium was deter-
mined using a Griess reagent (1% sulfonamide and 0.1% N-(1-naphthyl) ethylenediamine
dihydrochloride in 2.5% H3PO4). A culture medium (100 µL) was added with 100 µL of
Griess reagent in a 96-well plate to develop color. Optical density (OD) was measured by
spectrophotometry at 540 nm. The amount of nitric oxide production was determined in
comparison with a sodium nitrite standard curve.

2.5.5. Anti-Insulin Resistance Assay

Glucose uptake assay: Mature adipocytes were divided into two groups. The nor-
mal control group was treated with 0.1% DMSO. LPS groups were incubated with LPS
(1 µg/mL) and 0.1% DMSO or with LPS and the samples at a non-toxic dose for 24 h. Upon
LPS incubation, insulin resistance in adipocytes was developed. In the first step, the cells
were washed twice with phosphate-buffered saline (PBS). The cells were incubated with an
incomplete DMEM at 37 ◦C for 3 h. After that, cells were washed with PBS, and 1 mg/mL of
BSA was further added (containing 80 µM 2-NBDG (2- [N-(7-nitrobenz-2-oxa-1, 3-diazol-4-
yl) amino]-2-deoxy-glucose) and 1 µM insulin). Later, the cells were continuously incubated
at 37 ◦C for 15 min. The fluorescent intensity of 2-NBDG was measured with a microplate
reader using an excitation wavelength at 485 nm and an emission wavelength at 520 nm.

Lipolysis assay: The glycerol released by adipocytes was measured by using an
adipolysis assay kit (Sigma Aldrich, St. Louis, MO, USA). Briefly, 25 µL of the culture
medium was mixed with 200 µL of Free Glycerol Reagent in a 96-well plate. The mixture
was incubated for 15 min at room temperature until color developed. Optical density (OD)
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was measured using a microplate reader at 540 nm. The glycerol content was calculated
using standard glycerol in Equation (4).

Glycerol content =
(OD of sample − OD of blank)
(OD of standard − OD of blank)

× concentration of standard (4)

2.6. Statistical Analysis

Experimental data are expressed as means ± S.D. Statistical evaluation was carried
out using one-way analysis of variance (one-way ANOVA) and Tukey’s post hoc test
using GraphPad Prism (GraphPad Software, Inc., San Diego, CA, USA). Data groups with
p values of less than 0.05 were considered statistically significant.

3. Results
3.1. Phytochemicals of G. inodorum Extract (GIE)

The GIE powder from the extraction process obtained about 19.04% w/w of dry leaf
matter. The extract contained phenolics (24.79 ± 1.17 mg GAE/g extract), flavonoids
(19.73 ± 0.65 mg QE/g extract) and 10.87 ± 0.03% w/w of GiA-1.

3.2. Characterizations of Phytosomes

In this study, phytosome formulations, such as B-phyto, GIE-phyto1 and GIE-phyto2,
were constructed from different mass ratios of phosphatidylcholine (PC) and GIE. B-phyto
contained pure PC, while GIE-phyto1 and GIE-phyto2 were mixtures of PC to GIE that were
equivalent to 1:1 and 1:2, respectively. The phytosomes were enclosed by a phospholipid
bilayer membrane, exhibiting a similarity to liposomes (Figure 1). The phytosomes were
spherical and about 164 nm to 180 nm in diameter size. The nanoparticles’ sizes were
homogeneously indicated by narrow polydispersity index (PDI) values that were less than
0.5. A difference in the particle surface charge of GIE-phyto1 and GIE-phyto2 was observed
compared to B-phyto. The GIE loaded in GIE-phyto1 and GIE-phyto2 showed a highly
negative charge, with a zeta potential ranging from −35 mV to −45 mV on their particle’s
surface, while the B-phyto without GIE was relatively neutral. The phytosomes were
stabilized at 4 ◦C for 56 days during the experimental periods. The particle size, PDI and
zeta potential of phytosomes were not significantly different during storage. The results
are shown in Figure 2.

The phytosomes contained phenolic compounds, as observed by the total phenolic
content and total flavonoid content and the amount of GiA-1 representing a triterpenoid
marker in the GIE. The results are shown in Table 1. The phenolic compounds were
preferably loaded in GIE-phyto1 and GIE-phyto2 in comparison with GiA-1, yet these two
phytosome formulations had no differences with respect to the encapsulation and loading
efficiencies of GIE.

Table 1. Encapsulation and loading efficiencies (%EE and %LE) of the G. inodorum extract in phy-
tosome formulations, based on the quantifications of total phenolic content (TPC), total flavonoid
content (TFC) and GiA-1.

Samples
%EE %LE

TPC TFC GiA-1 TPC TFC GiA-1

GIE-phyto1 17.49 ± 5.28 17.58 ± 5.62 41.06 ± 6.26 4.93 ± 1.55 14.17 ± 4.62 2.02 ± 0.31
GIE-phyto2 23.63 ± 7.92 11.96 ± 3.37 41.25 ± 4.47 5.53 ± 2.03 8.09 ± 2.57 1.39 ± 0.15
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Figure 1. Particle morphology of phytosomes (B-phyto, GIE-phyto1 and GIE-phyto2) before and after
extrusion, at magnifications of 160× with a scale bar of 10 µM and 800× with a scale bar of 2 µM.

3.3. Cytotoxicity of Samples in the RAW 264.7 Macrophage Cell Line and 3T3-L1 Adipocyte Cell Line

The inhibitory concentrations of GIE, GiA-1, B-phyto, GIE-phyto1 and GIE-phyto2 on
RAW 264.7 macrophages and 3T3-L1 adipocytes at 20% (IC20) and 50% (IC50) are shown in
Table 2. In general, all treatments showed a poor cytotoxic effect on both cell lines, with
IC50 values of more than 300 µg/mL. However, the IC20 and IC50 values suggested that
RAW 264.7 macrophage cells were more sensitive to all treatments than 3T3-L1 adipose
cells. Concentrations lower than IC20 were subsequently used in further experiments.

Table 2. The concentrations of GiA-1, B-phyto, GIE and GIE in phytosome formulations causing the
cell death of the RAW267.3 macrophage and 3T3-L1 adipocyte at 20% (IC20) and 50% (IC50).

Samples
RAW267.3 3T3-L1

IC20 (µg/mL) IC50 (µg/mL) IC20 (µg/mL) IC50 (µg/mL)

GiA-1 180.33 ± 15.11 379.20 ± 13.58 452.80 ± 59.59 688.80 ± 20.57
B-phyto 304.00 ± 45.25 >800.00 non-cytotoxicity

GIE 492.80 ± 68.31 591.57 ± 57.05 424.00 ± 69.04 >800.00
GIE-phyto1 274.67 ± 75.21 635.20 ± 31.68 524.80 ± 90.51 >800.00
GIE-phyto2 222.67 ± 30.09 342.67 ± 34.65 441.07 ± 85.96 >800.00



Foods 2023, 12, 2257 8 of 18
Foods 2023, 12, x FOR PEER REVIEW 8 of 20 
 

 

0
200
400
600
800

1000

0.0

0.2

0.4

0.6

0.8

1.0

1.2

2000

2500

3000 size(nm)
PDI

day 0 day 0 day 14 day 28 day 56

Cycle 5Cycle 0

-60

-50

-40

-30

-20

-10

0 day 0 day 0 day 14 day 28 day 56

Cycle 5Cycle 0

0
200
400
600
800

1000

0.0

0.2

0.4

0.6

0.8

1.0

1.2

2000

2500

3000 Size (nm)
PDI

day 0 day 0 day 14 day 28 day 56

-60

-50

-40

-30

-20

-10

0
day 0 day 0 day 14 day 28 day 56

0
200
400
600
800

1000

0.0

0.2

0.4

0.6

0.8

1.0

1.2

2000

2500

3000 Size (nm)
PDI

day 0 day 0 day 14 day 28 day 56

-60

-50

-40

-30

-20

-10

0
day 0 day 0 day 14 day 28 day 56
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and GIE-phyto2 before (cycle 0) and after (cycle 5) extrusion. The samples were observed from the
production day (day 0) up until day 56.

3.4. Anti-Inflammatory Activity of Samples

The results for anti-inflammatory activity by reductions in NO production revealed
that GiA-1, GIE and each nanophytosome could significantly inhibit NO production in a
dose-dependent manner (Figure 3). GiA-1, one of the bioactive compounds found in GIE,
had NO inhibitory activity with percentage inhibitions of 8.70 ± 3.22%, 16.72 ± 1.70% and
26.96 ± 1.48% at 25, 50 and 100 µg/mL, respectively (Figure 3a). Furthermore, B-phyto
at concentrations of 50, 100 and 200 µg/mL also revealed NO inhibition at 31 ± 2.38%,
41 ± 5.65% and 50 ± 8.07%, respectively (Figure 3b). As shown in Figure 3c, the inhibitory
effects of the NO levels of GIE at all doses were lower than those of GIE-phyto1 and
GIE-phyto2. The highest NO production inhibitory activity was observed in GIE-phyto2,
followed by GIE-phyto1, B-phyto and GIE.
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Figure 3. Inhibitory effects of (a) GiA–1, (b) B-phyto, (c) G. inodorum extract (GIE) and GIE in
phytosome formulations (GIE-phyto1 and GIE-phyto2) on nitric oxide (NO) production from inflamed
RAW 264.7 macrophage cells induced by lipopolysaccharide (LPS). The cells were treated with
1 µg/mL LPS and 0.1% DMSO or with 1 µg/mL LPS and the samples at various concentrations for
24 h. The percentages of NO inhibition are expressed relative to the control with the LPS treatment.
** and *** represent p-values of less than 0.01 and 0.001 compared to the LPS-treated control. ## and
### represent p-values of less than 0.01 and 0.001, compared in the groups of GIE, GIE-phyto1
and GIE-phyto2.

3.5. Anti-Insulin-Resistance Activity of Samples

To investigate whether GIE, GiA-1 and GIE nanophytosomes exert an anti-insulin
resistance effect on insulin-resistant adipocytes, 3T3-L1 adipocytes were incubated in the
presence of 1 µg/mL LPS in combination with various concentrations of GIE, GiA-1, B-
phyto, GIE-phyto1 and GIE-phyto2. Adipose cells and a conditioned medium were then
analyzed with a 2-NBDG glucose uptake assay and lipolysis assay.

3.5.1. Glucose Uptake

Insulin resistance was induced in 3T3-L1 adipocytes by 1 µg/mL LPS. As shown in
Figure 4, the LPS treatment caused a significant reduction in insulin-stimulated glucose
uptake by approximately 20% when compared to the normal control group without LPS.
Compared to LPS-treated adipocytes, insulin stimulating the 2-NBDG glucose uptake
of cells treated with GiA-1 at 50 to 200 µg/mL (Figure 4a) and B-phyto at 200 µg/mL
(Figure 4b) was significantly restored, and the restoration was close to the levels observed
in the normal control group without LPS. Furthermore, all treatments at the concentration
of 200 µg/mL, including GIE, GIE-phyto1 and GIE-phyto2, significantly improved the
LPS-induced impairment of insulin-stimulated glucose uptake in adipocytes. Interestingly,
the insulin-stimulated glucose uptake of insulin-resistant adipocytes treated with GIE-
containing samples was 25–70% higher than that of insulin-sensitive adipocyte, a normal
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control group without LPS (Figure 4c). The GIE showed the highest anti-insulin-resistance
activity, followed by GIE-phyto1 and GIE-phyto2.
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Figure 4. Effect of (a) GiA-1, (b) B-phyto, (c) G. inodorum extract (GIE) and GIE in phytosome
formulations (GIE-phyto1 and GIE-phyto2) on LPS-induced insulin resistance with respect to 3T3-L1
adipocytes. The normal control group was treated with 0.1% DMSO. The LPS groups were treated
with LPS (1 µg/mL) and 0.1% DMSO or with LPS and the samples at a non-toxic dose for 24 h.
The percentages of 2-NBDG uptake are expressed relative to the control without LPS treatment.
*, ** and *** represent p-values of less than 0.05, 0.01 and 0.001, compared to the LPS-treated control.
### represents p-values of less than 0.01 and 0.001, compared in the groups of GIE, GIE-phyto1
and GIE-phyto2.

3.5.2. Lipolysis

The impairment of insulin sensitivity increased lipolysis in adipocytes. The rate of
lipolysis was significantly induced by LPS, as determined by measuring the release of
glycerol in the conditioned medium. As shown in Figure 5, 3T3-L1 adipocytes incubated
for 24 h with LPS showed a 20% increase in glycerol release compared to a control group
without LPS, demonstrating insulin-resistance in experimental cells. The treatment with
GiA-1 (25–100 µg/mL) resulted in a 14–35% decrease in LPS-induced lipolysis, indicating an
improvement in insulin sensitivity (Figure 5a). Interestingly, B-phyto at 50–200 µg/mL did
not improve insulin sensitivity to inhibit LPS-induced adipocyte glycerol release (Figure 5b).
As shown in Figure 5c, GIE at 50–200 µg/mL reduced LPS-induced insulin resistance with a
41–56% reduction in lipolysis. GIE-phyto1 at concentrations of 50–200 µg/mL also showed
an anti-lipolytic effect, reducing glycerol release by 35–67%. Additionally, 50–200 µg/mL of
GIE-phyto2 significantly improved insulin sensitivity by inhibiting 37–65% of LPS-induced
glycerol release in adipocytes. GIE-phyto1 significantly improved LPS-induced insulin
resistance in 3T3-L1 adipocytes in a dose-dependent manner. However, no significant
differences were found in the antilipolytic activity observed between GIE-phyto1 and
GIE treatments. In the case of GIE-phyto2, there was no significant difference in anti-
lipolytic activity observed at 50 and 100 µg/mL compared to either GIE or GIE-phyto1.
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Interestingly, anti-lipolytic activity at a concentration of 200 µg/mL of GIE-phyto2 was
observed significantly less than those observed in GIE and GIE-phyto1 treatments.
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Figure 5. Effect of (a) GiA-1, (b) B-phyto, (c) G. inodorum extract (GIE) and GIE in phytosome
formulations (GIE-phyto1 and GIE-phyto2) on glycerol release from LPS-induced insulin resistance
on 3T3-L1 adipocytes. The normal control group was treated with 0.1% DMSO. The LPS groups were
treated with LPS (1 µg/mL) and 0.1% DMSO or with LPS and the samples at a non-toxic dose for
24 h. The percentages of glycerol release are expressed relative to the control with LPS treatment.
*, ** and *** represent p-values of less than 0.05, 0.01 and 0.001, compared to the LPS-treated control.
# and ### represent p-values of less than 0.01 and 0.001, compared to the groups of GIE, GIE-phyto1
and GIE-phyto2.

4. Discussion

G. inodorum (GI) is an edible plant exhibiting anti-diabetic benefits: hyperglycemic
control and anti-inflammatory, antioxidant and anti-obesity effects [11,17]. Our study also
suggested that the G. inodorum extract (GIE) prepared with 95% v/v ethanol significantly
reduced the macrophage inflammation induced by lipopolysaccharide (LPS). The GIE
inhibited the generation of nitric oxide (NO) in a dose-dependent manner, which is similar
to the results reported by Dunkhunthod et al. [11]. It is possible that GIE can alleviate cell
inflammation via similar mechanisms when RAW264.7 macrophage cells are treated with
LPS and interferon-γ. GIE may help to decrease proinflammatory cytokine interleukin-6
and also downregulate the expression of cyclooxygenase-2 (COX-2), inducible nitric oxide
synthase (iNOS) and IL-6 mRNA levels [11].

The LPS can promote the inflammation of adipocytes via Toll-like receptor 4, resulting
in the dysfunction of glucose transport into adipocytes via insulin-dependent glucose
transporter type 4 (GLUT4), which mimics insulin resistance in human obesity [41]. GLUT4
is damaged, leading to a decrease in glucose uptake levels in lipid cells [42]. In our study,
the GIE improved the insulin sensitivity of the LPS-induced adipocyte model. After LPS-
induced adipocytes were treated with the GIE, the cells significantly exhibited glucose
transport into the cells. A lower dose of the GIE (≤100 µg/mL) seems to present anti-
insulin-resistance activity since the glucose uptake level of inflamed adipocytes increased
to an equivalent level of the insulin-treated group. Interestingly, a high dose of the GIE (up
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to 200 µg/mL) significantly improved insulin sensitivity in LPS-treated cells, leading to
increased glucose uptake and decreased lipolysis. The treatment of insulin resistant 3T3-L1
adipocytes with GIE ranging from 50 to 200 µg/mL effectively stimulated glucose uptake in
adipocytes by 112.5–275%. Importantly, GIE had higher effects on glucose uptake than the
first-line anti-diabetic drug metformin. Previously, Qiu et al. [43] reported that metformin
(129.2–1292 µg/mL) led to a much smaller increase in glucose uptake (by 133.3–160%)
in PID1-induced insulin resistance in the 3T3-L1 adipocyte model. This report confirms
a previous study by Qin et al. [44], who found that metformin (129.2–1292 µg/mL) also
caused a smaller increase of 142.8–157.1% in glucose uptake in LYRM1-induced insulin
resistance in the 3T3-L1 adipocyte model. However, the observed stimulation of the glucose
uptake of GIE was much lower than the effect of rosiglitazone, an insulin-sensitizer and
anti-diabetic drug in the class of thiazolidinedione. As reported by Zhang et al. [45],
rosiglitazone (1.8–8.9 µg/mL) caused the stimulation of glucose uptake by 266.7–333.3% in
high-glucose-induced insulin-resistant 3T3-L1 adipocytes.

In this study, the major component of triterpene saponin, (3β,16β)-16,28-dihydroxyolean-
12-en-3-yl-O-β-D-glucopyranosyl-β-D-glucopyranosiduronic acid (GiA-1), was isolated fol-
lowing the protocol of Srinuanchai et al. [18]. GiA-1 was about 10.84% w/w in the GIE. It has
been evidenced that (3β,4α,16β,22α)-22-(N-methylanthraniloxy)-16,23,28-trihidoroxyolean-
12-en-3-yl-3-O-β-D-glucopyranosyl-β-D-glucopyranosiduronic acid (GiA-5) and several
new oleanane triterpenoids isolated from G. inodorum leaves showed their insulin-mimetic
activity by stimulating glucose uptake in 3T3-L1 adipocytes [15]. Therefore, our results
suggested that GiA-1 is a promising compound with the ability to control intestinal glucose
uptake by inhibiting α-glucosidase and sodium-glucose co-transporter type 1. Furthermore,
we found that GiA-1 significantly inhibited NO production in LPS-induced macrophages
in a dose-dependent manner. The GiA-1 compound also improved insulin sensitivity
in LPS-treated cells, leading to an increase in glucose uptake and a decrease in lipolysis.
Similar to the anti-inflammatory study, GiA-1 exhibited lower activities than GIE. These
results also confirmed the possibility that GIE might contain other active compounds.

The anti-inflammatory, anti-insulin-resistant and insulin-mimetic activities of the GIE
could be related to other phytochemicals. Based on our preliminary results (see Supplemen-
tary Materials), GIE was fractionated following a low- to high-solvent polarity index by
using hexane (Hex), dichloromethane (DCM), ethyl acetate (EtOAc) and methanol (MeOH).
The fractions of Hex, DCM and EtOAc showed significantly higher anti-inflammatory
abilities than the MeOH fraction. Furthermore, the phytochemicals of the fractions were
investigated by gas chromatography mass spectrometry (GC/MS). The compounds dis-
tributed in Hex, DCM and EtOAc fractions exhibiting an anti-inflammatory potential
were phytol [46], stigmasterol [47] and α- and γ-tocopherol (D and L isomers) [48]. Fewer
compounds were observed in the MeOH fraction with the GC/MS technique. However,
GiA-1 was observed only in the MeOH fraction (using HPLC analysis). The MeOH ex-
tract contained a high amount of GiA-1 (about 14.95% w/w), but it showed fewer lower
anti-inflammatory effects as compared to non-polar fractions from Hex, DCM and EtOAc.

The non-polar fractions of Hex and EtOAc had greater insulin sensitivity activity
than those of the DCM and MeOH extracts. Glucose molecules were remarkably trans-
ported into the inflamed adipocytes, and the effect of extracts was concentration-dependent.
These results indicate that GiA-1 does not represent the active compound due to its ab-
sence in the Hex and EtOAc fractions. Unfortunately, the candidate compounds for anti-
insulin-resistance and insulin-mimetic activities in the Hex and EtOAc fractions have not
been detected by GC/MS. In the case of the MeOH fraction, a slight increase in the in-
sulin sensitivity of LPS-induced adipocytes was also found in a dose-dependent manner.
The active compounds may come partly from GiA-1 and other triterpene saponins [15].
Although GiA-1 is not a major active compound that exhibits anti-inflammatory and
anti-insulin-resistant effects, GiA-1 can be used together with total phenolics and total
flavonoids for indicating the encapsulation and loading efficiencies of the GIE extract in
nano-phytosome formulations.
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The low water solubility of GIE could lead to low bioavailability, which is a general
drawback that is similar to that for natural extracts that are prepared by organic sol-
vents [49,50]. In our experiment, GIE had to be reconstituted in dimethyl sulfoxide (DMSO)
for observing anti-inflammatory and anti-insulin-resistant activities in in vitro cell models.
To improve the water solubility of the extract, the phytosome delivery system was chosen.
The phytosome is similar to a liposome’s structure, which comprises phospholipid bilayers
when dispersed in an aqueous solution [28,31]. For encapsulating natural compounds,
phospholipids are dissolved together with a natural extract using an aprotic solvent, such
as acetone, ethyl acetate or dioxane [32]. The phytocomponents are then bound to phos-
pholipids by H-bonds and polar interactions [51]. After a solvent is removed, the mixture
of the phospholipid–natural extract is reconstituted in an aqueous solution. Then, a lipid
bilayer structure comprising a mixture of phospholipids and natural components is formed
and ready for usage. Phytosomal products are commercially available on the food sup-
plement market, for example Quercefit™ Phytosome, Ginkgoselect® Phytosome, Ginseng
Phytosome and Greenselect®/Green Tea Phytosome [31]. Riva et al. [34] indicated that
phytosomes are highly absorbed in the GI tract. The dietary supplements of quercetin
phytosome and quercetin were administrated orally in humans. Quercetin levels were
found about 20 times higher in a subject group that consumed the quercetin phytosome
than in the group with the quercetin dosage.

In our recent experiment, we successfully developed two formulations of phytosomes.
The phytosomes formed unilamellar lipid bilayer nanovesicles with a homogeneity size
of about 160–180 nm, as shown by optical microscope and dynamic light scattering. The
phytosomes were highly dispersed in a buffer solution, and they were stable at 4 ◦C during
our experimental period. The phytosomes containing GIE had a highly negative charge
(about −35 mV to −60 mV) on the particle’s surface when compared to the blank phytosome
(less than −10 mV). This could imply that the phytochemicals of the GIE are inserted in
the phospholipid bilayer. The entrapment of phytochemicals could be the mixture of
triterpene saponin GiA-1, phenolic acids and flavonoids. However, highly water-soluble
phytocompounds may be entrapped inside core particles during nanoparticle formation
by extrusion. The characteristics of the two phytosome formulas do not appear to be
significantly different in terms of size, zeta potential, particle morphology, encapsulation,
loading efficiencies and short-term stability.

The phytosome delivery system affected the anti-inflammatory and insulin-sensitizing
actions of the GIE on in vitro cell models. The phytosomes with GIE significantly increased
the anti-inflammatory activity of the extract twofold, inhibiting the pro-inflammatory NO
mediator produced by the LPS-induced macrophage. The additive effect was a result of
the anti-inflammatory effect of the phospholipid ingredient used to make phytosomes. A
similar result was observed in previous studies by Park et al. [32] and Chiong et al. [52]. The
inhibition of NO generation still occurred in a dose-dependent manner. A slight increase
in the anti-inflammatory activity of GIE-phyto2 was observed. The effective inhibition
of the generation of the NO mediator occurred in LPS-induced macrophage cells due to
blank phytosomes and phytosomes with GIE. This could be due to the delivery of active
components through the cell membrane and the engulfing ability of macrophage cells [36].
The typical characteristic of phytosomes is similar to liposomes due to the fusion of the
lipid layer into a cell membrane. Then, the active ingredient entrapped in particles can be
released in a cell [50].

Nonetheless, GIE-phytosomes decreased insulin sensitivity in LPS-induced adipocytes.
The cells transported a lower amount of glucose and increased lipid degradation. The
insulin-mimetic compounds in the GIE may be delivered into cells by the phytosome carrier
rather than by affecting the embedding of GLUT4s on the cell membrane of adipocytes. In
contrast, the phospholipid ingredient in phytosomes produced an adverse effect on the
mechanism of lipid degradation in adipocytes. An increase in the amount of phospholipid
ingredients in phytosome carriers tends to induce lipid degradation.
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Taken together, our study proposes that GIE improves insulin sensitivity in an LPS-
induced adipocyte model, investigating the use of GiA-1 content together with total pheno-
lics and total flavonoids to indicate the encapsulation and loading efficiency of GIE extracts
in nanophytosome formulations. Nonetheless, studies show that GiA-1 is not the main
source of active compounds, and there are other nonpolar components of compounds with
anti-insulin-resistance and insulin-mimetic activities in GIE.

5. Conclusions

GIE-nanophytosomes were successfully prepared using the thin-film hydration method.
The nanoscale and monodisperse phytosome particles exhibited high entrapment efficiency
and overcame the water insolubility of GIE. The anti-inflammatory activity of GIE nanophy-
tosomes in LPS-stimulated RAW 264.7 macrophages was greater than that of the crude
extract of G. inodorum. In addition, the anti-insulin-resistance abilities of GIE remained
for GIE-nanophytosome formulations. Thus, the phytosome is a promising carrier for
delivering the phytonutrients of the GI extract to enhance its anti-inflammatory activity
and retain its anti-insulin-resistance ability. Furthermore, GiA-1, a major triterpenoid found
in G. inodorum, exhibited fewer anti-inflammatory and anti-insulin-resistant activities than
GIE. There may be other unknown active compositions in GIE that must be further eluci-
dated. Moreover, the anti-inflammatory abilities, bioavailability, pharmaco-kinetics and
safety of GIE-nanophytosomes in animals and humans should be evaluated to develop GIE-
nanophytosomes as efficient candidates in pharmaceutical industries and the production
of functional foods.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/foods12112257/s1, Figure S1: Effects of Hex (A), DCM (B),
EtOAc (C) and MeOH (D) on cell viability of RAW 264.7 macrophages and 3T3-L1 mature adipocytes;
Figure S2: Inhibitory effects of the extracts prepared by hexane (Hex), dichloromethane (DCM), ethyl
acetate (EtOAc) and methanol (MeOH) on nitric oxide (NO) production from inflamed RAW 264.7
macrophage cells induced by lipopolysaccharide (LPS); Figure S3: Effect of the extracts prepared
by hexane (Hex), dichloromethane (DCM), ethyl acetate (EtOAc) and methanol (MeOH) on LPS-
induced insulin resistance on 3T3-L1 adipocytes; Figure S4: Effect of the extracts prepared by hexane
(Hex), dichloromethane (DCM), ethyl acetate (EtOAc) and methanol (MeOH) on glycerol release from
LPS- induced insulin resistance on 3T3-L1 adipocytes; Table S1: Yield, total phenolic content (TPC)
and total flavonoid content (TFC) in G. inodorum extracts prepared by organic solvents; Table S2:
GC/MS phytochemicals profile of the G. inodorum extract prepared by hexane; Table S3: GC/MS
phytochemicals profile of the G. inodorum extract prepared by dichloromethane; Table S4: GC/MS
phytochemicals profile of the G. inodorum extract prepared by ethyl acetate; Table S5: GC/MS
phytochemicals profile of the G. inodorum extract prepared by methanol. References [53–95] are cited
in the supplementary materials.
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