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Abstract: Excessive lipid accumulation in white adipose tissue (WAT) is the major cause of obesity.
Herein, we investigated the anti-obesity effect and molecular mechanism of a botanical mixture of 30%
EtOH extract from the leaves of Inula japonica and Potentilla chinensis (EEIP) in 3T3-L1 preadipocytes
and high-fat diet (HFD)-fed obese mice. In vitro, EEIP prevented lipid accumulation by downregu-
lating the expression of lipogenesis-related transcription factors such as CCAAT /enhancer binding
protein (C/EBP)«, peroxisome proliferator-activated receptor (PPAR)y, and sterol regulatory element
binding protein (SREBP)-1 via AMP-activated protein kinase (AMPK) activation and Gy/G; cell
cycle arrest by regulating the Akt-mTOR pathways without inducing cytotoxicity. In vivo, EEIP
significantly reduced body weight gain and body fat mass in the group administered concurrently
with HFD (pre-) or administered during the maintenance of HFD (post-) including subcutaneous,
gonadal, renal, and mesenteric fats, and improved blood lipid profiles and metabolic hormones.
EEIP pre-administration also alleviated WAT hypertrophy and liver lipid accumulation by reducing
C/EBP«, PPARy, and SREBP-1 expression via AMPK activation. In the brown adipose tissue, EEIP
pre-administration upregulated the expression of thermogenic factors. Furthermore, EEIP improved
the HFD-induced altered gut microbiota in mice. Taken together, our data indicated that EEIP im-
proves HFD-induced obesity through adipogenesis inhibition in the WAT and liver and is a promising
dietary natural material for improving obesity.
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1. Introduction

Modern lifestyles and diets are the leading cause of obesity, and the World Health
Organization (WHO) estimates that there are approximately 100 million overweight adults
worldwide, 30% of whom are obese [1]. The recent COVID-19 pandemic has limited
people’s range of life and has changed their eating habits, which has led to obesity and
dyslipidemia [2]. Since obesity is caused by the accumulation of lipids in the body and
the increase and expansion of adipose tissue, inhibiting the proliferation and hypertrophy
of adipose tissue can help to prevent and treat obesity [3,4]. Adipocyte proliferation is
activated through the AMP-activated protein kinase (AMPK) pathway, which regulates
adipogenic transcription factors such as peroxisome proliferator-activated y (PPARY),
CCAT-enhancer binding protein (C/EBP«), and sterol regulatory element-binding protein
(SREBP-1) [5]. C/EBP expression is predominant in the adipocytes, hepatocytes, and
monocytes/macrophages [6]. PPARs are a type of protein involved in fatty acid oxidation
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and energy metabolism [7]. Among the three subtypes of PPAR, PPARYy, a member of the
nuclear receptor superfamily, is involved in energy balance and the regulation of lipid and
glucose homeostasis [8].

In addition, the phosphatidylinositol-3-kinase (PI3K)-protein kinase B (Akt)-mammalian
target of the rapamycin (mTOR) pathway, which is initiated by the interaction of PI3K with
either G-protein coupled receptors (GPCRs) or receptor tyrosine kinases, is the central
regulator of the lipid metabolism involving lipogenesis and lipolysis [9]. Thus, anti-obesity
effects can be achieved by regulating this pathway as it plays various roles in adipocyte
proliferation and survival [10].

Recent studies have shown that gut microbiomes are strongly linked to obesity [11,12].
Up to 10'* gut microbiomes are abundant, and their diversity is known to change depending
on the diet and lifestyle [13]. They are responsible for the digestion of carbohydrates and plant
polysaccharides into short-chain fatty acids (SCFAs) such as butyrate and acetate. ‘'SCFAs, the
main metabolites produced by the microbiota, are known to have several beneficial effects
on energy metabolism in mammals [14]. Among the microbiome phyla, Bacteroidetes and
Firmicutes account for approximately 90% of the gut and the Firmicutes / Bacteroides (F/ B) ratio
has a pivotal role in maintaining the ideal gut environment [15]. Therefore, changes in the
bacterial amount leads to shifts in the F/B ratio related to various pathological conditions [11].

Although anti-obesity drugs have been long developed, they have limitations with
several side effects [16]. For example, orlistat, which is effective in the inhibition of fat
digestion and absorption by covalently bonding to the lipase active site [17], has side effects
such as steatorrhea and abdominal gas generation. In addition, sibutramine, which induces
a reduction of food intake and the formation of satiety, was used as a treatment for obesity
but was discontinued after 2010 due to the development of cardiovascular disease [18].
Therefore, there is a need for identifying new natural products for the safe treatment of
obesity. Inula japonica Thunb. Asteraceae has been studied for its anti-inflammatory effect
and anti-obesity activity [4,19]. In addition, Potentilla chinensis Ser. Rosaceae reduces inflam-
mation, alleviates non-alcoholic fatty liver disease (NAFLD), and possesses detoxifying
properties [20,21]. Based on these reports, we investigated new natural products possessing
anti-obesity properties by evaluating the efficacy of a mixture of 30% EtOH extracts from
the leaves of I. japonica and P. chinensis (EEIP) on the loss of body weight and demonstrating
the inhibitory mechanism of adipogenic progression.

2. Materials and Methods
2.1. Materials

Dulbecco’s modified Eagle medium (DMEM), fetal bovine serum (FBS), penicillin,
and streptomycin were obtained from Life Technologies (New York, NY, USA). 3-Isobutyl-
1-methyl-2,6 (1H,3H)-purinedione (IBMX), dexamethasone, insulin, propidium iodide
(PI), sodium orthovanadate, sodium fluoride, phenyl-methylsulfonyl fluoride, protease
inhibitor cocktail, and oil red O were obtained from Sigma Aldrich Inc. (St Louis, MO,
USA). A protein extraction solution (PRO-PREP™) was obtained from iNtRON Biotech-
nology (Seongnam, Korea). Antibodies of C/EBP«x (#8178), AMPK (#2532), p-AMPKo
(T172) (#2535), p-Akt (5273) (#9271), mammalian target of rapamycin (mTOR) (#2972),
p-mTOR (52448) (#2971), p27 (#2552), cytochrome c oxidase IV (COX IV) (#4844), and
NAD-dependent deacetylase sirtuin 1 (SIRT1) (#2310) were purchased from Cell Signaling
Technology Inc. (Danvers, MA, USA). SREBP-1 (PA1-337) antibody was purchased from
Thermo Fisher Scientific Inc. (Waltham, MA, USA). PPARYy (sc-7196), protein kinase B
(Akt) (sc-8312), p21 (sc-397), cyclin B (sc-245), cyclin-dependent kinase (CDK) 4 (sc-260),
CDKG6 (sc-7961), uncoupling protein 1 (UCP-1) (sc-6529), peroxisome proliferator-activated
receptor gamma coactivator 1oc (PGC-1«) (sc-13068) and 3-actin (sc-47778) antibodies were
purchased from Santa Cruz Biotechnology Inc. (Dallas, TX, USA).
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2.2. Sample Preparation and Isolation of Major Compounds from I. japonica and
P. chinensis Extracts

Leaves of Inula japonica Thunb. (IJ) and Potentilla chinensis Ser. (PC) were collected
from Sunchang-gun, Jeollabuk-do, and they were classified by MiDNA Genome Research
Institute (Gunsan, Korea). Samples of the species (COS2008 and COS2009) were deposited
at the herbarium of R&I Center, COSMAX BIO, Seongnam, Korea. Washed and dried
leaves of I] and PC were both extracted individually with 30% EtOH (30 times w/v) at
80 °C for 5 h, followed by evaporation afforded dried extract residues (35 Brix). The extract
residues were sterilized for 1 h and each extract residue (IJE and PCE) was combined at a
1:1 ratio based on the solid state. Thereafter, dextrin was added to the combined mixture
and homogenized so that the solid content was at 10% w/w, then the combined mixture
was processed through the spray dryer to obtain a botanical preparation consisting of 30%
EtOH extracts of IJ (IJE) and PC extract (PCE) complex (EEIP). IJE (200.0 g) was fractionated
by silica gel column chromatography (CC, 70-230 mesh, ¢ 8.0 x 55.0 cm, Merck, Darmstadt,
Germany) eluting with a gradient solvent system of methylene chloride:MeOH:H,O (from
1:0:0 to 3:6.3:0.7, v/v) to obtain 12 fractions (F1~F12). F10 was separated by Sephadex LH-20
CC (¢ 5.5 x 65.0 cm, MeOH:H,0 = 7:3, v/v, Merck) to afford five fractions (F10-1~F10-5).
2,3,4,5-Tetracaffeoyl-D-glucaric acid (2, 50.9 mg) was purified from F10-5 by MCI gel
CC (¢ 5.5 x 65.0 cm, Merck) with a gradient solvent system of acetonitrile:0.1% formic
acid in HyO (from 0:0 to 4:6, v/v). PCE (100.0 g) was fractionated by Diaion HP-20 CC
(¢ 5.5 x 37.0 cm, Merck) with a gradient system of MeOH:water (from 2:8 to 8:2, v/v) to
obtain 13 fractions (R1~R13). Sephadex LH-20 CC (¢ 5 x 57.5 cm, MeOH:H,O = 8:2, v/v) of
fraction R6 afforded ten fractions (R6-1~R6-10). Apigenin 7-O-p-D-glucuronide (1, 51.3 mg)
was purified from R6-5 by silica gel CC (230—400 mesh, ¢ 3.0 x 32.0 cm) with a gradient
solvent system of methylene chloride:MeOH:H,O (from 7:3.7:0.3 to 0:9:1, v/v).

2.3. HPLC Analysis for L. japonica and P. chinensis Extracts

In order to standardize the botanical mixture of EEIP, three extracts (IJE, PCE, EEIP)
were dissolved in 50% MeOH at a concentration of 50 mg/mL. The standard solutions of
apigenin 7-O-B-D-glucuronide and 2,3,4,5-tetracaffeoyl-D-glucaric acid were prepared in a
mixture of DMSO and MeOH (1:9, v/v) to a concentration of 2000 ppm. Each of the two
standard solutions was aliquoted with 500 uL and gently mixed. Finally, the calibration
standard mixture was serially diluted and adjusted to the following concentrations: 31.25,
62.5, 125, 250, 500, and 1000 ppm. All samples and calibration solutions were filtered by
a 0.2 um PTEFE filter (Whatman Inc., Maidstone, UK). The high-performance liquid chro-
matogram (HPLC) analysis was conducted by Thermo Fisher Scientific Vanquish™ Horizen
Duo UHPLC system (Thermo Fisher Scientific, Sunnyvale, CA, USA), including System
Base Vanquish Horizen/Flex, Binary Pump F, Split Samler FT, Column Compartment H,
and Diode Array Detecter FG. The analytical column was used by the YMC J’sphere ODS-
MS80 column (5-4 um, 8 nm, 250 x 4.6 mm I.D., YMC, Kyoto, Japan). The mobile phases
were solvent A (0.1% formic acid in water) and solvent B (0.1% formic acid in acetonitrile)
with the following gradient elution: 0 to 7 min, 25 %B; 7 to 37 min, 25 to 65 %B; 37 to 38 min,
65 to 100 %B; 38 to 45 min, 100 %B; 45 to 46 min, 100 to 25 %B; and 46 to 50 min, 25 %B at
the flow rate of 0.7 mL/min.

2.4. Cell Culture and Cell Viability

The 3T3-L1 cells were purchased from the American Type Culture Collection (ATCC,
Manassas, VA, USA). The 3T3-L1 preadipocytes were cultured in growth medium (GM)
containing 10% bovine serum (BS) and 1% penicillin—streptomycin (PS) (100 U/mL and
100 pg/mL). The 3T3-L1 preadipocytes were seeded into 96-well plates (2 x 10° cells/well)
with growth media (GM) for 24 h at 37 °C in a 5% CO; atmosphere. After 24 h, EEIP was
treated through serial dilution and incubated for 1 day. Then, MTT (3-(4,5-Dimethylthizol-
2-yl)-2,5-diphenyltetrazolium bromide) solution (5 mg/mL) was treated in each well of
20 uL, then incubated for 4 h at 37 °C. After carefully removing the supernatant, formazan
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was dissolved in DMSO, and cell viability was measured at 540 nm in a microplate reader
(Molecular Devices Inc., San Jose, CA, USA).

2.5. Adipocyte Differentiation and Oil Red O Staining for Assessment of Lipid Accumulation

For differentiation, cells were seeded in 6 wells at 2 x 10°/mL and cultured con-
fluently for 3 days. After 3 days, cells were completely confluent in wells, changed to
differentiation medium (DM) containing MDI (0.5 mM IBMX, 0.5 uM dexamethasone,
and 10 uM insulin) treatment, and cultured in DM 10% fetal bovine serum (FBS) and 1%
penicillin-streptomycin (PS) and treated with or without EEIP (25, 50, or 100 pg/mL). After
3 days, media were changed to DM with only 1 uM insulin (Sigma-Aldrich), and every 48 h
media were changed until 9 days. Finally, the cells are fully differentiated and confluent.
Differentiated cells with or without EEIP (25, 50, or 100 pug/mL) treatment in 6 wells for
9 days were treated with oil red O staining for lipid accumulation profiling. Cells were
washed by PBS and fixed with 4% formaldehyde for 1 h. Oil red O powder is dissolved
in isopropanol at 0.2% and then diluted with DW at a ratio of 40%. After purifying the
solution twice with Watman filter paper (diameter 110 pm), staining was performed on the
fixed cells for 1 h. Stained cells were observed using an Olympus light microscope system
(Tokyo, Japan) after washing with DW. Lipids stained with oil red O were extracted with
isopropanol and then measured by a microplate reader (Molecular Devices Inc., San Jose,
CA, USA).

2.6. Western Blot Analysis

Differentiated cells with or without EEIP (25, 50, or 100 ng/mL) treatment in 6 wells
were extracted using PRO-PREP and reacted at room temperature for 30 min to obtain a
supernatant at 15,000 rpm at 4 °C. Protein lysates were quantitatively calculated through
Bradford assay, and 30 pg of cellular protein was separated by 8-10% polyacrylamide gel
electrophoresis (SDS-PAGE) and transferred to the PVDF membrane. At Western blotting,
the primary antibody was diluted 1:1000 and reacted over 24 h at 4 °C. Then, the Western
blot membrane was washed three times with Tween 20/ Tris-buffered saline (T/TBS), and
the secondary antibody was diluted at 1:2000 and reacted at 25 °C for 2 h. After washing
three times with T/TBS, Amersham hyperfilm ECL (GE Healthcare Life Sciences, Chicago,
IL, USA) and ECL chemiluminescent substrate (Santa Cruz Biotechnology Inc., Dallas, TX,
USA) was used.

2.7. Propidium Iodide (P1) Staining

Preadipocyte cells treated with or without DM + MDI and EEIP were incubated for
24 h, and all were collected. After resuspension in 100 puL PBS, it was added dropwise to
1 mL cold EtOH and fixed overnight at 4 °C. Fixed cells were resuspended in PI staining
buffer (100 pg/mL PI staining solution in PBS with 10 ug/mL RNase) and incubated for 20
min in the dark. Pl-stained cells were analyzed using flow cytometry (Cytomics FC 500,
Beckman Coulter Inc., Brea, CA, USA).

2.8. Animals and Experiment Scheme

C57BL/6] mice (male, age six weeks, weight 19-21 g) were purchased from Nara-
Biotec (Pyeongtaek, Gyeonggi-do, Korea) and mice were subjected to standard laboratory
conditions (light-dark cycle: 12 h, 22 £ 1 °C, humidity 50 £ 10%) for 1 week. Animals were
divided into 7 experimental groups (n = 8/group): Normal diet control group, HFD group,
orlistat group, pre-administration EEIP (100 or 300 mg/kg) group, and post-administration
EEIP (100 or 300 mg/kg) group. The ingredient composition of a normal and high-fat
diet is shown in Table 1. All groups except the control group were treated with a 30%
HFD-fed for 15 weeks. The control group was administered the vehicle for 15 weeks, and
the post-administration EEIP group started administration from the 10th week. Animals
were orally administrated and body weight was measured every week. All groups were fed
normal diet or high-fat diet along with a daily supplement of vehicle, orlistat, or EEIP. After
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15 weeks, sacrifice was performed. Subcutaneous fat, mesenteric fat, renal fat, gonadal fat,
brown fat, and liver were separated and immediately frozen in liquid nitrogen. All animal
experiments were approved by the Animal Experimentation Committee of Kyung Hee
University (KHUASP-21-290) and conducted according to the animal guidelines of Kyung
Hee University.

Table 1. Composition of normal and high fat diets.

Proximate Profiles Normal Diet (%) High Fat Diet (%)
Protein 18 13
Fat 5.2 30
Crude fiber 6.7 4
Ash 5.7 4
Moisture 43 3
Carbohydrate 55.9 41
Others 5.7 4

2.9. Body Composition

Before sacrifice, 3 mice of each group were anesthetized with 0.5 mg/kg ketamine and
5 mg/kg xylazine (i.p.). The body fat mass of each group was measured using a whole-
body scanning method, dual energy X-ray absorptiometry (DXA) (InAlyzer, Medikors,
Seongnam, Korea). Mice body compositions were displayed as red color (fat tissue), blue
color (lean tissue), yellow, or green color (differentiated tissue from lean to fat). Fat in tissue
ratio and fat weight were also calculated and expressed in percentages and grams.

2.10. Histopathological Analysis

After sacrifice, isolated subcutaneous and liver tissues prepared separately for H&E
staining were fixed overnight in 4% formaldehyde. The fixed tissue was sliced into 4 um
and inserted into a paraffin block and stained with Mayer’s hematoxylin and eosin (H&E).
The stained slice tissue was measured with an optical microscope (Olympus, Tokyo, Japan).
Significance was indicated by averaging the observed diameters of five different adipocytes.

2.11. Lipid Profiling

After the experiment, blood was extracted from the veins of anesthetized mice with
a 10 U/mL heparin sodium-coated syringe. The extracted blood was mixed well and left
at room temperature for 30 min. Samples were then centrifuged at 3500 g rpm, 25 °C
for 10 min. The separated plasma supernatant was stored at —80 °C. Total cholesterol
(T-CHO), triglyceride (TG), plasma levels of low-density lipoproteins (LDL), and high-
density lipoproteins (HDL).

2.12. Biochemistry Analysis in Plasma

Glutamate oxaloacetate transaminase (GOT), glutamate pyruvate transaminase (GPT),
blood urea nitrogen (BUN), leptin, and insulin plasma levels were analyzed using an AU480
chemistry analyzer (Beckman Coulter, Brea, CA, USA) from T&P Bio (Gwangju, Korea).

2.13. Microbiome Taxonomic Profiling (MTP)

Stools were collected for each mouse before sacrifice and stored at —80 °C. Each stool
was extracted with the QTAamp® Fast DNA Stool Mini Kit (Qiagen, Hilden, Germany), and
PCR was performed to amplify the V3-V4 region of bacteria. After purification with the
ProNex® Size-Selective Purification System (Promega, Madison, WI, USA), only the V3-V4
region of 16S rRNA was purified on a 1.5% agarose gel and QuantiFluor® One dsDNA
System (Promega, Madison, WI, USA) was quantified using. PCR primers and analysis
were previous reports described [22]. Products quantified at 2 nM were collected in one
tube and analyzed using the Illumina iSeq 100 sequencing system (Illumina, San Diego,
CA, USA).
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2.14. Statistical Analysis

Statistical analysis was performed using GraphPad Prism and all data are means +
standard deviation (SD) in vitro or standard error of the mean (SEM) in vivo. Analysis of
variance was also performed by Dunnett’s multiple comparison test. Values of p < 0.05 or
less were considered statistically significant. # p < 0.05 compared with the GM group or
control group and * p < 0.05, ** p < 0.01, ** p < 0.001 compared with the DM + MDI group
or the HFD group.

3. Results
3.1. Identification and Quantification of Apigenin 7-O-B-D-Glucuronide and
2,3,4,5-Tetracaffeoyl-D-Glucaric Acid in the EEIP

In the present study, apigenin 7-O-B-D-glucuronide (1) and 2,3,4,5-tetracaffeoyl-D-
glucaric acid (2) were isolated from the PCE and IJE, respectively. The chemical structures
of compounds 1 and 2 were identified by comparing their 'H-NMR and ESI-MS data to
previously published data [23,24]. To determine whether IJE and PCE predominantly
contained compounds 1 and 2, HPLC analyses were performed on each chemical and
extract. As shown in Figure 1, compounds 1 and 2 were detected at retention time (R¢) 13.1
and 19.3 min, respectively. These two compounds were observed with strong intensities in
each extract of I. japonica (IJE) and P. chinensis (PCE), and their presence was also confirmed
in a 1:1 mixture of EEIP.

Figure 1. HPLC chromatograms of (A) a botanical mixture of 30% EtOH extracts from the leaves of
Inula japonica and Potentilla chinensis, (B) 30% EtOH extracts of I. japonica Thunb, (C) 30% EtOH extracts
of P. chinensis Ser., and (D-F) standard solutions at 280 nm. Apigenin 7-O-B-D-glucuronide and 2,3,4,5-
tetracaffeoyl-D-glucaric acid were detected at R; 13.1 and 19.3 min, respectively. Calibration standard
solutions: (D) A mixture of apigenin 7-O-pB-D-glucuronide and 2,3,4,5-tetracaffeoyl-D-glucaric acid,
(E) apigenin 7-O-B-D-glucuronide, and (F) 2,3,4,5-tetracaffeoyl-D-glucaric acid.

3.2. EEIP Regulates Adipogenic Differentiation in 3T3-L1 Preadipocytes

Prior to analyzing the inhibitory effect of EEIP on adipogenic differentiation, the effect
of EEIP on the viability of 3T3-L1 preadipocytes was identified using an MTT assay. As
shown in Figure 2A, cell viability was found to be more than 80% when treated with up
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to 100 ng/mL of EEIP; therefore, further in vitro experiments were performed using 25 to
100 ug/mL EEIP. Differentiation of 3T3-L1 preadipocytes, with or without DM medium
containing MD], resulted in lipid accumulation, whereas EEIP treatment (25, 50, or 100
pug/mL) reduced this accumulation in a concentration-dependent manner (Figure 2B).
To further clarify the relationship between adipogenesis-related mediators and AMPK
activation in lipid accumulation, the effect of EEIP on the expression of adipogenic tran-
scription markers and AMPK phosphorylation was examined in differentiated 3T3-L1 cells.
As shown in Figure 2C, DM treatment markedly increased the protein expression of adi-
pogenic transcription factors including C/EBP«, PPARy, and mature SREBP-1, while EEIP
significantly suppressed these increased expressions in a concentration-dependent manner.
In addition, we found that EEIP significantly and concentration-dependently increased
the phosphorylation of AMPK«, whereas the total levels of AMPK«x were not affected
in 3T3-L1 adipocytes (Figure 2D). As Akt and mTOR play key roles in cell proliferation
and differentiation [25], we examined the expression of these phosphorylated proteins in
DM-induced 3T3-L1 adipocytes, and found that EEIP reduced the DM-induced expression
levels of p-Akt/ Akt and p-mTOR/mTOR.

Figure 2. Effect of EEIP on adipocyte differentiation in 3T3—L1 preadipocytes. (A) Cell viability was
measured using the MTT assay under growth media conditions, with or without EEIP (25, 50, or 100
ug/mkL). (B) Relative microscopic images and quantitative data of lipid accumulation. For assessment
of lipid accumulation, cells were differentiated into adipocytes in DM with or without EEIP (25, 50,
or 100 pg/mL) and then oil red O staining was performed. (C,D) The protein levels of adipogenic
transcription factors and the activation of AMPK and the Akt/mTOR pathway in DM —treated cells,
with or without EEIP (25, 50, or 100 ng/mL) were analyzed by Western blotting. 3-actin was used as
the internal control. Densitometric analysis was performed using Bio-Rad Quantity One Software
(BioRad; Hercules, CA, USA). Values are represented as the mean =+ SD. # p < 0.05 vs. the GM group,
*p <0.05 *p<0.01, and ** p < 0.001 vs. the DM group.
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3.3. EEIP Inhibits Mitotic Clonal Expansion (MCE) by Regulating the Cell Cycle in
3T3-L1 Preadipocytes

During adipocyte differentiation progression, the adipocytes undergo MCE, which
occurs during the early stage of adipogenesis [26]. To investigate the regulation of EEIP on
adipocyte proliferation, we analyzed the cell cycle in EEIP-treated 3T3-L1 preadipocytes
using flow cytometry. As shown in Figure 3A, the accumulation of the DM-treated cells
showed a decreased Gy/G; phase (from 66.2 to 42.6%), whereas an increased G, /M phase
(from 23.1% to 48.1%), which indicates the delayed cell cycle arrest in the Gg/G; phase.
In contrast, treatment with 25 and 50 ug/mL EEIP halted the cell accumulation at the S
phase (12.6% and 15.0%, respectively) and treatment with 100 ug/mL EEIP recovered up to
55.1% of the Gy /G1 phase. We further examined the effects of EEIP on the cell cycle-related
proteins in 3T3-L1 preadipocytes. As expected, our data showed that DM induced the
expression of CDK inhibitors (CDKIs), p21 and p27, but decreased that of cyclin B1, CDK4,
and CDK6. However, EEIP treatment significantly recovered these DM-induced effects
(Figure 3B) suggesting that EEIP reduces adipocyte differentiation by inhibiting MCE
through the induction of Gy /Gy phase cell cycle arrest. Consequently, our data suggest that
EEIP can inhibit adipogenesis, which leads to lipid accumulation through the regulation of
adipogenic transcription factors and cell proliferation-related pathways.

Figure 3. Regulation of mitotic clonal expansion (MCE) in EEIP-treated 3T3-L1 preadipocytes. Cells
were differentiated into adipocytes in differentiation media (DM), with or without EEIP (25, 50, or 100
pg/mL), for 24 h. (A) Cell cycle progression was analyzed by flow cytometry in EEIP-treated 3T3-L1
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preadipocytes. (B) Protein levels of cell cycle regulatory proteins were determined by Western
blotting analysis. 3-actin was used as the internal control. Densitometric analysis was performed
using Bio-Rad Quantity One Software (BioRad; Hercules, CA, USA). Values are represented as the
mean + SD, # p < 0.05 vs. the GM group, *** p < 0.001 vs. the DM group.

3.4. EEIP Relieves Body Weight and Fat Tissue in HFD-Fed Obese Mice

To confirm the reducing effect of EEIP on lipid accumulation in vivo, we determined
the lowering effect of EEIP, orlistat as a positive control, or vehicle on the body and fat
tissue weight in HFD-fed obese mice for 15 weeks. As shown in Figure 4A, the HFD group
showed a significant increase in body weight compared to the control group from 5 weeks.
In contrast, EEIP pre- and post-administration groups began to show significant body
weight gain loss from 7 and 13 weeks, respectively. At the end of the experiment, the body
weight of the HFD group was markedly increased compared to that of the control group
(27.08 £ 0.24 g at the control group vs. 38.40 & 0.26 g at the HFD group, p < 0.05), and EEIP
pre- or post-administration significantly reduced the HFD-increased body weight (38.40
=+ 0.26 g at the HFD group vs. 32.56 & 0.50 g at the EEIP pre-administration 100 mg/kg
group, p < 0.001; 33.27 £ 0.30 g at the EEIP pre-administration 300 mg/kg group, p < 0.001;
34.81 £ 0.45 g at the EEIP post-administration 100 mg/kg group, p < 0.01;33.49 £ 045 g
at the EEIP post-administration 300 mg/kg group, p < 0.01), similar to that observed
in the orlistat group (32.24 4+ 0.28 g at 20 mg/kg, p < 0.001) (Figure 4B). DXA analysis
revealed that fat accumulation and fat in the tissue (%) of the HFD group were significantly
increased compared with the control group (15.80 & 0.92% at the control group vs. 40.02
=+ 1.82% at the HFD group, p < 0.05), whereas in the EEIP pre- or post-administration
group, the improvement was similar to that in the orlistat group (40.02 £ 1.82% at the
HEFD group vs. 23.33 & 6.90% at the EEIP pre-administration 100 mg/kg group, p < 0.01;
23.21 4 5.18% at the EEIP pre-administration 300 mg/kg group, p < 0.01; 22.94 + 8.46%
at the EEIP post-administration 100 mg/kg group, p < 0.01; 23.29 + 10.47% at the EEIP
post-administration 300 mg/kg group, p < 0.01; 20.56 + 6.34% at the orlistat 20 mg/kg
group, p < 0.01, Figure 4C,D). In addition, gonad, renal, mesentery, and subcutaneous
fat weight were increased by the HFD, but EEIP pre- or post-administration significantly
reduced the weight of each fat (Figure 4E-H), suggesting that EEIP relieves HFD-increased
body weight through the suppression of body fat accumulation.

Figure 4. Cont.
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Figure 4. Effect of EEIP on body weight and body fat in HFD-fed obese mice. The pre—administration
group was administered EEIP from the 1st week, and the post-administration group was administered
EEIP from the 10th week. (A) Weekly change in body weight and (B) the final body weight. (C) The
fat distribution, presented with a radiography image, and (D) the calculated values of fat in the tissue
are measured using DXA. (E) Gonad, (F) renal, (G) mesentery, and (H) subcutaneous fat weight.
Values are represented as the mean + SEM. # p < 0.05 vs. normal diet control group; * p < 0.05,
**p <0.01, and *** p < 0.001 vs. HFD group.

3.5. EEIP Improves the Levels of Insulin and Leptin, and the Lipid Profile in the Plasma of
HFD-Fed Obese Mice

Since HFD causes hyperlipidemia and cardiovascular disease [27], we analyzed the
blood composition, including insulin and leptin levels and lipid profiles in HFD-fed
obese mice. As shown in Figure 5A, the HFD group demonstrated remarkably elevated
insulin levels (0.26 £ 0.01 ng/mL at the control group vs. 0.86 &+ 0.11 ng/mL at the
HFD group, p < 0.05), while the EEIP pre- or post-administration group showed signif-
icantly reduced levels (0.86 + 0.11 ng/mL at the HFD group vs. 0.33 + 0.02 ng/mL
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at the EEIP pre-administration 100 mg/kg group, p < 0.001; 0.30 & 0.02 ng/mL at the
EEIP pre-administration 300 mg/kg group, p < 0.001; 0.31 £ 0.03 ng/mL at the EEIP
post-administration 100 mg/kg group, p < 0.001; 0.32 £ 0.04 ng/mL at the EEIP post-
administration 300 mg/kg group, p < 0.001). Similar to the insulin level, the leptin level was
also considerably increased in the HFD group (control group 2.33 £ 0.29 ng/mL vs. HFD
group 10.38 £ 0.06 ng/mL, p < 0.05), whereas EEIP administration significantly decreased
this level except for the post-administration 100 mg/kg group. (10.38 £ 0.06 ng/mL at
the HFD group vs. 7.96 £ 1.04 ng/mL at the EEIP pre-administration 100 mg/kg group,
p <0.01; 6.10 £ 1.57 ng/mL at the EEIP pre-administration 300 mg/kg group, p < 0.001;
8.47 £ 0.44 ng/mL at the EEIP post-administration 300 mg/kg group, p < 0.05, Figure 5B).

Figure 5. Effect of EEIP on the plasma level of insulin and leptin in HFD—fed obese mice. EEIP
modulates plasma levels of (A) insulin and (B) leptin. Values are represented as the mean + SEM.
# p <0.05 vs. normal diet control group; * p < 0.05, ** p < 0.01, and *** p < 0.001 vs. HFD group.

Among the blood lipids, EEIP pre-administration improved the HFD-induced levels
of T-CHO (Table 2, 137.38 &+ 16.45 mg/dL at the HFD group vs. 117.87 4+ 12.30 mg/dL at
the EEIP pre-administration 100 mg/kg group, p < 0.05; 116.75 & 11.03 mg/dL at the EEIP
pre-administration 300 mg/kg group, p < 0.01) and LDL (11.13 & 1.96 mg/dL at the HFD
group vs. 8.38 &+ 1.30 mg/dL at the EEIP pre-administration 100 mg/kg group, p < 0.001;
8.88 + 1.36 mg/dL at the EEIP pre-administration 300 mg/kg group, p < 0.01). EEIP toxicity
in the liver and kidney was evaluated by measuring the GOT and GPT and BUN levels,
respectively. The results showed that GOT, GPT, and BUN levels were not significantly
affected by EEIP treatment (Supplementary Figure S1).

Table 2. Effect of EEIP pre-administration on the plasma level of lipid profile in HFD-fed obese mice.

. Orlistat EEIP EEIP
Variable Control HFD (20 mg/kg) (100 mg/ke) (300 mg/kg)
T-CHO? 4

84.5 £7.62 137.38 £ 16.45 120.86 £+ 12.67 * 117.7 £12.30 * 116.75 £ 11.03 **
(mg/dL)
LDL 2 s
7.75 £ 0.89 11.13 £ 1.96 8.88 £ 0.99 ** 8.38 £ 1.30 *** 8.88 £ 1.36 **
(mg/dL)
HDL?
67.86 £+ 3.80 87.71 £5.99 92.57 £+ 3.65 88.00 £ 3.96 86.71 £ 3.25
(mg/dL)
a
G 52.38 +£10.21 47.5 +£10.39 38.63 + 16.44 36.00 £ 5.78 4213 £9.09
(mg/dL)

2 Values are represented as the mean &= SEM. # p < 0.05 vs. normal diet control group; * p < 0.05, ** p < 0.01, and
*** p <0.001 vs. HFD group. T—CHO; Total cholesterol, TG; triglyceride, LDL; low —density lipoproteins, and
HDL; high—density lipoproteins.
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3.6. EEIP Alleviates Adipogenesis in the Subcutaneous Fat Tissue of HFD-Fed Obese Mice

As the adipose tissue grows by two processes, hypertrophy and hyperplasia [28], we
analyzed the effect of EEIP on the adipocyte hypertrophy of subcutaneous fat using H&E
staining. As shown in Figure 6A,B, the HFD group showed an increase in the adipocyte
size compared to the control groups (92.28 &+ 13.87 um at the control group vs. 192.2
=+ 25.00 pum HFD group, p < 0.05); however, EEIP pre- or post-administration decreased
the adipocyte size (192.2 £ 25.00 um at the HFD group vs. 128.4 £ 24.05 pm at EEIP
pre-administration 100 mg/kg, p < 0.001; 111.8 £ 20.15 pm at EEIP pre-administration
300 mg/kg, p < 0.001; 138.6 & 26.68 um at the EEIP post-administration 100 mg/kg group,
p <0.001; 120.0 £ 19.25 um at the EEIP post-administration 300 mg/kg group, p < 0.001).
In addition, Western blotting analysis was performed to clarify the effect of EEIP on the
adipogenic transcription factors in the subcutaneous fat. As shown in Figure 6C, EEIP
pre-administration restored the changes of C/EBPo and the precursor SREBP-1 protein
expression and improved the protein level of PPARy in subcutaneous fat from HFD-fed
obese mice. In addition, both 100 and 300 mg/kg EEIP administration restored the reduced
p-AMPK (T172) and elevated p-Akt (5273) and p-mTOR (52448) levels in the subcutaneous
fat of HFD-fed obese mice (Figure 6D), suggesting that EEIP alleviates adipose tissue
hypertrophy by regulating adipogenic-related transcription and phosphorylation of the
AMPK and Akt/mTOR pathways.

Figure 6. Effects of EEIP on adipocyte size and the levels of adipogenic—related proteins in the subcu-
taneous fat tissue of HFD—fed obese mice. (A) H&E-stained images of subcutaneous adipose tissues.
(B) The adipocyte diameter was measured through microscopic analysis. (C,D) Adipogenic—related
protein expression was determined by Western blotting analysis and 3 —actin was used as the internal
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control. Densitometric analysis was performed using Bio—Rad Quantity One Software (BioRad;
Hercules, CA, USA). Values are represented as the mean + SEM. # p < 0.05 vs. normal diet control
group; ** p < 0.01 and *** p < 0.001 vs. HFD group.

3.7. EEIP Prevents Lipid Accumulation and Regulates Adipogenic-Related Protein Expression in
Liver Tissue of HFD-Fed Obese Mice

Since excessive fat accumulation in the liver causes NAFLD [29], we performed H&E
staining to analyze the effect of EEIP on lipid accumulation in the liver tissue of HFD-fed
obese mice. HFD-treated mice showed increased lipid accumulation with a light-colored
image compared to the control mice, whereas EEIP administration alleviated the HFD-
induced fat accumulation in the liver tissue (Figure 7A). As shown in Figure 7B, liver weight
was significantly increased in the HFD group (1.30 4= 0.12 g at the control group vs. 1.51
=+ 0.08 g at the HFD group, p < 0.05), while EEIP pre- or post-administration potently
restored the liver weight to that of the control level (1.51 £ 0.08 g at the HFD group vs.
1.12 £ 0.16 g at the EEIP pre-administration 100 mg/kg group, p < 0.001; 1.24 £ 0.16 g
at the EEIP pre-administration 300 mg/kg group, p < 0.01; 1.12 + 0.14 g at the EEIP post-
administration 300 mg/kg group, p < 0.001). Similar to the results of the subcutaneous fat
tissue, HFD-induced expression of the adipogenic transcription factors involving C/EBPo
and PPARy were recovered and SREBP-1 improved by the EEIP administration group in
the liver tissue (Figure 7C). Next, we examined the effect of EEIP on the phosphorylation of
AMPK, Akt, and mTOR proteins. EEIP administration significantly restored the HFD-fed-
activated phosphorylation of AMPK, Akt, and mTOR proteins, suggesting that EEIP also
modulates lipid accumulation and adipogenesis in the liver (Figure 7D).

3.8. EEIP Stimulates Thermogenesis in the Brown Adipose Tissue of HFD-Fed Obese Mice

BAT is associated with energy expenditure through uncoupled respiration with high
contents of mitochondria and heat production (thermogenesis) [30]. Although there was no
significant change in the weight of BAT following EEIP treatment (Figure 8A), the protein
expression of major energy consumption factors such as UCP-1, SIRT1, and PGC-1«x in
BAT was decreased in the HFD-fed mice, while EEIP administration significantly restored
these protein expressions, similar to those observed in the control group, except for the
EEIP 100 mg/kg group in PGC-1« (Figure 8B). Interestingly, COX IV, which plays a role in
ATP synthesis, leading to the triggering of energy metabolism in mitochondria [31], was
downregulated by HFD while EEIP administration at 300 mg/kg significantly ameliorated
this reduction. These results indicate that EEIP dissipates amounts of chemical energy via
an increase in mitochondrial activity of the BAT.

Figure 7. Cont.
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Figure 7. Effect of EEIP on liver fat accumulation in HFD—fed obese mice. (A) H&E—stained images
from section slides of the liver tissue. (B) Assessment of liver weight. (C,D) Adipogenic—related
protein expression of the liver tissue was determined by Western blotting analysis and (3-actin was
used as the internal control. Densitometric analysis was performed using Bio—Rad Quantity One
Software (BioRad; Hercules, CA, USA). Values are represented as the mean + SEM. # p <0.05 vs.
normal diet control group; * p < 0.05, ** p < 0.01, and *** p < 0.001 vs. HFD group.

Figure 8. Effect of EEIP pre—administration on thermogenic factors in the brown adipose tissue
(BAT) of HFD—fed obese mice (A) The brown adipose tissue weight of HFD—fed obese mice. (B) The
protein expression levels of thermogenesis factors involving UCP—1, SIRT1, PGC—1«, and COX
IV were determined by Western blotting analysis and 3—actin was used as an internal control.
Densitometric analysis was performed using Bio—Rad Quantity One Software (BioRad; Hercules, CA,
USA). Values are represented as the mean + SEM. # p < 0.05 vs. normal diet control group; * p < 0.05,
**p <0.01, and *** p < 0.001 vs. HFD group.

3.9. EEIP Restores Gut Microbiome in HF D-Fed Obese Mice

The altered composition of the gut microbiome is closely related to metabolic disorders
such as obesity [32]. At the bacterial phyla level, the relative ratio of Bacteroidetes was signifi-
cantly decreased in the HFD group compared to the control group (1.43 & 0.14 at the control
group vs. 1.00 £ 0.09 at the HFD group, p < 0.05), while EEIP pre-treatment at 100 and 300
mg/kg significantly recovered the ratio to that of the control group (1.00 £ 0.09 at the HFD
group vs. 1.61 & 0.31 at the EEIP pre-administration 100 mg/kg group, *** p < 0.001; 1.70 £
0.22 at the EEIP pre-administration 300 mg/kg group, p < 0.001, Figure 9A,B). In addition,
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the HFD-induced ratio of Firmicutes (1.00 & 0.03, p < 0.05) and Proteobacteria (1.00 £ 0.37,
p < 0.05) was restored by EEIP pre-administration at 100 mg/kg (0.68 & 0.16, p < 0.001 and
0.49 £ 0.13, p < 0.01, respectively) and 300 mg/kg (0.67 + 0.06, p < 0.001 and 0.35 & 0.12,
p < 0.001, respectively, Figure 9C,D). The relative ratio of F/B increased rapidly to 1.58 in
the HFD group compared to the control group at 0.78, whereas the HFD-induced F/B ratio
was recovered by EEIP administration (0.63 at EEIP pre-administration 100 mg/kg and 0.59
at EEIP pre-administration 300 mg/kg, respectively, Figure 9E). In principal coordinates
analysis (PCoA) analysis for 3-diversity, we found that there was a difference in diversity
between each group and the cluster of EEIP groups has shifted towards the control group
(Figure 9F), indicating that EEIP modulates the composition of the gut microbiome in the
HFD-fed obese mice to the normal diet control mice.

Figure 9. Effect of EEIP pre—administration on gut dysbiosis in HFD—fed obese mice (A) phyla
level composition ratio (F) PCoA graph showing (3 diversity between groups. (B) Bacteriodetes,
(C) Firmicutes, (D) Proteobacteria, and (E) Firmicutes/Bacteriodetes level quantifying graph. Values are
represented as the mean + SEM. # p < 0.05 vs. normal diet control group; ** p < 0.01, and *** p < 0.001
vs. HFD group.

4. Discussion

Modern high-calorie and nutritionally unbalanced diets may have a greater effect
on obesity and overweight due to fat accumulation [33]. The incidence of obesity can be
reduced by inhibiting the synthesis of fat and/or increasing the body’s energy expendi-
ture [34]. Various natural products have been evaluated for their anti-obesity potential and
as a result, they are widely used as an anti-obesity dietary supplement [35]. For example,
the green tea extract component catechins have been reported to inhibit lipid absorption and
synthesis, relieve fat production, and increase thermogenesis and energy expenditure [36].
In addition, capsaicin, a component of red pepper, has been found to reduce body weight
gain and inhibit fat accumulation. As these natural ingredients are stable with relatively low
toxicity and have the potential to treat obesity metabolism [37], additional and continuous
research on natural products as a treatment for obesity is needed. In the present study, we
first evaluated the inhibitory effects of IJE, PCE, and EEIP on TG and lipid accumulation in
differentiated-3T3-L1 adipocytes. Interestingly, treatment with EEIP presented stronger
amelioration of DM-induced TG levels and lipid accumulation than individual treatment
with IJE and PCE in differentiated 3T3-L1 cells (Supplementary Figure S2). Furthermore,
it was found that EEIP relieved belly length and body weight without a change in body
length in overfeeding (OF)-induced zebrafish (Supplementary Figure S3). Based on these
data, EEIP has the potential to be developed as a new functional food candidate for obesity
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treatment. Therefore, as a part of our ongoing screening program to evaluate the anti-
obesity potential of natural compounds, we investigated the effect of EEIP on obesity and
its underlying mechanism in vitro and in vivo.

Evidence has highlighted that the occurrence of obesity is related to adipocyte differ-
entiation and maturation [38]. In the early differentiation process, insulin, a differentiation-
inducing hormone stimulates C/EBPf and C/EBP$ to increase the expression of PPARy.
Increased expression of PPARy promotes CEBP«, which is expressed in the late stage of
differentiation, leading to adipocyte proliferation [39]. SREBP, an adipogenic transcription
factor present in a membrane-bound inactive form in the ER, affects lipid and cholesterol
accumulation by inducing the transcription of genes in the liver and adipose tissue [40].
When SREBP-1 is activated, it is truncated to the mature form, which can bind to sterol re-
sponse elements in gene promoters to stimulate the transcription of lipogenesis genes such
as stearoyl-coenzyme A desaturase 1 and fatty acid synthase, and sterol biosynthesis [41].
Adipocyte maturation includes the induction of MCE and the gene expression of adi-
pogenic transcription factors involved in lipid droplet formation. In the present study,
EEIP was found to suppress MCE and regulate the adipogenic transcription factors, in-
cluding C/EBP«, PPARY, and SREBP-1, both in vitro and in vivo. It is also well-known
that AMPK, a metabolic sensor protein kinase, regulates these adipogenesis-related tran-
scription factors [42] and that the downstream proteins are involved in the maintenance of
energy homeostasis in the epididymal adipose tissues [43]. The activity of AMPK inhibits
protein synthesis by inhibiting the p70S6 kinase pathway, which is involved in adipocyte
hypertrophy. AMPK also decreases the expression of mTOR, the factor that phosphorylates
the mTOR-p70S6K pathway and is activated in obesity [44]. Consistent with these reports,
it was found that EEIP induced AMPK activation but suppressed the phosphorylation of
Akt and mTOR in the adipose and liver tissues. These findings suggest that EEIP-activated
AMPK controls the processes of adipogenesis and cell proliferation.

Hepatic lipid accumulation due to excessive caloric intake results in abnormal liver
steatosis, which later develops into progressive liver disease [45]. NAFLD is a serious
health problem worldwide, with a similar pathological spectrum ranging from simple
steatosis to hepatitis, cirrhosis, and hepatocellular carcinoma [46]. In addition, fatty liver
due to lipid accumulation is accompanied by metabolic abnormalities such as dyslipidemia,
characterized by increased fasting and postprandial TG and LDL levels, and decreased
HDL levels [47,48]. In this study, EEIP improved the hepatic lipid constituents including
T-CHO, LDL/VLDL, HDL, and TG levels in overfeeding zebrafish (Supplementary Figure
54) and effectively prevented the increased levels of T-CHO and LDL in the plasma of
HFD-fed obese mice. Blood levels of GOT and GPT are biomarkers of hepatotoxicity, and
BUN level is related to nephrotoxicity. Pre- or post-treatment of EEIP did not show any
effects on these levels compared to control mice (Supplementary Figure S1).

Mitochondria-rich BAT is vital for body temperature regulation and contributes to total
energy expenditure [49]. Mitochondria provide energy through oxidative phosphorylation
of cellular respiration, which proceeds to ATP synthesis through a series of five molecular
complexes (complexes I-V). ATP is an end product of mitochondrial respiration and
increases the cellular metabolic rate and energy production [50,51]. It has been reported
that UCP-1 in the inner mitochondrial membrane of BAT could lead to the dissipation of the
proton gradient and the uncoupling respiration to activate thermogenesis rather than ATP
synthesis [52]. Increasing evidence suggests that UCP-1 ablation occurs in the development
of obesity under thermoneutral conditions [53], and the over-expression of UCP-1 resulting
in thermogenesis could prevent the development of obesity [54]. The expression level
of UCP-1 is enhanced by an interaction of PGC-1x with thyroid receptors in BAT [55,56].
PGC-1« has been known to express at high levels in tissues where mitochondria are
abundant and oxidative metabolism is active, such as BAT. Increased PGC-1«x has been
known to bind PPAR-y and stimulate the transcription of genes involved in the brown
adipocyte differentiation process [57]. PGC-1a was also found to increase the expression of
mitochondrial subunits of electron transport chain complexes such as cytochrome c and
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COX1V [58]. Further, multiple lines of evidence have demonstrated that SIRT1, an upstream
regulator of PGC-1¢, ameliorates preadipocyte hyperplasia through c-myc deacetylation
and suppresses lipid accumulation by inhibiting PPARy [59,60]. In line with these reports,
heterozygous SIRT1 knockout (SIRT1*/~) mice developed severe hepatic steatosis on HFD,
accompanied by lower energy consumption [61]. In the present study, Western blotting
analysis of BAT demonstrated that EEIP treatment upregulated the expression of energy
expenditure-related proteins UCP-1, PGC-1«, and SIRT1. Consistent with these data,
EEIP also elevated the expression levels of COX 1V, indicating increased mitochondrial
activation in BAT of HFD-fed obese mice. Thus, we speculated that EEIP is involved in
mitochondrial activity.

Over the past decade, increasing evidence has demonstrated that the gut microbiota
is a potential factor in obesity and related metabolic disorders [32]. The gut microbiome
mainly comprises Bacteroidetes, Firmicutes, and Proteobacteria at the phyla level, and Bac-
teroidetes and Firmicutes account for 90% of this composition. The ratio of Firmicutes to
Bacteroidetes is associated with body mass index and is also an indicator of obesity [62].
In the present study, we observed that the increased F/B ratio in HFD-induced obese
mice was significantly mitigated by EEIP treatment, supporting that EEIP partly alleviates
obesity through an alteration of the gut microbiota composition. When the gut microbiome
digests dietary fiber, SCFAs such as butyrate, propionate, and acetate are produced as major
metabolites [63]. Interestingly, SCFA has been reported to modulate energy metabolism by
stimulating leptin production and the regulation of insulin-mediated fat accumulation in
the adipose tissue [64,65]. Indeed, our data provide evidence that EEIP restored insulin and
leptin levels to those similar to the control in HFD-induced mice, and we hypothesize that
EEIP-altered gut microbiota composition might contribute to insulin and leptin secretion
via SCFA regulation. In this study, we recognized some limitations of our research to
completely unravel the role and molecular mechanism of EEIP in obesity. Although we
proved the major compounds of EEIP such as apigenin 7-O-p-D-glucuronide and 2,3,4,5-
tetracaffeoyl-D-glucaric acid in the present study, we anticipated that these compounds
could also be responsible for the anti-obesity activities of EEIP. Therefore, we will further
investigate on the alleviating effect of 7-O-B-D-glucuronide and 2,3,4,5-tetracaffeoyl-D-
glucaric acid on diet-induced obesity. In addition, further studies are needed to identify
whether EEIP exhibits similar effects in human.

5. Conclusions

In summary, we elucidated that EEIP inhibited adipocyte proliferation and differentia-
tion and decreased lipid accumulation via the regulation of adipogenesis-related transcrip-
tion factors by activating the AMPK signaling pathway in vitro and in vivo. In addition,
EEIP upregulated the expression of energy expenditure and mitochondrial activation-
associated proteins in BAT and restored HFD-altered gut microbiota composition. Taken
together, our findings suggest that EEIP possesses the therapeutic potential to prevent
obesity and obesity-related metabolic disease.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/nu14183685/s1. Figure S1: Assessment of hepatotoxicity and nephrotoxicity of EEIP in the
plasma. Figure S2: Effect of IJE, PCE, and EEIP in 3T3-L1. Figure S3: Effect of EEIP treatment group
on belly length and body weight in zebrafish. Figure S4: Effect of EEIP on lipid accumulation and
T-CHO, LDL/VLDL, HDL, and TG levels in zebrafish.
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