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Abstract

Obesity is a chronic metabolic disorder characterized by the excessive expansion of adipose tissue
and impaired energy homeostasis. This study evaluated the anti-obesity effects of ginger (Zingiber
officinale Roscoe) extract, as well as a mixture of ginger extract and long pepper (Piper longum L.)
extract, in high-fat diet-induced obese mice. Mice were orally administered ginger extract (60
mg/kg/day) or a mixture of ginger extract and long pepper extract (1:1 ratio, 30 mg/kg/day each) for
8 weeks. Treatment with ginger extract alone significantly reduced body weight gain and visceral
and subcutaneous fat mass compared to high-fat diet group. In contrast to the ginger extract alone,
the mixture of long pepper extract resulted in less pronounced anti-obesity benefits. Ginger extract
promotes lipolysis through the activation of the protein kinase A (PKA) signaling pathway and
induces the browning of white adipose tissue by upregulating uncoupling protein 1 (UCP1)
expression. Notably, ginger extract alone demonstrated superior anti-obesity effects by improving
glucose homeostasis and lipid profiles, as well as modulating adipose tissue metabolic processes
more effectively than the mixture of ginger extract and long pepper extract. These findings indicate
that ginger extract may serve as a promising natural agent for the prevention and management of
obesity-related metabolic dysfunction.

Keywords: browning; lipid accumulation; thermogenesis; ginger extract; long pepper extract;
metabolic syndrome

1. Introduction

Obesity is a complex and chronic metabolic disorder characterized by the excessive
accumulation of adipose tissue and the disruption of normal glucose homeostasis [1-3]. This
abnormal fat accumulation not only indicates energy imbalance but also leads to various metabolic
dysfunctions [4]. As fat mass increases, particularly in visceral fat, it induces a state of low-grade,
chronic inflammation that interferes with insulin action, exacerbating insulin resistance and
impairing glucose homeostasis [5]. Over time, this metabolic dysregulation significantly increases the
risk of developing various conditions associated with metabolic syndrome, including
hyperlipidemia, hypertension, impaired glucose tolerance, and non-alcoholic fatty liver disease
(NAFLD) [6]. These comorbidities are major risk factors for cardiovascular disease and type 2
diabetes [7].

White adipose tissue (WAT), traditionally considered as merely an energy reservoir, is now
recognized as a highly dynamic endocrine organ that secretes a variety of adipokines and
inflammatory cytokines, which regulate lipid and glucose metabolism [5,8]. The expansion of WAT
occurs through two primary mechanisms: hypertrophy, characterized by an increase in the size of
adipocytes, and hyperplasia, defined as an increase in the number of adipocytes [9-11]. Hyperplasia
is regulated at the transcriptional level by key adipogenic factors such as CCAAT/enhancer-binding
protein alpha (C/EBPa), peroxisome proliferator-activated receptor gamma (PPARYy), and fatty acid-
binding protein 4 (FABP4), which coordinate the differentiation of preadipocytes into fully
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differentiated adipocytes enriched in intracellular lipids [12-14]. During hypertrophy, mature
adipocytes accumulate lipids, a process in which lipogenic enzymes such as lysophosphatidic acid
acyltransferase theta (LPAATO), lipin 1, and diacylglycerol acyltransferase 1 (DGAT1) play a critical
role [15,16]. These enzymes catalyze the sequential reactions involved in triglyceride biosynthesis,
facilitating lipid storage in adipose tissue [17].

Lipolysis is the catabolic breakdown of triglycerides into free fatty acids (FFAs) and glycerol,
thereby supporting energy metabolism [18,19]. This process is primarily initiated by protein kinase
A (PKA), which activates a lipase cascade involving adipose triglyceride lipase (ATGL),
phosphorylated hormone-sensitive lipase (p-HSL), and monoacylglycerol lipase (MGL) [20]. The
liberated FFAs can be oxidized within adipocytes or transported to peripheral tissues such as the
liver, heart, and skeletal muscle for energy utilization [21]. In contrast to energy storage, brown
adipose tissue (BAT) dissipates energy as heat via non-shivering thermogenesis mediated by
uncoupling protein 1 (UCP1) [22,23]. Under specific stimuli, white adipocytes can undergo a
phenotypic transition known as “browning,” which is characterized by the upregulation of
thermogenic genes including peroxisome proliferator-activated receptor alpha (PPARa), PPARYy
coactivator 1-alpha (PGCla), PR domain-containing 16 (PRDM16), and UCP1, offering a potential
mechanism to increase energy expenditure and combat obesity [24,25].

Ginger (Zingiber officinale) extract (GE) has consistently demonstrated anti-obesity effects and
is regarded as a promising candidate for managing diet-induced metabolic disorders [26-28]. Based
on previous studies, GE was administered at 60 mg/kg/day to evaluate its metabolic efficacy. Long
pepper (Piper longum L.) extract (LPE), which contains the bioactive compound piperine, has also
shown potential to modulate lipid metabolism and enhance metabolic function [29,30]. In this study,
LPE was co-administered with ginger extract at a 1:1 ratio to evaluate potential synergistic effects.
The LPE dose (30 mg/kg/day) was determined based on the acceptable daily intake (ADI) of piperine
for humans, as defined by the European Food Safety Authority (EFSA), and was converted to an
equivalent dose for mice [31]. The dose used in this study was within the safe intake established by
the revised no-observed-adverse-effect level (NOAEL). The aim of this study is to examine the anti-
obesity effects of GE alone and in combination with LPE to compare their relative efficacy in a high-
fat diet (HFD)-induced obesity model.

2. Materials and Methods

2.1. Preparation and Standardization of Ginger and Long Pepper Extracts

The GE was used as Ginginoll that was manufactured by AKAY Natural Ingredients Private
Limited. (Kerala, India) and provided by Ju Yeong NS Co., Ltd. (Seoul, Korea). To confirm the
synergistic effect with the GE, LPE used in the mixture (GE+LPE) was manufactured by Ju Yeong NS
Co., Ltd. and is standardized to Piperine< 2%. For this experiment, it was administered after being
mixed with the ginger extract in a 1:1 ratio based on weight for use.

GE was prepared from the dried rhizomes of Zingiber officinale Roscoe, and LPE was derived
from the dried fruits of Piper longum L. GE was prepared via supercritical CO; extraction from dried
ginger rhizomes followed by blending with arabic gum and maltodextrin, spray-drying, and
standardizations. LPE was prepared by 65% ethanol extraction of dried long pepper fruits, followed
by concentration, blending with arabic gum, spray-drying, and final standardization. The nutritional
composition and marker compounds of both extracts were analyzed to assess functional
characteristics (Table 1). Total polyphenol content (TPC) was measured using the Folin—Denis
method, and the results were expressed as mg gallic acid equivalents (GAE) per gram of extract.

Table 1. Composition of Ginger Extract (GE) and Long Pepper Extract (LPE).

Component Ginger extract (GE) Long pepper extract (LPE)
Energy (kcal/100g) 623.49 357.85
Carbohydrate (%) 39.96 86.30
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Crude fat (%) 51.21 0.45
Crude protein (%) 0.69 2.15
Ash (%) 5.10 538
Moisture (%) 3.04 5.72
Total polyphenols (GAE mg/g) 1394 +2.7 5.6+0.1

Marker compound content (mg/g)

6-gingerol: 132

piperine: 20

Marker compounds were quantified by high-performance liquid chromatography (HPLC)
equipped with a photodiode array detector (PDA). Analyses were performed using a Waters Arc
HPLC series equipped with a C18 column (4.6 x 250 mm, 5 um; Luna C18(2)). The mobile phase was
acetonitrile and distilled water with 1% acetic acid (65:35, isocratic) at 1.0 mL/min. The detection
wavelength was set at 280 nm, the column was maintained at 35 °C, and the injection volume was
10 uL. Under these conditions, the retention times were 5.036 min for 6-gingerol and 5.694 min for
piperine. The concentrations of 6-gingerol in GE and piperine in LPE were 132 mg/g and 20 mg/g,
respectively. A representative HPLC chromatogram of each extract is shown in Figure 1.
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Figure 1. Representative HPLC chromatograms of (A) GE, showing 6-gingerol at 5.036 min, and (B) a GE and

LPE mixture, showing a distinct peak for piperine at 5.694 min.

2.2. Animals and Treatments

The animal studies were approved by the Institutional Animal Care and Use Committee of CHA
University (approval number: IACUC230174). Five-week-old male ICR mice were purchased from
Raon Bio (Yongin, Korea) and housed at 20 + 3 °C in a room maintained under a 12 h light/12 h dark
cycle. After a one-week period of adaptation, the mice were randomly assigned in a blinded manner
into four groups (n = 14 per group): a chow diet (Ctrl) group, a high-fat diet (HFD) group, a group
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fed HFD supplemented with oral GE at 60 mg/kg/day (GE), or a group fed HFD supplemented with
GE and LPE co-administered at 30 mg/kg/day each (GE+LPE). Sample administration was initiated
concurrently with HFD feeding to assess both preventive and therapeutic effects of the GE extract
and GE+LPE extract. The HFD contained 60 kcal% as fat (D12492, Research Diets, NJ, USA), while
the chow diet contained 10 kcal% as fat (D12450B, Research Diets, NJ, USA). Mice were fed both diets
for 8 weeks, with weekly measurements of body mass and dietary intake. At the end of the
experiment, the mice were euthanized by exposure to carbon dioxide (COZ2) until respiratory arrest
after fasting for 12 h, then blood and tissue samples were collected.

2.3. Fasting Blood Glucose Measurement

The fasting glucose concentrations were measured weekly from the tail vein after 12 h of fasting
using a blood glucose test meter (Accu-Chek, Roche Diagnostics, Basel, Switzerland).

2.4. Oral Glucose Tolerance Test and Insulin Tolerance Test

The oral glucose tolerance test (OGTT) was conducted after a 12-hour fast. D-glucose (1.5 g/kg
body weight) was orally administered, and blood glucose concentrations were measured at 0
(baseline), 30, 60, 90, and 120 min after administration using a glucose meter (Accu-Chek, Roche
Diagnostics, Basel, Switzerland). Additionally, an Insulin tolerance test (ITT) was performed
following the same 12-hour fasting period. Mice received an intraperitoneal injection of insulin (1
U/kg body weight), and blood glucose concentrations were measured at 0 (baseline), 30, 60, 90, 120,
and 150 min following the injection.

2.5. Histological Analysis

Samples of subcutaneous (sWAT) and visceral (vWAT) WAT samples were fixed in 4%
paraformaldehyde and embedded in paraffin. Several sections were then prepared and stained with
hematoxylin and eosin (H&E) for histological assessment. Photomicrographs were obtained using a
Nikon E600 microscope (Nikon, Tokyo, Japan).

2.6. Rectal Temperature Measurement

The rectal temperatures of the mice were measured weekly using a Testo 925 Type Thermometer
(Testo, Lenzkirch, Germany).

2.7. Immunofluorescence Staining

Samples of SWAT and vWAT sections were deparaffinized and then incubated with anti-PKA
or anti-UCP1 antibodies. Subsequently, secondary anti-mouse fluorescein isothiocyanate (FITC)-
conjugated and anti-rabbit Alexa Fluor™ 594-conjugated antibodies were then applied. DAPI
(Thermo Fisher Scientific, MA, USA) was used to stain the cell nuclei, and the sections were mounted
with ProLong Gold Antifade reagent (Thermo Fisher Scientific). Fluorescent images were captured
using a Zeiss confocal laser scanning microscope (LSM880; Carl Zeiss, Oberkochen, Germany) along
with Zen 3.10 software (Carl Zeiss).

2.8. Biochemical Analysis

Blood samples were obtained through cardiac puncture under terminal anesthesia and
centrifuged at 3,000 x g for 20 min at 4°C to separate the serum. The serum concentrations of insulin,
leptin, and resistin were measured using a Mouse Adipokine Magnetic Magnetic Bead Panel (Merck
Millipore, Burlington, MA, USA). The serum concentrations of the total GLP-1 were measured using
a Metabolic Hormone Panel V3 (Merck Millipore, Burlington, MA, USA). Additionally, the serum
concentrations of triglycerides (TG), total cholesterol, low-density lipoprotein (LDL)-cholesterol, and
high-density lipoprotein (HDL)-cholesterol as well as the activities of aspartate aminotransferase
(AST) and alanine aminotransferase (ALT), were measured using colorimetric assay kits from Roche.
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2.9. Oil Red O Staining

Cryostat sections of liver tissue (5 pm) were stained with a 0.1% (m/v) Oil Red O (ORO) solution
to visualize lipid accumulation in the liver. After staining at room temperature, the sections were
rinsed and examined to evaluate the presence and distribution of lipid droplets.

2.10. Western Blot Analysis

Tissues were washed twice with phosphate-buffered saline (PBS) and then lysed using a lysis
buffer that included 1 mM phenylmethylsulfonyl fluoride, 1 mM ethylenediaminetetraacetic acid, 1
uM pepstatin A, 1 uM leupeptin, and 0.1 pM aprotinin (iNtRON Biotechnology, Seoul, Korea), along
with phosphatase and protease inhibitors. The samples were allowed to stand on ice for 1 hour to
facilitate lysis. Following homogenization, the samples were centrifuged at 13,000 x g for 20 min at
4°C. The protein content in the supernatant was determined, and the lysate protein concentrations
were quantified using a protein assay kit (Bio-Rad, Hercules, CA, USA). Lysates containing equal
amounts of protein were separated using sodium dodecyl sulfate-polyacrylamide gel electrophoresis
(SDS-PAGE), and the proteins were electrotransferred to membranes. The membranes were then
blocked with 5% skim milk for 1 hour, washed with Tris-buffered saline containing Tween 20 (TBST),
and incubated with primary antibodies overnight at 4°C. Subsequently, the membranes were
exposed to horseradish peroxidase-conjugated secondary antibodies. Antibodies targeting C/EBPa,
PPARY, FABP4, sterol regulatory element-binding protein 1 (SREBP1), LPAATO, lipin 1, DGATI,
phosphorylated PKA (p-PKA, Ser 114), a-tubulin, and PGCla were purchased from Santa Cruz
Biotechnology (Dallas, TX, USA). Antibodies targeting ATGL, phosphorylated HSL (p-HSL, Ser 563),
Fatty Acid Synthase (FAS) were purchased from Cell Signaling Technology (Danvers, MA, USA).
Antibodies targeting MGL, PPARa, PRDM16, and UCP1 were purchased from Abcam (Cambridge,
UK).

2.11. Statistical Analysis

Data are expressed as mean + SEM. Statistical comparisons were made using one-way ANOVA
followed by Tukey’s post-hoc test (IBM SPSS Statistics Version 20.0, Armonk, NY, USA). P <0.05 was
regarded as indicating statistical significance.

3. Results

3.1. GE More Effectively Suppresses HF D-Induced Obesity than GE+LPE

To evaluate the anti-obesity efficacy of GE and its combination with LPE (GE+LPE), mice were
fed an HFD for 8 weeks and administered either GE alone or the GE+LPE mixture. At the end of the
treatment period, the body mass of mice in the HFD group mice was substantially higher than in the
Ctrl group (Figure 2A, B). Both treatment groups showed significantly reduced body mass compared
to the HFD group. However, the GE group exhibited a significantly greater reduction in body weight
gain compared to the GE+LPE group. This pattern was consistent in both body weight and adipose
tissue measurements (Figure 2C, D). The masses of VWAT, sWAT, and perirenal WAT were
significantly lower in the GE group compared to the GE+LPE group. In contrast, no significant
differences were observed in the masses of organs such as the kidneys, lungs, and spleens across the
four groups (Figure 2E). Moreover, no significant differences in food or water intake were observed
among the HFD-fed groups (Figure 2F), suggesting that the observed differences in body weight were
not due to reduced energy intake.
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Figure 2. Effects of GE and GE+LPE on body weight, fat mass, and energy intake in HFD-fed mice. (A)
Representative images of the mice from each group at the end of the 8-week treatment. (B) Body mass measured
regularly during the 8-week treatment and body mass gain over the 8 weeks. (C) Representative images of
dissected sWAT (top) and vVWAT (bottom). (D) Masses of the sWAT, vWAT, and perirenal WAT. (E) Masses of
other organs including kidneys, lungs, and spleen. (F) Food and water intake recorded during the 8-week
treatment. Data are expressed as mean + SEM. Values with different letters are significantly different: p <0.05 (a

>b>c).

3.2. GE More Effectively Improves Glucose Homeostasis, and Metabolic Hormone Regulation than GE+LPE

To further evaluate the metabolic effects of GE and GE+LPE, we next assessed glucose
intolerance and insulin resistance. Over the 8 weeks of the experiment, the fasting blood glucose
concentrations of the HFD group increased gradually, while both treatment groups showed a
significant decrease in fasting blood glucose concentrations compared to the HFD group. Notably,
the GE group showed a more pronounced reduction than the GE+LPE group (Figure 3A). To assess
glucose homeostasis, OGTT and ITT were conducted after the 8 weeks treatment period. As shown
in Figure 3B, both the GE and GE+LPE groups displayed significantly lower fasting glucose
concentrations and reduced under the curve (AUC) during the OGTT compared to the HFD group,
with the GE group demonstrating a more pronounced improvement in glucose regulation. Similarly,
the results of the ITT revealed that blood glucose concentrations declined more rapidly in both
treatment groups than in the HFD group (Figure 3C). Consistent with these results, serum insulin
concentrations were significantly lower in both treatment groups compared to HFD controls,
particularly in the GE group (Figure 3D). Additionally, serum concentrations of glucagon-like
peptide-1 (GLP-1), an incretin hormone that promotes insulin secretion [32], was significantly
elevated in the GE group (Figure 3E).
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Figure 3. Effects of GE and GE+LPE on the glucose intolerance and insulin resistance of HFD-fed mice. (A)
Fasting blood glucose concentrations during the 8-week treatment. (B) Results of oral glucose tolerance test
(OGTT) after 8 weeks treatment, and corresponding areas under the curves (AUC). (C) Results of insulin
tolerance testing (ITT) after 8 weeks treatment, and corresponding AUC. (D) Serum insulin concentrations, (E)
serum GLP-1 concentrations after 8 weeks. Data are expressed as mean + SEM. Values with different letters are

significantly different: p <0.05 (a>b > c).

In addition, GE treatment significantly improved the dysregulated lipid profile induced by HFD,
including reductions in triglycerides (TG), total cholesterol, and LDL cholesterol, as well as higher
concentrations of HDL-cholesterol (Figure 4A-D). Furthermore, the administration of GE
significantly reduced the concentrations of leptin and resistin in serum (Figure 4E, F), which are
adipokines closely associated with obesity-related metabolic dysfunction. These findings collectively
suggest that GE exerts a more pronounced impact on improving glucose homeostasis, lipid profiles,
metabolic hormones compared to GE+LPE in HFD-induced obese mice.
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Figure 4. Effects of GE and GE+LPE on lipid profile and adipokine concentrations of HFD-fed mice. (A) Total
cholesterol, (B) Triglyceride, (C) LDL-cholesterol, (D) HDL-cholesterol (E) Leptin, and (F) Resistin concentrations
after 8-week treatment. Data are expressed as mean + SEM. Values with different letters are significantly
different: p <0.05 (a>b > c).

3.3. GE More Effectively Inhibits Adipogenesis and Lipogenesis in WAT than GE+LPE

H&E staining demonstrated that adipocytes in both sWAT and vWAT of HFD group were
markedly larger than those in the Ctrl group (Figure 5A). The quantification confirmed that both GE
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and GE+LPE groups significantly reduced adipocyte size and, with a more pronounced effect
observed in the GE group (Figure 5B, C). To investigate the underlying mechanisms, the expression
of key regulators of adipogenesis (C/EBPa, PPARY, and FABP4) and lipogenesis (LPAATO, lipin 1,
and DGAT1) was assessed in sWAT and vWAT by western blot analysis. Expression levels of these
proteins were significantly increased in the HFD group compared to the Ctrl group. However, the
GE group showed a greater suppression of these adipogenic and lipogenic factors than the GE+LPE
group (Figure 5D, E). These results indicate that GE more effectively inhibits adipocyte differentiation
and lipid accumulation in WAT compared to GE+LPE, thereby contributing to its superior anti-
obesity effects in HFD-induced obesity.
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Figure 5. Effects of GE and GE+LPE on adipocyte size and the expression of adipogenic/lipogenic proteins in
WAT of HFD-fed mice. (A) Sections of sSWAT and vWAT stained with hematoxylin and eosin. Quantification of
adipocyte size (B) in the sWAT and (C) in the vVWAT. (D) Western blots of adipogenic proteins (C/EBPa, PPARY,
and FABP4) and lipogenic proteins (LPAATO, lipinl, and DGAT1) in sWAT. (E) Western blots of adipogenic
proteins (C/EBPa, PPARy, and FABP4) and lipogenic proteins (LPAAT®O, lipinl, and DGAT1) in vVWAT. Protein
expression levels were normalized to a-tubulin. Data are expressed as mean + SEM. Values with different letters

are significantly different: p <0.05 (a>b > c).

3.4. GE More Effectively Promotes Lipolysis and Browning in WAT than GE+LPE

To evaluate the thermogenic effects, weekly measurements of rectal temperature were
performed. The GE group showed significantly higher rectal temperatures than both the HFD and
GE+LPE groups, which may reflect increased thermogenic activity (Figure 6A). Consistent with this
finding, immunofluorescence staining showed that the intensity of PKA and UCP1 signals was
markedly increased in WAT from GE group compared to the HFD and GE+LPE groups (Figure 6B).
To further investigate the molecular mechanisms underlying these effects, we assessed the expression
of lipolytic enzymes, including ATGL, p-HSL, and MGL. Both treatment groups exhibited
upregulated expressions of these proteins compared to the HFD group, with the GE group displaying
a more pronounced increase in lipolytic activity. Additionally, the expression of thermogenic genes
such as PPARa, PGCla, PRDM16, and UCP1 was significantly elevated in both treatment groups,
and GE induced a more pronounced upregulation than GE+LPE (Figure 6C, D). Taken together, these
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findings suggest that GE promotes WAT browning and thermogenesis more effectively than GE+LPE,
likely due to enhanced lipolysis and activation of key thermogenic pathways.
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Figure 6. Effects of GE and GE+LPE on lipolysis and browning in the WAT of HFD-fed mice. (A) Rectal
temperatures of the mice during 8 weeks of treatment (B) Immunofluorescence staining of PKA and UCP1 in
sWAT and vWAT. (C) Western blots of proteins involved in lipolysis (p-PKA, ATGL, p-HSL, and MGL) and
browning (PPARa, PGCla, PRDM16, and UCP1) in sWAT. (D) Western blots of proteins involved in lipolysis
(p-PKA, ATGL, p-HSL, and MGL) and browning (PPARa, PGCla, PRDM16, and UCP1) in vWAT. Protein
expression levels were normalized to a-tubulin. Data are expressed as mean + SEM. Values with different letters

are significantly different: p <0.05 (a>b > c).

3.5. GE More Effectively Ameliorates Hepatic Steatosis than GE+LPE

To determine whether GE or GE+LPE could improve obesity-associated hepatic steatosis, we
examined liver morphology and lipid accumulation. HFD feeding induced significant hepatic
steatosis, as evidenced by pale and enlarged livers. In contrast, livers from the GE group exhibited a
darker, healthier appearance comparable to the Ctrl group (Figure 7A). Moreover, serum
concentrations of biochemical factors of liver dysfunction, alanine aminotransferase (ALT) and
aspartate aminotransferase (AST) were significantly lower in the GE group than in both the HFD and
GE+LPE groups (Figure 7B, C). In addition, liver mass was significantly reduced in the GE group
compared to both the HFD and GE+LPE groups (Figure 7D). Consistent with these findings, Oil Red
O staining showed extensive lipid accumulation in the HFD group, whereas it was more substantially
reduced in the GE group than in the GE+LPE group (Figure 7E).

We next examined hepatic expression of key lipogenic proteins including SREBP1, FAS,
LPAATSO, lipinl, DGAT1. Although both groups showed reduced expression of lipogenic proteins
(Figure 7F), GE induced a greater suppression compared to GE+LPE. This suggests that GE more
effectively inhibits hepatic lipid synthesis and steatosis under HFD conditions.
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Figure 7. Effects of GE and GE+LPE on hepatic lipid accumulation in HFD-fed mice. (A) Representative images
of mouse liver morphology. (B) Serum ALT and (C) AST concentrations. (D) Liver mass. (E) Oil red O-stained
liver sections. (F) Western blots of hepatic lipogenic protein expression (SREBP1, FAS, LPAATO, lipinl, and
DGAT1). Protein expression levels were normalized to a-tubulin. Data are expressed as mean + SEM. Values

with different letters are significantly different: p <0.05 (a >b > c).

4. Discussion

The study highlights that GE administration more effectively ameliorates obesity in HFD-fed
mice compared to its combination with LPE. While both GE and GE+LPE treatments led to significant
reductions in body weight gain, adipose tissue mass, and lipid accumulation, the GE group
consistently exhibited superior effects across key metabolic indicators. These findings suggest that
the anti-obesity potential of GE may not be synergistically enhanced by co-administration with LPE
under the tested dose and ratio.

Improvements in glucose tolerance and insulin sensitivity were observed in both treatment
groups with a more pronounced effect in the GE group. The observed effects may primarily result
from secondary metabolic improvements resulting from the reduction of excessive adipose tissue.
Consistently, OGTT and ITT results demonstrated more rapid and sustained reductions in blood
glucose concentrations in the GE group compared to the GE+LPE group, indicating enhanced glucose
utilization and insulin sensitivity. This was accompanied by an increase in circulating insulin
concentrations. In addition, GLP-1 concentrations were also elevated in the GE group, which may
have contributed to the observed improvements in glucose homeostasis by enhancing insulin
secretion [33,34]. Moreover, the GE group exhibited improved lipid profiles and reduced circulating
concentrations of leptin and resistin, supporting its superior metabolic efficacy compared to GE+LPE
[35].

At the tissue level, GE treatment more effectively suppressed both adipogenesis and lipogenesis
in WAT. This was reflected not only in the reduction of adipocyte size but also in the decreased
expression of transcription factors involved in adipocyte differentiation (C/EBPa, PPARY, and
FABP4) and enzymes regulating lipid synthesis (LPAATO, lipin 1, and DGAT1). These changes were
also accompanied by improvements in hepatic steatosis [36], possibly due to improved lipid
metabolism. Alongside these effects, GE enhanced lipolytic activity, as shown by increased levels of
ATGL, p-HSL, and MGL. It also promoted thermogenic reprogramming, evidenced by elevated
expression of UCP1 and its upstream regulators PPARa, PGCla, and PRDM16 [37]. Elevated rectal
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temperatures and enhanced UCP1 immunoreactivity further substantiated the interpretation that GE
promotes energy expenditure through thermogenic activation. These coordinated effects suggest that
GE facilitates a functional shift in WAT from lipid storage toward energy dissipation.

In this study, GE (60mg/kg/day) and GE+LPE (1:1 ratio, 30 mg/kg/day each) were orally
administered to evaluate their comparative anti-obesity effects in HFD-induced obesity. Despite the
well-documented roles of piperine in enhancing bioavailability and modulating lipid metabolism,
co-administration of LPE with GE did not confer synergistic benefits in this study. The LPE dose was
conservatively determined based on the ADI of piperine established by the EFSA, emphasizing safety
but potentially limiting therapeutic efficacy. These findings focus on the superior metabolic efficacy
of GE alone and suggesting that under the current conditions, LPE did not enhance the metabolic
effects of GE. While alternative dosing regimens or combination proportions may warrant further
investigation, the current findings reinforce the robust anti-obesity efficacy of GE alone under HFD
conditions. These results highlight the clinical potential of GE as an individual treatment, a naturally
derived therapeutic agent for obesity-related metabolic disorders.

5. Conclusions

The present data show that GE alone demonstrated superior anti-obesity effects compared to
the GE+LPE mixture in HFD-induced obese mice. These findings support GE as a promising
candidate for the prevention and treatment of obesity and related metabolic complications.
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