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Abstract: This study was performed to evaluate the anti-obesity effects of green tea and java pepper
mixture (GJ) on energy expenditure and understand the regulatory mechanisms of AMP-activated
protein kinase (AMPK), microRNA (miR)-34a, and miR-370 pathways in the liver. Sprague–Dawley
rats were divided into four groups depending on the following diets given for 14 weeks: normal chow
diet (NR), 45% high-fat diet (HF), HF + 0.1% GJ (GJL), and HF + 0.2% GJ (GJH). The results revealed
that GJ supplementation reduced body weight and hepatic fat accumulation, improved serum lipids,
and increased energy expenditure. In the GJ-supplemented groups, the mRNA levels of genes
related to fatty acid syntheses, such as a cluster of differentiation 36 (CD36), sterol regulatory element
binding protein-1c (SREBP-1c), fatty acid synthase (FAS), and stearoyl-CoA desaturase 1 (SCD1)
were downregulated, and mRNA levels of peroxisome proliferator-activated receptor alpha (PPARα),
carnitine/palmitoyl-transferase 1 (CPT1), and uncoupling protein 2 (UCP2), which participate in
fatty acid oxidation, were upregulated in the liver. GJ increased the AMPK activity and decreased the
miR-34a and miR-370 expression. Therefore, GJ prevented obesity by increasing energy expenditure
and regulating hepatic fatty acid synthesis and oxidation, suggesting that GJ is partially regulated
through AMPK, miR-34a, and miR-370 pathways in the liver.
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1. Introduction

Obesity can be complexly involved in various causes, including biological factors
such as genetics, physiology, and metabolism, and psychosocial factors such as mental,
behavioral, social, and cultural factors [1,2]. Moreover, obesity can result from an imbalance
between energy intake and energy expenditure; it is associated with metabolic diseases
such as type 2 diabetes, non-alcoholic fatty liver disease, and hyperlipidemia [3]. The liver
plays an important role in the regulation of energy expenditure and lipid metabolism [4].
Chronically imbalanced energy leads to fat accumulation in the liver, thereby impairing
metabolic control functions [5]. Recently, studies have comprehensively explored obesity
therapeutics that aim to increase energy expenditure by regulating fatty acid β-oxidation
in the liver [5,6]. Therefore, the mechanisms of energy expenditure and hepatic fatty
acid oxidation during the development of obesity should be elucidated to prevent and
treat obesity.

AMP-activated protein kinase (AMPK) regulates energy homeostasis and fatty acid ox-
idation in the liver [7]. Obesity caused by energy imbalance not only exacerbates metabolic
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disorders but also reduces AMPK activity [8]. The increased activity of AMPK reduces hep-
atic triglyceride (TG) and downregulates lipogenic genes such as sterol regulatory element
binding protein-1c (SREBP-1c), fatty acid synthase (FAS), and stearoyl-CoA desaturase
1 (SCD1) [9]. AMPK activation also stimulates hepatic fatty acid β-oxidation by upreg-
ulating peroxisome proliferator-activated receptor alpha (PPARα), carnitine/palmitoyl-
transferase 1 (CPT1), and uncoupling protein 2 (UCP2) [7,10].

MicroRNA (miR) is a small non-coding RNA consisting of 18–22 nucleotide molecules
that play a role as a post-transcriptional regulator in regulating gene expression [11]. miRs
have been widely recognized as therapeutic targets because they regulate metabolism and
affect various metabolic diseases [12]. miR-34a is highly expressed in the fatty liver of
mice and directly targets the transcription factor PPARα related to fatty acid oxidation [12].
Furthermore, miR-370 regulates the CPT1 expression by targeting the 3′-untranslated region
of CPT1 that affects lipid metabolism [11]. Thus, miR-34a and miR-370 may be used as
target biomarkers to regulate fatty acid oxidation.

Green tea (Camellia sinensis) is mainly consumed worldwide as a tea beverage. It
contains catechin, a physiologically active polyphenol, which representatively includes epi-
gallocatechin (EGC), epicatechin (EC), epigallocatechin-3-gallate (EGCG), and epicatechin-
3-gallate (ECG). Green tea catechins have health-promoting properties such as antioxidant
and anti-obesity effects [13]. EGCG, in particular, which has the highest antioxidant activity
in green tea, helps reduce weight and prevents fatty liver by downregulating lipogenesis
and upregulating lipolysis in mice fed with a high-fat (HF) diet [14,15].

Java pepper (Piper retrofractum), a plant belonging to Piperaceae, is widely cultivated
in Southeast Asia; it is commonly dried and used as a spice. Piperine, a major component
of java pepper, improves dyslipidemia and has anti-obesity and antioxidative effects [16].
In particular, piperine enhances the low bioavailability of EGCG [17]. EGCG reduces colitis
by enhancing its anti-inflammatory effect when it is administered with piperine [18]. We
reported the anti-colitis effect of green tea and java pepper mixture (GJ) by modulating
colonic miR-21 in dextran sulfate sodium-induced colitis [19]. In the present study, we
investigated the anti-obesity effect of GJ in HF diet-fed rats. We also determined whether
GJ supplementation promoted energy expenditure and affected hepatic lipid metabolism
by regulating AMPK and miR-34a/370 pathways.

2. Materials and Methods
2.1. Preparation of Green Tea and Java Pepper Mixture (GJ)

GJ was a mixture of green tea and java pepper extracts supplied by Newtree (Seoul,
Republic of Korea), as described in our previous study [19]. Green tea extract was obtained
from Naturex (Avignon, France). Java pepper was extracted with 70% ethanol at 60 ◦C
for 8 h and mixed at a ratio of 99:1 (w/w). The mixtures were sterilized at 90–95 ◦C for
15–30 min and spray-dried, then the catechins and piperine contained in this powder were
determined. The contents of catechins and piperine in green tea and java pepper mixture
(GJ) were analyzed by high-performance liquid chromatography (HPLC) analysis using a
Nanospace SI-2 HPLC system (Shiseido Co., Tokyo, Japan) [19]. The analytical conditions
were as follows: column: Capcell Pak C18 UG 120 column (4.6 mm × 250 mm, 5 µm;
Shiseido, Tokyo, Japan); flow rate: 1 mL/min; column temperature: 35 ◦C; volume of
injection: 10 µL; detector wavelength: 343 nm. The epigallocatechin-3-gallate (EGCG),
epicatechin-3-gallate (ECG), epigallocatechin (EGC), and epicatechin (EC) contents of GJ
were 522.04 ± 9.84, 111.22 ± 2.06, 105.67 ± 2.51, and 53.06 ± 1.09 mg/g, respectively. The
piperine content of GJ was 2.05 ± 0.13 mg/g. Data are expressed as mean ± standard error
of six replicates [19].

2.2. Animals and Diets

Animal experiments were performed according to those previously described [20], and
experimental procedures were approved by the Institutional Animal Care and Use Com-
mittee (IACUC) of Ewha Womans University (IACUC No. 20-015, accessed on 23 March
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2020). Three-week-old Sprague–Dawley male rats (Doo Yeol Biotech Co., Seoul, Republic
of Korea) were individually housed in cages under the following conditions: temperature
(22 ± 2 ◦C), humidity (55%± 5%), and 12 h/12 h light/dark cycle. After being acclimatized
to a normal chow diet (2018S Teklad rodent diet, Envigo, Indianapolis, IN, USA) with free
access to water for 1 week, the rats were randomly divided into four groups (n = 7/group).
Experimental diets were given twice a week as follows and allowed ad libitum: normal
chow diet (NR), 45% HF diet, HF containing 0.1% GJ (GJL), and HF containing 0.2% GJ
(GJH). Table S1 shows the compositions of the experimental diets in each group. The body
weight and food intake of the rats were measured weekly. After the 14-week experimental
period, the rats were anesthetized with a mixture of Zoletil 50 (Virbac Laboratories, Carros,
France) and Rompun (Bayer Korea, Seoul, Republic of Korea) at a ratio of 5:2 (v/v). Whole
blood collected via cardiac puncture was allowed to coagulate at room temperature for 1 h.
Serum was separated from the supernatant by centrifugation at 1500× g (20 min, 4 ◦C) and
stored at −40 ◦C until analysis. The excised liver and white adipose tissue (WAT) samples
were immediately frozen in liquid nitrogen and stored at −70 ◦C until analysis.

2.3. Measurement of Serum Metabolic Parameters

The serum concentrations of TG, total cholesterol (TC), and high-density lipoprotein
cholesterol (HDL-C) were measured using commercially available kits (Asan Pharmaceuti-
cal Co., Seoul, Republic of Korea), as previously described [20]. The level of low-density
lipoprotein cholesterol (LDL-C) was calculated using the Friedewald formula: LDL-C = TC–
HDL-C–(TG/5) [21]. The serum level of non-esterified fatty acid (NEFA) was measured
using another commercial kit (Wako Pure Chemical, Osaka, Japan). The serum levels of
aspartate aminotransferase (AST) and alanine transaminase (ALT) were determined on
the basis of the enzymatic colorimetric method by using commercial kits (Embiel, Gunpo,
Republic of Korea).

2.4. Measurement of Energy Expenditure

After 12 weeks, each rat was housed in an individual metabolic cage with free access
to food and water. O2 and CO2 analyzers were calibrated with purified gas before mea-
surement [22]. Oxygen consumption (VO2) and carbon dioxide production (VCO2) were
determined via indirect calorimetry (Oxylet, Panlab, Barcelona, Spain). VO2 and VCO2
data were recorded for 24 h at 3 min intervals using a computer-assisted data acquisition
program (Chart 5.2; AD Instrument, Bella Vista, NSW, Australia). Energy expenditure (EE)
was obtained according to the following formula:

EE (kcal/day/kĝ0.75) = (3.815×VO2 + 1.232×VCO2)× 1.44. (1)

2.5. Hematoxylin and Eosin (H&E) Staining

Epididymal WAT (eWAT) and liver tissues were fixed in 10% formalin solution
overnight. The fixed tissues were embedded in a paraffin block, sectioned, and stained
with H&E. The stained sections were observed under a microscope (200×magnification;
Olympus, Tokyo, Japan). H&E staining images were analyzed using Image J 1.51k software
(produced by Wayne Rasband, United States National Institutes of Health, Bethesda, MD,
USA) to measure the size of the adipocyte area in eWAT.

2.6. Hepatic Lipid Analysis

Hepatic lipids were extracted by modifying the Bligh and Dyer method [23]. In this
procedure, 0.5 g of liver tissue was homogenized with 1.5 mL of 0.9% saline, and 7.5 mL of
chloroform and methanol were added to the homogenized sample at a ratio of 1:2 (v/v).
After 10 min of vortexing, 2.5 mL of chloroform was added and centrifuged at 3000 rpm
for 20 min to collect the lower aqueous layer by using a Pasteur pipette. The extracted
lipids were filtered into a beaker by using a No. 6 filter paper (Whatman International
Ltd., Maidstone, UK), dried, and weighed. The hepatic lipids were dissolved in 5 mL of
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n-hexane: isopropanol solution at 3:2 (v/v) and stored at −40 ◦C until analysis. Hepatic TG
and TC levels were measured using commercial kits as described above.

2.7. Real-Time Quantitative Polymerase Chain Reaction (RT-qPCR)

For RT-qPCR, total RNA was extracted from the eWAT and liver by using TRIzol
reagent (GeneAll Biotechnology, Seoul, Republic of Korea) [20]. cDNA was synthesized
with M-MLV reverse transcriptase (Bioneer, Daejeon, Republic of Korea) by using an
mRNA and cDNA synthesis kit with poly (A) polymerase tailing (ABM Inc., Richmond,
BC, Canada) for miR. Next, RT-qPCR was performed with a Rotor-Gene Q thermocycler
(Qiagen, Hilden, Germany) by adding Greenstar qPCR Master Mix (Bioneer). Table S2 lists
the primer sequences designed by Primer3 [24], and mRNA expression was normalized
using β-actin as a reference control. The specific primers of miR-34a, miR-370, and RNU6
were purchased from ABM Inc., and the expression levels of miRs were normalized using
the expression of RNU6 snRNA as a control. The mRNA and miR expression levels were
calculated via the 2−∆∆Ct method for relative quantification [25]. They were then expressed
as fold differences compared with those of the HF group.

2.8. AMPK Activity

The AMPK activity was determined by assaying the total protein lysates from the liver
in an AMPK assay kit (Cyclex, Nagano, Japan), as previously described [26]. The AMPK
activity was normalized to the protein concentration determined with a bicinchoninic
acid (BCA) protein assay kit (Thermo Scientific, Rockford, IL, USA) and expressed as fold
changes in the HF group.

2.9. Statistical Analysis

Statistical analysis was performed using SPSS version 25 (SPSS Inc., Chicago, IL, USA).
Data were expressed as mean ± standard error of the mean (SEM) for seven animals in
each group. Significant differences in the three groups (HF, GJL, and GJH groups) were
analyzed via one-way ANOVA followed by Tukey’s multiple comparison tests. Data with
p < 0.05 were considered significant. Significant differences between the NR and HF groups
were determined by a one-tailed Student’s t-test. Data with * p < 0.05, ** p < 0.01, and
*** p < 0.001 were considered significant.

3. Results
3.1. Effects of GJ on Body Weight Gain and Energy Intake

After 14 weeks of the experiment, the final body weight and weight gain in the GJH
group were reduced by 9.5% and 11.4% compared with those of the HF group, respectively
(p < 0.05; Table 1). From the eighth week, the weight of the GJH group reduced by 7.5%
compared with that of the HF group (p < 0.05; Figure 1A). The liver weight of the GJH
group also decreased by 12.4% compared with that of the HF group (p < 0.05; Table 1).
Food and energy intake did not differ among the experimental groups (HF, GJL, and GJH;
Figure 1B,C).

Table 1. Effects of GJ on weight gain and liver weight.

Variables NR HF GJL GJH

Initial weight (g) 72.64 ± 2.04 72.58 ± 2.03 72.79 ± 1.88 72.66 ± 2.01
Final weight (g) 472.25 ± 12.03 *** 558.95 ± 12.93 a 546.21 ± 9.55 ab 506.12 ± 11.91 b

Weight gain (g) 400.39 ± 12.27 *** 487.10 ± 13.09 a 472.22 ± 8.36 a 431.75 ± 11.55 b

Liver weight (g) 13.44 ± 0.40 14.49 ± 0.38 a 14.18 ± 0.47 a 12.69 ± 0.50 b

Data are expressed as mean ± SEM (n = 7). a,b Different letters within a row indicate significant differences among
the three groups (HF, GJL, and GJH) at p < 0.05. Significant differences between the NR and HF groups within a
row are indicated *** p < 0.001. NR—normal chow diet; HF—45% high-fat diet; GJL—HF with 0.1% GJ; GJH—HF
with 0.2% GJ.
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Figure 1. Effects of GJ on body weight, food intake, and energy intake: changes in body weight during
the experimental period in mice fed NR (open circle), HF (black square), GJL (blue triangle) and
GJH (red diamond) (A), food intake (B), and energy intake (C). Data are expressed as mean ± SEM
(n = 7). Different letters indicate significant differences among the three groups (HF, GPL, and GPH)
at p < 0.05. Significant differences between the NR and HF groups are indicated: * p < 0.05, ** p < 0.01,
*** p < 0.001. NR—normal chow diet; HF—45% high-fat diet; GJL—HF with 0.1% GJ; GJH—HF with
0.2% GJ.

3.2. Effects of GJ on Serum Metabolic Parameters

Serum metabolite profiles are shown in Table 2. The serum TG levels of the GJL and
GJH groups were 32.8% and 33.4% lower than those of the HF group, respectively (p < 0.05).
The serum TC and LDL-C levels of the GJH groups were 25.3% and 68.7% lower than those
of the HF group, respectively (p < 0.05). The NEFA level of the GJH group was reduced by
19.1% compared with that of the HF group (p < 0.05). However, serum AST and ALT levels,
which are hepatotoxicity indicators, did not significantly change among the groups.

Table 2. Effects of GJ on serum metabolic parameters.

Variables NR HF GJL GJH

TG (mmol/L) 0.92 ± 0.10 1.16 ± 0.14 a 0.78 ± 0.04 b 0.77 ± 0.08 b

TC (mmol/L) 2.79 ± 0.07 2.63 ± 0.14 a 2.28 ± 0.15 ab 1.97 ± 0.05 b

HDL-C (mmol/L) 1.71 ± 0.11 * 1.34 ± 0.07 1.35 ± 0.10 1.37 ± 0.03
LDL-C (mmol/L) 0.66 ± 0.12 0.76 ± 0.16 a 0.58 ± 0.13 ab 0.24 ± 0.05 b

NEFA (mEq/L) 0.69 ± 0.03 0.69 ± 0.03 a 0.60 ± 0.03 ab 0.56 ± 0.03 b

AST (IU/L) 72.31 ± 4.64 66.20 ± 5.55 59.55 ± 3.64 62.63 ± 3.00
ALT (IU/L) 12.61 ± 1.46 10.63 ± 1.03 9.48 ± 0.49 9.91 ± 0.65

Data are expressed as mean ± SEM (n = 7). a,b Different letters within a row indicate significant differences
among the three groups (HF, GJL, and GJH) at p < 0.05. Significant differences between the NR and HF groups
within a row are indicated * p < 0.05. NR—normal chow diet; HF—45% high-fat diet; GJL—HF with 0.1%
GJ; GJH—HF with 0.2% GJ. TG—triglyceride; TC—total cholesterol; LDL-C—LDL-cholesterol; HDL-C—HDL-
cholesterol; NEFA—non-esterified fatty acids; AST—aspartate aminotransferase; ALT—alanine transaminase.

3.3. Effect of GJ on Energy Expenditure

We evaluated the effects of GJ on energy expenditure (Figure 2). VCO2 observed in
seven rats per group was 9.4% and 7.4% higher in the GJL and GJH groups than those of
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the HF group, respectively (p < 0.05; Figure 2A). The energy expenditure in the GJH group
was 7.0% higher than that of the HF group. (p < 0.05; Figure 2B).
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Figure 2. Effects of GJ on VCO2 (A) and energy expenditure (B). Data are expressed as mean ± SEM
(n = 7). Different letters indicate significant differences among the three groups (HF, GJL, and GJH) at
p < 0.05. Significant differences between the NR and HF groups are indicated: * p < 0.05, ** p < 0.01,
*** p < 0.001. NR—normal chow diet; HF—45% high-fat diet; GJL—HF with 0.1% GJ; GJH—HF with
0.2% GJ; VCO2—carbon dioxide production.

3.4. Effects of GJ on Fat Deposition and Adipogenic Gene Expression in WAT

The masses of epididymal WAT (eWAT), mesenteric WAT (mWAT), retroperitoneal
WAT (rWAT), inguinal WAT (iWAT), subcutaneous WAT (scWAT), and total WAT (tWAT)
in the HF group increased compared with those in the NR group (p < 0.05; Figure 3A).
However, all WAT masses decreased in the GJL and GJH groups compared with those in
the HF group (p < 0.05). In Figure 3B,C, the adipocyte sizes of the eWAT enlarged by the HF
diet were reduced by 32.7% and 35.0% in the GJL and GJH groups, respectively (p < 0.05).
Considering that adipocyte hypertrophy in eWAT was inhibited by GJ, we measured the
mRNA levels of adipogenic genes in eWAT (Figure 3D). The SREBP-1c expression levels in
the GJL and GJH groups were downregulated by 34.1% and 22.2% compared with those in
the HF group, respectively (p < 0.05). The mRNA levels of adipocyte protein 2 (aP2) in the
GJL and GJH groups were downregulated by 57.5% and 79.4%, respectively (p < 0.05).
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Figure 3. Effects of GJ on fat deposition (A–C) and adipogenic gene expression (D) in eWAT. (B) Rep-
resentative images of the H&E-stained eWAT section (scale bar = 100 µm; magnification of 200×).
(C) Adipocyte size (area per adipocyte, µm2). Data are expressed as mean ± SEM (n = 7). Differ-
ent letters indicate significant differences among the three groups (HF, GJL, and GJH groups) at
p < 0.05. Significant differences between the NR and HF groups are indicated: * p < 0.05, ** p < 0.01,
*** p < 0.001. NR—normal chow diet; HF—45% high-fat diet; GJL—HF with 0.1% GJ; GJH—HF with
0.2% GJ; eWAT—epididymal white adipose tissue; mWAT—mesenteric white adipose tissue; rWAT—
retroperitoneal white adipose tissue; iWAT—inguinal white adipose tissue; scWAT—subcutaneous
white adipose tissue; tWAT—total white adipose tissue.

3.5. Effects of GJ on Lipid Accumulation and Gene Expression Related to Lipid Metabolism in
the Liver

To investigate the effect of GJ on hepatic lipid accumulation, we measured hepatic lipid
profiles and observed H&E staining (Figure 4A,B). The total lipid levels decreased in the GJL
and GJH groups by 33.6% and 40.6% compared with those in the HF group, respectively
(p < 0.05). The hepatic TG concentrations increased by the HF diet were decreased in
the GJL and GJH groups by 43.9% and 39.2% compared with those of the HF group,
respectively (p < 0.05). The liver TC concentration in the GJH group was reduced by 50.4%
compared with that in the HF group (p < 0.05). GP-supplemented groups tended to reduce
the number and size of HF diet-induced hepatic lipid droplets. The mRNA levels related to
lipid metabolism in the liver were analyzed by RT-qPCR (Figure 4C). The gene expression
levels of CD36, a transporter of free fatty acid uptake, were downregulated in the GPL
and GPH groups by 38.3% and 41.1% compared with those in the HF group, respectively
(p < 0.05). The mRNA levels of SREBP-1c, FAS, and SCD1, which are lipogenesis-related
genes, were downregulated in the GJH group by 66.6%, 39.2%, and 52.1% compared with
those in the HF group, respectively (p < 0.05). The mRNA levels of genes involved in fatty
acid oxidation, such as PPARα, CPT1, and UCP2, were upregulated by 3.25-, 3.67-, and
3.66-fold in the GJH group compared with those in the HF group, respectively (p < 0.05).
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Figure 4. Effects of GJ on lipid accumulation (A,B) and gene expression related to lipid metabolism
(C) in the liver. (B) Representative images of the H&E-stained liver section (scale bar = 100 µm;
magnification of 200×); liver showing CV (black arrow) and L (red arrow). Data are expressed as
mean± SEM (n = 7). Different letters indicate significant differences among the three groups (HF, GJL,
and GJH) at p < 0.05. Significant differences between the NR and HF groups are indicated: * p < 0.05,
** p < 0.01. NR—normal chow diet; HF—45% high-fat diet; GJL—HF with 0.1% GJ; GJH—HF with
0.2% GJ; CV—central vein; L—lipid droplet.

3.6. Effects of GJ on AMPK Activity and miR-34a/370 Expression

To investigate the mechanism by which GJ regulates fatty acid oxidation, we further
analyzed the AMPK activity and the miR-34a and miR-370 expression in the liver. The
AMPK activities reduced by the HF diet were increased in the GJL and GJH groups by
1.38- and 1.50-fold compared with those in the HF group, respectively (p < 0.05; Figure 5A).
In Figure 5B, the miR-34a and miR-370 expression levels were higher in the HF group than
in the NR group (p < 0.05; Figure 5B). However, the miR-34a levels were lower by 35.7%
and 59.6% in the GJL and GJH groups than in the HF group, respectively (p < 0.05). The
miR-370 levels were also lower by 48.1% and 33.2% in the GJL and GJH groups than in the
HF group, respectively (p < 0.05).
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4. Discussion

Excessive energy intake disrupts the metabolic regulation of the developmental pro-
cess of obesity and leads to obesity; thus, increasing energy expenditure is effective in
preventing obesity [6,27]. This study was performed to investigate the effects of GJ on en-
ergy expenditure and the regulation of AMPK and miR pathways in HF diet-fed obese rats.
Among the bioactive compounds contained in green tea, the main antioxidant agents are cat-
echins [13]. The number of total catechins, including EGCG, ECG, EGC, and EC, identified
in GJ was 792.00 ± 15.43 g/kg, and the amount of piperine was 2.05 ± 0.13 g/kg. Among
the bioactive components of GJ, EGCG had the highest content at 522.04 ± 9.84 g/kg. GJ
supplementation reduced the body weight and WAT weight without altering food in-
take and energy intake. GJ improved serum and liver lipid profiles and increased energy
expenditure. Previous studies reported that green tea extract decreases body weight and im-
proves serum and hepatic lipid profiles in high-energy or HF diet-induced obesity [28–30].
In addition, EGCG, which is abundant in green tea, increases energy expenditure while
reducing body weight and serum lipid levels in mice fed with an HF diet [14,31]. Recent
studies have reported that piperine reduces HF diet-induced weight gain and improves
serum and liver lipid profiles [32,33]. Our results suggested that GJ containing EGCG and
piperine improved serum and hepatic lipid levels and inhibited weight gain by increasing
energy expenditure.

Energy imbalance, a state in which energy intake is higher than consumption, causes
fat accumulation in adipose tissues [27]. SREBP-1c and aP2 participate in adipogene-
sis toward fat accumulation [34]. SREBP-1c is a transcription factor of adipogenic gene
expression [35]. aP2 is a fatty acid transporter protein upregulated during adipocyte dif-
ferentiation [36]. GJ downregulated the mRNA levels of SREBP-1c and aP2 in WAT. In a
previous study, green tea catechins downregulate the mRNA levels of SREBP-1c and aP2 in
WAT [37]. Du et al. [32] showed that piperine downregulates the mRNA levels of SREBP-1c
in the WAT of HF diet-induced obese mice. Our results indicated that GJ might regulate
adipogenic genes to suppress fat accumulation in WAT.

The liver is the major organ involved in lipid metabolism and is responsible for fatty
acid uptake, synthesis, and oxidation [38]. The AMPK activity in the liver affects lipid
metabolism by decreasing fatty acid synthesis and increasing fatty acid oxidation [7,39].
AMPK maintains cellular fatty acid homeostasis by regulating CD36, which uptakes cir-
culating fatty acids in the blood into the liver [40]. It inhibits SREBP-1c, which activates
the transcription of FAS and SCD1 genes involved in fatty acid and TG synthesis in
the liver [9,41]. It also increases fatty acid oxidation ability by regulating PPARα and
CPT1 [42,43]. PPARα activates the regulatory enzyme CPT1, which transports cytosolic
fatty acids to the mitochondria and increases UCP2 to induce fatty acid oxidation [44,45].
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In particular, the mRNA transcription levels of CD36, SREBP-1c, FAS, SCD1, PPARα, CPT1,
and UCP2 genes in the liver were consistent with their protein expression levels [46–49].
Green tea extract activates AMPK and reduces the expression of SREBP-1c and FAS proteins
in the liver of HF diet-fed mice [50]. In addition, green tea and its catechins downregu-
late the expression of CD36 and SCD1, upregulate the expression of PPARα, CPT1, and
UCP2, and activate AMPK in the liver [51,52]. EGCG alleviates hepatic fat deposition
by enhancing AMPK activity and downregulating SREBP-1c-mediated lipid biosynthesis
in the liver [53]. Kim et al. [54] reported that EGCG, ECG, EGC, and EC inhibit lipid
accumulation in mature adipocytes, and in particular, EGC exerts an anti-obesity effect
by inducing UCP1 expression. Piperine decreases the mRNA levels of hepatic SREBP-1c,
FAS, and CD36 but increases CPT1 expression and AMPK activation in HF diet-induced
obesity [33,55]. Consistent with the above results, our results showed that GJ increased the
activation of AMPK, downregulated the expression of CD36, SREBP-1c, FAS, and SCD1,
and upregulated the expression of PPARα, CPT1, and UCP2. On the basis of these results,
we proposed that the increased energy expenditure by GJ was related to the stimulation of
AMPK activity and fatty acid oxidation in the liver.

miRs have been extensively studied because they affect the expression of genes in-
volved in various metabolisms [56]. In particular, miR-34a and miR-370 inhibit fatty acid
oxidation by directly targeting PPARα and CPT1, respectively [11,12]. Specifically, silencing
miR-34a increases the AMPK phosphorylation pathway in the liver of HF diet-fed mice [12].
Torres et al. [52] demonstrated that green tea upregulates its direct target PPARα by down-
regulating miR-34a in HF diet-fed mice. The present study is the first to demonstrate that
GJ inhibited the expression of miR-34a and miR-370 in the liver. These results implied
that GJ might mediate fatty acid oxidation partly by regulating the miR-34a and miR-370
pathways in the liver.

This study has some limitations. At this stage of the study, male rats were selected
to eliminate possible variations in food intake during the female oestrus cycle, which
would be difficult to control [57]. Since the scope of this study is limited to the effect of GJ
on increasing energy expenditure through the hepatic regulatory mechanism, additional
research on brown adipose tissue, which is known to be an energy expenditure target,
will be needed. Furthermore, based on animal experimental results, future translational
research on its safety and clinical application should be performed.

5. Conclusions

Our results indicated that GJ prevented obesity through an increase in energy expen-
diture by promoting hepatic fatty acid oxidation and a reduction in lipid accumulation
in the WAT and liver. GJ supplementation upregulated the expression of genes related
to fatty acid oxidation and downregulated the expression of genes related to fatty acid
synthesis in the liver. Moreover, we reported for the first time that the anti-obesity effect of
GJ might be partially involved in AMPK and miR-34a/370 regulatory pathways (Figure 6).
Therefore, GJ could be useful as a candidate material for ameliorating obesity-related lipid
and energy metabolism.



Antioxidants 2023, 12, 1053 11 of 14Antioxidants 2023, 12, 1053 12 of 15 
 

 

Figure 6. Schematic of GJ-mediated regulatory mechanisms preventing obesity in rats fed with a 

high-fat diet; GJ—green tea and java pepper mixture; AMPK—AMP-activated protein kinase; aP2—

adipocyte protein 2; CD36—cluster of differentiation 36; CPT1—carnitine/palmitoyl-transferase 1; 

FA—fatty acid; FAS—fatty acid synthase; miR—microRNA; PPARα—peroxisome proliferator-

activated receptor alpha; SCD1—stearoyl-CoA desaturase 1; SREBP-1c—sterol regulatory element 

binding protein-1c; UCP2—uncoupling protein 2; VCO2—carbon dioxide production; WAT—white 

adipose tissue. 

Supplementary Materials: The following supporting information can be downloaded at: 

https://www.mdpi.com/article/10.3390/antiox12051053/s1, Table S1. Compositions of experimental 

diets; Table S2. Primers used for real-time quantitative reverse transcription PCR. 

Author Contributions: Conceptualization, Y.K.; methodology, J.K., D.H. and M.-S.L.; data curation, 

J.K., D.H., M.-S.L. and J.L.; writing—original draft preparation, J.K., D.H., J.L. and M.-S.L.; writing—

review and editing, J.L., M.-S.L., I.-H.K. and Y.K.; funding acquisition, Y.K. All authors have read 

and agreed to the published version of the manuscript. 

Funding: This study was supported by the National Research Foundation of Korea (NRF), funded 

by the Korean Government (2019R1A2C1002861), and by the BK21 FOUR (Fostering Outstanding 

Universities for Research), funded by the Ministry of Education (MOE, Republic of Korea) and 

National Research Foundation of Korea (NRF-5199990614253). 

Institutional Review Board Statement: The study was approved by the Institutional Animal Care 

and Use Committee (IACUC) of Ewha Womans University (IACUC No. 20-015, accessed on 23 

March 2020). All procedures were performed in accordance with the National Institute of Health 

guidelines for the care and use of laboratory animals. 

Informed Consent Statement: Not applicable. 

Data Availability Statement: All data related to this research are presented in the manuscript. 

Acknowledgments: We thank Newtree Co. (Seongnam, Republic of Korea) for providing the GJ. 

Conflicts of Interest: The authors declare no conflict of interest. 

  

Figure 6. Schematic of GJ-mediated regulatory mechanisms preventing obesity in rats fed with a
high-fat diet; GJ—green tea and java pepper mixture; AMPK—AMP-activated protein kinase; aP2—
adipocyte protein 2; CD36—cluster of differentiation 36; CPT1—carnitine/palmitoyl-transferase 1;
FA—fatty acid; FAS—fatty acid synthase; miR—microRNA; PPARα—peroxisome proliferator-
activated receptor alpha; SCD1—stearoyl-CoA desaturase 1; SREBP-1c—sterol regulatory element
binding protein-1c; UCP2—uncoupling protein 2; VCO2—carbon dioxide production; WAT—white
adipose tissue.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/antiox12051053/s1, Table S1. Compositions of experimental diets;
Table S2. Primers used for real-time quantitative reverse transcription PCR.

Author Contributions: Conceptualization, Y.K.; methodology, J.K., D.H. and M.-S.L.; data curation,
J.K., D.H., M.-S.L. and J.L.; writing—original draft preparation, J.K., D.H., J.L. and M.-S.L.; writing—
review and editing, J.L., M.-S.L., I.-H.K. and Y.K.; funding acquisition, Y.K. All authors have read and
agreed to the published version of the manuscript.

Funding: This study was supported by the National Research Foundation of Korea (NRF), funded
by the Korean Government (2019R1A2C1002861), and by the BK21 FOUR (Fostering Outstanding
Universities for Research), funded by the Ministry of Education (MOE, Republic of Korea) and
National Research Foundation of Korea (NRF-5199990614253).

Institutional Review Board Statement: The study was approved by the Institutional Animal Care
and Use Committee (IACUC) of Ewha Womans University (IACUC No. 20-015, accessed on 23 March
2020). All procedures were performed in accordance with the National Institute of Health guidelines
for the care and use of laboratory animals.

Informed Consent Statement: Not applicable.

Data Availability Statement: All data related to this research are presented in the manuscript.

Acknowledgments: We thank Newtree Co. (Seongnam, Republic of Korea) for providing the GJ.

Conflicts of Interest: The authors declare no conflict of interest.

https://www.mdpi.com/article/10.3390/antiox12051053/s1
https://www.mdpi.com/article/10.3390/antiox12051053/s1


Antioxidants 2023, 12, 1053 12 of 14

References
1. Smith, J.D.; Fu, E.; Kobayashi, M.A. Prevention and Management of Childhood Obesity and Its Psychological and Health

Comorbidities. Annu. Rev. Clin. Psychol. 2020, 16, 351–378. [CrossRef] [PubMed]
2. Campbell, M.K. Biological, environmental, and social influences on childhood obesity. Pediatr. Res. 2016, 79, 205–211. [CrossRef]
3. Yang, M.; Liu, S.; Zhang, C. The Related Metabolic Diseases and Treatments of Obesity. Healthcare 2022, 10, 1616. [CrossRef]

[PubMed]
4. Nguyen, P.; Leray, V.; Diez, M.; Serisier, S.; Le Bloc’h, J.; Siliart, B.; Dumon, H. Liver lipid metabolism. J. Anim. Physiol. Anim. Nutr.

2008, 92, 272–283. [CrossRef] [PubMed]
5. Serra, D.; Mera, P.; Malandrino, M.I.; Mir, J.F.; Herrero, L. Mitochondrial fatty acid oxidation in obesity. Antioxid. Redox Signal.

2013, 19, 269–284. [CrossRef]
6. Jimenez-Munoz, C.M.; López, M.; Albericio, F.; Makowski, K. Targeting Energy Expenditure-Drugs for Obesity Treatment.

Pharmaceuticals 2021, 14, 435. [CrossRef]
7. Foretz, M.; Even, P.C.; Viollet, B. AMPK Activation Reduces Hepatic Lipid Content by Increasing Fat Oxidation In Vivo. Int. J.

Mol. Sci. 2018, 19, 2826. [CrossRef]
8. Garcia, D.; Hellberg, K.; Chaix, A.; Wallace, M.; Herzig, S.; Badur, M.G.; Lin, T.; Shokhirev, M.N.; Pinto, A.F.M.; Ross, D.S.; et al.

Genetic Liver-Specific AMPK Activation Protects against Diet-Induced Obesity and NAFLD. Cell Rep. 2019, 26, 192–208.e196.
[CrossRef]

9. Li, Y.; Xu, S.; Mihaylova, M.M.; Zheng, B.; Hou, X.; Jiang, B.; Park, O.; Luo, Z.; Lefai, E.; Shyy, J.Y.; et al. AMPK phosphorylates
and inhibits SREBP activity to attenuate hepatic steatosis and atherosclerosis in diet-induced insulin-resistant mice. Cell Metab.
2011, 13, 376–388. [CrossRef]

10. Patterson, A.D.; Shah, Y.M.; Matsubara, T.; Krausz, K.W.; Gonzalez, F.J. Peroxisome proliferator-activated receptor alpha induction
of uncoupling protein 2 protects against acetaminophen-induced liver toxicity. Hepatology 2012, 56, 281–290. [CrossRef]

11. Iliopoulos, D.; Drosatos, K.; Hiyama, Y.; Goldberg, I.J.; Zannis, V.I. MicroRNA-370 controls the expression of microRNA-122 and
Cpt1alpha and affects lipid metabolism. J. Lipid Res. 2010, 51, 1513–1523. [CrossRef]

12. Ding, J.; Li, M.; Wan, X.; Jin, X.; Chen, S.; Yu, C.; Li, Y. Effect of miR-34a in regulating steatosis by targeting PPARα expression in
nonalcoholic fatty liver disease. Sci. Rep. 2015, 5, 13729. [CrossRef]

13. Musial, C.; Kuban-Jankowska, A.; Gorska-Ponikowska, M. Beneficial Properties of Green Tea Catechins. Int. J. Mol. Sci.
2020, 21, 1744. [CrossRef]

14. Li, F.; Gao, C.; Yan, P.; Zhang, M.; Wang, Y.; Hu, Y.; Wu, X.; Wang, X.; Sheng, J. EGCG Reduces Obesity and White Adipose Tissue
Gain Partly through AMPK Activation in Mice. Front. Pharm. 2018, 9, 1366. [CrossRef]

15. Du, G.J.; Zhang, Z.; Wen, X.D.; Yu, C.; Calway, T.; Yuan, C.S.; Wang, C.Z. Epigallocatechin Gallate (EGCG) is the most effective
cancer chemopreventive polyphenol in green tea. Nutrients 2012, 4, 1679–1691. [CrossRef]

16. BrahmaNaidu, P.; Nemani, H.; Meriga, B.; Mehar, S.K.; Potana, S.; Ramgopalrao, S. Mitigating efficacy of piperine in the
physiological derangements of high fat diet induced obesity in Sprague Dawley rats. Chem. Biol. Interact. 2014, 221, 42–51.
[CrossRef]

17. Lambert, J.D.; Hong, J.; Kim, D.H.; Mishin, V.M.; Yang, C.S. Piperine Enhances the Bioavailability of the Tea Polyphenol
(−)-Epigallocatechin-3-gallate in Mice. J. Nutr. 2004, 134, 1948–1952. [CrossRef]

18. Brückner, M.; Westphal, S.; Domschke, W.; Kucharzik, T.; Lügering, A. Green tea polyphenol epigallocatechin-3-gallate shows
therapeutic antioxidative effects in a murine model of colitis. J. Crohn’s Colitis 2012, 6, 226–235. [CrossRef]

19. Lee, M.S.; Lee, J.; Kim, Y. Green Tea Extract Containing Piper retrofractum Fruit Ameliorates DSS-Induced Colitis via Modulating
MicroRNA-21 Expression and NF-κB Activity. Nutrients 2022, 14, 2684. [CrossRef]

20. Jung, S.; Lee, M.S.; Chang, E.; Kim, C.T.; Kim, Y. Mulberry (Morus alba L.) Fruit Extract Ameliorates Inflammation via Regulating
MicroRNA-21/132/143 Expression and Increases the Skeletal Muscle Mitochondrial Content and AMPK/SIRT Activities.
Antioxidants 2021, 10, 1453. [CrossRef]

21. Friedewald, W.T.; Levy, R.I.; Fredrickson, D.S. Estimation of the concentration of low-density lipoprotein cholesterol in plasma,
without use of the preparative ultracentrifuge. Clin. Chem. 1972, 18, 499–502. [CrossRef] [PubMed]

22. Lee, Y.; Lee, J.; Lee, M.S.; Chang, E.; Kim, Y. Chrysanthemum morifolium Flower Extract Ameliorates Obesity-Induced Inflammation
and Increases the Muscle Mitochondria Content and AMPK/SIRT1 Activities in Obese Rats. Nutrients 2021, 13, 3660. [CrossRef]
[PubMed]

23. Bligh, E.G.; Dyer, W.J. A rapid method of total lipid extraction and purification. Can. J. Biochem. Physiol. 1959, 37, 911–917.
[CrossRef] [PubMed]

24. Rozen, S.; Skaletsky, H. Primer3 on the WWW for general users and for biologist programmers. Methods Mol. Biol.
2000, 132, 365–386. [CrossRef]

25. Lee, M.-S.; Kim, Y. Effects of isorhamnetin on adipocyte mitochondrial biogenesis and AMPK activation. Molecules 2018, 23, 1853.
[CrossRef]

26. Lee, M.-S.; Kim, I.-H.; Kim, C.-T.; Kim, Y. Reduction of Body Weight by Dietary Garlic Is Associated with an Increase in
Uncoupling Protein mRNA Expression and Activation of AMP-Activated Protein Kinase in Diet-Induced Obese Mice. J. Nutr.
2011, 141, 1947–1953. [CrossRef]

https://doi.org/10.1146/annurev-clinpsy-100219-060201
https://www.ncbi.nlm.nih.gov/pubmed/32097572
https://doi.org/10.1038/pr.2015.208
https://doi.org/10.3390/healthcare10091616
https://www.ncbi.nlm.nih.gov/pubmed/36141228
https://doi.org/10.1111/j.1439-0396.2007.00752.x
https://www.ncbi.nlm.nih.gov/pubmed/18477307
https://doi.org/10.1089/ars.2012.4875
https://doi.org/10.3390/ph14050435
https://doi.org/10.3390/ijms19092826
https://doi.org/10.1016/j.celrep.2018.12.036
https://doi.org/10.1016/j.cmet.2011.03.009
https://doi.org/10.1002/hep.25645
https://doi.org/10.1194/jlr.M004812
https://doi.org/10.1038/srep13729
https://doi.org/10.3390/ijms21051744
https://doi.org/10.3389/fphar.2018.01366
https://doi.org/10.3390/nu4111679
https://doi.org/10.1016/j.cbi.2014.07.008
https://doi.org/10.1093/jn/134.8.1948
https://doi.org/10.1016/j.crohns.2011.08.012
https://doi.org/10.3390/nu14132684
https://doi.org/10.3390/antiox10091453
https://doi.org/10.1093/clinchem/18.6.499
https://www.ncbi.nlm.nih.gov/pubmed/4337382
https://doi.org/10.3390/nu13103660
https://www.ncbi.nlm.nih.gov/pubmed/34684660
https://doi.org/10.1139/y59-099
https://www.ncbi.nlm.nih.gov/pubmed/13671378
https://doi.org/10.1385/1-59259-192-2:365
https://doi.org/10.3390/molecules23081853
https://doi.org/10.3945/jn.111.146050


Antioxidants 2023, 12, 1053 13 of 14

27. Ghanemi, A.; Yoshioka, M.; St-Amand, J. Broken Energy Homeostasis and Obesity Pathogenesis: The Surrounding Concepts.
J. Clin. Med. 2018, 7, 453. [CrossRef]

28. Chen, L.H.; Chien, Y.W.; Liang, C.T.; Chan, C.H.; Fan, M.H.; Huang, H.Y. Green tea extract induces genes related to browning of
white adipose tissue and limits weight-gain in high energy diet-fed rat. Food Nutr. Res. 2017, 61, 1347480. [CrossRef]

29. Nam, M.; Choi, M.-S.; Choi, J.-Y.; Kim, N.; Kim, M.-S.; Jung, S.; Kim, J.; Ryu, D.H.; Hwang, G.-S. Effect of green tea on hepatic
lipid metabolism in mice fed a high-fat diet. J. Nutr. Biochem. 2018, 51, 1–7. [CrossRef]

30. Choi, J.-Y.; Kim, Y.J.; Ryu, R.; Cho, S.-J.; Kwon, E.-Y.; Choi, M.-S. Effect of Green Tea Extract on Systemic Metabolic Homeostasis in
Diet-Induced Obese Mice Determined via RNA-Seq Transcriptome Profiles. Nutrients 2016, 8, 640. [CrossRef]

31. Zhou, J.; Mao, L.; Xu, P.; Wang, Y. Effects of (−)-Epigallocatechin Gallate (EGCG) on Energy Expenditure and Microglia-Mediated
Hypothalamic Inflammation in Mice Fed a High-Fat Diet. Nutrients 2018, 10, 1681. [CrossRef] [PubMed]

32. Du, Y.; Chen, Y.; Fu, X.; Gu, J.; Sun, Y.; Zhang, Z.; Xu, J.; Qin, L. Effects of piperine on lipid metabolism in high-fat diet induced
obese mice. J. Funct. Foods 2020, 71, 104011. [CrossRef]

33. Wang, X.; Zhang, Y.; Zhang, L.; Wang, W.; Che, H.; Zhang, Y. Piperine attenuates hepatic steatosis and insulin resistance in
high-fat diet-induced obesity in Sprague-Dawley rats. Nutr. Res. 2022, 108, 9–21. [CrossRef] [PubMed]

34. Horton, J.D.; Shimomura, I.; Ikemoto, S.; Bashmakov, Y.; Hammer, R.E. Overexpression of sterol regulatory element-binding
protein-1a in mouse adipose tissue produces adipocyte hypertrophy, increased fatty acid secretion, and fatty liver. J. Biol. Chem.
2003, 278, 36652–36660. [CrossRef]

35. Kobayashi, M.; Fujii, N.; Narita, T.; Higami, Y. SREBP-1c-Dependent Metabolic Remodeling of White Adipose Tissue by Caloric
Restriction. Int. J. Mol. Sci. 2018, 19, 3335. [CrossRef]

36. Ertunc, M.E.; Sikkeland, J.; Fenaroli, F.; Griffiths, G.; Daniels, M.P.; Cao, H.; Saatcioglu, F.; Hotamisligil, G.S. Secretion of fatty
acid binding protein aP2 from adipocytes through a nonclassical pathway in response to adipocyte lipase activity. J. Lipid Res.
2015, 56, 423–434. [CrossRef]

37. Suzuki, T.; Pervin, M.; Goto, S.; Isemura, M.; Nakamura, Y. Beneficial Effects of Tea and the Green Tea Catechin Epigallocatechin-
3-gallate on Obesity. Molecules 2016, 21, 1305. [CrossRef]

38. Gluchowski, N.L.; Becuwe, M.; Walther, T.C.; Farese, R.V. Lipid droplets and liver disease: From basic biology to clinical
implications. Nat. Rev. Gastroenterol. Hepatol. 2017, 14, 343–355. [CrossRef]

39. Lyons, C.L.; Roche, H.M. Nutritional Modulation of AMPK-Impact upon Metabolic-Inflammation. Int. J. Mol. Sci. 2018, 19, 3092.
[CrossRef]

40. Samovski, D.; Sun, J.; Pietka, T.; Gross, R.W.; Eckel, R.H.; Su, X.; Stahl, P.D.; Abumrad, N.A. Regulation of AMPK activation by
CD36 links fatty acid uptake to β-oxidation. Diabetes 2015, 64, 353–359. [CrossRef]

41. Bai, X.-P.; Dong, F.; Yang, G.-H.; Zhang, L. Influences of sterol regulatory element binding protein-1c silencing on glucose
production in HepG2 cells treated with free fatty acid. Lipids Health Dis. 2019, 18, 89. [CrossRef]

42. Zhang, J.; Zhang, W.; Yang, L.; Zhao, W.; Liu, Z.; Wang, E.; Wang, J. Phytochemical gallic acid alleviates nonalcoholic fatty liver
disease via AMPK-ACC-PPARa axis through dual regulation of lipid metabolism and mitochondrial function. Phytomedicine
2023, 109, 154589. [CrossRef]

43. Fang, C.; Pan, J.; Qu, N.; Lei, Y.; Han, J.; Zhang, J.; Han, D. The AMPK pathway in fatty liver disease. Front. Physiol.
2022, 13, 970292. [CrossRef]

44. Todisco, S.; Santarsiero, A.; Convertini, P.; De Stefano, G.; Gilio, M.; Iacobazzi, V.; Infantino, V. PPAR Alpha as a Metabolic
Modulator of the Liver: Role in the Pathogenesis of Nonalcoholic Steatohepatitis (NASH). Biology 2022, 11, 792. [CrossRef]

45. Grabacka, M.; Reiss, K. Anticancer Properties of PPARalpha-Effects on Cellular Metabolism and Inflammation. PPAR Res.
2008, 2008, 930705. [CrossRef]

46. Zeng, H.; Qin, H.; Liao, M.; Zheng, E.; Luo, X.; Xiao, A.; Li, Y.; Chen, L.; Wei, L.; Zhao, L.; et al. CD36 promotes de novo
lipogenesis in hepatocytes through INSIG2-dependent SREBP1 processing. Mol. Metab. 2022, 57, 101428. [CrossRef]

47. Mukhopadhyay, B.; Liu, J.; Osei-Hyiaman, D.; Godlewski, G.; Mukhopadhyay, P.; Wang, L.; Jeong, W.I.; Gao, B.; Duester, G.;
Mackie, K.; et al. Transcriptional regulation of cannabinoid receptor-1 expression in the liver by retinoic acid acting via retinoic
acid receptor-gamma. J. Biol. Chem. 2010, 285, 19002–19011. [CrossRef]

48. Cao, B.; Liu, C.; Zhang, Q.; Dong, Y. Maternal High-Fat Diet Leads to Non-alcoholic Fatty Liver Disease through Upregulating
Hepatic SCD1 Expression in Neonate Rats. Front. Nutr. 2020, 7, 581723. [CrossRef]

49. Zhang, S.; Sun, S.; Wei, X.; Zhang, M.; Chen, Y.; Mao, X.; Chen, G.; Liu, C. Short-term moderate caloric restriction in a high-fat diet
alleviates obesity via AMPK/SIRT1 signaling in white adipocytes and liver. Food Nutr. Res. 2022, 66, 7909. [CrossRef]

50. Santamarina, A.B.; Oliveira, J.L.; Silva, F.P.; Carnier, J.; Mennitti, L.V.; Santana, A.A.; de Souza, G.H.; Ribeiro, E.B.;
Oller do Nascimento, C.M.; Lira, F.S.; et al. Green Tea Extract Rich in Epigallocatechin-3-Gallate Prevents Fatty Liver by AMPK
Activation via LKB1 in Mice Fed a High-Fat Diet. PLoS ONE 2015, 10, e0141227. [CrossRef]

51. Huang, J.; Wang, Y.; Xie, Z.; Zhou, Y.; Zhang, Y.; Wan, X. The anti-obesity effects of green tea in human intervention and basic
molecular studies. Eur. J. Clin. Nutr. 2014, 68, 1075–1087. [CrossRef] [PubMed]

52. Torres, L.F.; Cogliati, B.; Otton, R. Green Tea Prevents NAFLD by Modulation of miR-34a and miR-194 Expression in a High-Fat
Diet Mouse Model. Oxidative Med. Cell. Longev. 2019, 2019, 4168380. [CrossRef] [PubMed]

https://doi.org/10.3390/jcm7110453
https://doi.org/10.1080/16546628.2017.1347480
https://doi.org/10.1016/j.jnutbio.2017.09.002
https://doi.org/10.3390/nu8100640
https://doi.org/10.3390/nu10111681
https://www.ncbi.nlm.nih.gov/pubmed/30400620
https://doi.org/10.1016/j.jff.2020.104011
https://doi.org/10.1016/j.nutres.2022.10.007
https://www.ncbi.nlm.nih.gov/pubmed/36375392
https://doi.org/10.1074/jbc.M306540200
https://doi.org/10.3390/ijms19113335
https://doi.org/10.1194/jlr.M055798
https://doi.org/10.3390/molecules21101305
https://doi.org/10.1038/nrgastro.2017.32
https://doi.org/10.3390/ijms19103092
https://doi.org/10.2337/db14-0582
https://doi.org/10.1186/s12944-019-1026-3
https://doi.org/10.1016/j.phymed.2022.154589
https://doi.org/10.3389/fphys.2022.970292
https://doi.org/10.3390/biology11050792
https://doi.org/10.1155/2008/930705
https://doi.org/10.1016/j.molmet.2021.101428
https://doi.org/10.1074/jbc.M109.068460
https://doi.org/10.3389/fnut.2020.581723
https://doi.org/10.29219/fnr.v66.7909
https://doi.org/10.1371/journal.pone.0141227
https://doi.org/10.1038/ejcn.2014.143
https://www.ncbi.nlm.nih.gov/pubmed/25074392
https://doi.org/10.1155/2019/4168380
https://www.ncbi.nlm.nih.gov/pubmed/31885789


Antioxidants 2023, 12, 1053 14 of 14

53. Tang, G.; Xu, Y.; Zhang, C.; Wang, N.; Li, H.; Feng, Y. Green Tea and Epigallocatechin Gallate (EGCG) for the Management of
Nonalcoholic Fatty Liver Diseases (NAFLD): Insights into the Role of Oxidative Stress and Antioxidant Mechanism. Antioxidants
2021, 10, 1076. [CrossRef] [PubMed]

54. Kim, H.S.; Moon, J.H.; Kim, Y.M.; Huh, J.Y. Epigallocatechin Exerts Anti-Obesity Effect in Brown Adipose Tissue. Chem. Biodivers.
2019, 16, e1900347. [CrossRef]

55. Choi, S.; Choi, Y.; Choi, Y.; Kim, S.; Jang, J.; Park, T. Piperine reverses high fat diet-induced hepatic steatosis and insulin resistance
in mice. Food Chem. 2013, 141, 3627–3635. [CrossRef]

56. Fernández-Hernando, C.; Suárez, Y.; Rayner, K.J.; Moore, K.J. MicroRNAs in lipid metabolism. Curr. Opin. Lipidol. 2011, 22, 86–92.
[CrossRef]

57. Leeners, B.; Geary, N.; Tobler, P.N.; Asarian, L. Ovarian hormones and obesity. Hum. Reprod. Update 2017, 23, 300–321. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.3390/antiox10071076
https://www.ncbi.nlm.nih.gov/pubmed/34356308
https://doi.org/10.1002/cbdv.201900347
https://doi.org/10.1016/j.foodchem.2013.06.028
https://doi.org/10.1097/MOL.0b013e3283428d9d
https://doi.org/10.1093/humupd/dmw045

	Introduction 
	Materials and Methods 
	Preparation of Green Tea and Java Pepper Mixture (GJ) 
	Animals and Diets 
	Measurement of Serum Metabolic Parameters 
	Measurement of Energy Expenditure 
	Hematoxylin and Eosin (H&E) Staining 
	Hepatic Lipid Analysis 
	Real-Time Quantitative Polymerase Chain Reaction (RT-qPCR) 
	AMPK Activity 
	Statistical Analysis 

	Results 
	Effects of GJ on Body Weight Gain and Energy Intake 
	Effects of GJ on Serum Metabolic Parameters 
	Effect of GJ on Energy Expenditure 
	Effects of GJ on Fat Deposition and Adipogenic Gene Expression in WAT 
	Effects of GJ on Lipid Accumulation and Gene Expression Related to Lipid Metabolism in the Liver 
	Effects of GJ on AMPK Activity and miR-34a/370 Expression 

	Discussion 
	Conclusions 
	References

