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ABSTRACT: Capsicum oleoresin (CO) is a concentrated extract derived from peppers (Capsicum annum L.) containing cap-
saicin (the active compound responsible for its pungency) and other bioactive components. The present study aimed to
determine whether CO affects the energy expenditure and mitochondrial content of brown adipose tissue (BAT) in diet-
induced obese mice. Four-week-old C57BL/6] mice were divided into three groups and fed with a normal chow diet, 45%
high-fat diet (HF), or HF supplemented with 0.01% CO (HF+CO) for 16 weeks. The results showed that CO supplementa-
tion significantly suppressed weight gain and improved serum lipid profiles compared with HF feeding. The energy ex-
penditure was significantly higher in the HF+CO group than in the HF group. Compared with the HF group, the HF+CO
group had significantly upregulated the messenger RNA expression levels of uncoupling protein 1 (UCP1) and peroxisome
proliferator-activated receptor gamma coactivator 1-alpha (PGC-1a) in BAT. The mitochondrial DNA content, which was
reduced by HF intake, was significantly restored in the HF+CO group. Furthermore, the mitochondrial size and number
were restored in the HF+CO group than in in the HF group. The activity of adenosine monophosphate-activated protein
kinase (AMPK) in BAT was significantly increased in the HF+CO group than in the HF group. In conclusion, CO poten-
tially inhibits weight gain by increasing energy expenditure in diet-induced obese mice. This beneficial effect is likely as-
sociated with the enhancement of mitochondrial content by upregulating key markers, including UCP1, PGC-1«, and AMPK,
in BAT.
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INTRODUCTION

Obesity results from an imbalance between energy in-
take and energy expenditure (Hill et al., 2012; Chouchani
et al., 2019). When the caloric intake exceeds the num-
ber of calories burned, excess energy is stored as fat,
leading to obesity (Hill et al., 2012). Owing to its ability
to generate heat and consume energy, brown adipose tis-
sue (BAT) is strongly associated with obesity (Harms and
Seale, 2013).

Uncoupling protein 1 (UCP1), a protein located in the
inner membrane of the mitochondria of brown adipose
cells, is involved in the uncoupling process that dissipates
the proton gradient generated by the electron transport
chain to produce heat instead of adenosine triphosphate
(ATP) (Chouchani et al., 2019). The activation of UCP1

increases energy expenditure, potentially eliciting effects
such as fat loss owing to an elevated metabolic rate
(Kim and Plutzky, 2016). Peroxisome proliferator-acti-
vated receptor gamma coactivator 1-alpha (PGC-1a) is a
transcription factor that promotes mitochondrial bio-
genesis and regulates mitochondrial oxidative metabo-
lism. Moreover, it enhances UCP1 expression, thereby
playing an important role in maintaining body temper-
ature and regulating energy expenditure (Bostrom et al.,
2012).

PGC-1a increases the mitochondrial number and pro-
motes mitochondrial DNA (mtDNA) replication (Chen
et al., 2022). The changes in the mtDNA content directly
affect mitochondrial health and function (Scarpulla, 2008).
Adequate mtDNA content, supported by effective mito-
chondrial replication, optimizes cellular energy produc-
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tion and plays an essential role in disease states or meta-
bolic disorders (Muir et al., 2016).

When intracellular ATP levels are low, adenosine mono-
phosphate-activated protein kinase (AMPK) is activated,
promoting energy production and increasing energy ex-
penditure (Hardie, 2011). AMPK can directly interact with
and phosphorylate PGC-10, whereas UCP1 is indirectly
regulated through AMPK-mediated signaling pathways
(Cant6 and Auwerx, 2009; van der Vaart et al., 2021).
AMPK stimulates mitochondrial biogenesis and enhances
thermogenesis, thereby boosting energy consumption
(Heidorn-Czarna et al., 2021; van der Vaart et al., 2021).

Capsicum oleoresin (CO) is extracted from the dried
fruit of pepper (Capsicum annum L., which belongs to the
Solanaceae family) using an organic solvent, and its main
component is capsaicin (Haas et al., 1997). Dietary cap-
saicin has been reported to control obesity by reducing
body weight and fat mass, possibly because of its meta-
bolic effects that enhance energy metabolism and ther-
mogenesis (Kawada et al., 1986a; Kawada et al., 1986b).
CO exhibits various biological benefits, including anti-
oxidant, antidiabetic, and anti-inflammatory properties
(Sricharoen et al., 2017; Prathoshni et al., 2018). In par-
ticular, previous studies found that the nanoemulsion
and microparticle forms of CO can prevent weight gain
(Kim et al., 2014; da Silva Anthero et al., 2024). How-
ever, the effects of CO on the energy expenditure and
mitochondrial function of BAT remain unknown. There-
fore, the present study aimed to determine whether CO
increases the energy expenditure and affects the mi-
tochondrial content, including the UCP1, PGC-1a, and
AMPK pathways, of BAT in mice fed with a high-fat diet
(HF).

MATERIALS AND METHODS

Materials and reagents

CO (10,000 Scoville heat units) was provided by General
Foods and Flavors. Serum triglyceride (TG), total cho-
lesterol (TC), and high-density lipoprotein cholesterol
(HDL-C) assay kits were purchased from Embiel. A he-
matoxylin and eosin (H&E) staining kit was procured
from ScyTek Laboratories. RiboEx™ reagent was ob-
tained from GeneAll Biotechnology. Moloney murine
leukemia virus (M-MLV) reverse transcriptase and 2X
GreenStar™ qPCR Master Mix were purchased from
Bioneer. A genomic DNA isolation kit was procured from
Gentra Systems. An AMPK assay kit was obtained from
MBL International. A bicinchoninic acid (BCA) protein
assay kit was purchased from Thermo Fisher Scientific.
Animals and diet

Three-week-old male C57BL/6] mice were acquired from
DooYeol Biotech and used after 1-week acclimatization.

The mice were individually housed in a room with a
constant temperature (22°C+2°C) and humidity (55%=*
5%) and a 12-h light/dark cycle. They were divided into
three groups (n=8 per group) and fed with experimental
diets for 16 weeks. The experimental diets were catego-
rized as follows: normal chow diet (NC; 2018S Rodent
Diet, Harlan Teklad), HF, and HF supplemented with
0.01% CO (HF+CO). The mice were maintained on an
HF diet (45% of total energy as fat) containing 23.0%
(wt:wt) lard, 17.1% (wt:wt) casein, 12.2% (wt:wt) su-
crose, 20.2% (wt:wt) starch, 15.5% (wt:wt) dextrose,
6.1% (wt:wt) cellulose, 4.3% (wt:wt) minerals, 1.2%
(wt:wt) vitamins, 0.2% (wt:wt) L-cystine, and 0.3%
(wt:wt) choline bitartrate to induce obesity. The diets
were based on a modified AIN-93 diet (Reeves et al.,
1993). During the 16-week intervention period, the body
weight and food intake of mice were measured every
week. Thereafter, all mice were euthanized, and serum,
white adipose tissue (WAT), and BAT samples were col-
lected for further experiments. The animal experiments
were performed with the approval of the Institutional
Animal Care and Use Committee (IACUC) of Ewha
Womans University (IACUC no. 20-051; approval date:
September 18, 2020).

Serum lipids

Whole blood was collected from mice was allowed to co-
agulate at room temperature for 30 min, and subsequent-
ly centrifuged at 1,500 g for 20 min at 4°C to separate the
serum. The serum TG, TC, and HDL-C levels were deter-
mined using a commercial assay kit via an enzyme col-
orimetric method. The low-density lipoprotein choles-
terol (LDL-C) levels were calculated using Friedewald’s
formula (Friedewald et al., 1972).

Histology

For BAT morphological analysis, H&E staining was per-
formed as previously described (Jang et al., 2022). BAT
was fixed in 10% neutral buffered formalin overnight at
room temperature, embedded in paraffin, and sectioned
at 6 um thickness. Subsequently, the sections were stain-
ed with H&E in accordance with the manufacturer’s in-
structions. Digital images of the stained tissue sections
were observed using the Olympus IX51 Inverted Micro-
scope (400x magnification, Olympus).

Energy expenditure

The energy expenditure was assessed in accordance with
the method of a previous study (Kim et al., 2023). The
mice were housed in individual metabolic cages at 25°C
and had ad libitum access to food and water. To accu-
rately measure oxygen consumption (VO;) and carbon
dioxide production (VCO,), O, and CO, analyzers were
calibrated with highly purified gases, and VO, and VCO,
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were measured via indirect calorimetry (Oxylet, Panlab).
Data were collected at 3-min intervals using a computer-
assisted data acquisition software (Chart 5.2, ADInstru-
ments) and recorded for 24 h. The energy expenditure
was calculated using the following formula: energy expen-
diture (kcal/d/kg"”)=[(3.815XVOy,) +(1.232XVCO,)]x
1.44 (Kim et al., 2023).

Real-time quantitative reverse-transcription polymerase
chain reaction

Total RNA was isolated from BAT using the RiboEx™"
reagent, and the RNA concentration was quantified us-
ing a NanoDrop™ spectrophotometer (Thermo Fisher
Scientific). The mRNA levels were quantified using real-
time quantitative reverse-transcription polymerase chain
reaction (RT-qPCR), as described previously. Comple-
mentary DNA was synthesized using M-MLV reverse
transcriptase. RT-qPCR analysis was performed on a
QIAGEN Rotor-Gene®™ Q Thermocycler using the 2X
GreenStar'™ qPCR Master Mix. The sense and antisense
primers were as follows: Bactin, 5-GGA CCT GAC AGA
CTA CCT CA-3’ and 5-GTT GCC AAT AGT GAT GAC
CT-3’ (NM_007393); PGC-1¢, 5-GGG CCA AAC AGA
GAG AGA GG-3’ and GTIT TCG TTC GAC CTG CGT
AA (NM_008904); and UCP-1, 5’-CAG GCT TCC AGT
ACC ATT AG-3’ and 5’-CTT GGA CTG AGT CGT AGA
GG-3’ (NM_009463). The relative mRNA quantification
was normalized to Sactin and analyzed using the delta-
delta Ct method (Livak and Schmittgen, 2001).

Transmission electron microscopy

To analyze the ultrastructure of the mitochondria in
BAT, transmission electron microscopy (TEM) was per-
formed in accordance with the method of a previous
study (Jung et al., 2021). BAT was sliced into <2-mm-
thick sections and post-fixed with 2% glutaraldehyde
and 1% osmium tetroxide. The fixed tissue samples
were then embedded in epoxy resin (Epon 812) and sec-
tioned into 1-um-thick slices using an ultramicrotome
(Reichert-Jung). The sections were stained with 1% tolui-
dine blue and observed under an H-7650 transmission
electron microscope (20,000x magnification, Hitachi) at
an accelerating voltage of 80 kV.

Mitochondrial DNA content

Total DNA was isolated from BAT using a genomic DNA
isolation kit in accordance with the manufacturer’s in-
structions. DNA was extracted from 10 mg of BAT using
a lysis buffer containing proteinase K. The relative mtDNA
content was quantified by measuring the mitochondrial
(cytochrome oxidase subunit 1, COX1I) and nuclear (glyc-
eraldehyde 3-phosphate dehydrogenase, GAPDH) genes
using RT-qPCR (Jung et al., 2021). The sense and anti-
sense primers were as follows: COX1, 5-TAG CCG GAA

ATC TAG CCC AT-3’ and 5-GTT ATG GCT GGG GGT
TTC AT-3’ (NC_005089); GAPDH, 5- GGA GCC AAA
AGG GTC ATC AT-3’ and 5-TAC CAT GAG CCC TTC
CAC AA-3’ (NC_000072).

AMPK activity

The AMPK activity in BAT was determined using an
AMPK assay kit in accordance with the method of a pre-
vious study (Lee et al., 2011). The AMPK activity was
measured via IRS-1 Ser 789 phosphorylation using the
anti-mouse phospho-Ser 789 IRS-1 monoclonal antibody
and peroxidase-coupled anti-mouse immunoglobulin G.
The absorbance was then measured at 450 nm using a
microplate reader (Varioskan Flash, Thermo Scientific).
The AMPK activity was normalized to the protein con-
tent as analyzed using a BCA protein assay kit.

Statistical analysis

Data are expressed as the mean=+standard error for eight
animals in each group and were statistically analyzed us-
ing IBM SPSS version 25 (IBM Corp.). Significant differ-
ences between the HF and HF+CO groups were deter-
mined using the two-tailed Student’s ¢-test. Meanwhile,
significant differences among three groups (NC, HF, and
HF+CO) were verified using one-way analysis of var-
iance and Tukey’s post hoc multiple-range test. Statisti-
cal significance was considered at P<0.05.

RESULTS

Body weight, food intake, and serum lipids

The body weight, food intake, and serum lipids of mice
after 16-week supplementation with the experimental di-
ets are shown in Table 1. During this period, the body
weight of mice in the NC group increased from 17.40+
0.35 to 26.21+0.29 g. By contrast, the body weight of
mice in the HF group increased from 17.38+0.47 to
33.26=0.55 g, exhibiting a significantly greater increase
than that of the NC group. Meanwhile, the body weight
of mice in the HF+CO group increased from 17.37+0.52
to 30.84+0.64 g, demonstrating a significantly reduced
body weight compared with that of the HF group. CO
supplementation also significantly mitigated the body
weight gain compared with HF feeding. The weight of
WAT significantly increased by 5.99-fold in the HF group
compared with that in the NC group. Nonetheless, it de-
creased by 45.4% in the HF+CO group compared with
that in the HF group. Compared with that in the NC
group, the food intake decreased in the HF and HF+CO
groups. However, no significant differences in energy in-
take were observed among the three groups. The serum
TG, TC, and LDL-C levels were significantly higher in
the HF group than in the NC group. By contrast, the se-
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Table 1. Effects of CO on the body weight, food intake, and serum lipid profile of mice fed with an HF diet for 16 weeks

NC HF HF +CO

Initial body weight (g) 17.401£0.35 17.38+0.47 17.37£0.52
Final body weight (g) 26.21+0.29° 33.26+0.55° 30.84+0.64°
Body weight gain (g/16 weeks) 10.37+£0.21°¢ 17.16£0.49° 14.80+0.52°
WAT weight (g/100 g body weight) 1.0240.06° 6.10+£0.19° 3.33+0.29"
Food intake (g/d) 4.46%0.12° 3.28+0.02° 3.23+0.03°
Energy intake (kcal/d) 15.53+1.17 15.224+0.09 15.00+0.12
Serum lipids (mmol/L)

TG 1.01+0.02° 1.53+0.02° 1.30+0.03°

TC 3.39+0.15° 4.73+0.12° 4.1040.15°

HDL-C 2.11£0.09 1.90+£0.04 2.31+£0.14

LDL-C 0.81£0.17° 2.14+0.14° 1.35+0.12°

The values are expressed as the mean+SEM (n=8).

Different superscript letters (a-c) within a row indicate significant differences at /~<0.05.
NC, normal chow; HF, high-fat diet; HF + CO, HF +0.01% capsicum oleoresin; WAT, white adipose tissue:; TG, triglyceride; TC, total
cholesterol; HDL-C, high-density lipoprotein cholesterol: LDL-C, low-density lipoprotein cholesterol.

rum TG, TC, and LDL-C levels were significantly lower
in the HF+CO group than in the HF group. No signifi-
cant differences in serum HDL-C levels were observed
among the three groups. As evidenced by H&E staining,
HF intake resulted in an increase in lipid droplet size,
whereas CO intake resulted in a decrease in lipid droplet
size (Fig. 1A). The weight of BAT significantly increased
by 3.56-fold in the HF group than in the NC group.
Nonetheless, it decreased by 25.6% in the HF+CO group
compared with that in the HF group (Fig. 1B).
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Capsicum oleoresin increased the energy expenditure of
mice

We measured the VO,- and VCO,-based energy expendi-
ture values of mice to determine whether CO affects en-
ergy expenditure. The energy expenditure changes dur-
ing the light and dark periods are presented in Fig. 2.
The energy expenditure per unit body weight was sig-
nificantly higher in the HF+CO group than in the HF
group, with a particularly significant increase in energy
expenditure during the light period.
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Fig. 1. Hematoxylin and eosin staining (A) and BAT weight (B) in mice fed with NC, HF, and HF + CO diets for 16 weeks. The values
are expressed as the meanzSE (n=8). Different letters (a-c) indicate significant differences among the three groups (NC, HF, and
HF + CO) at P<0.05. Scale bars=50 um; magnification=400%. Blue arrows indicate lipid droplet (L). NC, normal chow: HF, high-fat
diet: HF +CO, HF +0.01% capsicum oleoresin; BAT, brown adipose tissue.
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Capsicum oleoresin upregulated UCPT and PGC-1a
expression levels in BAT

The mRNA expression levels of UCP1 and PGC-1 ¢, which
are genes related to energy expenditure in BAT, are
shown in Fig. 3. In the HF group, the mRNA expression
levels of UCPI and PGC-1« were significantly downreg-
ulated by 51.9% and 51.0%, respectively, compared with
those in the NC group. Conversely, the mRNA expres-
sion levels of UCPI and PGC-1¢ in the HF+CO group
were significantly upregulated by 1.47- and 1.44-fold, re-
spectively, compared with those in the HF group.

Capsicum oleoresin restored the mtDNA content of BAT
We investigated whether PGC-1« upregulation in BAT
affects the mtDNA content through mitochondrial repli-
cation. The mtDNA content significantly decreased by
48.1% in the HF group compared with that in the NC
group. Nevertheless, this reduction was significantly re-
stored by 1.50-fold in the HF+CO group (Fig. 4A). More-
over, the mitochondrial size and number were also re-
stored in the HF+CO group compared with those in the
HF group, as observed via TEM (Fig. 4B).
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Fig. 3. UCPT7 (A) and PGC-Ta (B) gene expression levels in the
brown adipose tissue of mice fed with NC, HF, and HF + CO diets
for 16 weeks. The values are expressed as the mean*SE (n=8).
Different letters (a-c) indicate significant differences among the
three groups (NC, HF, and HF +C0) at ~£<0.05. NC, normal chow;
HF, high-fat diet: HF + CO, HF +0.01% capsicum oleoresin; PGC-
Ta, peroxisome proliferator-activated receptor gamma coac-
tivator 1-alpha; UCP7, uncoupling protein 1.
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Capsicum oleoresin activated AMPK in BAT

We examined the effects of AMPK activation, which pro-
motes intracellular energy production and increases en-
ergy expenditure. The AMPK activity in BAT significant-
ly decreased by 46.5% in the HF group compared with
that in the NC group but significantly increased by 1.46-
fold in the HF+CO group compared with that in the HF

group (Fig. 5).

DISCUSSION

Obesity is closely related to metabolic disorders such as
diabetes, cardiovascular disease, hypertension, and fatty
liver disease (Yang et al., 2022). Therefore, increasing en-
ergy expenditure and decreasing body fat can help alle-
viate the risk of these metabolic diseases (Hill et al.,
2012). The role of brown fat in obesity and energy ex-
penditure has attracted considerable attention. Unlike
WAT, which primarily stores energy, BAT generates heat
instead of storing energy (Harms and Seale, 2013). This
thermogenic process positively impacts obesity and en-
ergy expenditure, making BAT a key focus in metabolic
health studies.

AMPK

AMPK activity
(fold of HF group)

0.5

0 T T 1
NC HF HF+CO

Fig. 5. AMPK activity in the brown adipose tissue of mice fed
with NC, HF, and HF +CO diets for 16 weeks. The values are
expressed as the meanxSE (n=8). Different letters (a-c) indicate
significant differences among the three groups (NC, HF, and
HF + CO) at ~<0.05. NC, normal chow; HF, high-fat diet; HF +CO,
HF +0.01% capsicum oleoresin; AMPK, adenosine monophos-
phate-activated protein kinase.

Fig. 4. Mitochondrial DNA (mtDNA) contents (A) and transmission electron microscopy images (B) of the brown adipose tissue
of mice fed with NC, HF, and HF + CO diets for 16 weeks. The values are expressed as the meanxSE (n=8). Different letters (a-c)
indicate significant differences among the three groups (NC, HF, and HF + CO) at ~<0.05. Scale bar=2 um: magnification=20,000%.
Red arrows indicate mitochondria (M). NC, normal chow; HF, high-fat diet; HF + CO, HF + 0.01% capsicum oleoresin; L, lipid droplet:

nDNA, nuclear DNA.



Effects of Capsicum Oleoresin on Energy Metabolism 427

Capsaicin, the active component of CO, and its ana-
logs have been reported to increase energy expenditure
and BAT thermogenesis (Yoneshiro et al., 2012; Leung,
2014; Saito, 2015; Saito et al., 2020). In particular, they
have been found to enhance energy expenditure and fat
burning in individuals with a high body mass index
(Inoue et al., 2007). The effects of capsaicin and its ana-
logs on energy expenditure and BAT activation have been
reported in animal and human models. However, no
studies have investigated these effects using CO. To the
best of our knowledge, this study is the first to demon-
strate that CO inhibits weight gain in HF-fed mice by in-
creasing energy expenditure and regulating the molec-
ular markers involved in regulating the mitochondrial
content of BAT.

According to a previous study, capsaicin contributes to
weight loss and improves blood lipid profiles while also
reducing hepatic steatosis in an HF-induced obese mouse
model (Kang et al., 2010). In a study on Japanese wom-
en, a high-fat, high-carbohydrate meal supplemented with
red pepper (capsaicin) increased energy metabolism and
promoted fat oxidation, potentially improving long-term
weight loss and lipid profiles (Yoshioka et al., 1998). In
our previous study, we showed that supplementation
with 0.01% CO increased UCP2 expression and AMPK
activation in the WAT of HF-fed rats (Kim et al., 2014).
Therefore, in the present study, we set the CO dose to
0.01%. In this study, the weight gain in the HF group in-
creased by 2-fold over a 16-week period compared with
that in the NC group, whereas the weight gain in the
HF+CO group was significantly suppressed by 29.5%
compared with that in the HF group. The levels of se-
rum lipids, including TG, TC, and LDL-C, were also sig-
nificantly lower in the HF+CO group than in the HF
group. The energy expenditure in the HF+CO group
significantly exceeded that in the HF group. These find-
ings suggest that CO improves the serum lipid profiles
and inhibits weight gain by increasing energy expendi-
ture in HF-fed mice.

UCP1 and PGC-1a interact with each other to regulate
thermogenesis and energy metabolism (Bostrom et al.,
2012; Chouchani et al., 2019). UCP1 directly generates
heat in the mitochondria, thereby consuming energy
(Chouchani et al., 2019). Alternatively, PGC-1la acti-
vates several thermogenic genes, including UCP1, to pro-
mote energy expenditure (Bostrém et al., 2012). PGC-1a
stimulates mitochondrial biogenesis, whereas AMPK in-
directly regulates UCP1 expression, which regulates ther-
mogenesis in brown fat (van der Vaart et al., 2021; Chen
et al., 2022). Capsicum chinense L. has been found to in-
crease PGC-1a. and UCP1 protein expression levels in
the BAT of HF-induced obese mice (Han et al., 2024). In
HF-induced obese mice, dietary capsaicin upregulates
UCP1 protein and PGC-1« gene expression in WAT and

subcutaneous fat, respectively, thereby stimulating heat
production (Baskaran et al., 2016). Moreover, capsaicin
intake increases the phosphorylation of skeletal muscle
AMPK in HF-fed mice (Kim et al., 2010). In the present
study, the mRNA expression levels of UCPI and PGC-1«&
in BAT were significantly upregulated in the HF+CO
group compared with those in the HF group. The mtDNA
content, which was reduced by HF intake, was signifi-
cantly restored in the HF+CO group. The mitochondrial
size and number were also restored in the HF+CO group,
as determined by TEM. Furthermore, the AMPK activity
in BAT was significantly increased in the HF+CO group
than in the HF group. Our results suggest that CO may
enhance the mitochondrial function of BAT by upregu-
lating UCP1, PGC-1¢, and AMPK.

In conclusion, CO supplementation effectively sup-
pressed weight gain and improved the lipid profiles of
HF-fed mice. Furthermore, it significantly increased the
energy expenditure, particularly during the light phase,
and upregulated important markers, including UCP]I,
PGC-1a, and AMPK, in BAT. Moreover, CO restored the
mitochondrial size, number, and mtDNA content, which
were diminished by HF intake. These findings suggest
that CO may help prevent obesity by enhancing energy
expenditure and increasing the mitochondrial content in
BAT. However, this study used a single concentration of
CO without a positive control. Therefore, it has limita-
tions in supporting the conclusion. Future studies should
conduct additional experiments to evaluate the effects of
CO using a positive control and various concentrations
of CO.
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