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Purpose: Consumption of chili with capsaicinoids, such as dihydrocapsaicin (DHC), offers metabolic benefits to humans. However, 
their spiciness and rapid degradation prevent it from being used as a treatment for metabolic syndrome (MetS), including obesity, 
insulin resistance (IR), and hyperglycemia. During the degradation process of capsaicinoids, DHC is metabolized to non-pungent 
8-methyl nonanoic acid (8-MNA), a methylated medium-chain fatty acid (MCFA). However, the metabolic functions of 8-MNA and 
its therapeutic potential for MetS have been unknown in animals. As other MCFAs improve metabolic status when added to 
obesogenic diets, we hypothesize that 8-MNA may improve energy and glucose metabolism in diet-induced obese (DIO) mice that 
exhibit MetS-like metabolic derangements.
Methods: C57BL/6NJcl mice were fed a normal diet, or a high-fat diet (HFD) supplemented with triacylglycerols, which consisted of 
8-MNAs or isocaloric soybean oil (SBO) for 18 weeks. Food intake, body weight, and blood chemicals were assessed, and glucose and 
insulin tolerance tests (GTT and ITT, respectively) were performed. Tissues and organs collected at the end of the experiments were 
used for biochemical analyses of metabolic determinants.
Results: Compared with HFD + SBO-fed mice, 8-MNA feeding resulted in reduced caloric intake and body weight gain in DIO mice 
(p<0.05) in association with overall weight loss in several tissues and organs as well as transcriptional downregulation of orexigenic 
agouti-related protein in the hypothalamus. Despite no improvement in GTT and ITT, during the early experimental period, 8-MNA 
supplementation delayed the onset of HFD-induced IR.
Conclusion: We conclude that 8-MNA slows the development of MetS in DIO mice. Furthermore, these findings suggest that 8-MNA 
derived from DHC accounts, in part, for the metabolic benefits of consuming chili and may represent a promising non-pungent 
nutraceutical for preventing MetS.
Keywords: chili peppers, capsaicinoids, metabolic syndrome, insulin resistance, obesity, prediabetes

Introduction
Metabolic syndrome (MetS) is a medical condition consisting of a broad spectrum of metabolic defects, including 
visceral obesity, insulin resistance (IR), elevated blood glucose (BG), dyslipidemia, and hypertension.1 The prevalence of 
these diseases has increased over the last few decades in developed and developing countries.2,3 Patients with MetS have 
an increased risk of developing life-threatening complications, such as coronary heart disease, stroke, type 2 diabetes 
(T2D, if uncontrolled), and loss of renal function.1,4 Currently, treatment for MetS involves improving lifestyle, 
particularly diet and physical activity; however, promoting sustainable efforts and compliance in lifestyle modification 
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is a burden for many patients.5 If ineffective or unsuccessful, patients may receive pharmacological treatment, although 
no simple cures are available for MetS-associated complications.6 Therefore, preventative approaches are needed for 
people who are at high risk for developing MetS. For example, in daily life, we can regularly consume bioactive food 
ingredients (or nutraceutical products) that are considered preventative treatments for these metabolic disorders.7

The consumption of chili peppers offers many benefits to individuals prone to developing MetS by promoting weight 
loss as well as improving glycemic control.8 These effects primarily arise from capsaicin (CAP) and dihydrocapsaicin 
(DHC), which are the major bioactive capsaicinoids in chili fruits; however, the bioavailability of these capsaicinoids is 
limited because of their unfavorable pungent flavor and rapidly degradative properties.9–14 The former characteristic 
causes discomfort to the gastrointestinal tract in humans.10,11 The latter was demonstrated in an HPLC study in rats, in 
which a time-dependent rapid clearance of CAP was observed in blood and tissues, whereas 24.4% of the administered 
CAP at 1 h after injection was reduced to 1.24% and 0.057% at 24 h and 48 h, respectively.10,12 For DHC, most of the 
tritiated DHC administered to rats was absorbed via the jejunum. In the portal blood, 85% of the radioactivity was 
derived from the DHC tracer, whereas 15% of it was metabolized to 8-methyl nonanoic acid (8-MNA).13 Besides the 
jejunum, rat liver homogenates also convert DHC to 8-MNA through hydrolysis.14 These results suggest that 8-MNA is 
a ubiquitous degradation by-product of DHC in animals. 8-MNA is a naturally occurring methyl-branched medium-chain 
fatty acid (MCFA) that is a precursor for capsaicinoid biosynthesis in plants.15 Therefore, similar to other MCFAs, this 
metabolite may be used as an energy source and as a functional lipid;16 however, the biological roles of 8-MNA in 
animals are still unknown.

Previous studies have shown that consuming other MCFAs, such as octanoic acid (C8:0) and decanoic acid (C10:0), 
enhances insulin sensitivity,17–20 the anti-inflammatory response,18,19 energy expenditure (EE),21–23 and satiety,24,25 

along with a reduction in ectopic fat accumulation,26–28 which slows the development of MetS.16,29 Apart from these 
even-numbered MCFAs, nonmethylated nonanoic acid (C9:0) may act as a selective agonist of the nuclear receptor, 
peroxisome proliferator-activated receptor γ (PPARγ), which is the target of the insulin-sensitizing glitazones for T2D.30 

Moreover, intravenous administration of C9:0 into anesthetized dogs appears to acutely enhance whole-body insulin 
sensitivity.31 Recently, our in vitro study demonstrated that 8-MNA exerts metabolic effects on 3T3-L1 adipocytes by 
inhibiting de novo lipogenesis and lipolytic responses to a β-agonist, while increasing insulin-dependent glucose 
uptake.32 Collectively, these lines of evidence suggest that 8-MNA may improve MetS in a similar manner to MCFAs 
in animals. However, there have been no in vivo studies that evaluate the metabolic effects of 8-MNA and its therapeutic 
potential for the prevention of MetS, despite the in vitro evidence showing the anti-lipogenic and insulin-sensitizing 
effects of 8-MNA.32 To explore these potential benefits of 8-MNA in vivo, we examined the effects of 8-MNA on energy 
and glucose metabolism in diet-induced obese (DIO) mice that exhibit MetS-like pathology without hypertension.33

Materials and Methods
Chemical Preparation
Propane-1,2,3-triyl tris(8-methylnonanoate), a triacylglycerol that consists of three 8-MNAs esterified to one molecule of 
glycerol, was chemically synthesized as follows (Figure 1): Amberlite IR 120 (H form ion-exchange resin), 4-dimethy
laminopyridine 99% (DMAP), N,N′-dicyclohexylcarbodiimide 99% (DCC), and DL-1,2-isopropylideneglycerol were 
purchased from Acros Organics (Cat#10098951, France), Aldrich (Cat#107700, USA), Aldrich (Cat#D80002, China), 
and Aldrich (Cat#122696, Spain), respectively. 1H NMR and 13C NMR spectra were recorded on a 400 MHz NMR 
spectrometer (Avance, Bruker, Switzerland). Chemical shifts (δ) were recorded in parts per million (ppm) relative to 
either tetramethylsilane or the residual protonated solvent signal as a reference. Mass spectra were measured in positive 
ion mode using a high-resolution mass spectrometer (micrOTOF, Bruker, Switzerland) that was calibrated using sodium 
formate. Infrared spectroscopy was conducted using an FT-IR spectrometer (Model 1600, Perkin Elmer, USA) within 
a wave number range of 4000–400 cm−1. 8-MNA (1) was synthesized as described in our previous report.32 DL- 
1,2-isopropylideneglycerol (2, 92.06 g, 696.58 mmol), 8-MNA (1, 100.00 g, 580.48 mmol), and DMAP (3.56 g, 
29.02 mmol) were dissolved in dichloromethane (DCM, 500 mL) and cooled in an ice bath. DCC (143.73 g, 
696.58 mmol) solution in DCM (150 mL) was added dropwise using cannula tubing at 0°C followed by stirring 
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overnight. The mixture was filtered and concentrated under reduced pressure to yield an intermediate compound (3). 
Amberlite IR 120 (100.00 g) was added to ethanol (300 mL) in which the product (3, 200.00 g) was dissolved. The 
deprotection reaction was completed by stirring for 3.5 h. The reaction mixture was filtered and concentrated to yield 
crude 2,3-dihydroxypropyl 8-methylnonanoate (4). The crude product was treated with EtOH/water (8:2 v/v, 1 L) and 
hexane (2 × 200 mL) for extraction. The EtOH/water layer was concentrated in vacuo to produce 2,3-dihydroxypropyl 
8-methylnonanoate (4) as a light-yellow oil (111.00 g, 76% yield) with an Rf = 0.12 (25% EtOAc in hexane). Next, 
2,3-dihydroxypropyl 8-methylnonanoate (4, 50.00 g, 202.96 mmol), 8-MNA (1, 76.92 g, 446.52 mmol), and DMAP 
(3.01 g, 24.56 mmol) were dissolved in DCM (500 mL) and cooled in an ice bath. DCC (92.13 g, 446.52 mmol) solution 
in DCM (150 mL) was added dropwise using cannula tubing at 0°C, followed by stirring overnight. The mixture was 
filtered, and concentrated to yield crude propane-1,2,3-triyl tris(8-methylnonanoate) (5). The crude product was purified 
by column chromatography (5% EtOAc in hexane) to yield propane-1,2,3-triyl tris(8-methylnonanoate) (5) as a light- 
yellow oil (57.25 g, 51% yield), Rf = 0.45 (5% EtOAc in hexane); 1H NMR (400 MHz, CDCl3) δ (ppm): 0.85 (d, J = 6.6 
Hz, 18H), 1.19–1.09 (m, 6H), 1.35–1.21 (m, 18H), 1.49 (dq, J = 13.2, 6.6 Hz, 3H), 1.65–1.54 (m, 6H), 2.30 (td, J = 7.5, 
2.5 Hz, 6H), 4.14 (dd, J = 11.9, 5.9 Hz, 2H), 4.29 (dd, J = 11.9, 4.3 Hz, 2H), 5.29–5.22 (m, 1H). 13C NMR (100 MHz, 
CDC13) δ (ppm): 22.75, 24.99, 27.33, 28.06, 29.23, 29.64, 34.18, 34.34, 39.06, 62.22, 68.99, 77.35, 173.42. FT-IR (ATR) 
(cm−1): (ATR) (cm−1): 1741 (C=O stretching), 1153 (C-O stretching). HRMS (ESI-TOF) m/z: [M + Na]+ calculated for 
C33H62O6Na, 577.4439; found, 577.4437.

Dextrose (Cat#000045-B00, 50%, ANB laboratories, Thailand) and human recombinant insulin (Cat#00169-1833-11, 
100 U/mL, Novo Nordisk, USA) were diluted with sterile saline solution (Cat#LS-3-101 R3, Thai Nakorn Patana Co., 
Ltd., Thailand) prior to use.

Animals
The animal procedures were approved by the Mahidol University Institutional Animal Care and Use Committee (MU- 
IACUC, Protocol numbers: MUSC64-013-562 and F02-66-010 approved as of June 15th, 2021 and March 1st, 2023, 
respectively, Animal license number: U1-07952-2562). For the welfare of the laboratory animals, we followed the Guide 

Figure 1 Chemical synthesis of propane-1,2,3-triyl tris(8-methylnonanoate). (1) 8-methyl nonanoic acid (8-MNA), (2) DL-1,2-isopropylideneglycerol, (3) intermediate 
product, (4) 2,3-dihydroxypropyl 8-methylnonanoate, and (5) propane-1,2,3-triyl tris(8-methylnonanoate).
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for the Care and Use of Laboratory Animals (8th Edition) and the AVMA Guidelines for the Euthanasia of Animals 
(2020 Edition) with supplementary recommendations from the FELASA and CCAC guidelines. This study was 
conducted in compliance with the Animal Research: Reporting of In Vivo Experiments (ARRIVE) guidelines 2.0.34 

To determine the sample size (n = 42), a power analysis was performed using G*Power 3.1 with an effect size of 0.5, 
alpha error of 0.05, power of 0.8, and 3 groups.35,36 Six-week-old male C57BL/6NJcl mice (21.7 ± 0.8 g on arrival 
estimated from https://nomura-siam.com/en/animals/c57bl6njcl-en/) were purchased from Nomura Siam International 
(Thailand) and acclimatized for two weeks at the Central Animal Facility, Faculty of Science, Mahidol University 
(MUSC-CAF), an AAALAC International-accredited facility. C57BL/6 mice are susceptible to developing metabolic 
derangements when being treated with a high-fat diet (HFD)33,37 and were used to study the beneficial effects of MCFAs 
on the metabolism in previous studies.18,22,24,26–28 Eight-week-old mice (22.9 ± 0.1 g) were singly housed and 
maintained under a 12:12 h light/dark cycle with ad libitum access to water. The mice were randomly divided into 
three groups using GraphPad Random number generator (https://www.graphpad.com/quickcalcs/randomize1/)34 and fed 
a normal diet (ND, Cat#082G, Perfect Companion Group, Thailand, Supplementary Figure 4 for the formulation) 
provided by MUSC-CAF or a HFD containing 60 kcal% fat (Cat#D12492, Research Diets, Inc., USA, https://research 
diets.com/formulas/d12492 for the formulation) supplemented with 1.84% of soybean oil (HFD + SBO, Cat#S7381, 
Sigma-Aldrich, USA) or 2% of propane-1,2,3-triyl tris(8-methylnonanoate) (HFD + 8-MNA). This feeding design is 
based on the gross energy values of medium-chain and long-chain triacylglycerols determined by previous bomb 
calorimetric studies38 to supplement HFD with the isocaloric amount of 8-MNA or soybean oil which is a fat constituent 
of HFD.39 A study using C9:0-fed rodents showed low toxic effects at this dose.40 Body weight (BW) and food intake 
were measured weekly using an electronic balance (KERN572, Germany). The caloric intake of individual mice was 
calculated by converting grams of consumption to calories. The mice were sacrificed by CO2 inhalation-induced 
euthanasia at week 18. Following decapitation, trunk blood was collected into an EDTA-coated tube. Tissues and organs 
were harvested, weighed, snap-frozen in liquid nitrogen, and stored at −80°C until use.

Assessment of Glucose Homeostasis
Nonfasting blood glucose (BG) concentrations in the tail tip were measured using a hand-held glucometer (Roche, USA) at the 
indicated times. An intraperitoneal glucose tolerance test (IPGTT) and intraperitoneal insulin tolerance test (IPITT)41 were 
carried out on mice at weeks 16 and 17, respectively. For IPGTT, the mice received an IP injection of 20% dextrose solution 
(1.5 g of glucose/kg of BW) following overnight fasting. The BG levels in the tail tip were measured at 0, 15, 30, 60, 90, and 
120 min following injection. For IPITT, 4-h fasted mice received an IP injection of recombinant human insulin (0.75 IU 
insulin/kg of BW) and the BG data were collected at the same time points as those for IPGTT.

Measurements of Insulin and Interleukin-6 (IL-6) Concentrations
Plasma samples were collected from nonfasting mice at weeks 9 and 18. Insulin and IL-6 concentrations were measured using 
insulin and IL-6 ELISA kits42–44 (Cat#90080, Crystal Chem and Cat#88-7064-22, Thermo Fisher, respectively, USA).

Measurements of Triacylglycerol (TAG) Content
TAG concentrations in plasma, liver, and aorta samples at week 18 were measured using a triglyceride assay kit 
(Cat#ab65336 Abcam, UK). Liver and aorta tissues (100 mg) were homogenized in 1 mL of 5% NP-40 in ddH2O and 
heated at 90°C on a heat block until the TAG layer was solubilized. The homogenates were centrifuged for 2 min at 
13,000 × g, and the supernatant was diluted 10-fold with ddH2O. The diluted samples were further diluted 2- to 25-fold 
with Assay Buffer before adding Reaction Mix. Following 60-min incubation at room temperature in dark, the optimal 
density at 570 nm was measured with a plate reader.

Western Blot Analysis
Protein expression in brown adipose tissue (BAT) was measured by Western blot analysis. A sample of BAT (~300 mg) 
was homogenized in lysis buffer (pH 7.5, 1 mL) containing 50 mM Tris-Cl, 0.1 mM EDTA, 0.1 mM EGTA, 1% w/v 
deoxycholic acid, 1% v/v NP-40, 0.1% v/v SDS, 1 mM PMSF, and 1% protease/phosphatase inhibitor cocktail 
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(Cat#5872, Cell Signaling Technology, USA) on ice. The homogenates were centrifuged at 14,000 × g for 30 min at 4°C. 
The protein concentration in the supernatant was measured using a DC protein assay kit (Cat#5000112, Bio-Rad, USA). 
The protein samples (20 µg) were incubated with 4X loading buffer containing 10% 2-mercaptoethanol at 95°C for 
5 min. The denatured proteins were separated on a 10% SDS-PAGE gel and transferred to a nitrocellulose membrane 
(Cat#1620115, Bio-Rad, USA). After blocking with 5% nonfat milk (Cat#1706404, Bio-Rad, USA), the membranes were 
cut into several strips as a protein of interest was included in the middle based on its molecular size.32,45 Each of the 
membrane strips was incubated with a primary antibody against UCP1 (1:1000, Cat#14,670, Cell Signaling Technology, 
USA, RRID: AB_2687530), AMPK (1:1000, Cat#2532, Cell Signaling Technology, USA, RRID: AB_330331), 
p-AMPK (1:1000, Cat#2531, Cell Signaling Technology, USA, RRID: AB_330330), or GAPDH (1:10,000, Cat#5174, 
Cell Signaling Technology, USA, RRID: AB_10622025) at 4°C overnight. The membrane strip was washed three times 
with 1x Tris-buffered saline containing 0.1% Tween 20 for 5 min on a rocker, followed by incubation with anti-rabbit 
IgG, HRP-linked secondary antibody (1:2000, Cat#7074, Cell Signaling Technology, USA, RRID: AB_2099233) for 
1 h at room temperature. The signals were developed using a western ECL substrate (Cat#1705062, Bio-Rad, USA), 
visualized with Amersham ImageQuant 800 (Cytiva, UK), and quantitated using ImageJ software.

RNA Extraction, cDNA Synthesis, and Real-Time PCR
Hypothalamic tissues were ground in a microcentrifuge tube with liquid nitrogen using a plastic pestle. Total RNA was extracted 
using Trizol reagent (Cat#15596026, Invitrogen, USA) based on the manufacturer’s protocol and then cleaned using a Monarch 
RNA cleanup kit (Cat#T2010S, New England Biolabs, USA) together with DNase I treatment. cDNA was synthesized from 1 µg 
of total RNA using the iScript Reverse Transcription kit (Cat#1708840, Bio-Rad, USA). Real-time PCR was performed with the 
Luna Universal Probe qPCR Master Mix (Cat#M3004, New England Biolabs, USA). TaqMan probes (Thermo Fisher Scientific, 
USA) were obtained for POMC (Mm00435874_m1), agouti-related protein (AgRP) (Mm00475829_g1), IL-6 
(Mm00446190_m1), and β-actin (Mm02619580_g1). A CFX96 Real-Time system (Bio-Rad, USA) was used for the assays. 
Relative quantitation of gene expression was done using the ΔΔCt method.46

Statistics
The data are expressed as the mean ± SEM and analyzed using Prism 10 software (GraphPad, USA). One-way ANOVA 
or two-way repeated measures ANOVA tests were used to compare the three groups with one or two independent 
variables, respectively. Student’s t-test was used to compare the two groups. A p-value less than 0.05 was considered 
statistically significant.

Results
Effect of 8-MNA on Body Weight and Food Intake in HFD-Fed Mice
To determine the metabolic response to 8-MNA in DIO mice, we fed wild-type male mice a ND or a HFD for 18 weeks. 
The ND group served as a control to ensure the obesogenic effect of HFD. The HFD-fed animals were subdivided into 
two groups: HFD supplemented with soybean oil (HFD + SBO) containing long-chain fatty acids (LCFAs) or propane- 
1,2,3-triyl tris(8-methylnonanoate), which contained three 8-MNAs esterified to one molecule of glycerol (HFD + 
8-MNA). BW and food intake were measured weekly in the individually housed mice. Within 18 weeks of the 
experimental period, no mice died (n = 42 in total) or showed any health issues irrespective of diet and supplement 
types, indicating that 8-MNA was nontoxic. The mice fed with HFD+SBO or HFD+8-MNA weekly gained more weight 
compared with the ND group in the first 7 weeks or weeks 2–8, respectively (Figure 2A). Over the following ~10 weeks, 
except for week 8 when HFD + 8-MNA mice gained more weight compared with ND and HFD + SBO mice, no 
significant variations in weekly weight gain were observed among the three groups. Consistent with the extent of weekly 
weight gain, HFD + SBO and HFD + 8-MNA mice were significantly heavier compared with the ND mice (Figure 2B). 
In the HFD groups, 8-MNA-fed mice had significantly less BW compared with the SBO-fed mice (Figure 2B). 
Correspondingly, Figure 2C indicates that the weekly caloric intake of HFD-fed mice was significantly greater compared 
with that of the ND-fed group throughout the entire experimental period. There was no significant difference in weekly 
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food intake between the HFD + SBO and HFD + 8-MNA groups, excluding weeks 2 and 4 (Figure 2C); however, 
8-MNA consumption produced a slight, but steady anorexigenic effect over the entire duration of treatment. As expected, 
the cumulative caloric intake of the HFD + 8-MNA group was significantly lower compared with that of the HFD + SBO 
group (Figure 2D). These results suggest that 8-MNA supplementation partly diminishes HFD-induced BW gain, along 
with the sustained suppression of caloric intake.

Effect of 8-MNA on Glucose Homeostasis in HFD-Fed Mice
In the same cohort of animals, nonfasting blood glucose (BG) concentrations were measured at weeks 0, 2, 4, 8, 9, 13, and 
17. HFD + SBO-fed mice exhibited significant increases in BG levels compared with mice fed an ND or HFD + 8-MNA 
(Figure 3A). However, by week 17, 8-MNA-mediated glycemic normalization in HFD mice disappeared (Figure 3A). This 
finding was confirmed in subsequent experiments evaluating glucose disposal and insulin sensitivity using an intraper
itoneal glucose tolerance test (IPGTT) and an IP insulin tolerance test (IPITT), respectively (Figure 3B and C). At week 16, 
a time course and area under the curve (AUC) analysis of IPGTT revealed no significant changes among the three groups 
(Figure 3B and Supplementary Figure 1A, respectively). Moreover, the IPITT results indicated that the HFD + SBO group 
was significantly insensitive to insulin compared with the ND group (Figure 3C). Similarly, the HFD + 8-MNA group was 
less sensitive to insulin than the ND group (Figure 3C). The AUC analysis of IPITT indicated no significant difference in 
whole-body insulin sensitivity in the HFD groups (Supplementary Figure 1B). Taken together, these results suggest that 
8-MNA treatment prevented mice from developing hyperglycemia at the earlier time points of HFD feeding but was not 
effective until the later period.

Because HFD-induced hyperglycemia is accompanied by IR for which hyperinsulinemia compensates,47 insulin 
concentrations were measured in plasma collected at weeks 9 and 18. Feeding HFD + SBO to mice for nine weeks 
significantly increased the plasma insulin levels compared with ND feeding (Figure 3D). In contrast, nine-week feeding 

Figure 2 Effect of 8-MNA on the body weight and food intake in HFD-fed mice. Wild-type mice were fed a normal diet (ND) or a high-fat diet (HFD) supplemented with 
soybean oil (SBO) or triacylglycerol composed of 8-methyl nonanoic acid (8-MNA) for 18 weeks. (A) Weekly weight gain. (B) Body weight. (C) Weekly food intake. (D) 
Cumulative food intake. Data are presented as the mean ± SEM and analyzed by a two-way repeated measures ANOVA or Student’s t-test (n = 14). (B and D) A significant 
treatment x time interaction was determined by a two-way ANOVA with repeated measures. #p < 0.05 vs ND. *p < 0.05 vs HFD + SBO. n, sample size.
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with HFD + 8-MNA maintained insulin concentrations as low as that observed for ND (Figure 3D). Based on these data, 
we can infer that these hyperglycemic mice fed with HFD + SBO developed IR, whereas DIO mice receiving 8-MNA 
maintained sufficient insulin sensitivity for a normoglycemic condition, similar to ND mice. However, plasma samples 
collected from the HFD + SBO and HFD + 8-MNA groups at week 18 had comparable amounts of insulin (Figure 3E). 
The data suggest the disappearance of the insulin-sensitizing effect of 8-MNA by week 18, which is consistent with the 
ITT results (Figure 3C).

MCFAs are implicated in modulating inflammatory responses,18 which play an important role in the development of 
obesity-related IR and T2D;48 however, the influence of 8-MNA on this pathological process is unknown. Therefore, we 
measured the plasma concentrations of interleukin-6 (IL-6), which prevents obesity-related glucose intolerance and 
elicits an antiobesity effect.49–51 In plasma samples collected at week 9, there was no significant difference in IL-6 
concentrations between mice treated with an ND and HFD + SBO diet (Figure 3F). However, 8-MNA treatment 

Figure 3 Effect of 8-MNA on glucose homeostasis in HFD-fed mice. (A) Nonfasting blood glucose (BG) levels in mice fed an ND or HFD supplemented with SBO or 
8-MNA at weeks 0, 2, 4, 8, 9, 13, and 17. (B) Intraperitoneal glucose tolerance test (IPGTT) in mice fasted overnight at week 16. (C) Intraperitoneal insulin tolerance test 
(IPITT) in 4-h fasted mice at week 17. (D and E) Plasma insulin concentrations at weeks 9 (D) and 18 (E). (F and G) Plasma interleukin-6 (IL-6) concentrations at weeks 9 
(F) and 18 (G). Data are presented as the mean ± SEM analyzed by a one-way ANOVA or a two-way repeated measures ANOVA (n = 10–14). (A–C) A significant treatment 
x time interaction was determined by a two-way ANOVA with repeated measures. #p < 0.05 vs ND. *p < 0.05 vs HFD + SBO. n, sample size.
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significantly increased IL-6 concentration compared with the ND group (Figure 3F). Furthermore, the plasma samples of 
the HFD + 8-MNA group at week 18 exhibited increased IL-6 concentrations compared with those of the other groups 
(Figure 3G). These data suggest an association of varying IL-6 production with the development of HFD-induced obesity 
and IR in mice.

Effect of 8-MNA on Tissue and Organ Weights of HFD-Fed Mice
Given that DIO mice supplemented with 8-MNA had significantly less BW compared with SBO mice (Figure 2B), we 
determined which organs and tissues were responsible for the BW difference. The organ and tissue weights measured at 
week 18 are listed in Table 1. There were no significant changes in the weights of the heart, lung, and tibialis anterior 
skeletal muscle among the three groups. The weights of the aorta, liver, spleen, pancreas, inguinal WAT (iWAT), and 
BAT in HFD + SBO mice were significantly greater compared with those of ND mice. However, no significant increases 
were observed in the weights of the aorta, liver, and pancreas between ND and HFD + 8-MNA mice. Conversely, both 
HFD + SBO and HFD + 8-MNA diets reduced the weights of kidney and epididymal WAT (eWAT) compared with those 
of the ND mice. As seen in patients with MetS who often have enlarged spleens,52 the spleen weight of HFD + SBO mice 
was significantly heavier compared with that of ND mice; however, this pathological change was significantly amelio
rated in HFD + 8-MNA mice. Overall, we conclude that the changes in the organ and tissue weights in HFD-fed mice by 
8-MNA supplementation were statistically insignificant except for spleen, but each of the subtle reduction, when 
considered collectively, contributes to the body weight-lowering effect of 8-MNA in HFD mice (Figure 2B).

Effect of 8-MNA on Thermogenic Markers and Triacylglycerols in HFD-Fed Mice
Obesity is caused by an inverse balance of energy homeostasis (ie, decreased EE and increased caloric intake).53 Previous 
studies have shown that MCFAs increase EE in BATs via thermogenesis,21–23 the activation of which is associated with 
the upregulation of uncoupling protein 1 (UCP1) and phosphorylation of AMP-activated kinase (AMPK).23,54 We 
explored the possibility that 8-MNA supplementation to HFD mice may increase EE, thereby leading to a reduction in 
BW (Figure 2B). We measured the expression of UCP-1 and phosphorylated AMPK in BATs; however, Western blot 
analysis revealed no further increase in UCP1 (Figure 4A) or phosphorylated AMPK (Figure 4B) in BATs of HFD + 
8-MNA mice compared with those in HFD + SBO mice. The other blots for quantification and raw images are shown in 
Supplementary Figures 2 and 3. These data suggest that the 8-MNA-mediated reduction of BW occurs through 
a mechanism independent of the thermogenic features in BATs.

In obesity, besides an increase in mass of adipose tissues, ectopic intra- and peri-organ accumulation of triacylgly
cerols (TAGs) occurs not only from the excessive release of free FAs from dysregulated adipose tissue, but also from 

Table 1 Effect of 8-MNA on Organ and Tissue Weights of HFD-Fed Mice

Weight (g) ND HFD+SBO HFD+8-MNA

Heart 0.172 ± 0.003 0.172 ± 0.007 0.161 ± 0.008
Aorta 0.035 ± 0.001 0.052 ± 0.003# 0.042 ± 0.003

Lung 0.185 ± 0.004 0.193 ± 0.005 0.182 ± 0.006

Liver 2.405 ± 0.141 3.030 ± 0.143# 2.664 ± 0.134
Spleen 0.080 ± 0.003 0.127 ± 0.007# 0.107 ± 0.004#,*

Kidney 0.460 ± 0.006 0.427 ± 0.009# 0.405 ± 0.007#

Pancreas 0.243 ± 0.014 0.302 ± 0.014# 0.284 ± 0.014
Inguinal white adipose tissue 0.944 ± 0.078 2.203 ± 0.092# 2.014 ± 0.047#

Epididymal white adipose tissue 1.602 ± 0.075 1.301 ± 0.078# 1.317 ± 0.055#

Brown adipose tissue 0.308 ± 0.016 0.499 ± 0.022# 0.464 ± 0.022#

Tibialis anterior skeletal muscle 0.105 ± 0.004 0.107 ± 0.005 0.121 ± 0.006

Notes: Data are presented as the mean ± SEM analyzed by a one-way ANOVA (n = 14). #p < 0.05 vs 
ND. *p < 0.05 vs HFD + SBO. n, sample size. 
Abbreviations: ND, normal diet; HFD, high-fat diet; SBO, soybean oil; 8-MNA, triacylglycerols with 
8-methyl nonanoic acid.
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overconsumption of nutritional fat.55 Animals fed with an MCFA-rich obesogenic diet have less lipid accumulation in 
non-adipose tissues compared with their HFD-fed or equicaloric LCFA-fed counterparts,26–28 suggesting the potential 
effect of 8-MNA on these uncontrolled anabolic events. In HFD-treated groups, regardless of the supplements, the 
plasma concentrations of TAG were significantly lower compared with those in ND mice (Figure 4C). Consistent with 
studies in DIO rodents,56,57 HFD + SBO significantly increased hepatic and periaortic TAG levels (Figure 4D and E); 
however, the ectopic TAG accumulation was not affected by 8-MNA (Figure 4D and E). These results indicate that 
8-MNA does not affect HFD-induced changes in plasma, hepatic, and periaortic TAGs.

Effect of 8-MNA on the Expression of Appetite-Related Genes in the Hypothalamus of 
HFD-Fed Mice
Based on the data in Figure 4, the suppression of BW gain in response to 8-MNA (Figure 2B) was induced by enhancing 
satiety (ie, less appetite), rather than EE stimulation. The hypothalamus is the regulatory hub of appetite and EE in the 
brain.58 The arcuate nucleus of the hypothalamus primarily encompasses two neuronal subsets characterized by the 

Figure 4 Effects of 8-MNA on thermogenic markers and triacylglycerols in HFD-fed mice. The expression of uncoupling protein 1 (UCP1) (A) and phosphorylated AMP- 
activated protein kinase (p-AMPK) (B) in brown adipose tissues of mice fed with an ND or HFD supplemented with SBO or 8-MNA. (C–E) Triacylglycerol (TAG) levels in 
plasma (C), liver (D), and periaortic tissues (E). Data are presented as the mean ± SEM analyzed by a one-way ANOVA (n = 7–14). #p < 0.05 vs ND. n, sample size. The 
other blots are shown in Supplementary Figure 2.
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expression of proopiomelanocortin (POMC) and agouti-related protein (AgRP). While releasing alpha-melanocyte- 
stimulating hormone (α-MSH) derived from the precursor POMC peptide to the secondary neurons in the paraventricular 
nucleus (PVN) decreases appetite and increases EE, the release of AgRP to the PVN neurons inhibits the α-MSH- 
mediated outcomes.59 Moreover, C8:0 excites POMC neurons24 while lauric triglyceride (C12:0-containing TAG) 
decreases the expression of AgRP,25 and hypothalamic IL-6 affects eating behavior and the regulation of BW in male 
rodents.51,60 Thus, we hypothesized that the reduction of caloric intake mediated by 8-MNA may result from an appetite- 
suppressing response evoked by the modulation of hypothalamic POMC, AgRP, and/or IL-6 transcripts. None of these 
three diet groups showed significant changes in anorexigenic POMC or IL-6 transcripts (Figure 5A and C). Although 
there was no significant difference in AgRP expression between ND and HFD + SBO mice (Figure 5B), the transcription 
of this orexigenic peptide was significantly suppressed in HFD + 8-MNA mice compared with the ND group (Figure 5B). 
The results indicate that the downregulation of hypothalamic AgRP expression may be associated with the reduction of 
accumulated food intake in the HFD + 8-MNA group (Figure 2D).

Discussion
We evaluated the metabolic improvement of DIO mice after consuming 8-MNA, a degradation by-product of DHC, over 
18 weeks. In a MetS mouse model, 8-MNA 1) suppressed caloric intake and BW gain along with a reduction in tissue 
and organ weight, 2) delayed the HFD-induced increase in BG and insulin, 3) increased plasma IL-6 levels, and 4) 
downregulated orexigenic AgRP in the hypothalamus without altering thermoregulatory protein markers in BATs as well 
as plasma, hepatic, and periaortic TAGs.

The health benefits of chili consumption are evident based on epidemiological studies showing that the mortality rate 
of patients with cardiometabolic diseases who frequently eat chili-containing foods is lower compared with that of 
nonchili eaters.61 Chili peppers contain capsaicinoids, including CAP and DHC, which are responsible for its spiciness 
and the major bioactive ingredients that exert pharmacological effects on energy metabolism.8,10 The burning sensation 
and metabolic effects of capsaicinoids are mediated through transient receptor potential vanilloid 1 (TRPV1). Some of 
the latter effects may be exerted through a mechanism independent of TRPV1.62 Nonetheless, considering capsaicinoids 
as a therapeutic agent for MetS is challenging as the oral administration of capsaicinoids to animals and humans causes 
gastrointestinal discomfort,10,11 which complicates preclinical and clinical studies. Contradictory evidence that capsai
cinoids exhibit both cancer-inhibiting and promoting activities remains controversial.63 In addition, the bioavailability of 
capsaicinoids is rapidly decreased within 24 h post administration.10 Collectively, there could be some uncertainty 
regarding the medicinal use of capsaicinoids, excluding their topical application for FDA-approved pain management.64

An in vivo degradation by-product of DHC was identified by radioactive tracer studies. Tritiated DHC was found as 
8-MNA in the portal blood of rats,13 whereas rat liver homogenates can convert DHC to 8-MNA.14 These studies 
demonstrate that DHC is degraded to 8-MNA during and after absorption in animals. Therefore, it is reasonable to 
assume that the biological responses to 8-MNA correspond, at least in part, to the metabolic consequence of DHC and 

Figure 5 Effect of 8-MNA on the expression of appetite-related genes in the hypothalamus of HFD mice. The mRNA expression levels of proopiomelanocortin (POMC) 
(A), agouti-related protein (AgRP) (B), and IL-6 (C) relative to β-actin in the hypothalamus of mice fed with an ND or HFD supplemented with SBO or 8-MNA. Data are 
presented as the mean ± SEM analyzed by a one-way ANOVA (n = 7). #p < 0.05 vs ND. n, sample size.
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chili consumption. Although some MCFAs are metabolic modulators in animals,16,65 the role of 8-MNA in energy 
metabolism has not been known until our recent in vitro study.32 The report indicates that in 3T3-L1 adipocytes, 8-MNA 
treatment reduces lipid droplet accumulation during nutrient starvation in association with AMPK activation, which may 
promote β-oxidation and suppress de novo TAG synthesis.66,67 Moreover, 8-MNA elicits an anti-lipolytic effect in the 
presence of isoproterenol. The suppression of lipolytic response may reduce ectopic fat deposition by decreasing blood 
concentrations of non-esterified FAs.68 8-MNA treatment also enhances glucose uptake following the treatment of 3T3- 
L1 adipocytes with insulin.32 Accordingly, to extend our knowledge on the metabolic roles of 8-MNA in vivo, we 
determined whether 8-MNA could normalize metabolic impairments in DIO mice.

In contrast to capsaicinoids, which cause TRPV1-dependent cell death,69 8-MNA lacking the vanillyl head group 
required for binding to TRPV1 is unlikely to cause such detrimental outcomes. MCFAs at low concentrations are largely 
nontoxic70 compared with LCFAs (ie, major components of SBO and HFD), which exhibit lipotoxicity in various cell 
types.71,72 In fact, in 3T3-L1 cells, 8-MNA treatment for 24 h does not affect viability up to 1 mM.32 Similarly, we 
showed that treatment with 2% 8-MNA (n = 14) for 18 weeks did not cause death or any health issues in HFD-fed mice. 
Although feeding 10% lauric acid (C12:0) to mice is lethal within a week, probably because of myocardial atrophy and 
oxidative stress,73 the present study indicates a favorable safety profile for low-dose 8-MNA.

Consistent with the insulin-sensitizing effects of 8-MNA in 3T3-L1 adipocytes32 and of other MCFAs in humans and 
rodents,17–20 our results indicate that adding 8-MNA to HFD slowed the increase in nonfasting BG and insulin levels, which 
are characteristics of IR in DIO mice.33 Interestingly, 8-MNA treatment also resulted in an increase in IL-6 concentration in 
the plasma, but not in the hypothalamus. IL-6 modulates the activity of proinflammatory mediators (eg, TNF-α), which play 
an important role in MetS development.48 More specifically, previous studies in which exogenous IL-6 was administered to 
IL-6-deficient mice indicated that this cytokine counteracts obesity and glucose intolerance.49–51 It also has been reported 
that C8:0 and C10:0 increase IL-6 production in the presence of an inflammatory stimulant in human peripheral blood 
mononuclear cells.74 Based on these results, we hypothesize that the increased peripheral production of IL-6 by 8-MNA in 
DIO mice contributes to the regulation of normal glycemia at least up to week 13. However, prolonged 8-MNA treatment 
did not preserve normal glucose homeostasis until later, despite the further increase of IL-6 at week 18. This is probably due 
to HFD-induced IL-6 resistance in the liver,49 a pivotal organ in maintaining blood glucose homeostasis.75 Therefore, this 
resistance mechanism might limit the capacity of 8-MNA to prevent HFD-fed mice from developing hyperglycemia and IR.

Unexpectedly, some of the anti-MetS activities of MCFAs were not recapitulated in DIO mice after being fed 8-MNA 
for 18 weeks. For instance, unlike other MCFAs that prevent TAG accumulation in adipose tissues, liver, and aorta of 
HFD-fed rodents,26–28 our study testing 8-MNA on DIO mice did not reproduce such results. Our previous in vitro 
study32 shows that in 3T3-L1 adipocytes, 8-MNA suppresses de novo lipogenesis, an anabolic process which synthesizes 
FAs (a component of TAGs) from excess carbohydrates,76 during serum starvation (with no FAs supplement, but with 
glucose). This finding raises the possibility that in adipose tissues, liver, and aorta of HFD-fed mice, 8-MNA may block 
anabolic pathways related to de novo lipogenesis but not FA influx. In this case, since normoglycemia was maintained in 
HFD + 8-MNA mice at least until week 13, the inhibitory effect of 8-MNA on de novo lipogenesis might not be observed 
in the tissue samples collected at week 18. To test this hypothesis, a future study needs to be conducted in animals fed 
carbohydrate-enriched diet known to induce ectopic fat accumulation through de novo lipogenesis.33 Furthermore, given 
that 8-MNA failed to mimic the MCFA-mediated increase in thermogenesis (and/or the relevant markers) in BATs of 
rodents,21–23,54 8-MNA is likely to lack sufficient ability to bind to the MCFA-sensing G protein-coupled receptor 84 
(GPR84)77 which is abundantly expressed in BAT and involved in signal transduction promoting thermogenesis.78 This 
assumption may be explained by 8-MNA’s additional methyl group that can influence the molecular interactions between 
organic compounds and bioreceptors.79

In the arcuate nucleus of the hypothalamus, excitation of POMC neurons by endocrine factors results in increased 
satiety and EE, whereas activation of AgRP neurons inhibits the effects of POMC stimulation on metabolism.59 As 
POMC neurons express TRPV1-like receptors, capsaicinoids that cross the blood–brain barrier in animals80 are likely to 
depolarize POMC neurons to suppress food intake.81 Alternatively, the anorexigenic effect of capsaicinoids could result 
from gastrointestinal distress.82,83 The canonical mechanism underlying capsaicinoid-stimulated EE involves the release 
of catecholamines from the adrenal gland in response to their activation of TRPV1.84,85 POMC neurons are also activated 
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by C8:0 to increase satiety and EE.24 However, we found that feeding DIO mice with 8-MNA reduced AgRP expression 
in the hypothalamus without altering POMC and IL-6 expression. This indicates that 8-MNA affects satiety through an 
AgRP-dependent mechanism distinct from capsaicinoids and C8:0 in the hypothalamus. In ND and HFD mice, food 
consumption behavior is also acutely influenced by high concentrations of IL-6 in the periphery that can reach the central 
nervous system.51 Because 8-MNA-fed DIO mice exhibited significantly increased plasma concentrations of IL-6 until 
the end of the experiment, the appetite-reducing effect of 8-MNA may increase from the peripheral IL-6 elevation, but 
not from IL-6 in the lateral hypothalamus.86

Besides GPR84, GPR40 and GPR120 have been identified as medium- and long-chain FA receptors.87,88 In mice 
harboring AgRP neuron-specific deletion of GPR40, AgRP peptide production is elevated in the hypothalamus,89 

implying the possible involvement of the GPR40 signaling in AgRP suppression by MCFAs.25,90 Moreover, IL-6 
released from islet macrophages following GPR120 stimulation appears to be associated with enhanced insulin section 
in response to a high concentration of glucose.91 These previous findings may suggest the potential mechanisms by which 
the hypothalamic expression levels of AgRP and the plasma levels of IL-6 in DIO mice can be modulated by 8-MNA via 
GPR40 and GPR120, respectively.

The duration of preclinical and clinical studies in which MCFAs are fed to animals and humans was primarily 2–12 
weeks,16,18,26,27,73 which is shorter than the time frame of the present study. Interestingly, male DIO mice fed 8-MNA 
maintained normoglycemia until week 13 with significantly less BW compared with HFD + SBO mice with IR. These 
earlier responses to 8-MNA are consistent with the results of short-term preclinical and clinical studies of MCFA, 
although it subsequently became ineffective. Moreover, it is still unknown whether these favored and unfavored results 
observed in male mice treated with HFD + 8-MNA are also consistent in female mice and human subjects, both of which 
may show considerable variability in metabolic responses92,93 to 8-MNA. Thus, further preclinical and clinical studies of 
8-MNA including female groups are warranted to address this limitation.

Conclusion
We conclude that 8-MNA administration is beneficial to MetS-related metabolic derangements, partially similar to 
capsaicinoids and other MCFAs. The mechanism underlying 8-MNA’s beneficial properties against MetS appears to 
depend on its appetite-suppressing and insulin-sensitizing actions, possibly through AgRP- and IL-6-related pathways, 
respectively without affecting thermogenesis or lipid metabolism. Although 8-MNA attenuates hyperglycemia and IR 
earlier in male DIO mice, these metabolic benefits wane over time, warranting further studies that examine the waning 
mechanism and gender-specific effects of 8-MNA. Moreover, these findings support the idea that the health benefits 
mediated by chili consumption are, to some extent, attributable to 8-MNA in animals. In addition, because of their 
nonpungent and nontoxic properties, the results may lead to the development of 8-MNA-based nutraceuticals (eg, 
fermented chili products which are mildly spicy but rich in 8-MNA) for individuals with MetS, despite the need for 
clinical studies designed to assess the safety and long-term efficacy of 8-MNA in humans.

Abbreviations
AgRP, Agouti-related protein; α-MSH, Alpha-melanocyte-stimulating hormone; AMPK, AMP-activated protein kinase; 
AUC, Area under the curve; BAT, Brown adipose tissue; BG, Blood glucose; BW, Body weight; C8:0, Octanoic acid; 
C9:0, Nonanoic acid; C10:0, Decanoic acid; CAP, Capsaicin; CO2, Carbon dioxide; DCC, N,N′- 
dicyclohexylcarbodiimide; DCM, Dichloromethane; DHC, Dihydrocapsaicin; DMAP, 4-dimethylaminopyridine; DIO, 
Diet-induced obese; EE, Energy expenditure; FFA, Free fatty acid; eWAT, Epididymal white adipose tissue; GAPDH, 
Glyceraldehyde-3-phosphate dehydrogenase; GPR, G protein-coupled receptor; HFD, High-fat diet; IL-6, Interleukin-6; 
IPGTT, Intraperitoneal glucose tolerance test; IPITT, Intraperitoneal insulin tolerance test; IR, Insulin resistance; iWAT, 
Inguinal white adipose tissue; LCFA, Long-chain fatty acid; MCFA, Medium-chain fatty acid; MetS, Metabolic 
syndrome; ND, Normal diet; 8-MNA, 8-methyl nonanoic acid; POMC, Proopiomelanocortin; PPARγ, Peroxisome 
proliferator-activated receptor γ; PVN, Paraventricular nucleus; SEM, Standard error of the mean.

https://doi.org/10.2147/JEP.S536185                                                                                                                                                                                                                                                                                                                                                                                                                                                 Journal of Experimental Pharmacology 2025:17 566

Keawsomnuk et al                                                                                                                                                                  

Powered by TCPDF (www.tcpdf.org)Powered by TCPDF (www.tcpdf.org)



Data Sharing Statement
All data generated or analyzed during this study are included in this published article and its supplementary files.

Ethics Approval and Informed Consent
The use of animals and the animal procedures were approved by the Mahidol University Institutional Animal Care and 
Use Committee (MU-IACUC, Protocol numbers: MUSC64-016-562/F02-66-010). This study was conducted in com
pliance with the Animal Research: Reporting of In Vivo Experiments (ARRIVE) guidelines 2.0.74

Author Contributions
All authors made a significant contribution to the work reported, whether that is in the conception, study design, execution, 
acquisition of data, analysis and interpretation, or in all these areas; took part in drafting, revising or critically reviewing the 
article; gave final approval of the version to be published; have agreed on the journal to which the article has been submitted; 
and agree to be accountable for all aspects of the work. More specifically, P. Keawsomnuk and K.M. conceptualized and led 
the project., C.M., C.B., P.P., and U.W. synthesized and analyzed 8-MNA (Figure 1). P. Keawsomnuk, T.D-U, S.T., N.W., and 
K.M. performed the experiments (Figures 2–5 and Table 1). P. Keawsomnuk, U.W., and K.M. wrote the manuscript. 
P. Keawsomnuk, P. Ketsawatsomkron, U.W., and K.M. discussed and edited the manuscript.

Funding
This work was supported by the Thailand Research Funding under RDG6220019 to Uthai Wichai, RDG6220027 to 
Pimonrat Ketsawatsomkron, and RDG6220025 to Kenjiro Muta; and Mahidol University under FF020/2566 to Kenjiro 
Muta (Fundamental Fund Fiscal Year 2023 allocated by the National Science Research and Innovation Fund).

Disclosure
The authors report no conflicts of interest in this work.

References
1. Cornier MA, Dabelea D, Hernandez TL, et al. The metabolic syndrome. Endocr Rev. 2008;29(7):777–822. doi:10.1210/er.2008-0024
2. Saklayen MG. The global epidemic of the metabolic syndrome. Curr Hypertens Rep. 2018;20(2):12. doi:10.1007/s11906-018-0812-z
3. Misra A, Khurana L. Obesity and the metabolic syndrome in developing countries. J Clin Endocrinol Metab. 2008;93(11 Suppl 1):S9–30. 

doi:10.1210/jc.2008-1595
4. Tanner RM, Brown TM, Muntner P. Epidemiology of obesity, the metabolic syndrome, and chronic kidney disease. Curr Hypertens Rep. 2012;14 

(2):152–159. doi:10.1007/s11906-012-0254-y
5. Dalle Grave R, Calugi S, Centis E, Marzocchi R, El Ghoch M, Marchesini G. Lifestyle modification in the management of the metabolic syndrome: 

achievements and challenges. Diabetes Metab Syndr Obes. 2010;3:373–385. doi:10.2147/DMSOTT.S13860
6. Lim S, Eckel RH. Pharmacological treatment and therapeutic perspectives of metabolic syndrome. Rev Endocr Metab Disord. 2014;15(4):329–341. 

doi:10.1007/s11154-014-9298-4
7. Silva Figueiredo P, Inada AC, Ribeiro Fernandes M, et al. An overview of novel dietary supplements and food ingredients in patients with 

metabolic syndrome and non-alcoholic fatty liver disease. Molecules. 2018;23(4):877. doi:10.3390/molecules23040877
8. Sanati S, Razavi BM, Hosseinzadeh H. A review of the effects of Capsicum annuum L. and its constituent, capsaicin, in metabolic syndrome. Iran 

J Basic Med Sci. 2018;21(5):439–448. doi:10.22038/ijbms.2018.25200.6238
9. Wang D, Meng F, Yu L, Sun L, Sun L, Guo J. A sensitive LC-MS/MS method for quantifying capsaicin and dihydrocapsaicin in rabbit plasma and 

tissue: application to a pharmacokinetic study. Biomed Chromatogr. 2015;29(4):496–503. doi:10.1002/bmc.3302
10. Rollyson WD, Stover CA, Brown KC, et al. Bioavailability of capsaicin and its implications for drug delivery. J Control Release. 2014;196:96–105. 

doi:10.1016/j.jconrel.2014.09.027
11. Hammer J, Vogelsang H. Characterization of sensations induced by capsaicin in the upper gastrointestinal tract. Neurogastroenterol Motil. 2007;19 

(4):279–287. doi:10.1111/j.1365-2982.2007.00900.x
12. Suresh D, Srinivasan K. Tissue distribution & elimination of capsaicin, piperine & curcumin following oral intake in rats. Indian J Med Res. 

2010;131:682–691.
13. Kawada T, Suzuki T, Takahashi M, Iwai K. Gastrointestinal absorption and metabolism of capsaicin and dihydrocapsaicin in rats. Toxicol Appl 

Pharmacol. 1984;72(3):449–456. doi:10.1016/0041-008x(84)90121-2
14. Kawada T, Iwai K. In vivo and in vitro metabolism of dihydrocapsaicin, a pungent principle of hot pepper, in rats. Agric Biol Chem. 1985;49 

(2):441–448. doi:10.1080/00021369.1985.10866743
15. Lindsey K, Yeoman MM. The synthetic potential of immobilised cells of Capsicum frutescens Mill cv. annuum. Planta. 1984;162(6):495–501. 

doi:10.1007/bf00399914

Journal of Experimental Pharmacology 2025:17                                                                                   https://doi.org/10.2147/JEP.S536185                                                                                                                                                                                                                                                                                                                                                                                                    567

Keawsomnuk et al

Powered by TCPDF (www.tcpdf.org)Powered by TCPDF (www.tcpdf.org)

https://www.dovepress.com/article/supplementary_file/536185/Supplementary%20material.pdf
https://doi.org/10.1210/er.2008-0024
https://doi.org/10.1007/s11906-018-0812-z
https://doi.org/10.1210/jc.2008-1595
https://doi.org/10.1007/s11906-012-0254-y
https://doi.org/10.2147/DMSOTT.S13860
https://doi.org/10.1007/s11154-014-9298-4
https://doi.org/10.3390/molecules23040877
https://doi.org/10.22038/ijbms.2018.25200.6238
https://doi.org/10.1002/bmc.3302
https://doi.org/10.1016/j.jconrel.2014.09.027
https://doi.org/10.1111/j.1365-2982.2007.00900.x
https://doi.org/10.1016/0041-008x(84)90121-2
https://doi.org/10.1080/00021369.1985.10866743
https://doi.org/10.1007/bf00399914


16. Nagao K, Yanagita T. Medium-chain fatty acids: functional lipids for the prevention and treatment of the metabolic syndrome. Pharmacol Res. 
2010;61(3):208–212. doi:10.1016/j.phrs.2009.11.007

17. Lundsgaard AM, Fritzen AM, Sjoberg KA, Kleinert M, Richter EA, Kiens B. Small amounts of dietary medium-chain fatty acids protect against 
insulin resistance during caloric excess in humans. Diabetes. 2021;70(1):91–98. doi:10.2337/db20-0582

18. Geng S, Zhu W, Xie C, et al. Medium-chain triglyceride ameliorates insulin resistance and inflammation in high fat diet-induced obese mice. Eur 
J Nutr. 2016;55(3):931–940. doi:10.1007/s00394-015-0907-0

19. Xia J, Wang Z, Yu P, et al. Effect of different medium-chain triglycerides on glucose metabolism in high-fat-diet induced obese rats. Foods. 
2024;13(2):241. doi:10.3390/foods13020241

20. Wein S, Wolffram S, Schrezenmeir J, Gasperikova D, Klimes I, Sebokova E. Medium-chain fatty acids ameliorate insulin resistance caused by 
high-fat diets in rats. Diabetes Metab Res Rev. 2009;25(2):185–194. doi:10.1002/dmrr.925

21. Baba N, Bracco EF, Hashim SA. Role of brown adipose tissue in thermogenesis induced by overfeeding a diet containing medium chain 
triglyceride. Lipids. 1987;22(6):442–444. doi:10.1007/BF02537276

22. Gao Y, Liu Y, Han X, et al. Coconut oil and medium-chain fatty acids attenuate high-fat diet-induced obesity in mice through increased 
thermogenesis by activating brown adipose tissue. Front Nutr. 2022;9:896021. doi:10.3389/fnut.2022.896021

23. Rothwell NJ, Stock MJ. Stimulation of thermogenesis and brown fat activity in rats fed medium chain triglyceride. Metabolism. 1987;36 
(2):128–130. doi:10.1016/0026-0495(87)90005-9

24. Haynes VR, Michael NJ, van den Top M, et al. A Neural basis for Octanoic acid regulation of energy balance. Mol Metab. 2020;34:54–71. 
doi:10.1016/j.molmet.2020.01.002

25. Xia J, Yu P, Zeng Z, et al. Lauric triglyceride ameliorates high-fat-diet-induced obesity in rats by reducing lipogenesis and increasing lipolysis and 
beta-oxidation. J Agric Food Chem. 2021;69(32):9157–9166. doi:10.1021/acs.jafc.0c07342

26. De Vogel-van den Bosch J, van den Berg SA, Bijland S, et al. High-fat diets rich in medium- versus long-chain fatty acids induce distinct patterns 
of tissue specific insulin resistance. J Nutr Biochem. 2011;22(4):366–371. doi:10.1016/j.jnutbio.2010.03.004

27. Rial SA, Jutras-Carignan A, Bergeron KF, Mounier C. A high-fat diet enriched in medium chain triglycerides triggers hepatic thermogenesis and 
improves metabolic health in lean and obese mice. Biochim Biophys Acta Mol Cell Biol Lipids. 2020;1865(3):158582. doi:10.1016/j. 
bbalip.2019.158582

28. Wang ME, Singh BK, Hsu MC, et al. Increasing dietary medium-chain fatty acid ratio mitigates high-fat diet-induced non-alcoholic steatohepatitis 
by regulating autophagy. Sci Rep. 2017;7(1):13999. doi:10.1038/s41598-017-14376-y

29. St-Onge MP, Jones PJ. Physiological effects of medium-chain triglycerides: potential agents in the prevention of obesity. J Nutr. 2002;132 
(3):329–332. doi:10.1093/jn/132.3.329

30. Liberato MV, Nascimento AS, Ayers SD, et al. Medium chain fatty acids are selective peroxisome proliferator activated receptor (PPAR) γ 
activators and pan-PPAR partial agonists. PLoS One. 2012;7(5):e36297. doi:10.1371/journal.pone.0036297

31. Guisard D, Bach A, Debry G, Métais P. Comparison of the metabolic effects of short and medium even-chain fatty acids (C 8 and C 10) 
triglycerides and odd-chain fatty acid (C 9) triglycerides in dogs. Horm Metab Res. 1973;5(3):191–195. doi:10.1055/s-0028-1093950

32. Wichai U, Keawsomnuk P, Thongin S, et al. Cellular responses to 8-methyl nonanoic acid, a degradation by-product of dihydrocapsaicin, in 3T3-L1 
adipocytes. BMC Complement Med Ther. 2023;23(1):18. doi:10.1186/s12906-023-03844-w

33. Wong SK, Chin KY, Suhaimi FH, Fairus A, Ima-Nirwana S. Animal models of metabolic syndrome: a review. Nutr Metab. 2016;13:65. 
doi:10.1186/s12986-016-0123-9

34. Percie du Sert N, Hurst V, Ahluwalia A, et al. The ARRIVE guidelines 2.0: updated guidelines for reporting animal research. PLoS Biol. 2020;18 
(7):e3000410. doi:10.1371/journal.pbio.3000410

35. Festing MF, Altman DG. Guidelines for the design and statistical analysis of experiments using laboratory animals. ILAR J. 2002;43(4):244–258. 
doi:10.1093/ilar.43.4.244

36. Selimkhanov J, Thompson WC, Guo J, Hall KD, Musante CJ. A quantitative analysis of statistical power identifies obesity end points for improved 
in vivo preclinical study design. Int J Obes. 2017;41(8):1306–1309. doi:10.1038/ijo.2017.93

37. Fisher-Wellman KH, Ryan TE, Smith CD, et al. A direct comparison of metabolic responses to high-fat diet in C57BL/6J and C57BL/6NJ mice. 
Diabetes. 2016;65(11):3249–3261. doi:10.2337/db16-0291

38. Ingle DL, Driedger A, Traul KA, Nakhasi DK. Dietary energy value of medium-chain triglycerides. J Food Sci. 1999;64(6):960–963. doi:10.1111/ 
j.1365-2621.1999.tb12259.x

39. Mourad S, Abdualkader AM, Li X, Jani S, Ceddia RB, Al Batran R. A high-fat diet supplemented with medium-chain triglycerides ameliorates 
hepatic steatosis by reducing ceramide and diacylglycerol accumulation in mice. Exp Physiol. 2024;109(3):350–364. doi:10.1113/EP091545

40. Kim S, Chen J, Cheng T, et al. PubChem 2023 update. Nucleic Acids Res. 2023;51(D1):D1373–D1380. doi:10.1093/nar/gkac956
41. Benedé-Ubieto R, Estévez-Vázquez O, Ramadori P, Cubero FJ, Nevzorova YA. Guidelines and considerations for metabolic tolerance tests in mice. 

Diabetes Metab Syndr Obes. 2020;13:439–450. doi:10.2147/dmso.S234665
42. Hayrapetyan H, Tran T, Tellez-Corrales E, Madiraju C. Enzyme-linked immunosorbent assay: types and applications. Methods Mol Biol. 

2023;2612:1–17. doi:10.1007/978-1-0716-2903-1_1
43. Gilani A, Pandey V, Garcia V, et al. High-fat diet-induced obesity and insulin resistance in CYP4a14(-/-) mice is mediated by 20-HETE. Am 

J Physiol Regul Integr Comp Physiol. 2018;315(5):R934–r944. doi:10.1152/ajpregu.00125.2018
44. Zahr T, Liu L, Chan M, et al. PPARγ (Peroxisome Proliferator-Activated Receptor γ) deacetylation suppresses aging-associated atherosclerosis and 

hypercholesterolemia. Arterioscler Thromb Vasc Biol. 2023;43(1):30–44. doi:10.1161/atvbaha.122.318061
45. Silva JM, McMahon M. The fastest Western in town: a contemporary twist on the classic Western blot analysis. J Vis Exp. 2014;(84):e51149. 

doi:10.3791/51149
46. Schmittgen TD, Livak KJ. Analyzing real-time PCR data by the comparative C(T) method. Nat Protoc. 2008;3(6):1101–1108. doi:10.1038/ 

nprot.2008.73
47. Lang P, Hasselwander S, Li H, Xia N. Effects of different diets used in diet-induced obesity models on insulin resistance and vascular dysfunction 

in C57BL/6 mice. Sci Rep. 2019;9(1):19556. doi:10.1038/s41598-019-55987-x
48. Rohm TV, Meier DT, Olefsky JM, Donath MY. Inflammation in obesity, diabetes, and related disorders. Immunity. 2022;55(1):31–55. doi:10.1016/j. 

immuni.2021.12.013

https://doi.org/10.2147/JEP.S536185                                                                                                                                                                                                                                                                                                                                                                                                                                                 Journal of Experimental Pharmacology 2025:17 568

Keawsomnuk et al                                                                                                                                                                  

Powered by TCPDF (www.tcpdf.org)Powered by TCPDF (www.tcpdf.org)

https://doi.org/10.1016/j.phrs.2009.11.007
https://doi.org/10.2337/db20-0582
https://doi.org/10.1007/s00394-015-0907-0
https://doi.org/10.3390/foods13020241
https://doi.org/10.1002/dmrr.925
https://doi.org/10.1007/BF02537276
https://doi.org/10.3389/fnut.2022.896021
https://doi.org/10.1016/0026-0495(87)90005-9
https://doi.org/10.1016/j.molmet.2020.01.002
https://doi.org/10.1021/acs.jafc.0c07342
https://doi.org/10.1016/j.jnutbio.2010.03.004
https://doi.org/10.1016/j.bbalip.2019.158582
https://doi.org/10.1016/j.bbalip.2019.158582
https://doi.org/10.1038/s41598-017-14376-y
https://doi.org/10.1093/jn/132.3.329
https://doi.org/10.1371/journal.pone.0036297
https://doi.org/10.1055/s-0028-1093950
https://doi.org/10.1186/s12906-023-03844-w
https://doi.org/10.1186/s12986-016-0123-9
https://doi.org/10.1371/journal.pbio.3000410
https://doi.org/10.1093/ilar.43.4.244
https://doi.org/10.1038/ijo.2017.93
https://doi.org/10.2337/db16-0291
https://doi.org/10.1111/j.1365-2621.1999.tb12259.x
https://doi.org/10.1111/j.1365-2621.1999.tb12259.x
https://doi.org/10.1113/EP091545
https://doi.org/10.1093/nar/gkac956
https://doi.org/10.2147/dmso.S234665
https://doi.org/10.1007/978-1-0716-2903-1_1
https://doi.org/10.1152/ajpregu.00125.2018
https://doi.org/10.1161/atvbaha.122.318061
https://doi.org/10.3791/51149
https://doi.org/10.1038/nprot.2008.73
https://doi.org/10.1038/nprot.2008.73
https://doi.org/10.1038/s41598-019-55987-x
https://doi.org/10.1016/j.immuni.2021.12.013
https://doi.org/10.1016/j.immuni.2021.12.013


49. Townsend LK, Medak KD, Peppler WT, et al. High-saturated-fat diet-induced obesity causes hepatic interleukin-6 resistance via endoplasmic 
reticulum stress. J Lipid Res. 2019;60(7):1236–1249. doi:10.1194/jlr.M092510

50. Wallenius V, Wallenius K, Ahren B, et al. Interleukin-6-deficient mice develop mature-onset obesity. Nat Med. 2002;8(1):75–79. doi:10.1038/ 
nm0102-75

51. Timper K, Denson JL, Steculorum SM, et al. IL-6 improves energy and glucose homeostasis in obesity via enhanced central IL-6 trans-signaling. 
Cell Rep. 2017;19(2):267–280. doi:10.1016/j.celrep.2017.03.043

52. Abd El-Aziz R, Naguib M, Rashed LA. Spleen size in patients with metabolic syndrome and its relation to metabolic and inflammatory parameters. 
Egypt J Intern Med. 2018;30(2):78–82. doi:10.4103/ejim.ejim_86_17

53. Hill JO, Wyatt HR, Peters JC. The importance of energy balance. Eur Endocrinol. 2013;9(2):111–115. doi:10.17925/EE.2013.09.02.111
54. van Dam AD, Kooijman S, Schilperoort M, Rensen PC, Boon MR. Regulation of brown fat by AMP-activated protein kinase. Trends Mol Med. 

2015;21(9):571–579. doi:10.1016/j.molmed.2015.07.003
55. Chadt A, Scherneck S, Joost HG, et al. Molecular links between obesity and diabetes: “Diabesity”. In: Feingold KR, Ahmed SF, Anawalt B, editors. 

Endotext. MDText.com, Inc.; 2000.
56. Flessa CM, Nasiri-Ansari N, Kyrou I, et al. Genetic and diet-induced animal models for Non-Alcoholic Fatty Liver Disease (NAFLD) research. 

Int J Mol Sci. 2022;23(24):15791. doi:10.3390/ijms232415791
57. Sasoh T, Kugo H, Kondo Y, et al. Different effects of high-fat and high-sucrose diets on the physiology of perivascular adipose tissues of the 

thoracic and abdominal aorta. Adipocyte. 2021;10(1):412–423. doi:10.1080/21623945.2021.1965333
58. Ellacott KL, Cone RD. The central melanocortin system and the integration of short- and long-term regulators of energy homeostasis. Recent Prog 

Horm Res. 2004;59:395–408. doi:10.1210/rp.59.1.395
59. Jais A, Brüning JC. Arcuate nucleus-dependent regulation of metabolism-pathways to obesity and diabetes mellitus. Endocr Rev. 2022;43 

(2):314–328. doi:10.1210/endrev/bnab025
60. Bobbo VC, Engel DF, Jara CP, et al. Interleukin-6 actions in the hypothalamus protects against obesity and is involved in the regulation of 

neurogenesis. J Neuroinflammation. 2021;18(1):192. doi:10.1186/s12974-021-02242-8
61. Szallasi A. Dietary capsaicin: a spicy way to improve cardio-metabolic health? Biomolecules. 2022;12(12):1783. doi:10.3390/biom12121783
62. Braga Ferreira LG, Faria JV, Dos Santos JPS, Faria RX. Capsaicin: TRPV1-independent mechanisms and novel therapeutic possibilities. Eur 

J Pharmacol. 2020;887:173356. doi:10.1016/j.ejphar.2020.173356
63. Lujan-Mendez F, Roldan-Padron O, Castro-Ruiz JE, Lopez-Martinez J, Garcia-Gasca T. Capsaicinoids and their effects on cancer: the “Double- 

Edged Sword” postulate from the molecular scale. Cells. 2023;12(21):2573. doi:10.3390/cells12212573
64. Anand P, Bley K. Topical capsaicin for pain management: therapeutic potential and mechanisms of action of the new high-concentration capsaicin 

8% patch. Br J Anaesth. 2011;107(4):490–502. doi:10.1093/bja/aer260
65. Huang L, Gao L, Chen C. Role of medium-chain fatty acids in healthy metabolism: a clinical perspective. Trends Endocrinol Metab. 2021;32 

(6):351–366. doi:10.1016/j.tem.2021.03.002
66. Lipovka Y, Konhilas JP. AMP-activated protein kinase signalling in cancer and cardiac hypertrophy. Cardiovasc Pharm Open Access. 2015;4 

(3):154. doi:10.4172/2329-6607.1000154
67. Smith BK, Steinberg GR. AMP-activated protein kinase, fatty acid metabolism, and insulin sensitivity. Curr Opin Clin Nutr Metab Care. 2017;20 

(4):248–253. doi:10.1097/mco.0000000000000380
68. Bourron O, Daval M, Hainault I, et al. Biguanides and thiazolidinediones inhibit stimulated lipolysis in human adipocytes through activation of 

AMP-activated protein kinase. Diabetologia. 2010;53(4):768–778. doi:10.1007/s00125-009-1639-6
69. Ramirez-Barrantes R, Cordova C, Gatica S, et al. Transient receptor potential vanilloid 1 expression mediates capsaicin-induced cell death. Front 

Physiol. 2018;9:682. doi:10.3389/fphys.2018.00682
70. Traul KA, Driedger A, Ingle DL, Nakhasi D. Review of the toxicologic properties of medium-chain triglycerides. Food Chem Toxicol. 2000;38 

(1):79–98. doi:10.1016/s0278-6915(99)00106-4
71. Malodobra-Mazur M, Cierzniak A, Dobosz T. Oleic acid influences the adipogenesis of 3T3-L1 cells via DNA Methylation and may predispose to 

obesity and obesity-related disorders. Lipids Health Dis. 2019;18(1):230. doi:10.1186/s12944-019-1173-6
72. Plotz T, Lenzen S. Mechanisms of lipotoxicity-induced dysfunction and death of human pancreatic beta cells under obesity and type 2 diabetes 

conditions. Obes Rev. 2024;25(5):e13703. doi:10.1111/obr.13703
73. Miyagawa Y, Mori T, Goto K, et al. Intake of medium-chain fatty acids induces myocardial oxidative stress and atrophy. Lipids Health Dis. 2018;17 

(1):258. doi:10.1186/s12944-018-0908-0
74. Sam QH, Ling H, Yew WS, et al. The divergent immunomodulatory effects of short chain fatty acids and medium chain fatty acids. Int J Mol Sci. 

2021;22(12):6453. doi:10.3390/ijms22126453
75. Han H-S, Kang G, Kim JS, Choi BH, Koo S-H. Regulation of glucose metabolism from a liver-centric perspective. Exp Mol Med. 2016;48(3): 

e218–e218. doi:10.1038/emm.2015.122
76. Solinas G, Borén J, Dulloo AG. De novo lipogenesis in metabolic homeostasis: more friend than foe? Mol Metab. 2015;4(5):367–377. doi:10.1016/ 

j.molmet.2015.03.004
77. Bai T, He X, Liu S, He Y-Z, Feng J. A comprehensive review of GPR84: a novel player in pathophysiology and treatment. Int J Biol Macromol. 

2025;300:140088. doi:10.1016/j.ijbiomac.2025.140088
78. Sun XN, An YA, Paschoal VA, et al. GPR84-mediated signal transduction affects metabolic function by promoting brown adipocyte activity. J Clin 

Invest. 2023;133(24). doi:10.1172/jci168992
79. Barreiro EJ, Kümmerle AE, Fraga CAM. The Methylation Effect in Medicinal Chemistry. Chem Rev. 2011;111(9):5215–5246. doi:10.1021/ 

cr200060g
80. O’Neill J, Brock C, Olesen AE, Andresen T, Nilsson M, Dickenson AH. Unravelling the mystery of capsaicin: a tool to understand and treat pain. 

Pharmacol Rev. 2012;64(4):939–971. doi:10.1124/pr.112.006163
81. Jeong JH, Lee DK, Liu SM, Chua SC, Schwartz GJ, Jo YH. Activation of temperature-sensitive TRPV1-like receptors in ARC POMC neurons 

reduces food intake. PLoS Biol. 2018;16(4):e2004399. doi:10.1371/journal.pbio.2004399
82. De Silva A, Bloom SR. Gut hormones and appetite control: a focus on PYY and GLP-1 as therapeutic targets in obesity. Gut Liver. 2012;6 

(1):10–20. doi:10.5009/gnl.2012.6.1.10

Journal of Experimental Pharmacology 2025:17                                                                                   https://doi.org/10.2147/JEP.S536185                                                                                                                                                                                                                                                                                                                                                                                                    569

Keawsomnuk et al

Powered by TCPDF (www.tcpdf.org)Powered by TCPDF (www.tcpdf.org)

https://doi.org/10.1194/jlr.M092510
https://doi.org/10.1038/nm0102-75
https://doi.org/10.1038/nm0102-75
https://doi.org/10.1016/j.celrep.2017.03.043
https://doi.org/10.4103/ejim.ejim_86_17
https://doi.org/10.17925/EE.2013.09.02.111
https://doi.org/10.1016/j.molmed.2015.07.003
https://doi.org/10.3390/ijms232415791
https://doi.org/10.1080/21623945.2021.1965333
https://doi.org/10.1210/rp.59.1.395
https://doi.org/10.1210/endrev/bnab025
https://doi.org/10.1186/s12974-021-02242-8
https://doi.org/10.3390/biom12121783
https://doi.org/10.1016/j.ejphar.2020.173356
https://doi.org/10.3390/cells12212573
https://doi.org/10.1093/bja/aer260
https://doi.org/10.1016/j.tem.2021.03.002
https://doi.org/10.4172/2329-6607.1000154
https://doi.org/10.1097/mco.0000000000000380
https://doi.org/10.1007/s00125-009-1639-6
https://doi.org/10.3389/fphys.2018.00682
https://doi.org/10.1016/s0278-6915(99)00106-4
https://doi.org/10.1186/s12944-019-1173-6
https://doi.org/10.1111/obr.13703
https://doi.org/10.1186/s12944-018-0908-0
https://doi.org/10.3390/ijms22126453
https://doi.org/10.1038/emm.2015.122
https://doi.org/10.1016/j.molmet.2015.03.004
https://doi.org/10.1016/j.molmet.2015.03.004
https://doi.org/10.1016/j.ijbiomac.2025.140088
https://doi.org/10.1172/jci168992
https://doi.org/10.1021/cr200060g
https://doi.org/10.1021/cr200060g
https://doi.org/10.1124/pr.112.006163
https://doi.org/10.1371/journal.pbio.2004399
https://doi.org/10.5009/gnl.2012.6.1.10


83. van Avesaat M, Troost FJ, Westerterp-Plantenga MS, et al. Capsaicin-induced satiety is associated with gastrointestinal distress but not with the 
release of satiety hormones. Am J Clin Nutr. 2016;103(2):305–313. doi:10.3945/ajcn.115.123414

84. Kawada T, Watanabe T, Takaishi T, Tanaka T, Iwai K. Capsaicin-induced beta-adrenergic action on energy metabolism in rats: influence of 
capsaicin on oxygen consumption, the respiratory quotient, and substrate utilization. Proc Soc Exp Biol Med. 1986;183(2):250–256. doi:10.3181/ 
00379727-183-42414

85. Rosenfeld D, Senko AW, Moon J, et al. Transgene-free remote magnetothermal regulation of adrenal hormones. Sci Adv. 2020;6(15):eaaz3734. 
doi:10.1126/sciadv.aaz3734

86. Lopez-Ferreras L, Longo F, Richard JE, et al. Key role for hypothalamic interleukin-6 in food-motivated behavior and body weight regulation. 
Psychoneuroendocrinology. 2021;131:105284. doi:10.1016/j.psyneuen.2021.105284

87. Hara T. Ligands at Free Fatty Acid Receptor 1 (GPR40). Handb Exp Pharmacol. 2017;236:1–16. doi:10.1007/164_2016_59
88. Moniri NH. Free-fatty acid receptor-4 (GPR120): cellular and molecular function and its role in metabolic disorders. Biochem Pharmacol. 

2016;110–111:1–15. doi:10.1016/j.bcp.2016.01.021
89. Ge Y, Zhan H, Wu S, et al. GPR40 signaling in agouti-related peptide neurons mediates fat preference. Life Sci. 2025;373:123677. doi:10.1016/j. 

lfs.2025.123677
90. Nishimura Y, Moriyama M, Kawabe K, et al. Lauric acid alleviates neuroinflammatory responses by activated microglia: involvement of the 

GPR40-dependent pathway. Neurochem Res. 2018;43(9):1723–1735. doi:10.1007/s11064-018-2587-7
91. Chen X, Shao J, Brandenburger I, et al. FFAR4-mediated IL-6 release from islet macrophages promotes insulin secretion and is compromised in 

type-2 diabetes. Nat Commun. 2025;16(1):3422. doi:10.1038/s41467-025-58706-5
92. de Souza GO, Wasinski F, Donato J. Characterization of the metabolic differences between male and female C57BL/6 mice. Life Sci. 

2022;301:120636. doi:10.1016/j.lfs.2022.120636
93. Andrews RR, Anderson KR, Fry JL. Sex-specific variation in metabolic responses to diet. Nutrients. 2024;16(17):2921.

Journal of Experimental Pharmacology                                                                                        

Publish your work in this journal 
The Journal of Experimental Pharmacology is an international, peer-reviewed, open access journal publishing original research, reports, reviews 
and commentaries on all areas of laboratory and experimental pharmacology. The manuscript management system is completely online and 
includes a very quick and fair peer-review system. Visit http://www.dovepress.com/testimonials.php to read real quotes from published authors.  

Submit your manuscript here: https://www.dovepress.com/journal-of-experimental-pharmacology-journal

Journal of Experimental Pharmacology 2025:17 570

Keawsomnuk et al                                                                                                                                                                  

Powered by TCPDF (www.tcpdf.org)Powered by TCPDF (www.tcpdf.org)

https://doi.org/10.3945/ajcn.115.123414
https://doi.org/10.3181/00379727-183-42414
https://doi.org/10.3181/00379727-183-42414
https://doi.org/10.1126/sciadv.aaz3734
https://doi.org/10.1016/j.psyneuen.2021.105284
https://doi.org/10.1007/164_2016_59
https://doi.org/10.1016/j.bcp.2016.01.021
https://doi.org/10.1016/j.lfs.2025.123677
https://doi.org/10.1016/j.lfs.2025.123677
https://doi.org/10.1007/s11064-018-2587-7
https://doi.org/10.1038/s41467-025-58706-5
https://doi.org/10.1016/j.lfs.2022.120636
https://www.dovepress.com
http://www.dovepress.com/testimonials.php
https://www.facebook.com/DoveMedicalPress/
https://twitter.com/dovepress
https://www.linkedin.com/company/dove-medical-press
https://www.youtube.com/user/dovepress

	Introduction
	Materials and Methods
	Chemical Preparation
	Animals
	Assessment of Glucose Homeostasis
	Measurements of Insulin and Interleukin-6 (IL-6) Concentrations
	Measurements of Triacylglycerol (TAG) Content
	Western Blot Analysis
	RNA Extraction, cDNA Synthesis, and Real-Time PCR
	Statistics

	Results
	Effect of 8-MNA on Body Weight and Food Intake in HFD-Fed Mice
	Effect of 8-MNA on Glucose Homeostasis in HFD-Fed Mice
	Effect of 8-MNA on Tissue and Organ Weights of HFD-Fed Mice
	Effect of 8-MNA on Thermogenic Markers and Triacylglycerols in HFD-Fed Mice
	Effect of 8-MNA on the Expression of Appetite-Related Genes in the Hypothalamus of HFD-Fed Mice

	Discussion
	Conclusion
	Abbreviations
	Data Sharing Statement
	Ethics Approval and Informed Consent
	Author Contributions
	Funding
	Disclosure

