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1.  Introduction

Skeletal muscle, comprising approximately 40% of total body 
weight, is the primary motor and metabolic organ in the human body. 
It serves vital functions in energy metabolism, maintaining internal 
balance, and promoting overall physical well-being[1]. Skeletal muscle 
has reemerged in the public perception as a secretory organ in recent 
years. The skeletal muscle can generate and secrete a diverse array 
of “muscle factors”, which are integral to the body’s life activities 
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Irisin, a newly discovered myokine, plays an important role in maintaining energy balance and improving 
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through the secretion mechanism[2]. Irisin is a newly identified muscle 
factor that is generated by the cleavage of fibronectin type Ⅲ domain-
containing protein 5 (FNDC5). FNDC5 is closely linked to muscle 
activity, and its expression is regulated by peroxisomal proliferator-
activated receptor γ coactivator (PGC-1α)[3]. Recently, increasing 
reports shown that FNDC5/irisin expression activating exerts positive 
effects on regulating energy expenditure and improving metabolic 
homeostasis both in vivo and in vitro models[4-5]. Promoting irisin 
production and secretion has become an important way to prevent and 
improve obesity and obesity related metabolic diseases.

Exercise enhances the synthesis of PGC-1α and activation the 
expression of FNDC5, leading to an elevated secretion of irisin[6-8]. 
Although exercise is effective and beneficial, it may not be suitable 
for some people who have a physical challenge or over-obesity. 
Recently, studies reported that several natural products could 



2	 J.J. Li et al. / Food Science and Human Wellness 15 (2026) 9250465	

enhance skeletal function and activate FNDC5/irisin expression. For 
example, curcumin activated FNDC5/irisin expression to increase energy 
expenditure in high-fat diet (HFD)-fed mice and dihydromyricetin 
promoted irisin secretion both in rats and humans[4,9]. Tangeretin (TAN),  
a polymethoxy-flavone, abundant in citrus fruits and exhibits diverse 
pharmacological properties, including anti-inflammatory, antioxidant, 
anticancer, and neuroprotective effects[10-12]. It holds significant 
promise as a potential agent for addressing metabolic disorders like 
obesity and diabetes mellitus[13]. Previous research has demonstrated 
that TAN could exhibit a favorable impact on fat loss and metabolic 
parameter improvement in HFD-induced obese mice and TAN 
could regulate insulin sensitivity and the glucose homeostasis in 
db/db mice[14]. Besides, study showed that TAN could improve 
mitochondrial function and endurance capacity in skeletal muscle 
of mice[15]. However, it remains unclear whether TAN could exert 
positive effect by affecting the FNDC5 expression and irisin secretion.

In the present study, we aim to explore the potential action 
of TAN on regulating FNDC5/irisin expression both in C2C12 
myotubles, C57BL/6J mice and HFD-fed obese mice, respectively. 
The irisin levels, FNDC5 expression, body weight gain, lean and fat 
mass, glucose levels, lipid profiles and energy expenditure as well as 
the potential mechanism were detected in these models.

2.  Materials and methods

2.1  Cell culture and treatment

The C2C12 cells (Procell Life Science & Technology Co., 
Ltd., China) were cultivated in an incubator at 37 ℃ and 5% CO2 
in a growth medium prepared by adding 10% fetal bovine serum to 
DMEM high-sugar medium. Differentiation was initiated by adding 
a differentiation medium containing 2% horse serum when the cell 
fusion rate reached 80%–85%. To assess the impact of TAN on the 
expression of FNDC5/irisin in vitro. Differentiation was induced in 
C2C12 cells for 5 days; the cells were then treated for 24 h with TAN 
at concentrations of 0, 5, 10, and 20 μmol/L (HPLC ≥ 98.0%, Huike 
Botanical Development Co., Ltd., China).

2.2  Animal experiments

Male C57BL/6J mice, aged 8 weeks, were acquired from 
Beijing HFK Bioscience Co., Ltd. (No. 110322231103004381) 
and placed in College of Public Health’s Medical Animal Center 
of Zhengzhou University. The mice were kept in a controlled 
environment with a 12 h light-dark cycle, maintaining a consistent 
ambient temperature of (23 ± 2) °C and humidity ranging from 
50% to 60%. The Institutional Review Board for Life Sciences at 
Zhengzhou University approved all animal research (approval no: 
ZZURIB 2021-5302).

Protocol 1: The mice were randomly assigned to 3 groups of 10 mice 
each after they had been acclimatized in the new environment for  
1 week. The control group (CON), 50 mg/kg TAN group (TAN50), 
and 100 mg/kg TAN group (TAN100) were all given free access 
to water and food (a standard diet, HFK, D1025). The mice in 
TAN group were orally administrated with different doses of TAN 
dissolved in 0.5% carboxymethylcellulose for 8 weeks. The mice in 
CON group were received a similar volume of vehicle.

Protocol 2: After acclimation, the mice were randomly assigned 
to 3 groups (n = 10): low-fat diet (LFD), HFD, and HFD+TAN 
group. The mice in the HFD+TAN group were provided with HFD 
(60 kcal% fat, D12492, Research Diets) and were daily given a dose 
of 100 mg/kg TAN for 8 weeks. The mice in the HFD group were 
provided with HFD (60 kcal% fat, D12492, Research Diets) and were 
also given an equal volume of vehicle. The mice in the LFD group 
were provided with low-fat diet (10 kcal% fat, D12450B, Research 
Diets) and were received an equal volume of vehicle. The food intake was 
recorded every 3 days and the body weight was monitored every week.

2.3  Metabolic cage test

The metabolic capacity of mice can be investigated by collecting 
data on their oxygen consumption (VO2), energy expenditure (EE) 
and respiratory exchange rate (RER). The same number of mice from 
each group were randomly selected and placed in a comprehensive lab 
animal monitoring system (CLAMS, Columbus Instruments, USA) 
for testing. Before data collection, the mice were acclimatized to the 
new environment for 24 h. Meanwhile, the diet and environment 
of the mice should meet the requirements of the corresponding 
experimental conditions during the whole testing phase.

2.4  Body composition and magnetic resonance imaging (MRI) 
analysis

The total lean tissue mass and fat mass of mice were measured 
by a body composition analyzer (Niumag Corporation, China). MRI 
system then was used to scan the lean and fat distribution of the entire 
body. Niumag V3.0 MRI analysis software was carried out to deal 
with the original images.

2.5  Glucose tolerance test (GTT) and insulin tolerance  
test (ITT)

The mice were fasted for 12 h and administered 2.0 g/kg body 
weight glucose solution intraperitoneally to conduct the GTT[16]. 
For the ITT, the mice underwent fasting and were then injected with 
0.75 U/kg body weight of insulin[17]. The mice were given access 
to water during the fasting period. Following glucose and insulin 
administrations, blood was collected from the tail, and the blood 
glucose levels were measured using a glucometer at various intervals 
(0, 15, 30, 60, 90, and 120 min). The area under the curve was 
calculated by plotting glucose tolerance and insulin tolerance curves 
based on the blood glucose values and the measurement time.

2.6  Enzyme-linked immunosorbent assay

Irisin concentrations were determined in serum and cell culture 
supernatant using an enzyme-linked immunosorbent assay kit 
following the manufacturer’s instructions (Sino Best Biological 
Technology Co., Ltd., China). 

2.7  Determination of blood lipid

The serum levels of triglyceride (TG), total cholesterol (TC), 
low-density lipoprotein-cholesterol (LDL-C), and high-density 
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lipoprotein-cholesterol (HDL-C) were measured in each group of 
mice according to the kit’s instructions (Jiancheng Bioengineering 
Institute, Nanjing, China). The levels of each index in different groups 
of mice were recorded at particular wavelengths using the enzyme 
labeling apparatus.

2.8  Immunofluorescence and immunohistochemistry (IHC)

Immunofluorescence: C2C12 cells were fixed with 4% 
paraformaldehyde and permeabilized with 0.5% Triton X-100 for  
15 min after being induced to differentiate and treated with TAN. 
Next, the cells were closed in a 3% BSA solution for 30 min. 
Subsequently, the cells were treated with the primary antibody 
(FNDC5, 1:300, Proteintech) overnight at 4 °C. The following day, 
upon incubation of the secondary antibody (IgG H&L/FITC, 1:400, 
Abcam) at room temperature, the nuclei were stained with DAPI 
solution and photographed under a microscope.

IHC: After pre-paraffin embedding, the gastrocnemius and soleus 
muscles were sectioned into 5 μm thick slices. Subsequently, the 
sections were closed in 10% goat serum and incubated with FNDC5 
antibody (FNDC5, 1:300, Proteintech) for 12 h following antigen 
recovery and endogenous peroxidase quenching. The sections were 
incubated with secondary antibodies and photographed under a 
microscope following the completion of these manipulations. Staining 
results were measured and analyzed by ImageJ software.

2.9  Western blotting (WB) analysis

Total proteins from muscle tissues and cells were extracted using 
RIPA lysate mixed with protease inhibitors (Beyotime, China), and 
their protein concentrations were detected using a BCA assay kit 
(Beyotime, China). The denatured proteins were evenly divided, 
placed into SDS-PAGE gels, and transferred onto PVDF membranes 
using a wet-transfer method. The membranes were immersed in 
5% BSA at room temperature for 2 h, followed by incubation 
with the primary antibodies at 4 °C for 12 h (AMPK (1:5 000);  
PGC-1α (1:5 000); FNDC5 (1:3 000); GAPDH (1:5 000);  
Sestrin2 (SESN2) (1:5 000) (Proteintech, Wuhan, China);  
p-AMPK (1:2 500) (Cell Signaling Technology, Massachusetts, USA). 
Subsequently, the membranes were incubated with the secondary 
antibodies at room temperature for 1 h. Luminescence was detected 
to visualize protein signals, and protein expression was analyzed with 
the help of ImageJ software.

2.10  Quantitative real-time PCR (Q-PCR)

The RNA was isolated using a TRIzol reagent (Invitrogen, 
USA) and the extracted RNA was synthesized into cDNA using 
PrimeScript RT kit reagents (Takara, Japan). The Q-PCR reaction 
was run in a Bio-Rad CFX96TM real-time system using SYBR Green 
Mix. The 2–ΔΔCT method was used to determine the level of 
FNDC5 mRNA expression. Specific primer-targeting gene sequences 
are listed below, FNDC5: 5′-TGCAGGCCATCTCCATCCAG-3′ 
(forward) and 5′-GGCCATCTTTTCAGCCTCGC-3′ (reverse); 
36B4: 5′-GCTTCGTGTTCACCAAGGAGGAC-3′ (forward) and 
5′-GTTCTGAGCTGGCACAGTGACC-3′ (reverse).

2.11  Molecular docking and molecular dynamics (MD) 
simulations

The structures of SESN2 and TAN were retrieved from the RCSB 
PDB (ID: 5t0n) and PubChem databases, respectively. AutoDock 
Vina 1.1.2 was used to perform molecular docking of SESN2 and 
TAN. The best-docked conformation was used for subsequent 
MD simulations. MD simulations were conducted with AMBER 
software[18]. The system was subjected to an energy minimization 
analysis before the simulation, which involved the conjugate gradient 
method with 2 500 steps and the steepest descent method with  
2 500 steps. During the energy minimization procedure, the system 
temperature was systematically raised from 0 to 298.15 K for 200 ps.  
The simulation was conducted using the NVT (isothermal-isovolumetric) 
ensemble at a constant temperature of 298.15 K. Following that, the 
entire system underwent a simulation in equilibrium for 500 ps 
at NPT (isothermal-isobaric) conditions. Ultimately, 2 composite 
systems were subjected to 100 ns NPT ensemble simulations while 
adhering to periodic boundary conditions. The Particle Mesh Ewald 
(PME) method calculates long-range electrostatic interactions within 
a truncation range of 10 Å[19]. The SHAKE approach was employed 
to constrain the bond lengths of the hydrogen atoms, while the 
Langevin algorithm was utilized for temperature regulation[20-21]. 
The system was maintained at a pressure of 1 atm, using a time step 
of 2 fs. Traces were captured every 10 ps for further examination. 
The protein-ligand binding free energy was computed using the  
MM/GBSA approach[22-24]. The computations were performed 
using the following equations with MD trajectories of 90–100 ns at 
coordinates:

ΔGbind  = ΔGcomplex – (ΔGreceptor + ΔGligand)
            = ΔEinternal + ΔEvdW + ΔEelec +ΔGGB + ΔGSA

Where ΔEvdW, ΔEelec, ΔGGB, ΔGSA, and ΔGbind represent the  
van der Waals energy, electrostatic energy, electrostatic contribution 
to solvation, nonpolar contribution to solvation, and binding free 
energy, respectively. This study used the single trajectory technique to 
eliminate the ΔEinternal between the complex, receptor, and ligand. This 
cancellation effectively reduces noise levels in most circumstances. 
The absence of entropy changes results from significant computing 
resource usage with low accuracy[23].

2.12  Statistical analysis

IBM SPSS statistics 21 software and GraphPad Prism 8.0 were 
used to perform statistical analysis. The result was expressed as the 
mean ± SD. One-way ANOVA and Student’s t-test were used to 
analyze statistical significance among groups. P < 0.05 was regarded 
as a statistically significant threshold.

3.  Results

3.1  TAN treatment promotes FNDC5/irisin expression in 
C2C12 myotubes

The impact of TAN on irisin levels was initially identified in 
C2C12 myotubes. Fig. 1A demonstrates that TAN administration 
effectively stimulated the expression of FNDC5 mRNA in C2C12 
myotubes compared to the control group, as indicated by the Q-PCR 
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result (P < 0.05). The WB and immunofluorescence results confirmed 
that TAN therapy significantly increased the expression of the 
FNDC5 protein in C2C12 myotubes compared to the control group 
(P < 0.05) (Figs. 1B-E). Furthermore, the ELISA results showed a 
significant elevation in irisin levels in C2C12 myotubes following 
TAN treatment compared to the control group (P < 0.05) (Fig. 1F). 
Our result suggests that TAN can enhance the expression of FNDC5 
and the release of irisin in C2C12 myotubes.

3.2  TAN supplementation increases irisin secretion in mice

Subsequently, the impact of TAN on irisin was examined in 
C57BL/6J mice. According to Figs. 2A-D, there were no significant 
differences in body weight, average food consumption, and lean 
mass between the control group and the group of mice who received 
TAN supplementation. Interestingly, our findings indicate that the 
administration of TAN slightly decreased fat mass in mice compared 
to the untreated group (Fig. 2E). The Q-PCR results showed that the 
expression of FNDC5 mRNA in the soleus and gastrocnemius muscle of 
mice was activated by TAN supplementation in comparison to the control 
group (P < 0.05) (Figs. 2F and G). Furthermore, the WB and IHC results 
showed that TAN increased the expression of FNDC5 protein in mice’s 
soleus and gastrocnemius muscle (P < 0.05) (Figs. 2I-N). According to 
these findings, the serum irisin levels of the TAN50 and TAN100 group 
mice were significantly elevated compared to those of the control group 
mice (P < 0.05) (Fig. 2H). These data collectively suggested that TAN 
could enhance the expression of FNDC5/irisin in mice. 

3.3  TAN stably bound to SESN2 protein

Several studies have reported that SESN2 is a significant 
upstream regulator that influences the expression of PGC-1α[25-26], a 
crucial factor in enhancing muscle fitness. Recently, there has been 
increasing evidence that molecular docking and MD modeling are 
highly efficient in predicting drug and protein binding[27-29]. Our 
docking results indicate that TAN can form a strong binding affinity 
with SESN2 protein, primarily through hydrophobic interaction and 
hydrogen bonding (Figs. 3A and B). The structural and energetic 
changes during TAN and SESN2 protein binding were thoroughly 
investigated using MD simulation to assess the TAN-SESN2 
binding properties further. As shown in Fig. 3C, the root mean 
square deviation (RMSD) value of SESN2 protein did not fluctuate 
significantly after 40 ns, establishing a more reliable foundation for 
the binding of TAN. Similarly, the RMSD value of TAN reached a 
stable fluctuation after 40 ns (Fig. 3C), suggesting that TAN is stable 
in the SESN2 protein pocket. As shown in Fig. 3D, the binding sites 
of TAN are similar at the initial (0 ns) and final (100 ns) moments 
of the simulation. However, the SESN2 protein pocket encases TAN 
more tightly at the final moments (100 ns), which is consistent with 
the fluctuation data we observed in the RMSD data. This implies 
that the TAN binding may become more stable at a later stage of the 
simulation.

We utilized the MM/GBSA method to determine the binding energy 
by analyzing the MD simulation trajectory. This approach provides a 
more precise representation of the interaction between the small molecule 

Fig. 1  TAN treatment promotes FNDC5/irisin expression in C2C12 myotubes. (A) The expression of FNDC5 gene in C2C12 myotubes (n = 5).  
(B and C) WB analysis of FNDC5 protein in C2C12 myotubes (n = 4). (D and E) FNDC5 immunofluorescence analysis in C2C12 myotubes (n = 3).  

(F) Irisin levels in C2C12 myotubes (n = 6). Data are expressed as mean ± SD. *P < 0.05; **P < 0.01.
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Fig. 2  TAN supplementation increases irisin secretion in mice. (A) Body weight (n = 10). (B) Average daily food intake (n = 10). (C) Magnetic resonance imaging.  
(D and E) Lean and fat mass (n = 6). FNDC5 mRNA expression in (F) gastrocnemius and (G) soleus muscles (n = 5). (H) Serum irisin levels of mice (n = 8). 

WB analysis of FNDC5 protein in (I-J) gastrocnemius and (K-L) soleus muscles (n = 4). (M and N) IHC analysis of FNDC5 in gastrocnemius and soleus 
muscles (n = 3). Data are expressed as mean ± SD. *P < 0.05; **P < 0.01.
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and the target protein[30]. As shown in Fig. 3E, the binding energy of 
TAN-SESN2 is (–36.58 ± 2.70) kcal/mol. Negative values signify 
the presence of binding affinity between small molecules and the 
target protein, with lower values indicating a stronger interaction. 
Our estimates indicate that TAN-SESN2 has a high level of binding 
affinity. An energy decomposition analysis reveals that the main 
contributor to the binding of TAN and SESN2 is van der Waals 
energy, followed by electrostatic energy, and finally, nonpolar 
solvation free energy (Fig. 3E). Furthermore, the top 10 amino acids 
contributing to TAN and SESN2 binding were identified as ILE378, 
LEU389, THR374, TYR375, PHE447, ALA379, ARG448, TRP444, 
THR386, and ASN376 using the energy decomposition technique  
(Fig. 3F). These data suggest that TAN exhibits a consistent and stable 
binding affinity towards the SESN2 protein. 

3.4  TAN activates SESN2/AMPK/PGC-1α pathway in C2C12 
myotubes and mice

To examine the potential mechanism by which TAN affects the 
expression of FNDC5/irisin, we investigated the SESN2/AMPK/
PGC-1α axis in both C2C12 cells and the skeletal muscle of mice. 
In our study on C2C12 myotubes, we observed that treatment with 
TAN resulted in a considerable increase in the expression of SESN2, 
p-AMPK/AMPK, and PGC-1α proteins compared to the control 
group (P < 0.05) (Figs. 4A and B). TAN consistently increased the 
expression of SESN2, p-AMPK/AMPK, and PGC-1α proteins in 
the gastrocnemius muscle of mice (P < 0.05) (Figs. 4C and D). TAN 
exhibited a notable activation of the SESN2/AMPK/PGC-1α axis in 
the soleus muscle of mice in comparison to the control group (P < 0.05) 
(Figs. 4E and F). These observations suggest that TAN can activate 
the SESN2/AMPK/PGC-1α pathway both in vivo and in vitro.

Fig. 4    TAN activates SESN2/AMPK/PGC-1α pathway in C2C12 myotubes and mice. (A and B) WB analysis of SESN2, p-AMPK/AMPK, and PGC-1α in 
C2C12 myotubes (n = 4). (C and D) WB analysis of SESN2, P-AMPK/AMPK, and PGC-1α in gastrocnemius muscle (n = 4). (E and F) WB analysis of SESN2, 

p-AMPK/AMPK, and PGC-1α in soleus muscle (n = 4). Data are expressed as mean ± SD. *P < 0.05; **P < 0.01.
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3.5  TAN improves metabolic parameters in HFD-fed mice

According to recent research, improvements in metabolic parameters 
are closely associated with elevated levels of circulating irisin[5,31-32]. We 
investigate whether TAN can mitigate the altered metabolic parameters 
induced by HFD in mice. In comparison to the HFD group, TAN 
supplementation significantly reduced HFD-induced increases in body 
weight and fat mass (P < 0.05) and slightly increased lean mass, as 
shown in Figs. 5A-D. Meanwhile, the serum levels of TC (P < 0.05), 
TG (P < 0.05), and LDL-C (P < 0.05) in the HFD+TAN group mice 
were lower than those of the HFD group mice, while HDL-C did not 
show significant changes (Figs. 5E-H). In addition, TAN supplementation 
significantly reduced the blood glucose levels during the GTT test 
compared to the HFD group (P < 0.05) (Figs. 5I and J). Similarly, TAN 
supplementation significantly reduced the glucose levels during the 
ITT test compared to the HFD group (P < 0.05) (Figs. 5K and L). 
These data suggested that TAN could improve glucose and lipid 
metabolism disorders in HFD-fed mice.

3.6  TAN regulates metabolic rate in HFD-fed mice

Next, the impact of TAN on metabolic rate was examined in mice 
that were administered a high-fat diet. In comparison to the LFD 
group, the mice in the HFD group exhibited a lower VO2 (P < 0.05) 
and EE (P < 0.05) (Figs. 6A-B and E-F). However, the mice in the 
HFD+TAN group exhibited a significant increase in VO2 (P < 0.05) 
and EE (P < 0.05) and a decrease in RER (P < 0.05) compared to the 
HFD mice (Figs. 6A-F), suggesting an upregulated lipid metabolism 
in the HFD+TAN group mice. Together, these data indicate that TAN 
can significantly reverse the reduction in metabolic rate induced by 
HFD in mice.

3.7  TAN improves the decrease of FNDC5/irisin expression 
in HFD-fed mice

Previous research has shown that mice fed HFD had lower circulating 
irisin levels than those maintained on a control diet[4,31-32]. We subsequently 
investigated whether TAN could enhance the expression of FNDC5 and 
circulating irisin levels in HFD-fed mice. Our findings revealed a 
substantial drop in blood irisin levels in the HFD group compared to 
the LFD group (P < 0.05) (Fig. 7A). However, supplementation with 
TAN considerably reversed the decrease in irisin secretion induced 
by the HFD group (P < 0.05) (Fig. 7A). In addition, TAN activated 
FNDC5 expression in the soleus and gastrocnemius muscles compared 
to the HFD group, as indicated by Q-PCR, WB, and IHC (P < 0.05) 
(Figs. 7B-I). Together, these data indicated that TAN could activate 
FNDC5/irisin expression in HFD-fed mice.

3.8  TAN activates SESN2 signaling axis in HFD-fed mice

The SESN2/AMPK/PGC-1α pathway was also examined in the 
soleus and gastrocnemius muscles of HFD-fed mice to determine whether 
the SESN2 signaling axis was involved in the TAN-induced FNDC5/irisin  
expression. The SESN2 and PGC-1α expression and p-AMPK/AMPK 
ratio in HFD group mice were significantly lower than in the LFD group 
(P < 0.05) (Figs. 8A-D). The gastrocnemius muscle of the HFD + TAN  
group mice exhibited a significant increase in the expression of SESN2, 
p-AMPK/AMPK, and PGC-1α compared to the HFD group mice (P < 0.05) 
(Figs. 8A and B). Additionally, the expression of SESN2 signaling 
axis-related proteins was significantly up-regulated in the soleus muscle 
of HFD+TAN group mice (P < 0.05) (Figs. 8C and D). Overall, these 
findings suggested that TAN could activate the SESN2/AMPK/PGC-1α 
pathway in the skeletal muscle of HFD-fed mice.
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Fig. 6    TAN regulates metabolic rate in HFD-fed mice. (A and B) VO2 in 24 h light-dark cycle (n = 3). (C and D) RER in 24 h light-dark cycle (n = 3).  
(E and F) EE in 24 h light-dark cycle (n = 3). VCO2: carbon dioxide production. Data are expressed as mean ± SD. *P < 0.05; **P < 0.01.

Fig. 5    TAN improves metabolic parameters in HFD-fed mice. (A) Body weight (n = 10). (B) Magnetic resonance imaging. (C and D) Fat and lean  
mass (n = 6). (E-H) Serum concentrations of TC, TG, LDL-C, and HDL-C (n = 8). (I and J) GTT (n = 6). (K and L) ITT (n = 6). Data are expressed as mean ± SD. 

*P < 0.05; **P < 0.01.
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Fig. 7  TAN improves the decrease of FNDC5/irisin expression in HFD-fed mice. (A) Serum irisin levels of mice (n = 8). FNDC5 mRNA expression in  
(B) gastrocnemius and (C) soleus muscles (n = 5). WB analysis of FNDC5 protein in (D-E) gastrocnemius and (F-G) soleus muscles (n = 4).  

(H and I) IHC analysis of FNDC5 in gastrocnemius and soleus muscles (n = 3). Data are expressed as mean ± SD. *P < 0.05; **P < 0.01.

B

V
O

2
(m

L
/(

k
g
∙h

))

5 000

4 000

3 000

2 000

1 000

0

LFD

HFD

HFD+TAN

Light Dark

LFD

HFD

HFD+TAN

LFD

HFD

HFD+TAN

*

*

D

R
E

R
 (

V
C

O
2
/V

O
2
)

1.0

0.8

0.6

0.4

Light Dark

*

**

FE30

20

10

0

E
E

 (
k
ca

l/
(h

∙k
g
))

25

20

15

10

5

0
Light

Dark

E
E

 (
k
ca

l/
(h

∙k
g
))

7:0020:008:00
Dark

*

**

C

1.0

0.9

0.8

0.7

0.6

Dark

R
E

R
 (

V
C

O
2
/V

O
2
)

7:0020:008:00

C

A LFD HFD HFD+TAN6 000

4 000

2 000

0

Dark

V
O

2
 (

m
L

/(
k
g
∙h

))

7:0020:008:00

Time

Time

Time Cycle

Cycle

Cycle

Fig. 6 (Continued)

A

S
er

u
m

 i
ri

si
n
 (

n
g
/m

L
)

LFD
H

FD

H
FD

+TA
N

300

250

200

150

100

** ** B

FN
D
C
5 

m
R

N
A

 e
x
p
re

ss
io

n

LFD
H

FD

H
FD

+TA
N

2.0

1.5

1.0

0.5

0.0

* *

C
FN
D
C
5 

m
R

N
A

 e
x
p
re

ss
io

n

LFD
H

FD

H
FD

+TA
N

2.5

2.0

1.5

1.0

0.5

** **

G

F
N

D
C

5
 p

ro
te

in
 e

x
p
re

ss
io

n

LFD
H

FD

H
FD

+TA
N

2.5

2.0

1.5

1.0

0.5

0.0

**

**

I

F
N

D
C

5
 p

ro
te

in
 e

x
p
re

ss
io

n
in

 g
as

tr
o
cn

em
iu

s

LFD
H

FD

H
FD

+TA
N

2.5

2.0

1.5

1.0

0.5

0.0

**
**

F
N

D
C

5
 p

ro
te

in
 e

x
p
re

ss
io

n
in

 s
o
le

u
s

LFD
H

FD

H
FD

+TA
N

2.5

2.0

1.5

1.0

0.5

0.0

**
*

G
as

tr
o
cn

em
iu

s
S

o
le

u
s

D
E

F
N

D
C

5
 p

ro
te

in
 e

x
p
re

ss
io

n

LFD
H

FD

H
FD

+TA
N

2.5

2.0

1.5

1.0

0.5

0.0

**

*

FNDC5

GAPDH

30 kDa

36 kDa

F

LFDH HFD HFD + TAN

LFD HFD HFD + TAN

FNDC5

GAPDH

30 kDa

36 kDa

100 μm

LFD HFD HFD + TAN

LFD HFD HFD + TAN

100 μ100 μ100 μ00 μ100 μ100 μ100 μ100 μ100 μ100 μ00 00 μ00 μ100 0000 μmmmmmmmmmm

Group Group Group

Group

Group

Group

Group

LFD       HFD HFD+TAN       LFD       HFD    HFD+TAN       

0.0

100 μm 100 μm 100 μm

100 μm 100 μm 100 μm



10	 J.J. Li et al. / Food Science and Human Wellness 15 (2026) 9250465	

A

S
er

u
m

 i
ri

si
n
 (

n
g
/m

L
)

LFD
H

FD

H
FD

+TA
N

300

250

200

150

100

** ** B

FN
D
C
5 

m
R

N
A

 e
x
p
re

ss
io

n

LFD
H

FD

H
FD

+TA
N

2.0

1.5

1.0

0.5

0.0

* *

C

FN
D
C
5 

m
R

N
A

 e
x
p
re

ss
io

n

LFD
H

FD

H
FD

+TA
N

2.5

2.0

1.5

1.0

0.5

** **

G

F
N

D
C

5
 p

ro
te

in
 e

x
p
re

ss
io

n

LFD
H

FD

H
FD

+TA
N

2.5

2.0

1.5

1.0

0.5

0.0

**

**

I

F
N

D
C

5
 p

ro
te

in
 e

x
p
re

ss
io

n
in

 g
as

tr
o
cn

em
iu

s

LFD
H

FD

H
FD

+TA
N

2.5

2.0

1.5

1.0

0.5

0.0

**
**

F
N

D
C

5
 p

ro
te

in
 e

x
p
re

ss
io

n
in

 s
o
le

u
s

LFD
H

FD

H
FD

+TA
N

2.5

2.0

1.5

1.0

0.5

0.0

**
*

G
as

tr
o
cn

em
iu

s
S

o
le

u
s

D
E

F
N

D
C

5
 p

ro
te

in
 e

x
p
re

ss
io

n

LFD
H

FD

H
FD

+TA
N

2.5

2.0

1.5

1.0

0.5

0.0

**

*

FNDC5

GAPDH

30 kDa

36 kDa

F

LFDH HFD HFD + TAN

LFD HFD HFD + TAN

FNDC5

GAPDH

30 kDa

36 kDa

100 μm

LFD HFD HFD + TAN

LFD HFD HFD + TAN

100 μ100 μ100 μ00 μ100 μ100 μ100 μ100 μ100 μ100 μ00 00 μ00 μ100 0000 μmmmmmmmmmm

Group Group Group

Group

Group

Group

Group

LFD       HFD HFD+TAN       LFD       HFD    HFD+TAN       

0.0

100 μm 100 μm 100 μm

100 μm 100 μm 100 μm

Fig. 8   TAN activates SESN2 signaling axis in HFD-fed mice. (A and B) WB analysis of SESN2, p-AMPK/AMPK, and PGC-1α in gastrocnemius muscle (n = 4). 
(C and D) WB analysis of SESN2, p-AMPK/AMPK, and PGC-1α in soleus muscle (n = 4). Data are expressed as mean ± SD. *P < 0.05; **P < 0.01.

Fig. 7 (Continued)

4.  Discussion

Skeletal muscle is a complex structure with multiple functions, a 
prerequisite for various activities such as maintaining body posture, 
heat production, and energy metabolism[33-34]. Previous studies 
have demonstrated that some natural active compounds can act as 
“exercise mimetics” and benefit the physiological functioning of 

skeletal muscle. For example, naringin supplementation enhances 
the expression of slow skeletal muscle fibers, improving exercise 
endurance and performance[35], whereas geniposide promotes the 
formation of fast skeletal muscle fibers and improves glucose 
metabolism[36]. As a representative active ingredient in citrus fruits 
with high medicinal value, TAN has received much attention in 
maintaining health due to its high bioavailability and low toxicity. 
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Our previous study found that TAN regulates skeletal muscle 
mitochondrial biogenesis and improves endurance performance in 
mice[15,37]. TAN has also been shown to resist obesity induced by 
an HFD[13-14]. The expression of irisin as a muscle factor is closely 
related to skeletal muscle movement[38-39]. The current study has, for 
the first time, found that TAN has a significant effect on promoting 
the up-regulation of FNDC5/circulating irisin expression in C2C12 
cells and C57BL/6J mice and can counteract the attenuation of 
FNDC5/circulating irisin expression in obese mice due to an HFD. 
Additionally, this work explored the potential physiological functions 
of TAN by activating the SESN2/AMPK/PGC-1α signaling pathway.

PGC-1α is a coactivator that shows significant expression levels 
in the heart, skeletal muscle, liver, and kidney[40-41]. However, its 
expression levels fall with an HFD or obesity[42]. PGC1-α is widely 
acknowledged as a crucial target for addressing type II diabetes 
mellitus, obesity, and other diseases related to metabolism[43-44]. It 
is widely accepted that PGC-1α activation is induced by exercise or 
sustained muscle activity and that PGC-1α upregulates the expression 
of FNDC5/cyclic irisin[45-46]. In the present study, TAN upregulated 
PGC-1α protein expression in C2C12 myotubular cells, C57BL/6J 
mice, and HFD-induced obese mice. This suggests that TAN’s 
increase in FNDC5/circulating irisin expression may be achieved by 
the process of PGC-1α. AMPK, a receptor for intracellular energy 
changes, is involved in glucose, fatty acids, and mitochondria-related 
activities and is one of the main proteins in skeletal muscle[47-48]. 
The AMPK/PGC-1α signaling pathway is a critical pathway for 
mitochondrial biosynthesis, and studies have demonstrated that the 
phosphorylated expression of AMPK upregulates the expression 
of PGC-1α protein[49]. PGC-1α is a downstream target molecule of 
AMPK. Furthermore, the AMPK/PGC-1α pathway significantly 
impacts skeletal muscle, encompassing growth, development, and 
physiological and pathological functions[15,50]. This study found a 
significant increase in the expression of p-AMPK and PGC-1α in 
C2C12 myotubular cells and mice compared to the control group. 
This suggests that TAN may regulate the expression of FNDC5/cyclic 
irisin through the AMPK/PGC-1α pathway.

SESN2 is a highly conserved stress-inducible protein that can 
regulate oxidative stress response and maintain the stability of 
body functions by activating AMPK[51-52]. Exercise is an effective 
means to improve skeletal muscle function, and several studies have 
reported that exercise promotes skeletal muscle SESN2 expression 
and improves muscle function and exercise capacity[53-54]. Therefore, 
the SESN2/AMPK/PGC-1α signaling pathway may be an important 
pathway to increase FNDC5/irisin expression. In this study, we 
predicted the possibility of the interaction of SESN2 with TAN 
using molecular modeling found that TAN exhibited a promoting 
effect on SESN2 expression in both C2C12 myotubular cells and 
skeletal muscle of mice. These results further validate that TAN 
could enhance the expression of circulating irisin and skeletal muscle 
FNDC5 by activating the SESN2/AMPK/PGC-1α signaling axis. 

Obesity is often accompanied by skeletal muscle dysfunction 
and disturbances in muscle factor secretion[55]. Multiple studies 
have demonstrated that obesity induces a decrease in the expression 
of FNDC5 in skeletal muscle and a reduction in circulating levels 
of irisin[31-32], which was also confirmed in our experiments. The 
dysregulation of irisin can result in metabolic disorders, muscle 
dysfunction, and insulin resistance[5,8,56], which can exacerbate 

obesity and thereby enter a vicious cycle. In addition, we found that 
the administration of TAN substantially improved the conditions of 
obese mice induced by an HFD despite the fact that FNDC5/irisin  
expression was significantly down-regulated. Furthermore, we 
found that TAN could resist the SESN2/AMPK/PGC-1α signaling 
pathway that appeared to be inhibited in the HFD group of mice. This 
suggests that the potential of TAN as a natural active ingredient for 
upregulating FNDC5/irisin expression. TAN has been shown to have 
significant medicinal potential in the treatment of metabolic diseases 
and obesity in previous studies. It was able to maintain blood glucose 
concentration and improve glucose metabolism and insulin resistance 
in diabetic rats, as well as exhibit excellent fat loss in obese mice 
induced by an HFD[13-14]. Our results further confirmed that TAN may 
be a potential ingredient for improving obesity, type II diabetes, and 
other metabolic diseases. Moreover, our findings further revealed that 
TAN has the potential to upregulate the expression of FNDC5/irisin 
through the SESN2/AMPK/PGC-1α signaling pathway and resist the 
reduction of irisin levels in obese mice induced by an HFD.

To summarize, the supplementation of TAN activated the 
SESN2/AMPK/PGC-1α signaling pathway and resulted in an 
increase in FNDC5/irisin expression. Furthermore, TAN successfully 
counteracted the decrease in irisin secretion caused by an HFD and 
improved glucose and lipid metabolism in obese mice. Therefore, 
TAN, being a naturally active compound, presents a novel opportunity 
to improve the condition of irisin deficiency and other metabolic 
disorders.
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