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Abstract:  

Background: Scutellarin (SCU), the primary active constituent of breviscapine, demonstrates a range of 

pharmacological properties, including anti-inflammatory, antioxidant, neuroprotective, and circulation-

enhancing effects. Previous evidence indicates that SCU can ameliorate insulin resistance (IR). However, 

the underlying mechanisms through which SCU modulates IR in skeletal muscle cells remain incompletely 

elucidated. 

Methods: The efficiency of lentivirus-mediated IKKβ overexpression was evaluated via 

immunofluorescence (IF) and Western blot. Cell viability was assessed using the CCK-8. Glucose 

concentration in the culture medium was determined by the glucose oxidase method. Levels of tumor 

necrosis factor-α (TNF-α), interleukin-1 (IL-1), and interleukin-6 (IL-6) were quantified using ELISA. 

mRNA expression of IKKβ and NF-κB-p65 (p65) was detected by RT-qPCR, while protein expression of 

IKKβ, p65, and phosphorylated NF-κB-p65 (p-p65) was examined using IF and Western blot. 

Results: Palmitic acid (PA) treatment successfully induced an IR model in L6 cells. Lentivirus-mediated 

overexpression of IKKβ, even in the absence of PA, triggered inflammatory responses and metabolic 

abnormalities resembling the IR phenotype, highlighting the critical role of IKKβ in IR pathogenesis. SCU 

intervention significantly suppressed the expression of TNF-α, IL-1, and IL-6. Concurrently, both protein 

and mRNA levels of IKKβ, as well as the phosphorylation level of p65, were markedly downregulated. 

Conclusions: SCU inhibits IKKβ expression in skeletal muscle cells, reduces p65 phosphorylation, 

attenuates inflammatory responses, and consequently improves IR. 

Keywords: type 2 diabetes mellitus; insulin resistance; scutellarin; IKKβ/NF-κB-p65 

1. Introduction

Insulin resistance (IR) is a pathological condition 

characterized by reduced responsiveness and 

sensitivity to the physiological actions of insulin 

(Elkanawati, et al., 2024; Zhang, et al., 2024), 

resulting in impaired insulin-mediated glucose 

uptake and utilization. This condition arises from 

a combination of genetic, dietary, and 

environmental factors (Chen, et al., 2023b). IR is 

a major predisposing factor for type 2 diabetes 

mellitus (T2DM) (Accili, et al., 2025). The 

pathogenesis of IR involves functional 

impairments across multiple tissues and organs, 

including the liver, adipose tissue, and skeletal 

muscle (Xourafa, et al., 2024). Among these, 

defective glucose uptake and utilization in skeletal 

muscle play a particularly critical role (Khouri, et 
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al., 2024). Therefore, elucidating the mechanisms 

governing glucose metabolism in skeletal muscle 

cells and identifying molecular targets for natural 

compounds under IR conditions are of significant 

scientific value for improving IR and advancing 

the prevention and treatment of T2DM. 

Scutellarin (SCU), the principal active component 

of breviscapine, exhibits diverse pharmacological 

properties, including anti-inflammatory, 

antioxidant, neuroprotective, and circulation-

enhancing effects (Wen, et al., 2021; Fan, et al., 

2023; Chen, et al., 2023a). Studies on IR have 

indicated that SCU can alleviate IR and improve 

glucose metabolism by activating both the insulin 

and AMPK signaling pathways (Gao, et al., 

2020). Furthermore, SCU has been reported to 

ameliorate IR through anti-inflammatory actions 

mediated via modulation of NF-κB (Ye, et al., 

2024). However, it remains unclear whether SCU 

improves IR specifically by regulating the 

expression of IκB kinaseβ (IKKβ) and 

subsequently inhibiting the NF-κB-induced 

inflammatory response in skeletal muscle cells. 

To address this question, this study established a 

palmitic acid (PA)-induced IR model in L6 

skeletal muscle cells. Following lentivirus-

mediated overexpression of the IKKβ gene, cells 

were treated with SCU. The expression of key 

factors within the IKKβ/NF-κB signaling pathway 

and the phosphorylation status of associated 

proteins were detected. This research aims to 

elucidate the effect and molecular mechanism of 

SCU on IR in skeletal muscle cells, thereby 

providing new insights into potential strategies for 

improving IR. 

2. Materials and Methods 

2.1 Materials 

Cells, drugs, and reagents: SCU (gifted by 

Professor Chen Peng, School of Pharmacy, 

Kunming Medical University, purity≥98%); PA 

(Med Chem Express); rat skeletal muscle cell line 

(L6 cells, Procell Life Science & Technology Co., 

Ltd.); fetal bovine serum (FBS) and DMEM 

medium (Gibco); antibodies against IKKβ, p65, 

and p-p65 (Proteintech); antibodies against AKT 

and p-AKT (Cell Signaling Technology); ELISA 

kits for IL-1, IL-6, and TNF-α (Jiangsu Meimian 

Industrial Co., Ltd.); reverse transcription kit 

(Thermo Fisher); lentiviral vector L6-r-ikbkb-

3xflag-ZsGreen-PURO (Shanghai Hanheng 

Biotechnology Co., Ltd.). 

2.2 Methods 

2.2.1 Cell Grouping and Treatment 

L6 cells were divided into the following groups: 

control, empty vector control (LV-NC), and IKKβ 

lentiviral overexpression (LV-IKKβ). Cells were 

cultured in a sterile incubator at 37°C with 5% 

CO₂, using DMEM medium supplemented with 

10% FBS and 1% penicillin-streptomycin. Cells 

were seeded in 24-well plates at an appropriate 

density. At 70% confluence, the medium was 

replaced with DMEM containing 2% FBS to 

induce differentiation. After approximately 5 

days, spindle-shaped myoblasts aggregated and 

formed bi-nucleated or multi-nucleated myotubes, 

indicating successful differentiation. Infection 

efficiency was confirmed by IF and Western blot. 

Subsequently, different concentrations of PA were 

applied for 12 h to establish the IR model. 

Successful modeling was verified by Western blot 

analysis of AKT and phosphorylated AKT (p-

AKT) expression, along with glucose 

consumption measured via the glucose oxidase 

method. After successful IR induction, cells were 

divided into: control group; model group (0.1 

mmol/L PA for 12 h, then serum-free medium for 

24 h); SCU-30 and SCU-90 groups (0.1 mmol/L 

PA for 12 h, followed by 0.03 mmol/L or 0.09 

mmol/L SCU for 24 h, respectively); LV-IKKβ 

group (cultured in 10% FBS medium); LV-

IKKβ+SCU-30 and LV-IKKβ+SCU-90 groups 

(treated with 0.03 mmol/L or 0.09 mmol/L SCU 

for 24 h, respectively). 

2.2.2 Cell Viability Assay by CCK-8 

L6 cells were seeded in 96-well plates at a density 

of 1×10⁵ cells per well and cultured at 37°C with 

5% CO₂. At 70% confluence, the medium was 

aspirated, and cells were washed three times with 

sterile 1× PBS. Differentiation was induced using 

DMEM containing 2% FBS. After approximately 

5 days, successful differentiation into myotubes 

was confirmed. Cells were treated with PA and 

SCU at various doses and time points. After 

treatment, CCK-8 reagent was added and 

incubated for 2 h. Absorbance was measured at 

450 nm using a microplate reader, and cell 

viability was calculated. 

2.2.3 Detection of TNF-α, IL-1, and IL-6 Levels 

by ELISA 
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Cells were plated in 24-well plates. Following 

myotube induction as described above and 

respective group treatments, the culture medium 

was collected using sterile tubes and centrifuged 

to obtain supernatant. Levels of TNF-α, IL-1, and 

IL-6 were determined according to the 

manufacturer’s instructions by measuring 

absorbance at 450 nm, and concentrations were 

calculated. 

2.2.4 Detection of IKKβ, p65, and p-p65 

Protein Levels by Western Blot 

A mixed lysis buffer containing protease inhibitor, 

phosphatase inhibitor, and RIPA lysis buffer was 

prepared in a 1:1:100 ratio. Cells were lysed using 

sonication. Protein concentration was determined 

with a BCA protein assay kit. Proteins were 

separated by 10% SDS-PAGE and transferred to 

PVDF membranes via wet transfer. After washing 

three times with TBST, membranes were blocked 

with 5% skim milk for 1 h at room temperature. 

Subsequently, membranes were incubated with 

primary antibodies (AKT: 1:1,000; p-AKT: 

1:1,000; IKKβ: 1:800; p65: 1:600; p-p65: 1:500) 

overnight at 4°C. After washing, membranes were 

incubated with secondary antibodies at room 

temperature for 2 h. Following additional washes, 

bands were visualized using ECL reagent and 

detected with a fluorescence chemiluminescence 

gel imaging system. Band intensity was analyzed 

using ImageJ software. 

2.2.5 Detection of IKKβ, p65, and p-p65 

Protein Levels by IF 

Cells were seeded on coverslips in 24-well plates. 

After adherence and treatment, cells were washed 

three times with ice-cold 1× PBS, fixed with 4% 

paraformaldehyde for 20 min, and washed again. 

Permeabilization was performed with 0.5% 

Triton-X100 for 20 min, followed by three 

washes. Cells were blocked with 2% BSA for 1 h 

at room temperature and washed again. Primary 

antibodies (IKKβ: 1:100; p65: 1:100; p-p65: 1:50) 

were added and incubated overnight at 4°C. After 

recovery of the primary antibody and washing, 

secondary antibodies were applied and incubated 

in the dark for 1.5 h. Coverslips were mounted 

using an anti-fade mounting medium containing 

DAPI. Images were captured with a confocal laser 

scanning microscope and analyzed using ImageJ. 

2.2.6 Detection of IKKβ and p65 mRNA Levels 

by RT-qPCR 

Total RNA was extracted using the Trizol method. 

RNA purity was assessed spectrophotometrically. 

cDNA was synthesized using a reverse 

transcription kit. PCR amplification was 

performed on a real-time quantitative PCR 

instrument with specific primers. The reaction 

mixture contained: 10 μL ROX reagent, 1 μL 

forward primer, 1 μL reverse primer, 1 μL cDNA, 

and 7 μL DEPC water. PCR conditions were: 

95°C for 2 min; 40 cycles of 95°C for 15s, 61°C 

for 30s, and 72°C for 20s. GAPDH served as the 

internal reference, and relative gene expression 

was calculated using the 2
-ΔΔCT

 method. Primers 

were supplied by Shanghai Generay Biotech Co., 

Ltd.; sequences are listed in Table 1. 

 

Table1 Primer sequences 

Species           genes name                sequences (5'-3')  

 

Rat               IKKβ 

F: CGGAACTGGGGGATTTGGAA 

R: CTGTCGGCATTGCTTGATGG 

 

Rat             NF-κB-p65 

F: CCGTGAGGCTGTTTGGTTTG 

R: GGTCTGCCCTCCTGACTCTA 

 

Rat              GAPDH 

F: AGAGACAGCCGCATCTTCTT 

R: TTCTCAGCCTTGACTGTGCC 

 

2.3 Statistical Analysis 

Normally distributed continuous data are 

expressed as mean ± standard deviation and 

analyzed using GraphPad Prism 9.5.1. 

Comparisons between two groups were performed 

using Student’s t-test, while multiple groups were 

compared using one-way ANOVA. P<0.05 was 

considered statistically significant, and P<0.01 

indicated high statistical significance. 

3. Results 

3.1 Detection of Lentiviral IKKβ 

Overexpression Efficiency and Establishment 

of the IR Cell Model Using PA in L6 Cells 

Compared to the control and LV-NC groups, the 
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LV-IKKβ group showed significantly increased 

IKKβ fluorescence intensity and protein 

expression (P<0.01), confirming successful 

construction of the IKKβ overexpression model 

(Figure 1A-D). PA treatment at concentrations 

exceeding 0.2 mmol/L for over 24 h, and SCU 

treatment at concentrations above 0.1 mmol/L for 

more than 48 h, significantly reduced cell viability 

(Figure 1E, F). The p-AKT/AKT ratio was 

significantly decreased at PA concentrations of 

0.1, 0.2, and 0.4 mmol/L (P<0.01) (Figure 1G, H). 

Glucose consumption was significantly inhibited 

in the 0.1-0.4 mmol/L PA groups compared to 0 

mmol/L PA (P<0.01) (Figure 1I), indicating 

successful induction of IR at PA concentrations 

ranging from 0.05 to 0.4 mmol/L. Based on these 

results, 0.1 mmol/L PA for 12 h was selected for 

IR induction, and SCU concentrations of 0.03 

mmol/L (30 μmol/L) and 0.09 mmol/L (90 

μmol/L) with 24 h treatment were chosen for 

subsequent experiments. 

 

 
Figure 1 Transfection efficiency of IKKβ lentiviral over-expression in L6 cells and the basis for 

modelling success in the IR cell model 

(A, B) Western blot analysis of IKKβ protein expression and gray value of bands in L6 cells( ̅±s,n=3); 

(C, D) IF analysis of fluorescence intensity and optical density values of IKKβ in L6 cells (scale bar is 

50 μm, ̅±s,n=3); (E) effect of SCU on the viability of L6 cells( ̅±s,n=4); (F) Effect of PA on the 

viability of L6 cells( ̅±s,n=4); (G, H) Western blot analysis of p-AKT/AKT protein expression and 

gray value of bands in L6 cells( ̅±s,n=3); (I) glucose oxidase assay for glucose consumption after 12 h 

treatment with different concentrations of PA( ̅±s,n=6); **P<0.01 compared with control group; 
##

P<0.01 compared with LV-NC group; *P<0.05, **P<0.01 compared with 0 mmol/L. 

 

3.2 SCU Inhibits the Expression of IL-1, IL-6, 

and TNF-α 

Compared to the control group, protein levels of 

IL-1, IL-6, and TNF-α were elevated in the model 

and LV-IKKβ groups (P<0.05). SCU-30 and 

SCU-90 treatments showed decreased protein 

levels compared to the model group (P<0.05). 

Similarly, LV-IKKβ+SCU-30 and LV-

IKKβ+SCU-90 groups showed decreased protein 

levels compared to the LV-IKKβ group (P<0.05) 

(Figure 2A-C). 
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Figure 2 Expression of IL-1, IL-6, and TNF-α in L6 cells( ̅±s,n=4) 

(A-C) ELISA kit to detect the expression of IL-1, IL-6 and TNF-α in culture medium in L6 cell; 
#
P<0.05, 

##
P<0.01 compared with control group; *P<0.05, **P<0.01 compared with model group; 

&
P<0.05, 

&&
P<0.01 compared with LV-IKKβ group. 

 

3.3 SCU Inhibits the Expression of IKKβ 

IKKβ mRNA and protein expression were 

significantly increased in the model and LV-IKKβ 

groups compared to controls (P<0.05). SCU-30 

and SCU-90 treatments reduced IKKβ expression 

compared to the model group (P<0.05). Similarly, 

LV-IKKβ+SCU-30 and LV-IKKβ+SCU-90 

groups showed decreased IKKβ expression 

compared to the LV-IKKβ group (P<0.05) (Figure 

3A-E).

 

 
Figure 3 Protein and mRNA expression of IKKβ in L6 cells( ̅±s,n=3) 

(A, B) IF analysis of fluorescence intensity and optical density values of IKKβ in L6 cells (scale bar is 

50 μm); (C, D) Western blot analysis of IKKβ protein expression and gray value of bands in L6 cells; 

(E) RT-qPCR analysis of mRNA expression of IKKβ; 
#
P<0.05, 

##
P<0.01 compared with control group; 

*P<0.05, **P<0.01 compared with model group; 
&

P<0.05, 
&&

P<0.01 compared with LV-IKKβ group. 

 

3.4 SCU Inhibits the Expression of 

Phosphorylated NF-κB p65 (p-p65) 

Protein expression of p-p65 and the p-p65/p65 

ratio were significantly increased in the model and 

LV-IKKβ groups compared to controls (P<0.05). 

SCU-30 and SCU-90 treatments reduced p-p65 

expression and the p-p65/p65 ratio compared to 
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the model group (P<0.05). Similarly, LV-

IKKβ+SCU-30 and LV-IKKβ+SCU-90 groups 

showed decreased p-p65 expression and p-

p65/p65 ratio compared to the LV-IKKβ group 

(P<0.05) (Figure 4A-G). 

 

 
Figure 4 Protein and mRNA expression of p-p65, p65 in L6 cells( ̅±s,n=3) 

(A-D) IF analysis of fluorescence intensity and optical density values of p-p65, p65 in L6 cells (scale 

bar is 50 μm); (E, F) Western blot analysis of p-p65/p65 protein expression and gray value of bands in 

L6 cells; (G) RT-qPCR analysis of mRNA expression of p65; 
#
P<0.05, 

##
P<0.01 compared with control 

group; *P<0.05, **P<0.01 compared with model group; 
&

P<0.05, 
&&

P<0.01 compared with LV-IKKβ 

group. 

 

4. Discussion 

IR is a metabolic disorder characterized by 

reduced cellular responsiveness to insulin, leading 

to diminished efficacy in blood glucose regulation 

(Cheng, et al., 2025). It is a major 

pathophysiological basis and predisposing factor 

for T2DM (Ji, et al., 2025). The development of 

IR is influenced by genetic predisposition, 

obesity, physical inactivity, poor diet, chronic 

inflammation, and certain medications (Selman, et 

al., 2022). Current therapeutic strategies include 

lifestyle modifications and pharmacological 

interventions (Jacobo-Tovar, et al., 2025), yet 

their effectiveness remains limited. This study 

provides a novel molecular perspective by 

demonstrating that SCU ameliorates IR in skeletal 

muscle cells via inhibition of the IKKβ/NF-κB 

signaling pathway, offering strategic insights for 

T2DM treatment through SCU-mediated IR 
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improvement. 

IKKβ plays a crucial role in IR development and 

progression (Den Hartogh, et al., 2025). As the 

catalytic subunit of the IKK complex, IKKβ 

activation is a key step in initiating the canonical 

NF-κB pathway (Li, et al., 2024). Under 

inflammatory or metabolic stress, IKKβ 

phosphorylates IκBα at Ser32 and Ser36 (Zhou, et 

al., 2023), promoting its degradation and enabling 

NF-κB translocation into the nucleus as p-p65, 

where it activates transcription of inflammatory 

mediators (Zhou, et al., 2024a). TNF-α, IL-1, and 

IL-6, induced by NF-κB activation, form a 

positive feedback loop that exacerbates local 

inflammation (Liu, et al., 2025) and systemic IR 

by promoting adipose tissue remodeling and 

impairing skeletal muscle glucose uptake (Kuang, 

et al., 2022). Studies have shown that activation of 

IKKβ and NF-κB in hepatocytes increases the 

expression of inflammatory cytokines such as 

TNF-α, IL-1, and IL-6, thereby worsening IR 

(Kim, et al., 2023). Thus, targeted inhibition of 

IKKβ expression or activity holds significant 

potential for ameliorating IR (Chen, et al., 2025).  

Scutellarin (SCU), a natural product, exhibits 

various biological activities such as anti-

inflammatory and antioxidant effects (Zhou, et al., 

2024b). Literature reports indicate that in high-fat 

diet-fed mice and palmitic acid-induced HepG2 

cells, SCU reduces hepatic lipid accumulation and 

ameliorates hepatic IR by regulating the mTOR 

signaling pathway and suppressing SREBP-1c 

expression (Luan, et al., 2020). In SD rats, SCU 

lowers blood glucose, improves IR, and protects 

renal function through activation of the Nrf2/HO-

1 signaling pathway (Younis, et al., 2022). NF-κB 

is a key factor in inflammatory responses, and 

Ikkβ activates NF-κB to promote the expression 

of inflammatory cytokines. As reported, SCU can 

inhibit IκB degradation and Ikkβ activation, 

thereby alleviating inflammation and improving 

IR (Zhang, et al., 2023). These findings further 

support the conclusion that SCU can ameliorate 

IR through multiple molecular mechanisms. In 

this study, PA treatment induced IR in L6 cells, 

evidenced by elevated inflammatory cytokines 

and upregulated IKKβ and p-p65 in a dose-

dependent manner. High-dose SCU showed 

superior efficacy. Lentivirus-mediated IKKβ 

overexpression recapitulated inflammatory and IR 

characteristics even without PA, underscoring the 

centrality of IKKβ. SCU intervention suppressed 

inflammatory cytokines and reduced IKKβ and p-

p65 levels dose-dependently, suggesting that SCU 

may act by directly or indirectly inhibiting IKKβ 

activity. Notably, SCU reduced p-p65 without 

affecting total p65, indicating modulation of 

phosphorylation status rather than total protein 

expression. 

In summary, this study demonstrates for the first 

time that SCU inhibits IKKβ, reduces p65 

phosphorylation, attenuates inflammation, and 

ameliorates IR in L6 skeletal muscle cells. These 

findings enhance understanding of SCU’s 

pharmacological actions and provide important 

theoretical support for its application in alleviating 

IR and T2DM. 
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