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1 Introduction
Over the last few decades, obesity has become a global epidemic 

as a serious public health problem in developed countries and 
affects developing countries. The incidence of type 2 diabetes 
(T2D), cardiovascular diseases, hypertension, cancer, and other 
diseases increases significantly with the prevalence of obesity 
(Bai  et  al., 2021; Habibi  et  al., 2017; Verdeguer  et  al., 2016). 
Accumulating data proves that obesity has closely associated 
with chronic low-grade inflammation, contributing to these 
diseases. In recent years, adipose tissue has become more than 
just an energy storage tissue (Jin et al., 2011). More and more 
studies have proved that adipose tissue, as a vital endocrine organ, 
can secrete a variety of proteins called adipokines, including 
resistin, adiponectin (ADPN), leptin, tumor necrosis factor-α 
(TNF-α), interleukin-6 (IL-6), monocyte chemoattractant 
protein-1 (MCP-1), intercellular adhesion molecule (ICAM), 
etc (Fried et al., 1998). Researchers confirmed that adipokines 
could potentially impact adipose tissue inflammation and 
immune response (van Dierendonck et al., 2020). The reduced 
sensitivity of the organism to the regular action of insulin is 
called insulin resistance (IR), and IR performs a key position 

in the development of T2D. Inflammation is an essential factor 
in the production of IR. Inflammatory factors can evoke IR by 
interfering with the insulin signaling transduction pathway 
(Li et al., 2022; Lontchi-Yimagou et al., 2013). Adipokines can 
also directly damage pancreatic islet β-cells, leading to T2D 
(Yaribeygi et al., 2019). Accordingly, it is crucial to explore a drug 
with significant improvement of IR, anti-inflammatory effects, 
and a few side effects to prevent and treat obesity-related diseases.

Lagerstroemia speciosa (L.) Pers, also known as Crape 
Myrtle, a kind of food-medicine dual plant mainly distributed in 
Southeast Asia, has been used for thousands of years to prevent 
and treat obesity and T2D (Singh & Ezhilarasan, 2020). In 
addition, the leaves, flowers, and fruits of Lagerstroemia speciosa 
(L.) Pers are often processed into health drinks. The previous 
studies have confirmed that the Lagerstroemia speciosa (L.) Pers 
leaves have multi-pharmacological effects such as hypoglycemia, 
antiobesity, antioxidant, anti-tumor, etc., without toxic and side 
effects (Judy et al., 2003; Khan et al., 2002; Saumya & Basha, 
2011; Suzuki et al., 1999). The main ingredients of Lagerstroemia 
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speciosa (L.) Pers leaves that have the effect of hypoglycemia are 
triterpenoids such as 2α-hydroxy-oleanolic, 2α-hydroxy-ursolic 
acid, corosolic acid, and maslinic acid, among which corosolic 
acid is called plant insulin (Miyaji et al., 1999).

To date, the effect of Lagerstroemia speciosa (L.) Pers total 
flavonoids (LTF) on TNF-α-induced IR and inflammatory 
response in 3T3-L1 adipocytes have not been reported. In this 
research, we explored LTF inhibits TNF-α-induced IR and 
inflammatory response in 3T3-L1 adipocytes. Meanwhile, 
mechanisms underlying the effect of LTF on IR and inflammatory 
response in 3T3-L1 adipocytes.

2 Materials and methods
2.1 Materials

Fresh samples of Lagerstroemia speciosa (L.) Pers were collected 
from Guangdong Ocean University. Plant authentication was 
implemented by Prof. Hai Liu, Guangdong Ocean University. 
3T3-L1 preadipocytes were bought from Shanghai Institutes for 
Biological Sciences (Shanghai, China). The TNF-α was obtained 
from PeproTech Inc. (Cranbury, USA). The fetal bovine serum 
(FBS) was bought from Hyclone (Logan, USA). The Dulbecco’s 
Modified Eagle Medium (DMEM) was obtained from Gibco 
(Grand Island, USA). The MTT was purchased from Dingguo 
Changsheng Biotechnology Co., Ltd (Beijing, China). The 
M-MLV was purchased from Progema (Madison, USA). The 
dNTP mixture, oligo d (T) primers, and RNase inhibitor were 
obtained from Takara (Kusatsu, Japan). The IL-6 ELISA kit was 
obtained from Thermo (Waltham, USA). The anti-phosphorylated 
p38, anti-phosphorylated SAPK/JNK, anti-phosphorylated 
ERK1/2, anti-phosphorylated IкB, and anti-phosphorylated 
Akt (Ser473) antibodies were purchased from Cell Signaling 
Technology (Danvers, USA). The anti-phosphorylated IRS1 
(Ser307) antibody was purchased from Millipore (Billerica, USA).

2.2 Identification of LTF compounds by UPLC-Triple-TOF-
MS/MS

According to the previous protocol (Liu  et  al., 2013), 
pulverized sample (10 mg) was reconstituted with 1mL 70% (v/v) 
ethanol and sonicated for 20 min. The mixture was centrifuged 
at 10000 g for 15 min to remove precipitation. The supernatant 
was passed through a 0.22 mm ultrafiltration membrane and 
awaited analysis.

The sample was analyzed by AcquityTM UPLC (Waters, Milford, 
USA) and Triple-TOF/MSTM 5600System-MS/MS equipped with 
an electrospray ionization source. ZORBAX SB-C18 100 mm 
× 4.6 mm, 1.8 μm chromatographic columns (Agilent, Santa 
Clara, USA) was used for analysis. The gradient solutions were 
composed of mobile phase A (0.1% formic acid, v/v) and mobile 
phase B (0.1% formic acid/acetonitrile, v/v). With a flow rate was 
0.8 mL/min and 30 °C column temperature, 95% mobile phase 
A was initially run for 2 min, 50% mobile phase A was flowed 
for 23 min, 5% mobile phase A was run for 12 min, and then 
the final condition of a mixture of 95% mobile phase A and 5% 
mobile phase B was flowed for 3 min. The following execution 
parameters were applied: Scan range (m/z 100-1500), nebulizing 
gas (50 psi), heating gas (50 psi), curtain gas™ (35 psi), heating 

temperature (550 °C), and spray voltage (4500 V). The Peakview 
software 2.1 was used to normalize the ionic intensity of each 
peak relative to the sum of the peak intensities in the sample. 
Then, The SIMCA-P software was used to analyze normalized 
data (Peng et al., 2020).

2.3 Cell culture and treatment

According to the previous protocols with some modifications 
(Huang et al., 2013; Ke et al., 2017). 3T3-L1 preadipocytes were 
maintained in DMEM containing 1% antibiotic-antimycotic 
and 10% (v/v) fetal bovine serum (FBS) with a humidified 
atmosphere containing 5% CO2 at 37 °C. The maintenance 
medium was altered once for 2 days. After cell contact inhibition, 
the medium was replaced to DMEM involving 5 μg/mL insulin, 
10% (v/v) FBS, 0.5 mM 3-isobutyl-methyl-xanthine, and 0.25 μM 
dexamethasone. After 2 days, the medium was altered to DMEM, 
including 10% (v/v) FBS and 5 μg/mL insulin, and stayed for 
2 days. The medium was altered with a normal culture medium 
again and incubated for 4-6 days until more than 90% of cells 
expressed an adipocyte phenotype.

2.4 Cell viability assay

3T3-L1 adipocytes were seeded into 96-well culture plates at 
a density of 5 × 104 cells/mL and stayed for 24 h. The cells were 
divided randomly into four groups: control group (C), low-dose 
LTF group (L, 0.5 μg/mL), middle-dose LTF group (M, 5 μg/mL), 
and high-dose LTF group (H, 50 μg/mL), respectively. The cells 
were cultured with different doses of LTF for 12 h. Then, the cells 
were washed 3 times with PBS, and 100 µL MTT (0.5 mg/mL) 
was added to each well for 2 h. The medium was removed, and 
150 µL dimethyl sulfoxide was brought to each well and then 
shaken for 5 min. Absorbance was measured using a TriStar 
LB941 microplate reader (Berthold, Stuttgart, Germany) at 490 
nm. Cell viability assay was performed according to the earlier 
methods, with suitable modifications (Truong et al., 2019).

2.5 Determination of adipocyte glucose uptake

3T3-L1 adipocytes were divided randomly into three groups: 
the control group, the model group (T), and the LTF group, 
respectively. Each group was added with DEME medium, and 
the medium of the IR and LTF groups contained TNF-α at a 
concentration of 10 mg/mL. After culturing for 24 h, each group 
was changed with medium, and the medium of the LTF group 
contained 50 mg/mL LTF. After continuing the culture for 12 h, 
the three groups were selected randomly for three bottles and 
added 10 nM insulin for 30 min of stimulation. The content 
of glucose was detected by the glucose oxidase-peroxidase 
method in the cell supernatant. All operations of the glucose 
determination kit comply with the guidelines.

2.6 qRT-PCR assay

According to the former studies, the qRT-PCR assay was 
performed with proper modifications (Tian et al., 2022). The 
total RNA of 3T3-L1 adipocytes was extracted by Trizol reagent 
(Invitrogen, Carlsbad, USA) following the manufacturer’s 
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protocols. The concentration and purity of obtained RNA were 
appraised by spectrophotometer and agarose gel electrophoresis, 
respectively. According to the product instructions, M-MLV, 
dNTP mixture, oligo d (T)18 primer, and RNase inhibitor 
were configured with a reaction system to synthesize cDNA. 
The SYBR Premix Ex Taq II kit (Takara, Kusatsu, Japan) was 
applied to qRT-PCR. The cycle conditions are as follows: 
94 °C for 40 s; 45 cycles of 94 °C for 5 s; several annealing 
temperatures for 15 s, and 72 °C for 15 s. The PCR primers were 
as follows: β-actin forward, 5’-TTCGTTGCCGGTCCACA-3’ 
and reverse, 5’-ACCAGCGCAGCGATATCG-3’; MCP-
1 forward, 5’-TTCCTCCACCACCATGCAG-3’ and 
reverse, 5’- CCAGCCGGCAACTGTGA-3’; IL-6 forward, 
5’- AACGATGATGCACTTGCAGA-3’ and reverse, 5’- 
GAGCATTGGAAATTGGGGTA-3’; ADPN forward, 
5’-GGAGAGAAAGGAGATGCAGGT-3’ and reverse, 5’- 
CTTTCCTGCCAGGGGTTC-3’. The melts curve analysis was 
conducted to verify amplification specificity, and the relative 
mRNA expression levels were analyzed using the 2 –ΔΔCt method 
with β-actin as an endogenous reference.

2.7 ELISA assay for IL-6 release

In order to further verify the inhibitory effect of LTF on 
inflammatory response in 3T3-L1 adipocytes, the supernatant of 
the culture medium was centrifugated. According to operating 
instructions, the medium of 3 h, 6 h, and 12 h was evaluated 
for IL-6 released using ELISA kits.

2.8 Western blotting analysis

3T3-L1 adipocytes were lysed in 250 μL of radio-
immunoprecipitation assay (RIPA) buffer containing protease 
and phosphatase inhibitors (Zhao et al., 2022). The lysate was 
centrifuged at 11000 g for 12 min, and then the supernatant 
was collected. The protein concentration was tested via the 
BCA assay kit. The Western blotting analysis was followed the 
previous report with specific changes (Xiao et al., 2020). The 
12% sodium dodecyl sulfate-polyacrylamide gel electrophoresis 
(SDS-PAGE) and polyvinylidene fluoride (PVDF) membrane 
were used to separate samples. The membrane was blocked in 
5% bovine serum albumin for 2 h. Hereafter, the membrane 
was incubated with the primary antibodies for 12 h, and the 
secondary antibody conjugated with horseradish peroxidase for 

2 h. TBST was applied to the membrane for thorough cleaning. 
ECL kit was used on the membrane, and the Western blotting 
was photographed via the ChemiDoc™ XRS + System (Bio-
Rad, Hercules, USA). The intensity of the protein bands was 
normalized to β-actin.

2.9 Statistical analysis

All experimental data were expressed as mean ± standard 
deviation (SD). Statistical comparison was carried out using 
one-way analysis of variance (ANOVA) followed by Turkey’s 
multiple analysis using the GraphPad Prism 8.0. The values of 
P < 0.05 were considered statistically significant.

3 Results
3.1 Identification and relative content comparison of LTF

The total ion current chromatogram of the sample showed 
a powerful signal, superior retention, and large peak capacity 
(Figure  1). A total of 6 flavonoids were identified, including 
quercetin-3’-sulfate, ellagic acid, 3’-O-methylellagic acid-4-O-β-
D-glucoside, 3’-O-methyl-4-O-β-D-xylopyranosyl ellagic acid, 
3’-O-methyl-4-O-β-D-xylopyranosyl ellagic acid, 3-O-methylellagic 
acid 4’-sulfate, and kaempferol 3-monosulphate (Figure 2). The 
Triple-TOF mass spectrometer figures of the 6 Lagerstroemia 
speciosa (L.) Pers flavonoids were supplied in Supplementary data.

3.2 Effect of LTF on 3T3-L1 cell viability

The cytotoxic effects of LTF on 3T3-L1 cell viability were 
evaluated by MTT assay. The viabilities of cells treated with LTF 
(0.5, 5.0, and 50.0 μg/mL, respectively) showed no cytotoxicity 
at 12 h (Figure 3). To investigate the possible mechanisms of 
LTF inhibits IR and inflammatory responses, 3T3-L1 adipocytes 
exposed to TNF-α and treated with a 50.0 μg/mL dose of LTF 
were selected for in-depth study.

3.3 Effect of LTF on IR

The glucose content in the medium of 3T3-L1 adipocytes 
after exposure to LTF for 12 h was calculated to explore the effect 
of LTF on glucose consumption. The glucose consumption of the 
control group was seen as 1, and the other groups were compared 
with it. After the cells in each group were stimulated by insulin, 

Figure 1. Total ion current chromatogram of the LTF in electron spray ionization (ESI)-mode.
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the glucose uptake was increased. The glucose uptake of the TNF-
α-treated cells was lower than that of the control group, with or 
without insulin stimulation, indicating that the cells were less 
sensitive to insulin and appeared to the phenomenon of insulin 
resistance. LTF-administered cells could significantly increase 
the insulin sensitivity of 3T3-L1 adipocytes to alleviate insulin 
resistance (P < 0.01, Figure 4A). Therefore, we considered the 
effect of LTF on insulin transmembrane signaling. The expression 
stages of the phosphorylation of Akt and IRS1 signaling pathways 
were investigated by Western blotting (Figure 4B-4C). The Akt 
phosphorylation was dramatically inhibited by TNF-α in 3T3-L1 
adipocytes, which was dramatically improved by LTF (P < 0.01, 
Figure 4D). Moreover, the significant inhibition effect of the 
LTF on IRS1 (Ser307) phosphorylation in 3T3-L1 adipocytes 
was observed (P < 0.01, Figure 4E), which had insulin resistance 
induced by TNF-α. It can be inferred that the improvement effect 
of LTF on insulin resistance of the adipocytes is mainly due to 
inhibition of Ser 307 phosphorylation of IRS1 and promotion 
of Akt phosphorylation, the downstream effector of the insulin 
signaling pathway.

Figure 2. Structure of identified LTF.

Figure 3. The results of the cell viability experiment. All data were 
shown as the mean ± SD (n = 3). C group: the control group. L group: 
the low-dose LTF group (0.5 μg/mL). M group: the middle-dose LTF 
group (5 μg/mL). H group: the high-dose LTF group (50 μg/mL).
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3.4 Effect of LTF on adipokines expression

Compared with that in the control group, the relative 
expression levels of IL-6 and MCP-1 mRNA in the model 
group cells at each time point were dramatically increased 
(P < 0.01, Figure  5A-5B). The result indicated that 3T3-L1 
adipocytes induced inflammation after TNF-α induction, and 
the inflammation model was successfully constructed. The IL-6 
mRNA expression level of the cells was markedly lower than that 
of the model group (P < 0.05, Figure 5A-5B). The expression 
level of MCP-1 mRNA in each group of cells was dramatically 
decreased (P < 0.05, P < 0.01, Figure 5A-5B) compared to the 
model group. Compared with that of the model group, the 
ADPN mRNA expression level of the high-dose LTF group 
was obviously reduced (P < 0.05, P < 0.01, Figure 5C), showing 
a significant dose-effect relationship. In order to further verify 
the inhibitory effect of LTF on the inflammatory response of 
3T3-L1 adipocytes, IL-6 in the culture medium was tested. The 
cells were administered with LTF for 12 h and 24 h, respectively. 

Compared with the control group, IL-6 in the medium of the 
model group was significantly increased (P < 0.05, Figure 5D), 
and the high-dose LTF group reversed this situation most 
obviously (P < 0.01, Figure 5D).

3.5 Effect of LTF on MAPK and NF-кB signaling pathways

We considered the viable mechanisms concerned with 
the effects of LTF on TNF-α-induced inflammatory response. 
The expression stages of the mitogen-activated protein kinase 
(MAPK) and NF-кB signaling pathways were investigated by 
Western blotting (Figure 6). The p38, JNK, and ERK of 3T3-L1 
adipocytes were phosphorylated by TNF-α, which was markedly 
inhibited by LTF(P < 0.05, P < 0.01, Figure 6). The results showed 
that LTF might have anti-inflammatory activity by inhibiting the 
phosphorylation level of the MAPK pathway. IкB, the essential 
protein of the NF-кB signaling pathway, was phosphorylated 
under the action of TNF-α, and phosphorylation was inhibited 
after adding LTF at a final concentration of 50 ug/mL. Among 

Figure 4. The effects of LTF on IR. (A) The effects of LTF on cell glucose uptake. (B, C) Representative image of Western blotting results. (D, E) 
Quantification of the protein expression of p-Akt (Ser473) and p-IRS1 (Ser307). All data were shown as the mean ± SD (n = 3). **P < 0.01, ##P < 0.01.
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Figure 5. The effects of LTF on mRNA expression of adipokines changes. (A, B, and C) Quantification of the mRNA expression of IL-6, MCP-1, 
and ADPN. (D) The effects of LTF on IL-6 release. C group: the control group. T group: the model group. H group: the high-dose LTF group 
(50 μg/mL). All data were shown as the mean ± SD (n = 3). #P < 0.05 compared with that of the control group, *P < 0.05, **P < 0.01 compared 
with that of the model group.

Figure 6. The effects of LTF on MAPK and NF-кB signaling pathways. (A, B) Representative image of Western blotting results. (C, D, E, and F) 
Quantification of the protein expression of p-p38, p-SAPK/JNK, p-ERK1/2, and p-IкB. All data were shown as the mean ± SD (n = 3). *P < 0.05, 
**P < 0.01 compared with that of the TNF-α group.
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increasing the body’s sensitivity to insulin, thereby alleviating 
the insulin resistance (Khoramipour et al., 2021). According to 
reports, ADPN could also inhibit the production and release of 
TNF-α and has a particular anti-inflammatory effect (Rebollo-
Hernanz et al., 2019). Thence, the IL-6, MCP-1, and ADPN mRNA 
expression levels were detected. We observed that the IL-6 and 
MCP-1 mRNA expression levels were significantly elevated with 
LTF treatment, whereas the expression of ADPN mRNA was 
observably decreased. Therefore, LTF could alleviate the cellular 
inflammatory response caused by TNF-α in 3T3-L1 adipocytes.

MAPK is one of the vital signal transduction systems in 
organisms, and it participates in mediating various cellular 
processes such as growth, development, division, differentiation, 
death, and intercellular functional synchronization (Yang et al., 
2017; Zhao et al., 2019). The threonine and tyrosine on the T-loop 
structure of the three subfamilies of MAPK (p38, JNK, ERK) 
are activated by dual phosphorylation under the stimulation 
of TNF-α (Foletta  et  al., 1998; Shin  et  al., 2021). Then, the 
MAPK subfamily undergoes nuclear enters the nucleus to link 
the inflammatory response element on DNA, upregulating the 
expression of downstream inflammation genes (such as TNF-α, 
IL-1, IL-6, and other adipokines) (Ono & Han, 2000). TNF-α 
can activate IKK, phosphorylate IκB, and dissociate from NF-κB, 
thereby intensifying the inflammatory response caused by insulin 
resistance (Li et al., 2018; Li et al., 2015). Here, we found that 
the phosphorylation of MAPK and NF-κB signaling pathways 
were dramatically inhibited after LTF treatment.

5 Conclusion
In summary, this study demonstrates that LTF effectively 

ameliorates TNF-α-induced IR and inflammatory response 
in 3T3-L1 adipocytes via regulating the MAPK and NF-κB 
signaling pathways. LTF might be applied as a novel candidate 
to develop functional foods.
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