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Inflammatory stimulation plays a significant role in the development and worsening of insulin-resistant
diabetes. Therefore, it is crucial to identify therapeutic agents that can alleviate insulin resistance by
targeting inflammation. Here, we present evidence that Bakuchiol (BL), a monoterpene phenolic compound
first discovered from Psoralea corylifolia L. as traditional Chinese medicine, can effectively improve
insulin resistance in diabetic mice through anti-inflammation. Our findings demonstrate that BL alleviates

Keywor ds inflammation by inhibiting the toll-like receptor 4/nuclear factor kB/mitogen-activated protein kinase axis,
nguchlol consequently enhancing insulin receptor signaling through the c-Jun N-terminal kinase/suppressors of cytokine
Dlabjctes . signaling 3/insulin receptor substratel pathway and improving glucolipid homeostasis. Furthermore, the insulin
Insulin esistance recovery achieved with BL (60 mg/kg) was comparable to that of metformin (200 mg/kg). These results provide
Eﬁzﬁﬁlaction further support for considering BL as a potential treatment option for insulin-resistant diabetes mellitus.

© 2024 Beijing Academy of Food Sciences. Publishing services by Tsinghua University Press.
This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction The development of IR is often accompanied by chronic

inflammation. Inflammatory factors can interfere with the insulin

Diabetes mellitus (DM) is currently the leading cause of death,
cardiovascular complications, and health care burden worldwide.
It affects more than 500 million people, with the vast majority of
cases being type 2 diabetes mellitus (T2DM)"™. T2DM is a systemic
metabolic disease characterized by persistent hyperglycemia and
insulin resistance (IR). IR refers to a pathophysiological state in which
the organs or cells targeted by insulin have reduced sensitivity to its
effects. This leads to reduced glucose uptake and utilization mediated
by insulin®.
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signaling pathway and exacerbate IR, Inflammation leading to IR is
mainly dependent on the insulin receptor substrate 1 (IRS1) in the IRS1/
phosphatidylinositol-3-hydroxy kinase (PI3K)/protein kinase B (Akt)
signaling pathway. Inflammatory secretion can activate the mitogen-
activated protein kinase (MAPK) signaling pathway, prompting c-Jun
N-terminal kinase (JNK) to activate the serine and threonine residues
(Ser/Thr) of IRS1, inhibiting the phosphorylation of the normal
tyrosine (Tyr) site of IRS1, which in turn inhibits the PI3K/Akt
signaling pathway and attenuates glucose transporter 4 (GLUT4)
translocation in adipose cells, which results in reduced insulin
utilization in peripheral tissues and ultimately leads to IR™'. Thus,
IRS1 phosphorylation plays a key role in inflammation-induced
impaired insulin signaling and IR.

Natural products, particularly terpenoids such as gentiopicroside,
resveratrol, hydroxytyrosol, andrographolide, and salvianolic
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acid, have been reported to have hypoglycemic effects and play an
important role in the treatment of T2DM and its complications due
to their effective action, mild process, and low toxic side effects ',
Bakuchiol, the main active compound of the Chinese herbal medicine
psoralen, has various pharmacological activities, including anti-

1% anti-influenza virus'”,

inflammatory"”', tumor suppression
antifungal effects"”’. Tt has also gained popularity as an ingredient in
cosmetic skin care products due to its excellent antioxidant and anti-
aging properties’”.

Psoralea corylifolia L. is a widely used herbal medicine with
multiple pharmacological activities”*'"". Bakuchiol (BL), isolated
from P. corylifolia L., has been found to improve blood glucose
levels in diabetic mice and attenuate hyperglycemia-induced diabetic
cardiomyopathy'”**"!. However, underlying the ability of BL to
improve disorders of glucolipid metabolism and IR induced by a
high-fat diet (HFD) are still unknown. To shed light on this, we
conducted a study utilizing proteomic and gut microbiome sequencing
technologies with two cell lines: adipocytes and macrophages.
The aim was to validate the regulatory mechanisms involved. Our
findings indicate that BL inhibits Toll-like receptor 4 (TLR4)/
nuclear factor kB (NF-kB) and MAPK signaling pathways, thereby
activating suppressors of cytokine signaling 3 (SOCS3)/IRS1-
mediated inhibition of insulin signaling. This study is the first to
reveal the mechanisms through which the monoterpene BL effectively
ameliorates inflammation-induced IR and glucolipid metabolism
disorders caused by inflammation.

2. Materials and methods
2.1 Materials

Bakuchiol, 3-isobutyl-1-methylxanthine (IBMX), and
dexamethasone (Dex) were purchased from Cayman (Ann Arbor,
Michigan, USA) and detailed chemical information is listed in Table S1.
Antibodies are listed in Table S2.

2.2  Mice and treatments

Male Kunming (KM) mice ((18 £ 2) g, 4-6 weeks old) were
purchased from the Henan Provincial Laboratory Animal Center
under license number SCXK 2017-0001. All animals were housed in
a SPF environment with alternating cycles of constant temperature
(25 £2) °C and constant humidity (40%—45%) with 12 h of light and
12 h of darkness. All experimental operations followed the Chinese
Animal Welfare Law and were approved by the Ethics Committee of
Henan University.

The diabetic mouse model was replicated as previously
reported””. Briefly, animals were randomly assigned to each group
(n = 10) and fed normal chow or HFD for 4 weeks. After this, high-
fat mice were given a single intraperitoneal dose of 100 mg/kg
of streptozocin (STZ). After successful modeling (fasting blood
glucose (FBG) > 16.7 mmol/L), BL was administered by gavage
administration of 60, 30, and 15 mg/kg of BL (0.1 mL/10 g)**. The
positive group was given metformin (200 mg/kg) by gavage. On day
30 of drug administration, mice were euthanized by eye removal, and

Z.H. Liu et al. / Food Science and Human Wellness 13 (2024) 3159-3170

serum was collected to determine glucose, lipid, oxidative stress and
inflammation levels using assay kits (Jian Cheng Biotechnology Co.,
Ltd., Nanjing, China). The liver and pancreas were fixed in 4% (V/V)
paraformaldehyde and embedded in paraffin, sections were stained
with hematoxylin and eosin (H&E) to assess morphology. The
epididymal fat and cecum contents were rapidly frozen using liquid
nitrogen for later analysis.

2.3 Proteomic analysis of epididymal fat in mice

Quantitative protein isobaric tagging (IBT) analysis was
performed as described previously™. Nine mice were randomly
selected from the control group, model group and BL (60 mg/kg)
group, respectively, and the epididymal adipose tissues of every 3 mice
were combined into 1 sample, resulting in a total of 9 samples for the
proteomic experimental study. Detailed methods are described in the
supporting information.

2.4 16S rRNA sequencing and determination of short-chain
fatty acids (SCFAs)

DNA extraction from cecum contents was performed as
previously described”®. DNA concentration was measured using
the Equalbit dsDNA HS Assay Kit, amplified by polymerase chain
reaction (PCR) and library construction, and sequenced using [llumina
MiSeqg/Novaseq (Illumina, San Diego, CA, USA). The concentration
of SCFAs in the cecum contents was analyzed by high performance
liquid chromatography (HPLC), following a modified protocol

previously described to determine™".

2.5 Cell culture

The 3T3-L1 adipocytes and RAW264.7 cells were purchased from
the cell bank of the Chinese Academy of Sciences (Shanghai, China).
The cells were maintained in DMEM medium (with a mixture of 10%
neonatal bovine serum and 1% penicillin) and placed in an incubator
at 37 °C and 5% CO,. The cells could be passaged when the cell
fusion was about 80%. For adipocyte differentiation, cells that had
been exposed to inhibition were induced with medium A (containing
0.5 mmol/L IBMX, 1 umol/L Dex and 10 pg/mL insulin) on day 4
after cell inoculation and maintained with medium B (containing
10 pg/mL insulin) for 2 days on day 7, after which they were replaced
with normal medium for 2 days. For the RAW264.7 cell inflammation
model, the cells were inoculated and incubated for 24 h. After this,
they were pretreated with BL for 1 h. At the same time as the model
group, the cells were treated with 1 pg/mL LPS for 24 h.

2.6 Cell viability

After treating of 3T3-L1 preadipose or RAW 264.7 cells with
different concentrations of BL (120, 60, 30, 15 and 7.5 pmol/L) for
24 h, the cells were then incubated for 4 h with MTT solution (10 pL)
protected from light. Next, the medium was discarded and DMSO
(100 pL) was added to dissolve the blue-purple crystals. The cells
were further incubated at 37 °C for 10 min, and the absorbance was
measured at 490 nm using an enzyme marker.
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2.7  Cellular Oil Red O staining

The differentiated adipocytes were washed three times with
phosphate buffered saline (PBS) after discarding the medium, and the
cells were fixed with 10% paraformaldehyde for 40 min. The cells
were then rinsed three times with PBS buffer slowly, and the cells
were stained with Oil Red O staining solution (0.25 g of Oil Red O
powder dissolved in 100 mL of isopropanol) for 30 min. The staining
solution was discarded, the cells were rinsed 3 times with PBS and
photographed with an inverted microscope.

2.8 Western blot analysis

Cells or epithelial fat was lysed using RIPA lysis buffer on
ice for 30 min. Then, lysates were centrifuged at 12 000 r/min for
10 min at 4 °C and subjected to sodium dodecyl sulfate-
polyacrylamide gel electrophoresis. Western blot was performed
as described previously”™”. Immunoblotting was performed using
specific antibodies to assess the expression of different proteins.

2.9 Quantitative real time-polymerase chain reaction (qPCR)

Total RNA from cells was extracted with TRIzol, and gDNA
was removed by a kit (TaKaRa) and reverse transcribed to cDNA.
gqPCR analysis was performed using TB Green® Premix Ex
Tag™ 11 (Tli RNaseH Plus) in a gradient PCR detection system
(MyCycler™Thermal Cycler). mRNA expression was normalized to
GAPDH. The primer sequences are listed in the Table S3.

2.10  Immunofluorescence

RAW264.7 cells were washed 3 times slowly with PBS (3 min
each time) and fixed with 4% paraformaldehyde for 30 min, followed
by permeabilization with 0.5% TritonX-100 for another 15 min. Cells
were blocked with 10% goat serum for 1 h at room temperature and
then incubated overnight at 4 °C with the primary antibody (NF-«xB
p65). After washing with PBS, the cells were incubated with Alexa
Fluor-coupled secondary antibody for 2 h at room temperature
and protected from light. Afterward, the nuclei were stained with
4’,6-diamidino-2-phenylindole (DAPI) solution for 5 min in the
dark and images were captured using a laser confocal fluorescence
microscope (Nikon-A1R/STORM).

2.11 Flow cytometry

RAW264.7 cells were collected in EP tubes, washed with
DMEM, and processed according to the reactive oxygen species (ROS)
kit instructions™. After passing through a 300-mesh nylon sieve,
the cells were tested on the instrument. Flow cytometry analysis was
performed using a FACSArial III flow cytometer (BD FACSVerse,
USA). The data were analyzed using FlowJo software (V.10.4,
FlowJo, USA).

2.12  Statistical analysis

All experimental data are expressed as the mean + standard
deviation (SD) and were analyzed by SPSS 25.0 (SPSS Inc.).
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Unpaired Student’s #-test was used to compare between 2 groups
and multiple comparisons were assessed by one-way ANOVA with
Turkey’ tests. Statistical significance defined as P < 0.05.

3. Results

3.1 BL lowers the levels of glycolipids and inflammatory
factors in T2DM mice

To determine the hypoglycemic function of an isoprenoid
phenolic heteroterpenoid (BL structural formula as shown in Fig. 1A),
the effects of BL on glycemic parameters and insulin levels in diabetic
mice were first evaluated. The level of FBG, glycated serum protein
(GSP) in mice were significantly reduced by BL (Figs. 1B and C), and
the effect of BL was superior to that of metformin. Meanwhile, the
level of insulin was found to be significantly increased (Fig. 1D). To
shed light on the mechanism of blood glucose lowering by BL, IBT
quantitative proteomic analysis was performed by mass spectrometry.
In total, 4 940 proteins were quantified in mice epididymal fat from
control, model and BL treatment groups; 331 of these proteins
were significantly differentially expressed in the treatment group
compared to the model group (fold change > 1.5, P < 0.05);
177 were upregulated and 154 were downregulated in expression,
and 6 proteins were randomly selected from each of these groups for
expression validation (Figs. S1A and B).

Enrichment and integration analysis of biological processes
of differentially expressed proteins according to Gene Ontology
(GO), ranked by the size of the enrichment factor, revealed that BL
treatment resulted in the most significant anti-inflammatory function
(negative regulation of cytokine secretion in immune). In addition,
intestinal regulation (pancreatic fluid secretion, intestinal cholesterol
absorption), lipid metabolism (triglycerides, plasma lipoproteins and
cholesterol)*' and antioxidant (oxidoreductase activity and retinoid
metabolism) functions were also altered (Fig. 1E). To further confirm
the proteomic results, a stepwise validation of the biological processes
mentioned above was carried out. The first was the validation of the
negative regulation of cytokine secretion. The levels of interleukin 6
(IL-6), tumor necrosis factor a (TNF-a), (Fig. 1F), and IL-1fB
(Fig. S1C) in mouse serum were measured by enzyme-linked
immunosorbnent assay (ELISA), and BL was found to significantly
reduce the STZ-induced elevation of inflammatory factors.

This was followed by the validation of the regulatory function
of the gut, as multiple studies have previously shown that intestinal
microbiota may regulate obesity and metabolic syndrome™ . To
this end, 16S rRNA sequencing was conducted on each group of cecum
content samples. The results revealed that BL not only enhanced the
diversity of the colony (Fig. S1D), but also reduced the abundance of
Lachnospiraceae and increased the abundance of Roseburia (Fig. S1E).
Lachnospiraceae, a core bacterium of the intestine, provides energy
to the host mainly through the production of acetic acid””; while
Roseburia, an anti-inflammatory factor, can produce large amounts
of butyric acid to interact with the host™. To further validate the
16S rRNA sequencing results, the abundance of SCFAs (acetic acid,
propionic acid, and butyric acid) in the cecum contents was examined
using HPLC. The results showed that the abundance of acetic acid
significantly decreased, butyric acid significantly increased, and propionic
acid did not change significantly after BL treatment (Fig. S1F).
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Fig.1 The therapeutic effect of bakuchiol (BL) on high-fat, high-glucose combined with STZ in T2DM based on proteomic GO analysis. (A) Chemical structure
of BL. (B) Effect of BL on FBG in mice. (C) Effect of BL on GSP in mice (n = 10). (D) Effect of BL on insulin levels in mouse serum (7 > 6). (E) Top 10 GO
entries obtained from the integration of significantly different protein enrichments in the BL treatment and model groups in proteomics. (F) Effects of BL on serum
levels of inflammatory factors TNF-a and IL-6 in mice (n = 10). (G) Effect of BL on serum triglyceride (TG) and total cholesterol (TC) levels in mice (n > 6).
(H) Effect of BL on serum high-density lipoprotein cholesterol (HDL-C) and low-density lipoprotein cholesterol (LDL-C) levels in mice (n = 10). (I) Pathological effects
of BL on mouse pancreatic tissue. (J) Effect of BL on pathological effects on mouse liver tissues. (K) Effect of BL on malondialdehyde (MDA) and total antioxidant
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This corresponded to the microbiota sequencing results and
further demonstrated that BL can interact with the host through
intestinal microorganisms and their metabolites to perform
anti-inflammatory functions.

For the validation of lipid metabolism function, it has been shown
that abnormal lipid metabolism may be due to the long-term elevated
blood glucose level in mice and the conversion of large amounts of
sugar to fat™". The results indicated that BL effectively reduced serum
levels of triglyceride (TG) and total cholesterol (TC), and low-density
lipoprotein cholesterol (LDL-C) (Figs. 1G and H). Additionally, it
elevated high-density lipoprotein cholesterol (HDL-C) levels (Fig. 1H).
Moreover, through H&E staining, it was observed that BL had an
impact on the pancreas of diabetic mice, the alveolar cells were
swollen and enlarged, irregularly arranged, with some degeneration
and necrosis, and the inflammatory infiltration was obvious (Fig. 11).
In the liver, the cells were disorganized, locally deformed and

necrotic, with a whitish field of view under the microscope, and the
occurrence of steatosis, hepatocellular enlargement accompanied
by inflammatory infiltration (Fig. 1J), while BL ameliorated the
damage of liver and pancreatic tissues in diabetic mice. Furthermore,
the results of significantly reduced malondialdehyde (MDA) level
(Fig. 1K) and significantly increased catalase (CAT), superoxide
dismutase (SOD) (Figs. S1G and H) and total antioxidant capacity
(T-AOC) levels (Fig. 1K) also indicated that BL could effectively
attenuate tissue peroxidative damage, which validated the predicted
results of the proteomic function.

The above evidence suggests that including intestinal
metabolites, the pathological basis of IR and oxidative stress-induced
inflammation, all suggest that BL is likely to exert its hypoglycemic
function mainly through anti-inflammation, and we will next
investigate how BL regulates glucose homeostasis through anti-
inflammation as well.
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3.2 BL ameliorates IR in 3T3-L1 adipocytes

Blockage of insulin receptor signaling is the main mechanism of
IR diabetes mellitus and is also often accompanied by inflammation®’.
Hence, to confirm the effect of BL on IR and hypoglycemic activity,
we first studied the role of BL in 3T3-L1 adipocytes. The MTT assay
revealed that BL was not cytotoxic at concentrations ranging from
3.25 to 50 umol/L (Fig. 2A). After maturation of adipocyte-induced
differentiation (Fig. S2), BL was found to significantly promote the
glucose uptake capacity of adipocytes (Fig. 2B) and significantly
promoted GLUT4 transcription (Fig. 2C) and protein expression
levels (Fig. 2D), comparable to the effect of the positive control
sodium pervanadate (Van). To elucidate the hypoglycemic pathway
of BL in adipocytes, we found that BL activated the IRS1/PI3K/
Akt axis, the central link of the insulin pathway, and that p110a, the
catalytic subunit of PI3K, was significantly increased in expression
and phosphorylation levels of IRS1 and Akt by BL (Figs. 2E and F).
To further validate this result, the pathway-specific inhibitor
Wortmannin (Wort) was used and the expression levels of p110a and
Akt were examined (Figs. 2G and H). The results confirmed that BL
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could improve IR in 3T3-L1 adipocytes by activating the PI3K/AKT
signaling pathway.

3.3 BL inhibited LPS-induced inflammation and oxidative
stress in RAW264.7 cells

A model of LPS-induced inflammation in RAW?264.7 cells was
used to confirm the anti-inflammatory effect of BL. After finding no
effect of BL on cell viability at concentrations ranging from 3.125 to
50 umol/L by MTT assay (Fig. 3A), 12.5 to 50 umol/L was selected
for the study. BL significantly inhibited NO secretory capacity
(Fig. 3B), inducible nitric oxide synthase (iNOS) transcript level
(Fig. 3C), and protein expression (Fig. 3D), which are signature
molecules of M1 macrophages induced by TLR ligands and
inflammatory cytokines™”'. BL also significantly inhibited the
transcription (Fig. 3E) and protein expression level (Fig. 3F) of
cyclooxygenase 2 (COX-2), a common inducible enzyme in the
inflammatory response. Moreover, BL likewise decreased the levels of
pro-inflammatory cytokines such as IL-6 (Fig. 3G) and TNF-o (Fig. 3H),
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and chemokines such as macrophage inflammatory protein 1
(MIP-10) (Fig. S3A) and monocyte chemoattractant protein 1 (MCP-1),
(Fig. S3B).

We next sought to elucidate the mechanism by which BL reduces
LPS-induced inflammation. In the proteome sequencing results of
diabetic mice, the GO analysis also showed an enrichment of functions
related to the activation of the MAPK pathway. Furthermore, BL
treatment significantly inhibited LPS-induced phosphorylation
levels of p38, extracellular regulated protein kinase (ERK) and JNK
proteins in RAW?264.7 cells (Fig. 4A). In addition, elevated TNF-a
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levels suggest that NF-kB can cause activation of inflammatory genes
through nuclear translocation of the p65 component of the complex,
while TLR, a component of the innate immune system, recognize
the molecular pattern of microbial components and the TLR4/NF-«xB
signaling pathway can lead to organismal inflammation™”. Therefore, we
investigated the anti-inflammatory properties of BL on the TLR4/NF-kB
signaling pathway. The results demonstrated that BL effectively
suppressed the transcriptional levels of TLR4, MyDS8S8, TICAMI (Fig. 4B),
as well as NF-xB phosphorylation and inhibitor of NF-xB (IxB)
expression (Fig. 4C) in RAW264.7 cells. Moreover, BL significantly
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Fig. 3 Effect of BL on LPS-induced inflammation in RAW264.7 cells. (A) Effect of BL on the viability of RAW264.7 cells. (B) Effect of BL on NO secretion in
RAW264.7 cells by nitrate reductase assay. (C) qPCR to detect the effect of BL on iNOS expression in RAW264.7 cells. (D) Western blot were used to assess the
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inhibited the nuclear translocation of NF-«kB, as observed through laser
confocal imaging (Fig. 4D). Additionally, flow cytometry analysis
revealed that BL. markedly reduced the ROS content induced by LPS in
RAW264.7 cells (Fig. 4E). These experimental results suggest that BL
inhibited LPS-induced inflammation and oxidative stress.

3.4 BL ameliorates IR in 3T3-L1 adipocytes via anti-
inflammation

We aimed to elucidate the causal relationship between
inflammation and IR in 3T3-L1 adipocytes. Transwell chambers
were initially observed using an inverted microscope to study the
migration process of RAW264.7 cells towards adipocytes (Fig. 5A).
It was discovered that the treatment with BL hindered the infiltration
of RAW264.7 cells into adipocytes (Fig. 5B). Likewise, BL reduced
the elevation of inflammatory factors and chemokines induced by
TNF-a stimulation in adipocytes (Figs. 5C, S4A and B). SOCS3,
as a ubiquitinated linker protein, can competitively inhibit the
phosphorylation of IRS1, leading to IR"”". Thus, Western blot analysis
revealed that BL significantly decreased the expression of SOCS3 and
increased the phosphorylation level of IRS1. These findings indicate

that BL effectively improves inflammation-induced IR in 3T3-L1
adipocytes (Fig. SD). In addition, BL reduced NF-xB phosphorylation
and IxB expression levels (Fig. SE) that were elevated by TNF-a
stimulation, and likewise decreased the phosphorylation levels of INK
(Fig. S4C), further confirming the promising anti-inflammatory and
hypoglycemic effects of BL.

4. Discussion

T2DM remission is associated with the correction of obesity
and islet B-cell dedifferentiation, and importantly, also with the
correction of IR™™. Tt is a type of metabolic disorder syndrome that
[40

is due to a genetic defect™”. In this study, a high-fat and high-sugar
diet combined with STZ was used to induce a T2DM mouse model
with IR. STZ has a selective destructive effect on pancreatic -cells,
and the combination of high-fat and high-sugar diet feeding can
prepare mice into a diabetes mellitus model that more closely
resembles human suffering[‘”]. Metformin, as a clinical first-line drug,
can be used by enhancing the affinity of insulin to its receptor'*”.
While our results showed that BL possessed insulin recovery levels
comparable to those of metformin, indicating the potential of BL to
be developed as a hypoglycemic agent. To further understand the
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Fig. 4 BL inhibits inflammation in RAW264.7 cells via TLR4/NF-kB and MAPK signaling pathways. (A) The effect of BL on MAPK signaling pathway-related
protein expression was analyzed by Western blot as well as quantified by Image J. (B) qPCR analysis of the expression levels of TICAM1, MyDS88 and TLR4 in
RAW264.7 cells. (C) The effect of BL on the expression of NF-«xB signaling pathway-related proteins was analyzed by Western blot as well as quantified by Image J.
(D) The effect of BL on p65 nuclear translocation was observed using laser confocal microscopy. (E) Flow cytometry detection of the effect of BL on LPS-induced
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*P < 0.05, #*P < 0.001 vs. model group.
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underlying molecular mechanisms, we generated a proteomic profile
of adipose tissue, and several enriched functions point to a strong
correlation between the effects of BL and anti-inflammation. i) As
a proven anti-inflammatory and antioxidant natural product, BL has
been shown to modulate the abnormal production of inflammatory
molecules and endogenous antioxidants™**!. And here we found
antioxidant and retinoid processes that imply a protective effect
of BL in inflammation and oxidative stress that accompany IR.
ii) The regulation of gut microbes and their metabolites. Our results
showed that BL significantly increased the abundance of Roseburia
as well as butyrate, the main producer of butyrate, and several studies
have shown its important role in T2DM"**”. Furthermore, it has
been well established that the reduction of butyrate directly controls
the inflammatory response of adipocytes, which further suggests
to us that BL alleviates IR through anti-inflammatory factors™**.
iii) Importantly, the negative regulation of MAPK and cytokines points
even more directly to the association of BL with anti-inflammation””".
As the main target organ for T2DM, adipose tissue acts as an
endocrine organ in the body, secreting a variety of adipokines that
regulate systemic metabolism''
is directly related to the occurrence of other metabolic diseases such

!, The differentiation of adipocytes

as glucolipid metabolism. Therefore, we chose 3T3-L1 adipocytes,

52-53]
, as

which are widely used in the study of glucolipid metabolism'
the subject of our in vitro study. The normal conduction of the insulin
signaling pathway is required to ensure its biological effects. Any
impairment in any of the links can lead to abnormal signaling and
generate IR. Most of the new drugs under development and old drugs
already approved for T2DM are focused on improving the PI3K/
AKT axis transduction®™ ', Dex is able to cause a decrease in insulin
effect, leading to the development of diabetes mellitus”™. We found
that BL activated the IRS1/PI3K/Akt signaling pathway inhibited by
Dex, demonstrating that BL increases insulin sensitivity in adipocytes
in vitro.

Inflammatory stimuli are important factors in generating and
exacerbating IR. Ameliorating IR by suppressing the inflammatory

response is the focus of new drug development and clinical research.
With this in mind, we induced the inflammatory state of RAW264.7
cells with LPS and found that BL confirmed its excellent anti-
inflammatory activity by inhibiting the expression of TLR4/NF-«xB/
MAPK signaling pathway-related proteins. This is consistent with

15,57
| IkB acts as a suppressor

the results previously reported for BL'
of NF-kB. After oxidative stress, IkB dissociates from NF-xB and
NF-kB enters the nucleus to regulate the expression of related
inflammatory factors”. The phosphorylation of IxB is mediated
by IKK, which inhibits the binding of insulin receptors to IRSI,
blocking the normal insulin transmission pathway and eventually
leading to IR™'. In addition, the MAPK signaling pathway of INK
activates the Ser307 site on IRS1, blocking the normal Tyr632 site
phosphorylation, which in turn leads to IR™®'. The GO functional
enrichment also indicates a potential link between MAPK and T2DM.
Thus, the results of the present study suggest that BL exerts anti-
inflammatory effects to improve IR by inhibiting the secretion of
adipocyte chemokines through suppressing NF-kB, JNK, and SOCS3
protein expression. It also inhibits the recruitment of macrophages
by adipocytes. Similar findings have been found in other terpenoids
that ameliorate IR through anti-inflammation. For example, baicalin
can improve IR by inhibiting the MAPK signaling pathway and
cytoplasmic inflammation, activating the IRS1/PI3K/Akt axis and

62 63
[62] []C

thus improving IR™"". Additionally, lycopene™ and geniposide'®” can

also ameliorate IR through anti-inflammation.

5. Conclusion

The study investigated how BL helps reduce IR and improve
glucolipid metabolism. It was discovered that BL reduces
inflammation by inhibiting the TLR4/NF-kB and MAPK signaling
pathways. As a result, BL improves IR by impacting the JNK/
SOCS3/IRS1 pathway. This study offers valuable insights into the
development of glucose-lowering medications involving BL.
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