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Purpose: Macrophages play a pivotal role in the progression of atherosclerosis (AS), and targeting macrophage-associated patholo-
gical processes has emerged as a promising therapeutic strategy for AS. Flavonoids have demonstrated potent antioxidant properties
with potential anti-atherosclerotic effects. This study aimed to investigate the therapeutic effects of the flavonoid calycosin-7-glucoside
(CG) on AS and elucidate its underlying molecular mechanisms.

Methods: Macrophages were differentiated from human monocytic THP-1 cells by treatment with phorbol-12-myristate-13-acetate
(PMA). Foam cell formation was induced by exposing differentiated macrophages to oxidized low-density lipoprotein (ox-LDL). Protein
and inflammatory cytokine expression levels were assessed using RT-qPCR, Western blot, and ELISA assays. Total cholesterol and free
cholesterol levels were quantified using commercial kits, and lipid droplet accumulation was visualized using Nile red staining.
Results: Activation of activating transcription factor 1 (ATF-1) was found to mediate CG-induced suppression of inflammatory
responses and foam cell formation in ox-LDL-exposed THP-1-derived macrophages. CG treatment enhanced p38 MAPK activity,
which was responsible for ATF-1 activation and subsequent inhibition of inflammation and foam cell formation. Mechanistically, ATF-
1 facilitated CG-induced anti-atherosclerotic effects by upregulating liver X receptor beta (LXR-3) and cystic fibrosis transmembrane
conductance regulator (CFTR), which are critical for lipid metabolism and inflammation regulation, respectively.

Conclusion: CG attenuates ox-LDL-induced foam cell formation and inflammatory responses in THP-1-derived macrophages by
activating the p38 MAPK/ATF-1 signaling pathway, leading to the upregulation of LXR-B and CFTR. These findings highlight the
potential of CG as a therapeutic agent for AS.
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Introduction

Atherosclerosis (AS) serves as the principal pathological driver of cardiovascular and cerebrovascular diseases, account-
ing for significant global morbidity and mortality.'” Central to AS pathogenesis is the formation of lipid-laden foam
cells, a process primarily mediated by oxidized low-density lipoprotein (ox-LDL) uptake in macrophages.'” This
pathogenic cascade triggers intracellular cholesterol accumulation, foam cell differentiation, and subsequent plaque
formation and vascular remodeling. Given the pivotal role of ox-LDL-induced foam cell generation in AS progression,
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therapeutic strategies targeting this process hold considerable promise for preventing and potentially reversing athero-
sclerotic lesion development.”

Calycosin-7-glucoside (CG), a principal bioactive isoflavone derived from Astragalus membranaceus, exhibits diverse
pharmacological properties including, neuroprotective effects, cardioprotective activity against myocardial injury, antic-
ancer potential, and hepatic steatosis amelioration.’ > Notably, as a key serum component of Buyang Huanwu decoction,
a traditional Chinese medicine formulation for cardiovascular and cerebrovascular disorders, CG has demonstrated anti-
atherosclerotic potential by inhibiting excessive mitochondrial fission in diabetic conditions.® Despite these promising
findings, the therapeutic efficacy of CG against AS and its precise molecular mechanisms remain to be fully elucidated.

Activating transcription factor-1 (ATF-1), a member of the ATF/CREB family, functions as a crucial transcriptional
regulator through its ability to form homo- or heterodimers with other bZIP transcription factors.” This versatile regulatory
capacity enables ATF-1 to modulate the expression of numerous target genes involved in diverse cellular processes, including,
cell proliferation and differentiation, cellular survival and stress responses, and metabolic regulation.” '® Of particular
therapeutic relevance, emerging evidence suggests that ATF-1-mediated pathways may confer protection against foam cell
formation and oxidative stress in AS."" However, the precise molecular mechanisms by which ATF-1 regulates foam cell
development and progression remain poorly understood, representing a critical knowledge gap in the field.

The p38 mitogen-activated protein kinase (MAPK) signaling pathway plays a pivotal role in AS pathogenesis by
modulating foam cell formation and inflammatory responses.'> While ATF-1 has been established as a downstream
effector of p38 MAPK in various cell types, including macrophages,”'? its specific involvement in p38 MAPK-mediated
regulation of foam cell formation and inflammatory responses remains to be elucidated. This knowledge gap presents an
important area for investigation, given the therapeutic potential of targeting this signaling axis in AS.

Building upon these findings, the present study was designed to systematically investigate the therapeutic potential of
CG in attenuating ox-LDL-induced foam cell formation and inflammatory responses, and the underlying molecular
mechanisms in monocyte-derived macrophages.

Materials and Methods

Cell Culture and Differentiation

Human monocytic THP-1 cell lines were obtained from Shanghai Zhong Qiao Xin Zhou Biotechnology Co., Ltd (ZQ0086,
Shanghai, China). Cells were maintained in RPMI1640 medium (ZQ-200, Zhong Qiao Xin Zhou) supplemented with 10%
fetal bovine serum (ZQ0500, Zhong Qiao Xin Zhou) and incubated at 37 °C in a cell culture incubator containing 5% CO, and
95% air. THP-1 cells were differentiated into macrophages by incubating with 100 ng/mL phorbol-12-myristate-13-acetate
(PMA, HY-18739, MedChemExpress, USA) for 48 h. To induce foam cell formation, the harvested macrophages were
cultured in serum-free medium containing 100 ng/mL ox-LDL (HY-NP013, MedChemExpress) for 24 h.

Cell Counting Kit 8 Assays

Cells were treated as indicated, the cell counting kit-8 (CCK-8; HY-K0301, MedChemExpress) reagent was subsequently
added in the culture medium and the cells were then incubated for 1 h. The microplate reader (Thermo Fisher Scientific)
was used to measure the absorbance at 450 nm.

Western Blot Analysis

Western blot analysis was performed as described previously.'* Briefly, a total of 25 ug proteins were separated using
4-12% SDS-PAGE gels and transferred onto PVDF membranes. The membranes were blocked with 5% skim milk at
room temperature for 1 h, incubated with primary antibodies against NLRP3 (RM4624; 1ug/mL), ASC (BD-PT0365;
1pg/mL), caspase-1 (RM6624; 0.5ng/mL), ATF-1 (RM4830; 0.5pg/mL), Phospho-ATF-1 (BD-PT1351; 1pg/mL), CFTR
(BD-PT0888; 0.5ug/mL), ERK (BD-PT1625; 0.5ug/mL), Phospho-ERK (BD-PP0101; 1pg/mL), AKT (RM1117; 0.5pg/
mL), Phospho-AKT (RM4971; 1pg/mL), INK (RM1210; 0.5pg/mL), Phospho-JNK (RM2676;1ug/mL), p38 (RM4573;
0.5ug/mL), Phospho-p38 (RM2014; 1pg/mL), ABCA1 (BD-PN2847; 0.5ug/mL), and B-actin (B8010; 0.25ug/mL) at 4
°C overnight, followed by corresponding secondary antibodies. All primary and secondary antibodies were obtained from
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Biodragon (Suzhou, China). Blots were developed by ECL detection reagents (PECLO0S8, Proteinbio, China). The Gel-Pro
image program (Media Cybernetics, Las Vegas, USA) was used to measure the intensities of the bands.

Enzyme-Linked Immunosorbent Assay (ELISA)

The levels of pro-inflammatory cytokines (TNF-a, IL-1B, and IL-6) and anti-inflammatory cytokines (IL-10) in cell culture
medium were determined using the following ELISA kits: TNF-a ELISA Kit (NOV-FM-E100136; Neobioscience, China),
IL-10 ELISA Kit (NOV-NB-E10155; Neobioscience), IL-6 ELISA Kit (EHCO007; Neobioscience), and IL-1B ELISA Kit
(NOV-FM-E100053; Neobioscience). Procedures were conducted according to the manufacturer’s instructions.

Nile Red Staining

Nile red staining was used to analyze the lipid droplet content in differentiated THP-1 cells. Briefly, THP-1 cells were
treated with ox-LDL as indicated and then stained with 1 pM Nile red (HY-D0718, MCE) in the dark for 10 min. The
fluorescence microscope (Leica DM2500, Wetzlar, Germany) was used to observe the stained cells.

Cellular Cholesterol Efflux

Cells were treated as indicated and then washed twice with PBS. The cells were subsequently labeled with DMEM
containing [3H]-cholesterol (0.5 puCi/mL, catalog no. NET139001MC; PerkinElmer) and 0.1% (w/v) fatty acid—free
bovine serum albumin for 24 h. The liquid scintillation counting method was employed to detect the medium and cell-
associated [3H]-cholesterol. The percentage of efflux was calculated using the following formula: [total media counts/
(total cellular counts + total media counts)] x 100%.

Measurement of Free Cholesterol and Total Cholesterol
The levels of free cholesterol (FC) and total cholesterol (TC) in the culture medium were measured by commercial kits
(E1005 for TC; E1016 for FC; Applygen Technologies Inc., Beijing, China) following the manufacturer’s instructions.

Transfection of Small Interfering RNAs

FAM-labeled siRNAs against ATF-1, LXR-B, and CFTR were obtained from GenePharma Co Ltd (Shanghai, China).
The siRNAs were transfected into cells with Lipofectamine™ RNAIMAX transfection reagents (13778150, Thermo
Fisher Scientific, USA) according to the manufacturer’s protocol at a final concentration of 50 nM. Transfection
efficiency was proved by fluorescence microscope and target gene knockdown was validated using Western blot. The
sequences of control siRNAs and the siRNA against ATF-1, LXR-, and CFTR were as follows: ATF-1, Forward, 5-UU
CUGAUAAAGAUGAUACCUG-3', Reverse, 5-UUCUGAUAAAGAUGAUACCUG-3"; LXR-B, Forward, 5-UUU
ACAGUGGGUGAAGAAGAA-3', Reverse, 5'-CUUCUUCACCCACUGUAAAGG-3"; CFTR, Forward, 5'-UAUCCU
UUCCUCAAAAUUGGU-3', Reverse, 5'-CAAUUUUGAGGAAAGGAUACA-3'.

Chromatin Immunoprecipitation (ChlIP) Assay

The binding relationship between ATF-1 and LXR-f or CFTR was validated by using a chromatin immunoprecipitation
(ChIP) assay kit (Cat. No. P2078, Beyotime, Shanghai, China). Briefly, after treatment as described in the text, cells were
cross-linked with 1% formaldehyde for 10 min. The reaction was quenched with glycine (0.125 mol/L) for 5 min. Cells
were then washed with ice-cold 1x PBS and resuspended in lysis buffer for ultrasonic treatment four times (model 550
sonic dismembrane; Fisher). The A/G agarose magnetic beads were conjugated with 4 pg anti-ATF-1 (RM4830,
Biodragon) or anti-IgG (Cat. No. A7016, Beyotime) and then incubated with the cell lysate overnight at 4 °C. Cross-
links was reversed at 65 °C for 4 h, and then DNA was recovered by phenol/chloroform extraction. LXR-f or CFTR
promoter enrichment was determined by qPCR. The following primer sequences were used: LXR-B, 5-TCCAA
CTTCCGTGCGGGGCA-3 and 5-CGTCCGGAAGAGGGGCGGAG-3"; CFTR, 5-GGGCAGTGAAGGCGGGGGAA
AGAGC-3' and 5'-CTGGGTGCCTGCCGCTCAACCCTT-3".

Journal of Inflammation Research 2025:18 hetps: 5575



Chen et al

Quantitative Real-Time Reverse Transcription Polymerase Chain Reaction (qQRT-PCR)
Total RNA was extracted from cells using Trizol reagent (15596018CN; Thermo fisher scientific) following the manufac-
turer’s instructions, and 1 pg of total RNA was reverse transcribed into cDNA using One Step PrimeScript miRNA cDNA
Synthesis kit (#D350A; TaKaRa, Dalian, China). Real-time PCR assays were carried out using TB Green Premix Ex 7aq 11
(RR820A) on an ABI 7300 Real-Time PCR System (Applied Biosystem, Foster City, USA). The gene expression levels were
calculated using the 2 T method, and GAPDH was used as the internal control. The following primers were used: LXR-p-
forward, 5-AACAACTGGGCATGATCGAG-3’' and LXR-B-reverse, 5'-CTCAGTGAAGTGGGCAAAGC-3"; CFTR-
forward, 5'- GCTCCTACACCCAGCCATTT-3’ and CFTR-reverse, 5'- AGAACACGGCTTGACAGCTT-3'; and GAPDH-

forward, 5'- CTGACTTCAACAGCGACACC-3' and GAPDH-reverse, 5'- GTGGTCCAGGGGTCTTACTC-3".

Statistical Analysis

Data are expressed as mean + standard deviation (SD) from a minimum of three independent experiments. All statistical analyses
were conducted using Prism 10.0 software (GraphPad Software, San Diego, CA, USA). Prior to analysis, data were assessed for
normality (Shapiro—Wilk test) and homogeneity of variance (Levene’s test). For datasets satisfying these assumptions, compar-
isons between two groups were performed using Student’s #-test, while multiple-group comparisons were analyzed by ordinary
one-way ANOVA followed by Bonferroni and Tamhane’s T2 post-hoc tests. For datasets violating normality or homogeneity
assumptions, non-parametric tests were applied. A P-value < 0.05 was considered statistically significant.

Results
CG Increases the Viability of THP-1-Derived Macrophage

To determine the effect of CG on the viability of THP-1-derived macrophage, THP-1 cells were induced to differentiate
into macrophages by PMA treatment (100 nM) for 48 h. As shown in Figure 1A, cell viability remains unchanged with
CG treatment (0-100 pM), suggesting that CG had no cytotoxic effect on THP-1-derived macrophage. To assess CG's
protective effect on ox-LDL-induced foam cells and inflammation, THP-1-derived macrophage were pretreated with
different concentrations of CG for 24 h prior to being stimulated with 50 pg/mL ox-LDL. As shown in Figure 1B, CG
reduced ox-LDL-caused cell viability damage in THP-1-derived macrophage in a dose-dependent manner. As CG at
30 uM showed the best improvement on cell viability, it was selected as the optimal dose in subsequent experiments.

CG Suppresses Ox-LDL-Induced Inflammation in THP-1-Derived Macrophage

To determine the effect of CG on ox-LDL-induced inflammation, the production of inflammatory cytokines was detected. As
shown in Figure 2A—D, ox-LDL induced excessive production of pro-inflammatory cytokines (TNF-o, IL-1f, and IL-6) and
decreased the production of anti-inflammatory cytokines (IL-10). CG treatment decreased the production of pro-inflammatory
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Figure | Effect of CG on the viability of THP-|-derived macrophage. (A) THP-I-derived macrophage were incubated with CG at different concentrations (0, I, 3, 10, 30,
and 100 M) for 48 h, and the cell viability was detected using CCK-8 assay. (B) THP-1-derived macrophage cells were incubated with CG (0, I, 3, 10, 30, and 100 pM) for
24 h, prior to being stimulated with ox-LDL (50 ug/mL) for 24 h. Then, the cell viability was detected using CCK-8 assay. *p<0.05, **p<0.0| compared with control (Ctr)
group; *p<0.01 compared with ox-LDL group.
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Figure 2 The effect of CG on ox-LDL-induced inflammation in THP-1-derived macrophage. THP-|-derived macrophage were incubated with CG for 24 h, prior to being
stimulated with ox-LDL for 24 h. The production of inflammatory cytokines, including IL-6, IL-1B, TNF-a, and IL-10, was assayed by ELISA kits (A-D). The protein
expressions of NLRP3, ASC, and caspase-| were detected using Western blotting (E). *p<0.01 compared with control group; p<0.01 compared with ox-LDL group.

cytokines and increased the production of anti-inflammatory cytokines. Furthermore, the expression levels of NLRP3
inflammasome-related proteins (NLRP3, ASC, and Caspase-1) were obviously increased upon ox-LDL exposure.
However, the elevated expression levels of NLRP3 inflammasome-related proteins significantly decreased after CG treatment
(Figure 2E). These results suggested that CG could inhibit ox-LDL-induced inflammation in THP-1-derived macrophage.

CG Suppresses Ox-LDL-Induced Foam Cell Formation in THP-1-Derived Macrophage
To investigate effect of CG on the formation of atherosclerotic foam cells, THP-1-derived foam cells were induced with
ox-LDL. Nile red staining showed that the number of foam cells were increased after ox-LDL exposure, and CG
pretreatment significantly decreased the number of foam cells (Figure 3A). Ox-LDL exposure significantly increased the
levels of total cholesterol (TC) and free cholesterol (FC), which were then obviously reduced by CG treatment
(Figure 3B). In addition, ox-LDL exposure could reduce the percentage of cellular cholesterol efflux, while CG treatment
ameliorated the decrease induced by ox-LDL (Figure 3C). Therefore, these data indicated that CG could suppress ox-
LDL-induced foam cell formation in THP-1-derived macrophage.

CG Suppresses Ox-LDL-Induced Inflammation and Foam Cell Formation by Activating
ATF-1

Previous studies demonstrated that ATF-1 confers atheroprotection in human monocyte-derived macrophages by
regulating iron homeostasis and preventing foam cell formation.'"'> Notably, ATF family members are established
downstream effectors of flavonoids.'®!'” Given that CG is a bioactive flavonoid, we hypothesized that ATF-1 mediates
CG’s therapeutic effects against ox-LDL-triggered inflammatory responses and pathological foam cell accumulation. As
shown in Figure 4A, CG promoted the phosphorylation of ATF-1, which has been demonstrated to be essential for the
full functional activity of ATF-1."" The specific ATF-1 siRNAs were transfected into THP-1-derived macrophages
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Figure 3 The effect of CG on ox-LDL-induced foam cell formation in THP-|-derived macrophages. THP-1-derived macrophages were incubated with CG for 24 h, prior to
being stimulated with ox-LDL for 24 h. (A) The formation of foam cells in each group was determined using Nile red staining. Sacr bar=100uM. (B) The total cholesterol
(TC) and free cholesterol (FC) were detected using their corresponding commercial kits, respectively. (C) Cellular cholesterol efflux was measured by counting cell-
associated [*H]-cholesterol using liquid scintillation counting method. *p<0.01 compared with control group; *p<0.01 compared with ox-LDL group.

(Figure 4B) to further validate the role of ATF-1 in the effects of CG on ox-LDL-induced inflammation and foam cell
formation. The result showed that compared to control siRNA, ATF-1 siRNA significantly attenuated CG-induced
decreases in the number of foam cells (Figure 4C) and the levels of TC and FC in ox-LDL-exposed THP-1-derived
macrophages (Figure 4D). ATF-1 siRNA also increased the production of pro-inflammatory cytokines (TNF-a, IL-1p,
and IL-6) and decreased the production of anti-inflammatory cytokines (IL-10) in ox-LDL-exposed THP-1-derived
macrophages with CG treatment (Figure 4E). Moreover, CG treatment could reduce the expression levels of NLRP3
inflammasome-related proteins (NLRP3, ASC, and Caspase-1) in ox-LDL-expose THP-1-derived macrophages, while
ATF-1 siRNA transfection ameliorated the decreases induced by CG (Figure 4F). Therefore, these results demonstrated
that ATF-1 is involved in the inhibitory effects of CG on ox-LDL-induced inflammation and foam cell formation.

CG Activates ATF-I to Suppress Foam Cell Formation by Inducing Liver X Receptor

Beta

Previous studies have established that ATF-1 orchestrates the atheroprotective Mhem macrophage phenotype through
transcriptional activation of Liver X receptor beta (LXR-B), triggers a cascade of cholesterol efflux-promoting genes,
including LXR-a and ABCAL."" Therefore, we investigated whether ATF-1 mediates CG’s anti-atherogenic effects by
similarly upregulating LXR-f to inhibit foam cell formation. The results showed that CG treatment could increase the protein
expression levels of LXR-f and its target gene, ABCAI, in ox-LDL-expose THP-1-derived macrophages, while ATF-1
siRNA transfection ameliorated the increases of these proteins induced by CG (Figure 5A). ATF-1 siRNA also reduced the
mRNA level of LXR-B in CG-treated THP-1-derived macrophages (Figure 5B). Chromatin immunoprecipitation (ChIP)
assay showed that binding of ATF-1 to the LXR-B enhancer was increased in THP-1-derived macrophages after CG
treatment (Figure 5C). In addition, compared to control siRNA, LXR-B siRNA significantly increased in the number of
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Figure 4 Activation of ATF-1 is involved in the inhibitory effect of CG on ox-LDL-induced foam cell formation and inflammation. (A) THP- | -derived macrophages were incubated with
CG for 24 h, prior to being stimulated with ox-LDL for 24 h. The expression levels of ATF-I and phosphorylated ATF-1 were detected by Western blotting. (B) THP-|-derived
macrophages were transfected with negative control siRNA (siNC) and ATF-1 siRNA (siATF-1) for 24 h, and the expression levels of ATF-1 were detected by Western blotting. (C—F)
THP-1-derived macrophages were transfected with siNC or siATF-1 for 24 h, the transfected cells were then incubated with CG for 24 h, prior to being stimulated with ox-LDL for
24 h. The formation of foam cells in each group was determined using Nile red staining, Sacr bar=100uM (C), the total cholesterol (TC) and free cholesterol (FC) were detected using
their corresponding commercial kits, respectively (D), the production of inflammatory cytokines, including IL-6, IL-1B, TNF-q, and IL-10, was assayed by ELISA kits (E), the protein
expressions of NLRP3, ASC, and caspase-| were detected using Western blotting (F). *p<0.01 compared with control group; *p<0.01 compared with ox-LDL group; $$p<0.0|
compared with siNC group; #p<0.05, #p<0.01 compared with CG + siNC group.
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Figure 5 ATF-1 mediates CG-induced inhibition of foam cell formation by inducing Liver X receptor beta. (A and B) THP-I-derived macrophages were transfected with
negative control siRNA (siNC) and ATF-1 siRNA (siATF-1) for 24 h, and the protein and mRNA levels of LXR-B were detected by Western blotting and qRT-PCR,
respectively. (C) Chromatin immunoprecipitation (ChIP) analysis of CG-treated THP-I-derived macrophages using anti—p-ATF-1. (D and E) THP-I-derived macrophages
were transfected with control siRNA (siNC) and LXR-f siRNA (siLXR-B) for 24 h, the transfected cells were then incubated with CG for 24 h, prior to being stimulated
with ox-LDL for 24 h. The formation of foam cells in each group was determined using Nile red staining, Sacr bar=100uM (D), the total cholesterol (TC) and free
cholesterol (FC) were detected using their corresponding commercial kits, respectively (E). *p<0.01 compared with ox-LDL group; **p<0.01 compared with CG + siNC

group.

foam cells (Figure 5D) and the levels of TC and FC in CG-treated THP-1-derived macrophages (Figure 5E). Therefore, these
results suggested that CG activates ATF-1 to suppress foam cell formation by inducing LXR-f.

CG Activates ATF-1 to Suppress Inflammation by Inducing CFTR

To investigate the mechanism by which ATF-1 mediates CG-induced inhibition of inflammation in ox-LDL-expose THP-
1-derived macrophages, we first detected the expression level of cystic fibrosis transmembrane conductance regulator
(CFTR) in the ATF-1 siRNA transfected THP-1-derived macrophages because ATF-1 has been demonstrated to be the
transcription factor of CFTR,'® which was shown to protect vascular inflammation and AS in apolipoprotein E-deficient
mice.'” Western blot analysis revealed that ATF-1 siRNA obviously reduced CFTR expression in CG-treated THP-
1-derived macrophages (Figure 6A). ATF-1 siRNA also reduced the mRNA level of CFTR in CG-treated THP-1-derived
macrophages (Figure 6B). ChIP assay showed that CG treatment promotes the binding of ATF-1 to the promoter of
CFTR (Figure 6C). To explore the role of CFTR in CG-induced inhibition of inflammation, we then examined the
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Figure 6 ATF-1 mediates CG-induced inhibition of inflammation by inducing CFTR. (A and B) THP-|-derived macrophages were transfected with negative control siRNA
(siNC) and ATF-1 siRNA (siATF-1) for 24 h, and the protein and mRNA levels of cystic fibrosis transmembrane conductance regulator (CFTR) were detected by Western
blotting and RT-qPCR, respectively. (C) Chromatin immunoprecipitation (ChIP) analysis of CG-treated THP-1-derived macrophages using anti—p-ATF-1. (D and E) THP-
I-derived macrophages were transfected with control siRNA (siNC) and CFTR siRNA (siCFTR) for 24 h, the transfected cells were then incubated with CG for 24 h, prior
to being stimulated with ox-LDL for 24 h. The protein expressions of NLRP3, ASC, and caspase-| were detected using Western blotting (D), the production of
inflammatory cytokines, including IL-6, IL-1B, TNF-q, and IL-10, was assayed by ELISA kits (E). *p<0.01 compared with control group; *p<0.01 compared with ox-LDL
group; #¥p<0.01 compared with CG + siNC group.

expression levels of pro-inflammatory proteins and cytokines in CG-treated THP-1-derived macrophages, in the presence
of CFTR siRNA. Figure 6D demonstrated that CFTR siRNA significantly deteriorated the CG-induced decreases in the
levels of NLRP3, ASC, and caspase-1 in the ox-LDL-exposed THP-1-derived macrophages. The CG-induced decreases
in the levels of IL-6, IL-1B, TNF-a, and increases in the levels of IL-10 were also reserved by CFTR siRNA (Figure 6E).
Therefore, these data suggested that CG activates ATF-1 to suppress inflammation by inducing CFTR.

Activation of p38/MAPK Pathway Is Required for CG-Induced Phosphorylation of
ATF-1 and Inhibition of Foam Cell Formation and Inflammation in Ox-LDL-Expose
THP-1-Derived Macrophages

Previous studies showed that the activation of ATF-1 was modulated by specific kinase in different types of cells or in the
same cells under different stresses, such as p38,20’21 AKT,*>23 INK,?* and ERK1/2.%° Therefore, we determined which of
these kinases was responsible for ATF-1 activation induced by CG in ox-LDL-exposed THP-1-derived macrophages. As
shown in Figure 7A, the phosphorylation levels of AKT and P38 were obviously upregulated after CG treatment, while
the phosphorylation levels of the other kinases (ERK and JNK) remained unchanged. THP-1-derived macrophages
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Figure 7 Activation of p38/MAPK is involved in CG-induced phosphorylation of ATF-1 and inhibition of foam cell formation and inflammation in ox-LDL-expose THP-
|-derived macrophages. (A) THP-1-derived macrophages were incubated with CG for 24 h, prior to being stimulated with ox-LDL for 24 h. The expression levels of
phosphorylated p38, AKT, JNK, and ERK1/2 were detected by Western blotting. (B) THP-|-derived macrophages were treated with LY294002 or PD 169316 for 12 h, the
treated cells were then incubated with CG for 24 h, prior to being stimulated with ox-LDL for 24 h. The expression levels of phosphorylated ATF-1, p38 and AKT were
detected by Western blotting. (C—F) THP-|-derived macrophages were treated with PD169316 for 12 h, the treated cells were then incubated with CG for 24 h, prior to
being stimulated with ox-LDL for 24 h. The formation of foam cells in each group was determined using Nile red staining, Sacr bar=100uM (C), the total cholesterol (TC)
and free cholesterol (FC) were detected using their corresponding commercial kits, respectively (D), the production of inflammatory cytokines, including IL-6, IL- 1B, TNF-q,
and IL-10, was assayed by ELISA kits (E), the protein expressions of NLRP3, ASC, and Caspase-| were detected using Western blotting (F). **p<0.0] compared with control
group; "p<0.01 compared with ox-LDL group; #%p<0.01 compared with CG group.
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treated with the AKT inhibitor, LY294002, showed no effect on ATF-1 activation under CG treatment (Figure 7B).
However, the P38 inhibitor, PD169316, obviously abolished ATF-1 activation in CG-treated THP-1-derived macrophages
(Figure 7B), suggesting that p38 mediates CG-induced ATF-1 activation in ox-LDL-exposed THP-1-derived
macrophages.

The involvement of p38 in CG-induced inhibition of foam cell formation and inflammation were then investigated.
The result showed that PD169316 significantly increased in the number of foam cells (Figure 7C) and the levels of TC
and FC in 0x-CG-exposed THP-1-derived macrophages (Figure 7D). PD169316 also increased the production of pro-
inflammatory cytokines (TNF-a, IL-1pB, and IL-6), decreased the anti-inflammatory cytokines (IL-10) (Figure 7E), and
increased the expression levels of NLRP3 inflammasome-related proteins (NLRP3, ASC, and Caspase-1) in CG-exposed
THP-1-derived macrophages (Figure 7F). Thus, our results confirmed the involvement of p38 MAPK in CG-induced
inhibition of foam cell formation and inflammation in ox-LDL-exposed THP-1-derived macrophages.

Discussion

Despite the growing interest in natural compounds for AS treatment, the therapeutic potential of CG remains largely
unexplored. Our study provides the experimental evidence that CG significantly suppresses oxLDL-induced foam cell
formation and inflammatory responses in THP-1-derived macrophages. Building on this discovery, we systematically
elucidated the underlying molecular mechanisms, revealing CG’s multi-target action through key signaling pathways.

ATF-1 is a multifunctional transcription factor implicated in development, tumorigenesis, and immune regulation.”*

Notably, Boyle et al'!

demonstrated that ATF-1 drives human plaque monocytes to adopt an atheroprotective macrophage
phenotype (Mhem), distinct from classical M1, M2, or Mox subsets. This protective effect was mediated through ATF-
1-dependent upregulation of LXR-B, which in turn activated cholesterol efflux genes, including ABCA1 and LXR-a.
Critically, ATF-1 phosphorylation was essential for its functional activity, highlighting its therapeutic potential in AS by
counteracting foam cell formation. Our results showed that in oxLDL-exposed THP-1-derived macrophages, CG
significantly enhanced ATF-1 phosphorylation, mirroring the atheroprotective pathway reported by Boyle et al.'' ATF-
1 knockdown abolished CG’s inhibition of foam cell formation, confirming ATF-1 as a non-redundant mediator of CG’s
effects. These results align with prior work, extending ATF-1’s protective role to CG-treated macrophages and under-
scoring its broader therapeutic relevance in AS.

We next explored the potential downstream effector of ATF-1 in mediating CG-induced inhibition of inflamma-
tion. CFTR is an anion channel in the apical membrane of epithelial cells. Dysfunction of the CFTR protein has
been demonstrated to be associated with multiorgan dysfunction.’® Emerging studies has suggested that CFTR
protein is not just a chloride channel, it also regulates numerous other pathways, such as immune cells, glutathione
and thiocyanate, and the metabolism of lipids.?” CFTR has been shown to protect against vascular inflammation and
AS in apolipoprotein E-deficient mice.'® Importantly, ATF-1 was shown to enhance CFTR transcription through the
Y-box element.'® Our data showed that silencing of ATF-1 by siRNA obviously prevented CG-induced upregulation
of CFTR. CG enhanced the binding of ATF-1 to the promoter of CFTR. CFTR siRNA attenuated CG-induced
inhibition of inflammation. These results suggest that ATF-1 mediates CG-induced inhibition of inflammation by
upregulating CFTR via directly binding to its promoter in oxLDL-exposed THP-1-derived macrophages. A previous
study showed that CFTR prevented inflammation and AS via inhibition of NF«xB,'” which plays a key role in
oxLDL-induced formation of foam cells and expression of inflammatory molecules.”®*° Therefore, it will be
worthwhile to investigate whether CFTR mediates CG-induced inhibition of inflammation via inhibition of NF«B
in oxLDL-exposed THP-1-derived macrophages.

To elucidate the upstream regulators of ATF-1 activation in CG-treated THP-1-derived macrophages, we focused on
kinases previously implicated in ATF-1 phosphorylation, including p38 MAPK,***' AKT,**** JNK,** and ERK1/2.%°
Given that ATF-1 activation is context-dependent, varying by cell type and stress conditions, we sought to identify the
macrophage-specific kinase(s) responsible for CG-induced ATF-1 activation. Among all reported ATF-1-activating
kinases, we found that only p38 MAPK and AKT exhibited increased phosphorylation following CG treatment.
Pharmacological inhibition of p38 MAPK, but not AKT, abolished CG-induced ATF-1 activation. p38 MAPK inhibition
also reversed CG’s anti-atherogenic effects, attenuating its suppression of foam cell formation and inflammatory
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responses in oxLDL-exposed macrophages. These results establish p38 MAPK as the dominant kinase mediating CG’s
effects via ATF-1 activation. The p38 MAPK/ATF-1 axis thus represents a critical pathway for CG’s inhibition of foam
cell formation and inflammation in THP-1-derived macrophages. While our findings highlight p38 MAPK’s role in this
model, its cell type—specificity warrants caution. Further studies are needed to determine whether the p38 MAPK/ATF-1
mechanism extends to other macrophage subtypes, such as primary human macrophages and polarized M1/M2
phenotypes.

Emerging evidence has identified multiple signaling pathways as downstream targets of CG. Chen et al recently
demonstrated that CG promotes diabetic wound healing by recruiting anti-inflammatory monocytes and modulating
macrophage polarization toward the M2 phenotype through the ROS/AMPK/STAT6 pathway, while simultaneously
reducing mitochondrial glycolysis rates.*® As a principal bioactive component of Buyang Huanwu decoction, CG has
been shown to exert protective effects against diabetes-associated complications by attenuating diabetes-accelerated AS
by inhibiting excessive mitochondrial fission via the AMPK/Drpl pathway;® and ameliorating renal inflammation and
fibrosis in diabetic nephropathy through suppression of both TGF-f1/Smad3 and NF-«B signaling pathways in mesangial
cells.>' Notably, these pathways (AMPK, TGF-B1/Smad3, and NF-kB) all play pivotal roles in AS pathogenesis.*>>*
While our current study identified the p38 MAPK/ATF-1 signaling axis as a key mediator, future investigations should
explore whether these additional pathways contribute to CG-induced M2 macrophage polarization and its consequent
anti-atherosclerotic effects.

The findings of this study demonstrate significant translational potential for CG, particularly in light of increasing
pharmacological interest in natural compounds. CG has demonstrated promising bioactivities, including anti-
inflammatory, antioxidant, and cardioprotective effects, suggesting its therapeutic utility in conditions such as cardio-
vascular diseases, diabetic complications, and neurodegenerative disorders. However, its clinical translation faces
challenges, primarily due to poor oral bioavailability resulting from low solubility, intestinal metabolism, and rapid
systemic clearance. To address these limitations, advanced formulation strategies could be employed. For instance,
nanocarrier systems or phospholipid complexes may enhance CG’s solubility and intestinal absorption. These advanced
delivery systems could significantly improve CG’s pharmacokinetic profile while maintaining its therapeutic efficacy,
potentially enabling its transition from preclinical studies to clinical applications. Future research should focus on
optimizing these delivery platforms while evaluating their safety and efficacy in relevant disease models.

While this study provides valuable insights into the mechanisms underlying CG’s anti-atherosclerotic effects, several
limitations should be acknowledged. First, the findings were primarily validated using in vitro cell models, and further
in vivo studies are necessary to confirm the anti-atherosclerotic efficacy of CG. Second, this study focused exclusively on
THP-1-derived macrophages, leaving the effects of CG on other macrophage subtypes unexplored, such as primary
human macrophages and polarized M1/M2 phenotype. Future studies should expand their scope to investigate the impact
of CG on these subtypes, which would provide a more comprehensive understanding of its therapeutic potential against
AS. Third, although our study highlights the role of the p38/ATF-1 pathway, it is likely that additional molecular
mechanisms contribute to CG’s modulation of macrophage-related AS pathogenesis. These unexplored mechanisms

represent a promising avenue for future research.

Conclusion

In conclusion, our findings demonstrate that CG attenuates foam cell formation and inflammation in ox-LDL-exposed
THP-1-derived macrophages by activating p38 MAPK signaling, which phosphorylates ATF-1 and subsequently
upregulates LXR-B and CFTR expression. Although the anti-atherosclerotic effects and mechanisms of CG identified
in this study require further validation through in vivo studies, our results provide novel mechanistic insights into the
macrophage-centric therapeutic potential of CG. These findings underscore the promise of CG as a therapeutic agent for
AS. Future studies should prioritize in vivo validation and clinical translation to fully elucidate and harness its
therapeutic potential.
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