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Abstract
Tirzepatide (TZP), a novel dual agonist of glucagon-like peptide (GLP)-1/glucose-dependent insulinotropic polypeptide 
(GIP) receptors (GLP-1R/GIPR), has been shown to reduce cardiovascular (CV) risk in patients with diabetes or obesity. 
This study investigated anti-atherosclerotic effects of TZP and the underlying mechanisms using apo E−/− mice and cultured 
macrophages. In the present study, apo E−/− mice were fed a high fat/high cholesterol (HF) diet with or without TZP treatment 
for 12 weeks. Atherosclerotic lesions, metabolic parameters, and M1/M2 macrophage homeostasis were assessed. In vitro, 
RAW264.7 and THP-1 macrophages were treated with oxLDL and TZP to evaluate foam cell formation, inflammation, 
and signaling pathways. The results showed that TZP significantly lowered body weight, plasma lipids, and atherosclerotic 
burden in vivo, and favorably modulated the expression of M1/M2 macrophage markers. ANCOVA suggested that the 
anti-atherosclerotic effect may be partially independent of metabolic improvements, although further studies are needed for 
confirmation. While these data support macrophage modulation as a key mechanism, other vascular cell types and plaque 
components likely contribute to the observed plaque-stabilizing effects. In vitro, TZP inhibited oxidized Low-density Lipo-
protein (oxLDL)-induced cholesterol accumulation and foam cell formation, cluster of differentiation (CD) 36 expression and 
M1 inflammatory markers while promoting M2 markers. These effects were blocked by combined GLP-1R/GIPR antagonism 
and further confirmed in human THP-1 macrophages. Mechanistically, the anti-inflammatory effects and modulation of M1/
M2 macrophage homeostasis by TZP were mediated via activating kruppel-like factor 4/the peroxisome proliferator-activated 
receptor γ pathway. Collectively, these findings indicate that TZP confers CV protection and anti-atherosclerotic benefits 
through both lipid-lowering dependent and independent mechanisms, highlighting its therapeutic potential for diabetic and 
obese patients who are at high risk of atherosclerotic CV diseases.
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Introduction

Global prevalence of obesity and type II diabetes (T2D), 
driven by sedentary lifestyle, urbanization, and diet changes, 
is on the rise, currently affecting more than 500 million 
adults worldwide (Chandrasekaran and Weiskirchen 2024). 
Both type II diabetes and obesity have become the most 
important risk factors for the development of cardiovascu-
lar (CV) diseases (CVDs), such as coronary atherosclerotic 
CVDs, myocardial infarction, stroke and heart failure (van 
Sloten et al. 2020; Park 2021; Kwan et al. 2023; Kufazvinei 
et al. 2024). Changes in metabolic profile such as hyperlipi-
demia and hyperglycemia are considered as the main drivers 
of T2D and obesity promoting CVDs (Chatzi et al. 2024; 
Chen et al. 2024). However, clinical studies have shown that 
intensive hypoglycemic therapies have not provided con-
vincing evidence to reduce CV morbidity and mortality in 
patients with metabolic diseases at high CV risk, and recent 
studies from multiple large CV outcome trials (CVOTs) 
have demonstrated that some novel glucose-lowering agents 
such as glucagon-like peptide (GLP)-1 receptor (GLP-1R) 
agonists (GLP-1RA) and sodium-glucose co-transport 2 
(SGLT2) inhibitors have great beneficial effects on reduc-
ing major adverse CV events and additional CV outcomes, 
which are largely independent of their hypoglycemic prop-
erties (Bilal et al. 2024; Kunutsor et al. 2024; Lalić et al. 
2024). When choosing agents for treatment of metabolic 
diseases, clinicians should consider effects of these agents 
on CV system in addition to glucose-lowering effects, the 
novel hypoglycemic agents with CV beneficial effects, such 
as GLP-1RA, have recommended to treat metabolic diseases 
with high CV risk (Cersosimo et al. 2024; Katogiannis et al. 
2024).

Tirzepatide (TZP) is a novel dual receptor agonist of glu-
cose-dependent insulinotropic polypeptide (GIP) and GLP-
1, offering significant advantages over GLP-1RA in glyce-
mic control and weight management (Mather et al. 2024). 
Both GLP-1 and GIP are gut-derived hormones secreted by 
intestinal cells in response to food intake (Dinsmore et al. 
2024). GLP-1 is produced by intestinal L cells, while GIP is 
released by intestinal K cells (Hammoud et al. 2024; Huang 
et al. 2024). GLP-1 activates GLP-1R on pancreatic islet b 
cells to regulate insulin release in a glucose-dependent man-
ner, the activation of GLP-1R also slows down gastric emp-
tying, suppresses glucagon secretion and appetite (Gilbert 
and Pratley 2020). Recent studies suggest that combining 
GLP-1R activation with other enteropancreatic hormones, 
such as GIP, enhances its metabolic efficacy. Evidence indi-
cates that the combination of GLP-1 and GIP yields superior 
outcomes in managing body weight, reducing blood pres-
sure, and mitigating inflammation compared with the use of 
selective GLP-1RAs alone (Regmi et al. 2024).

TZP has been approved for treatment of T2D and man-
agement of body weight in obese patients. In the SURPASS 
clinical trial, TZP demonstrated significantly reduction 
in glycated hemoglobin and body weight in T2D patients 
without increasing the risk of major CV events (Nicholls 
et al. 2024). Similarly, data from the SURMOUNT-1 rand-
omized clinical trial showed that 72 weeks of TZP treatment 
improve cardiometabolic parameters, such as blood pressure 
and lipid profiles (Hankosky et al. 2024). These results sug-
gest that TZP may offer CV benefits in addition to its robust 
metabolic effects, making it a promising candidate for the 
treatment of T2D patients with high CV risk factors. Despite 
these promising clinical results, there is a lack of preclinical 
evidence supporting CV effects of TZP. Given its potential 
for broad applications for treating obesity and T2D, par-
ticularly in the patients with high CV risk factors, further 
investigation into its CV effects is warranted (Bucheit et al. 
2022; Dardano et al. 2024). Atherosclerotic CVDs, a chronic 
condition frequently associated with hyperlipidemia, T2D 
and obesity, remains common complication of these meta-
bolic disorders (Ormazabal et al. 2018; Kassi et al. 2023). 
In this study, we investigated the role of TZP in preventing 
atherosclerotic CVDs in high-fat fed apo E−/− mice and elu-
cidated underlying mechanisms.

Material and methods

Materials and reagents

TZP (CAS number: 2023788-19-2) was obtained from the 
Eli Lilly (Indiana, USA), the oxidized Low-density Lipopro-
tein (oxLDL) was purchased from the Yiyuan (Guangzhou, 
China), the H-89, GLP-1R antagonist 1, Kenpaullone and 
T0070907 were purchased from the MedChemExpress (New 
Jersey, USA) and the GIP (3-30) NH2 was acquired from 
PhoenixPeptide (Burlingame, California, USA). The pri-
mary antibodies were obtained from following companies: 
anti-cluster of differentiation (CD) 36, anti-Toll-like receptor 
4 (TLR4), anti-P65 of nuclear factor kappa B (NFκB), anti-
IκB and anti-p-IκB antibodies (Santa Cruz Biotechnology, 
Inc. TX, Dallas, USA), anti-ATP-binding cassette trans-
porter (ABC) A1 and anti-phosphorated protein kinase A 
(p-PKA) antibodies (ImmunoWay, Inc. Suzhou, China), anti-
ABCG1 antibodies (Abmart, Inc. Shanghai, China), anti-
kruppel-like factor 4 (KLF4) antibody (Wanlei, Inc. Shen-
yang, China), anti-peroxisome proliferator-activated receptor 
γ (PPARγ), anti-arginase-1 (Arg-1), anti-F4/80 antibodies 
(Cell Signal Tech., Danvers, MA, USA), anti-inducible nitric 
oxide synthase (iNOS) (Abcam, Inc., Waltham, Massachu-
setts, USA), anti-CD86, anti-CD206, anti-glyceraldehyde 
3-phosphate dehydrogenase (GAPDH) and horseradish 
peroxidase-conjugated secondary antibodies (ProteinTech 
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Group, Inc., Wuhan, China), Cy3-labeled goat anti-rabbit 
IgG (H + L) and FITC-labeled goat anti-mouse IgG (H + L) 
(Beyotime, Inc., Shanghai, China).

Animal protocols

Male 6-week-old apo E−/− mice were purchased from Gem-
Pharmatech Co., Ltd (Nanjing, China). All experimental pro-
tocols were implemented in compliance with the institutional 
guidelines for animal care and use and had been approved by 
the Animal Care and Use Committee of Shenyang Medical 
College (approval number: SYYXY2021032301, Shenyang, 
China). The mice were housed in a pathogen-free animal 
facility at Shenyang Medical College with free access to 
standard mouse chow and tap water. After one-week accli-
mation period, the mice were randomly assigned to one of 
four treatment groups for 12 weeks: Control group (Ctr): apo 
E−/− mice fed normal chow (17% caloric from fat, 0.03% 
cholesterol, 18% crude protein, 4% crude fiber, 5% crude 
ash), TZP group: apo E−/− mice fed normal chow with TZP 
treatment; HF group: apo E−/− mice fed high fat/high cho-
lesterol diet (41% caloric from fat, 0.5% cholesterol, 19.47% 
casein, 4.99% corn starch, 9.98% maltodextrin, 33.76% 
sucrose, 4.99% cellulose, 0.99% corn oil, 19.97% anhydrous 
milk fat, Medicience Ltd. Yangzhou, China); HF + TZP 
group: apo E−/− mice fed a high-fat/high-cholesterol diet 
with TZP treatment. TZP was dissolved in water and admin-
istered through intraperitoneal injection at 10 nmol/kg twice 
a week, the other group was injected with the same vol-
ume of normal saline. Body weight was measured weekly, 
and fasting blood glucose levels were measured biweekly 
using an automatic blood glucometer (Roche Accu-CHEK 
Active, Mannheim, Germany). At the end of the study, the 
mice were fasted overnight, glucose tolerance test (GTT) 
was performed. Briefly, 20% glucose (1 g/kg) was injected 
intraperitoneally, blood glucose levels were measured at 0 
(pre-injection), 15, 30, 60, 90 and 120 min after the injection 
using the glucometer. The mice were then anesthetized with 
a mixture of 100 mg/kg ketamine and 20 mg/kg xylazine, 
blood was collected from the eyeball. The abdomen and 
chest were opened, and all abdominal fat was excised and 
weighed. The entire aorta was isolated for the assessment of 
atherosclerotic lesion and histological analysis.

Quantitative atherogenic lesion areas 
and histological analysis

The entire aorta (from the aortic arch to iliac bifurcation) 
was carefully excised and rinsed with phosphate buff-
ered saline (PBS). Periadventitial tissue was meticulously 
removed. Entire aorta was then opened longitudinally along 
the ventral edge to expose the intimal surface, and lipids 
were stained using Oil Red O. The images of stained aorta 

were captured with a Canon digital camera. Atherosclerotic 
lesions were identified on the digital image. For both the aor-
tic lesion area and the aortic sinus morphological analyses 
described below, quantifications were performed in a blinded 
manner. Lesion area including, entire aorta and specific seg-
ments such as aortic arch, thoracic and abdominal aorta, 
were quantified using ImageJ software (version 2.1.0/1.53c), 
results were expressed as percentage of lesion area relative 
to the total observed area.

For histological analysis of lesion formation in the aor-
tic sinus, a small segment of aortic tissue (from the heart 
valve to the aortic arch) was taken and frozen in OCT rea-
gent. Series of cryosections with 5 mm thickness were cut 
from the beginning of the aortic valve leaflets to the aortic 
sinus. The section was stained with Oil Red O to visualize 
lipid deposition. Images were acquired with a Leica DM4B 
fluorescence microscope (Leica Microsystems Inc., Journal 
Pre-proof Mannheim, Germany). Average lesion areas, rep-
resented by positively Oil Red O staining areas, were quan-
titated using digital images from 6 serial sections per aortic 
sinus sample, and the measurements were analyzed using 
ImageJ 2.1.0/1.53c software.

For detailed plaque characterization, serial sections adja-
cent to those used for Oil Red O staining were subjected 
to Hematoxylin and Eosin (H&E) and Masson’s Trichrome 
staining. H&E staining was performed according to stand-
ard protocols to visualize general plaque morphology and 
to identify the necrotic core, characterized by areas of acel-
lular, eosinophilic debris. Masson’s Trichrome staining was 
used to delineate collagen fibers, which appear blue, thereby 
allowing for the quantification of the fibrous cap within the 
plaques. All stained sections were imaged under a light 
microscope. Morphometric analyses of the plaque necrotic 
core area from H&E-stained sections and the fibrous cap 
area from Masson’s Trichrome-stained sections were per-
formed blindly using ImageJ software (version 2.1.0/1.53c). 
The results for the necrotic core were expressed as a percent-
age of the total plaque area, and the fibrous cap thickness 
was measured at its thinnest point across multiple serial sec-
tions per sample.

Biochemistry analysis

Plasma levels of total cholesterol (TC) and total triglyceride 
(TG) were determined using a TC assay kit (TC: A111-1-
1; Nanjing Jiancheng Bioengineering Institute Co., Nan-
jing, China) and a TG assay kit (TG: A110-1-1; Nanjing 
Jiancheng Bioengineering Institute Co., Nanjing, China), 
respectively, according to the manufacturer’s instructions. 
Plasma sample (2.5 mL) was diluted appropriately and 
added to each well of a 96-well plate; followed by the addi-
tion of 250 μL working solution. The plate was incubated 
at 37 °C for 10 min, and the absorbance was measured at 
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500 nm wavelength. Plasma TG and TC concentrations 
were calculated based on a standard concentration curve fit. 
For the determination of cellular cholesterol contents, mac-
rophages were incubated in six-well dishes in the presence 
or absence of oxLDL (50 mg/mL) or TZP (100 nmol/mL) 
for 24 h. Total cellular cholesterol was extracted by adding 
1 mL hexane/isopropanol (3:2, v/v) to each well. The solvent 
was then evaporated, and residue was dissolved in ethanol. 
Cholesterol content was determined using the same proce-
dure as described for plasma cholesterol.

Immunofluorescence analysis

A piece of aortic tissue (aortic arch) was frozen in OCT-rea-
gent and cryosectioned into 5 μm thick slices. Then, the sec-
tions were heated in a 60 °C water bath for 1 h to facilitate 
antigen exposure. The section was incubated overnight with 
primary antibodies against CD86 (13395-1-AP, ProteinTech, 
Wuhan, China; 1:400), CD206 (81525-1-RR, ProteinTech, 
Wuhan, China; 1:200), iNOS (ab178945, Abcam, Waltham, 
Massachusetts, USA; 1:200), Arg-1 (#93668, Cell Signal 
Tech., Danvers, MA, USA; 1:200), F4/80 (sc-377009, Santa 
Cruz, Dallas, TX, USA; 1:200), KLF4 (WL02532, Wan-
lei, Shenyang, China; 1:200) and p65 of NFkB (#8242, Cell 
Signal Tech., Danvers, MA, USA; 1:200) at 4 °C overnight. 
After three washes with PBS, the sections were incubated 
with fluorescent-conjugated secondary antibodies (Cy3 or 
FITC, Beyotime, Shanghai, China; 1:500) at room tempera-
ture for 1 h. Nuclei were counterstained with DAPI. Fluores-
cent images were acquired with Leica DM4B fluorescence 
microscope (Leica Microsystems Inc., Journal Pre-proof 
Mannheim, Germany), fluorescence intensity was quanti-
fied using digital images obtained from 6 serial sections per 
sample using ImageJ 2.1.0/1.53c software.

Cell culture

Murine macrophage RAW264.7 cells were cultured in 
high-glucose DMEM (25 mmol/L) medium (Cytiva, USA) 
supplemented with 10% fetal bovine serum (FBS, YOSHI, 
Wuhan, China) and the 1% penicillin–streptomycin anti-
biotics (Solarbio, Beijing, China) at 37 °C and 5% CO2. 
Cells between passages 4–16 were used for experiments. 
Cells were seeded in six-well plates and serum-starved in 
DMEM medium without FBS for 24 h before the experi-
ments were conducted. For M1/M2 macrophage homeostasis 
studies, cells were treated with control (culture medium), 
oxLDL (50 mg/mL), TZP (100 nmol/mL) or a combination 
of oxLDL and TZP for 24 h, cells then were harvested for 
analysis by Real-time PCR or Western blotting. In specific 
experiments, cells were preincubated with a PPARγ inhibi-
tor (100 nmol/L), p-PKA inhibitor (5 μmol/L) or the KLF4 
inhibitor kenpaullone (2 μmol/L) for 30 min before the 

incubation with oxLDL and TZP. Additionally, the effect of 
TZP on M1/M2 macrophage markers was further validated 
in human THP-1-derived macrophages.

Foam cell formation

Murine RAW264.7 macrophages or human THP-1/mac-
rophages were cultured on chamber slides and pretreated 
with varying concentrations of TZP (10, 20, 50 and 
100 nmol/L) for 30 min, followed by the incubation with 
oxLDL (50 mg/mL) for 72 h. THP-1 cells were selected as 
a human macrophage model due to their well-characterized 
differentiation protocols, genetic homogeneity enabling 
reproducible mechanistic studies, and extensive validation 
in atherosclerosis research (Chanput et al. 2014). Subse-
quently, the cells were stained with Oil Red O to visualize 
lipid deposits, and nuclei was stained with hematoxylin to 
facilitate cell identification. The images were obtained with 
a light microscope. The extent of lipid deposition in foam 
cells was quantified by measuring the Oil Red O positively 
stained areas relative to the total cell area.

Western blotting

The RAW264.7 cells were harvested and homogenized 
using RIPA buffer containing protease cocktail. Protein con-
centration was determined using a BCA assay kit (P0012; 
Beyotime, Shanghai, China) according to the manufacturer’s 
instructions. A total of 60 mg of protein from the superna-
tant was separated in an 8% SDS-PAGE gel and transferred 
to PVDF membranes. The membranes were blocked with 
a 5% BSA blocking solution at room temperature for 2 h. 
Then, the membranes were overnight incubated with pri-
mary antibodies, including anti-CD36 (sc-7309; Santa Cruz 
Biotech, Dallas, TX, USA; 1:100), anti-p-PKA (YP0226; 
Immunoway, CA, USA; 1:1000), anti-ABCA1 (YN2847; 
Immunoway, CA, USA; 1:500), anti-ABCG1 (PA2410; 
Abmart, Shanghai, China; 1:1000), anti-TLR4 (sc-293072; 
Santa Cruz, Dallas, TX, USA; 1:500), anti-pIκB-α (sc-8404; 
Santa Cruz, Dallas, TX, USA; 1:500), anti-IκB-α (sc-1643; 
Santa Cruz, Dallas, TX, USA; 1:500), anti-PPARγ (#2435; 
Cell Signal Tech., Danvers, MA, USA; 1:1000), anti-KLF4 
(WL02532; Wanlei, Shenyang, China; 1:1000) and anti-
GAPDH (60004-1-IG; ProteinTech, Wuhan, China; 1:5000) 
antibodies at 4 °C overnight. After three washes with TBST, 
the membranes were incubated with horseradish peroxidase-
conjugated secondary antibodies (SA00001-2 or SA00001-
1; ProteinTech, Wuhan, China) for 1 h at room temperature. 
The immunoblots were visualized by enhanced chemilu-
minescence (P10300; NCM Biotech, Suzhou, China), and 
detected by an Aplegen Omega Lum G Gel Documenta-
tion System (Aplegen Inc., Pleasanton), the protein expres-
sion was quantified by densitometric analyses with ImageJ 
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2.1.0/1.53c software system. The data was normalized by 
housekeeping protein GAPDH and expressed as fold changes 
relative to the control group.

KLF4 gene silencing

KLF4 gene silencing was performed in murine RAW264.7 
macrophages using synthetic siRNA KLF4 (RiboBio Co., 
Ltd.; Guangzhou, China), a non-targeting scrambled siRNA 
sequence (si-NC) was used as negative control. For trans-
fection, cells were seeded into culture plates and allowed 
to reach 60–70% confluence. The siRNA-lipid complexes 
were prepared by incubating the respective KLF4 siRNA or 
si-NC with Lipofectamine 3000 transfection reagent in Opti-
MEM reduced serum medium, according to the manufactur-
er’s instructions. This complex was then added to the cells. 
After an incubation of 6–8 h, the transfection mixture was 
replaced with fresh complete medium. The cells were har-
vested 48 to 72 h post-transfection. The efficiency of KLF4 
gene silencing was validated by Western blot analysis with 
approximately 70% reduction in KLF4 protein expression.

Real‑time PCR

Total RNA was extracted using the TaKaRa MiniBEST Uni-
versal RNA Extraction Kit (#9767; Takara, Kusatsu, Japan) 
according to the manufacturer’s instructions. Subsequently, 
2 μg of total RNA was reverse-transcribed into cDNA using 
the HiScript IV RT SuperMix (Vazyme Nanjing, China) 
according to the manufacturer’s instructions. Real-time PCR 
was performed to quantify the expression of target genes, 
including GLP-1R, GIPR, tumor necrosis factor (TNF)α, 
C–C motif ligand (CCL)2, TLR4, interleukin (IL)-6, Arg-1, 
IL-10 and GAPDH. The reaction was carried out in a total 
volume of 20 μL containing 100 ng of sample cDNA solu-
tion, 0.1 mmol/L reverse and forward primers, and SYBR 
qPCR Master Mix (Vazyme, Nanjing, China) using the Line-
Gene 9600 Plus PCR System (Bioer technology, Hangzhou, 
China). The relative mRNA expressions were normalized to 
a housekeeping gene GAPDH, and expressed as fold change 

vs. control group. The sequences of reverse and forward 
primers used for each target genes are listed in Table 1.

RNA extraction, library construction and sequencing

Total RNA was extracted from the macrophages using Tri-
zol reagent kit (Vazyme, Nanjing, China) following the 
manufacturer’s protocols. RNA quality was assessed using 
an Agilent 2100 Bioanalyzer (Agilent Tech., Palo Alto, 
CA) and RNase-free agarose gel electrophoresis, with all 
samples meeting the quality threshold of RNA Integrity 
Number (RIN) > 8.0. Library construction was performed 
using the Illumina TruSeq Stranded mRNA LT Sample 
Prep Kit. mRNA was enriched by mRNA Capture Beads, 
and ribosomal RNA (rRNA) was removed using the Ribo 
ZeroTM magnetic assay kit (Epicenter, Madison, WI). The 
enriched mRNA was fragmented into short fragments and 
reverse-transcribed into cDNA. Followed by second-strand 
cDNA synthesis. The cDNA fragments were purified with 
QiaQuick PCR extraction kit (Qiagen, Venlo, The Nether-
lands), followed end repaired and poly (A) addition, and 
ligated with Illumina sequencing adapters.

The ligation products were size-selected using aga-
rose gel electrophoresis, amplified by PCR, and subjected 
to sequencing on the Illumina NovaSeq X Plus platform 
(Gene Denovo Biotechnology Co., Guangzhou, China). Raw 
sequencing reads were quality-controlled using Fastp (ver-
sion 0.18.0) with following criteria: (1) removing reads con-
taining adapters; (2) exclusion of reads > 10% of unknown 
nucleotides(N); (3) filtering low quality reads where more 
than 50% of bases had a Q-value ≤ 20. The resulting high-
quality clean reads were aligned to the reference genome 
(GRCm38) using HISAT2 (version 2.1.0) with default 
parameters. Gene expression quantification was performed 
using StringTie (version 1.3.1) and RSEM software, with 
normalization conducted using the transcripts per kilobase 
million (TPM) method.

Differential expression analysis was carried out with 
DESeq2, applying a threshold of false discovery rate 
(FDR) < 0.05 and absolute log₂ fold change ≥ 1. Gene 

Table 1   the premier sequences 
for target genes

Gene name Forward primer sequences Reverse primer sequences

GLP-1R CTC​CGA​GCA​CTG​TCC​GTC​TT GAT​AAC​GAA​CAG​CAG​CGG​AAC​
GIPR CTA​CTC​CCT​GTC​CCT​GAC​GA AGC​TGA​TCT​CGG​GTG​AGG​AT
TNFα TCT​TCT​CAT​TCC​TGC​TTG​TGG​ ATG​AGA​GGG​AGG​CCA​TTT​G
CCL2 TGC​TCT​GTG​AAG​GGA​ATG​GGT​GTT​ AGT​CCT​TGA​TGG​TGG​TGC​ATG​AGA​
TLR4 AAA​TGC​ACT​GAG​CTT​TAG​TGGT​ TGG​CAC​TCA​TAA​TGA​TGG​CAC​
IL-6 TGG​CCT​TCC​GTG​TTC​CTA​C GAG​TTG​CTG​TTG​AAG​TCG​CA
Arg-1 CTT​GCG​AGA​CGT​AGA​CCC​TG TCC​ATC​ACC​TTG​CCA​ATC​CC
IL-10 GCT​CTT​ACT​GAC​TGG​CAT​GAG​ CGC​AGC​TCT​AGG​AGC​ATG​TG
GAPDH CTT​TGG​TAT​CGT​GGA​AGG​ACTC​ GTA​GAG​GCA​GGG​ATG​ATG​TTCT​
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abundance analysis, pathway enrichment analysis and dif-
ferential function Gene Ontology (GO) enrichment analy-
sis were performed using cluster Profiler, with significance 
defined as Bonferroni-corrected p-value < 0.05.

Statistics

All data are expressed as the mean ± SEM of individual 
animal or cell-based experiments. A priori power analysis 
was performed using G*Power software (version 3.1.9.7) 
based on pilot data of atherosclerotic lesion area in apo E⁻/⁻ 
mice. Assuming an effect size (Cohen’s d) of 1.5, α = 0.05, 
and power = 0.80, the minimum required sample size was 
calculated to be five animals per group. For in vitro experi-
ments, based on preliminary data for macrophage polari-
zation markers, three independent experiments were deter-
mined to provide 80% power to detect a two-fold difference 
at α = 0.05. For newly performed validation experiments 
during revision, a sample size of n = 5 was used to enhance 
statistical robustness.

Statistically significant differences among multiple 
groups were evaluated by one-way ANOVA with Tukey’s 
multiple comparisons test using GraphPad Prism 8 software. 
To specifically assess the treatment effect of TZP on athero-
sclerotic lesion area independent of changes in body weight 
and plasma lipids, an analysis of covariance (ANCOVA) 
was performed with final body weight and total cholesterol 
level as covariates. Effect sizes with corresponding 95% 
confidence intervals were calculated and reported for all 
outcomes (supplement Table 1). A p value of less than 0.05 
was considered statistically significant.

Exclusion criteria were predefined as follows: (1) ani-
mals that did not complete the treatment period due to non-
treatment-related illness or death; (2) samples with technical 
artifacts precluding reliable quantification; and (3) statistical 
outliers identified using Grubbs’ test (α = 0.05) with docu-
mented technical justification. No samples met these exclu-
sion criteria in the present study.

Results

TZP inhibits body weight gain and improves 
metabolic profiles in apo E−/− mice

A schematic diagram of the experimental protocols is 
shown in Fig. 1A. HF diet intake for 12 weeks signifi-
cantly increased body weight (Fig. 1B, C), abdominal fat 
weight (Fig. 1B, D), plasma levels of TG (Fig. 1E) and TC 
(Fig. 1F) in apo E−/− mice. HF diet increased fasting blood 
level of glucose (Fig. 1G) and impaired glucose tolerance 
(Fig. 1H) compared with apo E−/− mice fed a normal mouse 
chow. Treatment with TZP significantly lowered plasma 

lipid levels in apo E−/− mice fed either a normal or HF diet 
(Fig. 1E, F, all p < 0.05). Moreover, TZP significantly miti-
gated body weight gain, reduced abdominal fat weight and 
fasting blood level of glucose and improved glucose tol-
erance in apo E−/− mice on a HF diet but not those on a 
normal mouse chow (Fig. 1B–D, G, H, all p < 0.05). These 
results suggest that TZP improves metabolic profile in apo 
E−/− mice, especially in HF/apo E−/− mice.

TZP inhibits atherosclerotic lesion formation 
in apo E−/− mice

To evaluate the effect of TZP on atherosclerotic lesion for-
mation, we measured intimal lipid accumulation and ather-
omatous lesion areas on isolated aortas from the arch to the 
iliac bifurcation of aorta stained with Oil Red O. The stain-
ing revealed that extensive atherosclerotic plaque formation 
throughout the entire aorta of apo E−/− mice subjected to 
HF diet, total lesion areas of the enface aorta as well as 
segmental lesion areas in the aortic arch, thoracic aortas 
and abdominal aortas, were significantly increased in apo 
E−/− mice fed a HF diet as compared to those on a normal 
mouse chow (Fig. 2A, B, all p < 0.05). TZP treatment sig-
nificantly reduced total lesion areas in the aorta (− 40.1%, 
95% CI 1.691 to 15.800) and segmental lesion areas of aortic 
arch, thoracic and abdominal aortas (Fig. 2A, B, all p < 0.05) 
in HF/apo E−/− mice. To explore whether this atheroprotec-
tive effect might be independent of the concomitant reduc-
tions in body weight and plasma cholesterol, an ANCOVA 
was performed. The results showed that the reduction in 
atherosclerotic lesion area by TZP remained statistically sig-
nificant (Fig S1A & B, Tables S2 and S3, all p < 0.05) after 
adjusting for final body weight and total cholesterol lev-
els, suggesting a potential direct anti-atherosclerotic effect 
beyond its systemic metabolic improvements. However, we 
acknowledge that this statistical approach cannot definitively 
establish independence, and these findings should be inter-
preted with caution.

We further performed histological analysis of aortic sinus 
lesions and lipid deposition using Oil Red O and H&E stain-
ing. Given its established role as the gold-standard site for 
assessing atherosclerotic lesion severity and complexity in 
murine models (Burnett et al. 2004), the aortic sinus was 
selected for analysis. The lesion areas and lipid deposition 
were significantly increased in the aortic sinus section of HF/
apo E−/− mice, which were significantly reduced in HF/apo 
E−/− mice treated with TZP (Fig. 2C–F, − 25.8% for lesion 
areas, 95% CI 1.788 to 13.960; and − 27.4% for lipid deposi-
tion, 95% CI 1.707 to 16.900; p < 0.05). Furthermore, quan-
titative analysis of H&E and Masson’s Trichrome-stained 
sections revealed a markedly increased necrotic core area 
and a decreased fibrous cap area within the plaques of HF/
apo E−/− mice, indicating a vulnerable plaque phenotype. 
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Fig. 1   Effects of tirzepatide (TZP) on body weight and metabolic 
parameters in atherogenic apo E−/− mice. A In  vivo flow chart. B 
Representative photograph showing abdominal fat accumulation. 
C Body weight gain over 12  weeks of treatment. D Abdominal fat 
weight. E Total fasting plasma triglyceride level. F Total fasting 
plasma cholesterol level. G Fasting blood glucose level. H Glucose 
tolerance. Experimental groups include apo E−/− mice fed a nor-

mal mouse diet (Ctr), apo E−/− mice fed a high-fat/high-cholesterol 
diet (HF), apo E−/− mice on a normal mouse diet with TZP treat-
ment (TZP), and apo E−/− mice on an HF diet with TZP treatment 
(HF + TZP). Data are expressed as mean ± SEM. *p < 0.05 vs. Ctr 
group; **p < 0.01 vs. Ctr group; #p < 0.05 vs. HF group; ##p < 0.01 vs. 
HF group; N = 5
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Fig. 2   TZP treatment reduces 
atherosclerotic plaque forma-
tion in apo E−/− mice. A and 
B Morphometric analysis of 
aortic lesion areas. A Repre-
sentative photographs of enface 
aortas from apo E−/− mice. B 
Quantitation of lesion areas in 
whole aortas, the aortic arch, 
thoracic aorta, and abdominal 
aorta. C–F Histological analysis 
of aortic sinus lesion areas. 
Representative images (C) and 
quantitation (D) of atheroscle-
rotic lesions stained with Oil 
Red O. Representative images 
(E) and quantitation (F) of 
atherosclerotic lesions stained 
with hematoxylin and eosin 
(H and E). Data are expressed 
as mean ± SEM. *p < 0.05 vs. 
Ctr group; **p < 0.01 vs. Ctr 
group; #p < 0.05 vs. HF group; 
##p < 0.01 vs. HF group; N = 5; 
Scale bar = 500 mm
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Importantly, TZP treatment significantly reversed these 
changes by reducing the necrotic core (− 32.5%, 95% CI 
1.504 to 7.712; Fig. 2G–I). These findings suggest that TZP 
not only reduces plaque burden but also promotes plaque 
stability.

TZP modulates macrophage infiltration 
and promotes a phenotypic shift from M1 to M2 
in plaques of HF/apo E−/− mice

Macrophages play a critical role in the initiation and pro-
gression of vascular inflammation and atherosclerotic lesion 
development (Groh et al. 2018). The balance between pro-
inflammatory M1 and anti-inflammatory M2 macrophage 
phenotypes critically influences plaque stability (Gianopou-
los et al. 2025). We first assessed this balance in the aortic 
sinus by immunofluorescence staining for the M1 marker 
CD86 and the M2 marker CD206 (Paul et al. 2019; Liu et al. 
2020). Compared to apo E−/− mice on a normal diet, HF/
apo E−/− mice exhibited a significant increase in CD86 fluo-
rescence intensity alongside a marked decrease in CD206 
intensity (Fig. 3A–D, all p < 0.05). TZP treatment had no 
effect on these markers in mice on a normal diet. However, 

in HF/apo E−/− mice, TZP significantly attenuated the HF-
induced increase in CD86 and restored the level of CD206 
(Fig. 3A–D, all p < 0.05).

To further validate this M1/M2 macrophage homeosta-
sis, we performed immunofluorescence co-staining using 
the pan-macrophage marker F4/80 together with the classic 
M1 marker iNOS and the M2 marker Arg-1. This analysis 
revealed that TZP treatment significantly reduced the popu-
lation of F4/80+ alone (− 48.1%, 95% CI 48.880 to 85.670) 
and F4/80+/iNOS+ double-positive (M1) macrophages while 
concurrently increasing the population of F4/80+/Arg-1+ 
double-positive (M2) macrophages within the atheroscle-
rotic lesions (Fig. 3E–I, all p < 0.05). These findings suggest 
that TZP promotes a more stable plaque phenotype, which 
is consistent with the observed shift toward M2 macrophage 
polarization. However, other cell types and matrix compo-
nents not assessed in this study may also contribute to these 
stability changes. Collectively, these data demonstrate that 
TZP favorably modulates the M1/M2 macrophage homeo-
stasis in the atherosclerotic vascular wall, suppressing the 
pro-inflammatory M1 state and promoting the anti-inflam-
matory M2 state, thereby helping to restore macrophage 
homeostasis.

Fig. 3   TZP modulates M1/M2 macrophage homeostasis in athero-
genic apo E−/− mice. Representative immunofluorescence images 
of the M1 marker cluster of differentiation (CD)86 (A) and the M2 
marker CD206 (C), and their correspondence fluorescence quantita-
tion (B&D). Representative immunofluorescence double-staining 
images of F4/80 with M1 marker inducible nitric oxide synthase 

(iNOS) (E) and M2 marker arginase-1 (Arg-1, H), and fluores-
cence quantitation of F4/80 (F), F4/80 with iNOS (G) or with Arg-1 
(I). Data are expressed as mean ± SEM. *p < 0.05 vs. Ctr group; 
**p < 0.01 vs. Ctr group; #p < 0.05 vs. HF group; ##p < 0.01 vs. HF 
group; N = 5; Scale bar = 250 mm or 75 mm
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TZP inhibits oxLDL‑induced CD36 expression 
and foam cell formation in cultured macrophages

Excessive cholesterol deposition in macrophages, leading 
to foam cells, is a key pathological step in the development 
and progression of atherosclerosis (Wang et al. 2022). 
Our in vivo studies have demonstrated that TZP signifi-
cantly inhibits lipid deposition and atherosclerotic lesion 
formation. We determined foam cell formation using Oil 
Red O staining, and intracellular cholesterol contents 
were measured using a cholesterol assay kit. Consistent 
with the in vivo findings in apo E−/− mice, TZP reduced 
oxLDL-induced foam cell formation in both murine 
RAW264.7 (− 88.8%, 95% CI 4.423 to 8.836, Fig. 4A, 
B) and human THP-1 macrophages (Fig S2A & B, all 
p < 0.05) and intracellular cholesterol content (Fig. 4C, p 
< 0.05). Intracellular cholesterol homeostasis depends on 
the balance between cholesterol uptake and efflux, CD36 
is a key receptor mediating oxLDL uptake, while ABCA1 
and ABCG1 are essential transporters facilitating choles-
terol efflux. Exposure to oxLDL significantly increased the 
protein expression of CD36, and TZP inhibited oxLDL-
induced CD36 expression in dose-dependent manner 
(Fig. 4D, p < 0.05). oxLDL did not significantly affect the 
expression of ABCA1 and ABCG1, nor TZP alone. How-
ever, TZP in the presence of oxLDL significantly increased 
the expression of ABCA1 and ABCG1 (Fig. 4E, p < 0.05). 
Both GLP-1 and GIP receptors are G-protein-coupled 
receptor, the activation of these receptors induces PKA 
phosphorylation. As shown in Fig. 4F, TZP in the pres-
ence of oxLDL increased p-PKA, and treatment with PKA 
inhibitor H-89 prevented TZP downregulation of CD36 
expression (Fig. 4G, p < 0.05). Therefore, TZP downregu-
lates CD36 through stimulating p-PKA. Given the critical 
role of CD36 in regulating macrophage uptake of oxLDL, 
TZP’s inhibition of foam cell formation and intracellular 
cholesterol accumulation may be partially attributed to its 
downregulation of CD36.

TZP inhibits oxLDL‑induced macrophage 
inflammation and promotes M1/M2 macrophage 
homeostasis in cultured macrophages

To investigate the mechanisms underlying anti-atheroscle-
rotic effects of TZP, we performed a broad-spectrum screen-
ing in oxLDL-treated murine macrophages using RNA-seq 
analysis. Differential RNA expression analysis revealed 
that TZP in the presence of oxLDL upregulated the expres-
sion of 38 genes and downregulated the expression of 43 
genes compared to macrophages treated with oxLDL alone 
(Fig. 5A). Among the top 20 genes affected by TZP, 10 
genes were associated with the regulation of macrophage 
inflammation and atherosclerosis, including Il12rb1, Rgcc, 
Apba1, Cavin1, Cd5l, Alc39a10, Dcn, Fn1, Sparc, Lox 
(Fig. 5B). GO enrichment analysis showed that TZP affected 
top 20 major signaling pathways involved in atherosclerotic 
plaque development. These pathways included extracellular 
matrix structural constituent, extracellular matrix, movement 
of cell or subcellular component, collagen-containing extra-
cellular matrix, fibrinogen complex. The pathway analysis 
using Selective Kyoto Encyclopedia of Genes and Genomes 
(KEGG) highlighted TZP’s effects on the pathways involved 
in macrophage regulation and inflammatory process. These 
pathways include Rheumatoid arthritis, IL-17 signaling 
pathway, tissue growth factor (TGF)-beta signaling pathway, 
TNF signaling pathway, chemokine signaling pathway, Th1 
and Th2 cell differentiation, extracellular matrix (ECM)-
receptor interaction, viral protein interaction with cytokine 
and cytokine receptor, cytokine-cytokine receptor interac-
tion (Fig. 5C).

To further assess signaling pathway alterations affected 
by TZP, Gene Set Enrichment Analysis (GSEA) analysis 
was performed, and the results showed that TZP upregu-
lated epoxygenase P450 pathway while downregulating the 
process on membrane disruption, CCR6 chemokine receptor 
binding, trace-amine receptor activity, histidine metabolism 
and glycosaminoglycan (Fig. 5D, p < 0.05). These results 
indicate that TZP exerts remarkable regulatory effects on 
macrophage inflammation. Based on RNA-seq results, we 
further investigated effect of TZP on M1/M2 macrophage 
homeostasis. TZP significantly inhibited oxLDL-induced 
increase in the expression of M1 inflammatory genes TNFα, 
CCL2 and IL-6 and reversed the decrease in the expression 
of M2 anti-inflammatory genes IL-10 and Arg-1 (Fig. 6C, 
all p < 0.05). Consistent with the findings in murine mac-
rophages, TZP treatment in THP-1-derived macrophages 
also confirmed the suppression of M1 inflammatory 
cytokines (TNF-α, IL-6, and TLR4) (Figs S3, all p < 0.05). It 
has been shown that oxLDL induces macrophage activation 
through TLR4/nuclear factor kappa B (NFκB) inflammatory 
pathway, TZP significantly inhibited oxLDL-upregulation 
the expression of TLR4 and phosphorylation of IkB (ratio 

Fig. 4   TZP inhibits oxLDL-induced foam cell formation in 
RAW267.4 macrophages. A Representative images of lipid depo-
sition and foam cell formation stained with Oil Red O, and B its 
quantitation. C Intracellular cholesterol content quantified using a 
cholesterol assay kit. D Protein expression of CD36; E ATP-binding 
cassette transporter (ABC) A1 and ABCG1; F phosphorated protein 
kinase A (p-PKA). G Representative image bands and their quantita-
tion of CD36 and p-PKA protein expression following PKA inhibi-
tor H-89 treatment. Data are expressed as mean ± SEM. Experimen-
tal groups include control RAW264.7 cells (Ctr), RAW264.7 cells 
treated with oxidized Low-density Lipoprotein (oxLDL), RAW264.7 
cells with oxLDL and TZP treatment (oxLDL + TZP). *p < 0.05 vs. 
Ctr group; **p < 0.01 vs. Ctr group; #p < 0.05 vs. oxLDL group; 
##p < 0.01 vs. oxLDL group; $p < 0.05 vs. oxLDL + TZP group; 
$$p < 0.01 vs. oxLDL + TZP group; N = 3; Scale bar = 75 mm

◂



	 M. Kang et al.

Fig. 5   RNA-Seq analysis of 
TZP’s effects on gene expres-
sion in murine RAW264.7 
macrophages. A Volcano plot 
showing 38 upregulated and 43 
downregulated genes in mac-
rophages treated with TZP in 
the presence of oxLDL. B Heat-
map of the top 20 differentially 
expressed genes, including 10 
genes associated with inflam-
mation and atherosclerosis. 
C Selective Kyoto Encyclo-
pedia of Genes and Genomes 
(KEGG) and Gene Ontology 
(GO) enrichment analysis 
highlighting pathways related to 
inflammation and atherosclero-
sis. D Set enrichment analysis 
(GSEA) analysis shows TZP 
downregulated pathways related 
to glucose and lipid metabolism 
(green) and upregulated the 
epoxygenase P450 pathway 
(red). Fold enrichment ranges 
from − 0.5 to 0.5, with sig-
nificance calculated using FDR 
correction. **FDR-adjusted 
p < 0.01, *FDR-adjusted 
p < 0.05; N = 3
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of phospho-IκB/IκB) (Fig. 6A, p < 0.05). Importantly, by 
immunofluorescence assay, we further demonstrated that 
TZP effectively suppressed oxLDL-induced nuclear trans-
location of p65 in RAW264.7 macrophages in vitro (Fig 
S4A & B, p < 0.05), and consistently reduced nuclear p65 
immunofluorescence intensity in aortic tissues of HF/apo 
E−/− mice in vivo (Fig. 6B, p < 0.05). These results suggest 
that TZP inhibits oxLDL-induced macrophage activation, 
suppresses the NFκB inflammatory pathway and restores 
M1/M2 macrophage homeostasis.

Both GLP‑1 and GIP receptors are involved in TZP 
regulation of M1/M2 macrophage homeostasis

TZP is a dual receptor agonist of GLP-1R and GIPR, and 
both GLP-1 and GIP agonists have been shown to attenu-
ate the development of atherosclerotic CVDs and regulate 
macrophage polarization. To elucidate receptor mechanism 
through which TZP influences macrophage polarization, we 
determined mRNA expression of GIPR and GLP-1R. The 
results indicate that both receptors were expressed in murine 
macrophage, and neither oxLDL nor TZP affect their mRNA 
expression levels (Fig. 7A, B). To further investigate recep-
tor involvement, murine macrophages were preincubated 
with either the GLP-1R antagonist or the GIPR antagonist 
prior to treatment with oxLDL and/or TZP. As anticipated, 
TZP significantly attenuated the oxLDL-induced upregu-
lation of M1 inflammatory cytokines (TNFα, IL-6, CCL2 
and TLR4), and reversed the suppression of M2 macrophage 
cytokines (IL-10 and Arg-1), preincubation with the GLP-
1R antagonist 1 or GIPR antagonist GIP (3-30) NH2 (a 
potent antagonist of GIPR) partially attenuated TZP’s effects 
on the mRNA expression of these cytokines. However, the 
combination of GLP-1R antagonist 1 and GIP (3-30) NH2 
completely abrogated TZP’s effects on M1 cytokines and M2 
cytokine expression (Fig. 7C–H, all p < 0.05). These results 
suggest that both GLP-1R and GIPR are essential for TZP-
mediated regulation of M1/M2 macrophage homeostasis.

TZP promotes M1/M2 macrophage homeostasis 
through upregulation of the KLF4/PPARγ pathway 
in murine macrophages

KLF4 and PPARγ are pivotal regulators of M1/M2 mac-
rophage homeostasis and metabolic profile, both of which 
significantly influence the progression of atherosclerosis 
(Han et al. 2023; Zhang et al. 2023). As shown in Fig. 8A 
and B, oxLDL significantly downregulated the protein 
expression of KLF4 and PPARγ, an effect that was reversed 
by TZP treatment. Importantly, this key regulation was cor-
roborated in vivo. Immunofluorescence analysis of aortic 
tissues from apo E−/− mice fed a high-fat diet revealed a sig-
nificant reduction in KLF4 expression, which was conversely 

restored by TZP treatment (Fig. 8C, p < 0.05). Bioinformatic 
analysis revealed multiple binding sites between KLF4 and 
PPARγ (Fig S5). Furthermore, we treated macrophages with 
KLF4 inhibitor kenpaullone or PPARγ inhibitor T0070907, 
kenpaullone attenuated TZP-induced upregulation of 
KLF4 and PPARγ expression (Fig S6A, p < 0.05), whereas 
T0070907 inhibited TZP-induced upregulation of PPARγ 
but did not affect KLF4 expression (Fig. 8G, p < 0.05), both 
inhibitors reversed the effects of TZP on oxLDL-mediated 
expression of M1/M2 macrophage cytokines (Fig S6B, 
Fig. 8H, all p < 0.05). Consistently, KLF4 gene silencing 
achieved similar effects as the KLF4 inhibitor, with KLF4 
protein expression downregulated by approximately 55% 
(Fig. 8D, p < 0.05), confirming the efficiency of silencing. 
Silencing of KLF4 also suppressed TZP-induced upregula-
tion of PPARγ expression (Fig. 8E, p < 0.05) and reversed 
the effects of TZP on the expression of M1 and M2 cytokines 
(Fig. 8F, p < 0.05). These results suggest that TZP regu-
lates M1/M2 macrophage homeostasis through activation 
of KLF4/PPARγ pathway.

Discussion

The present study demonstrates that TZP treatment reduces 
atherosclerotic plaque in atherogenic apo E−/− mice, shifts 
macrophage polarization from M1 to M2 and improves 
metabolic profile. In both cultured murine and human mac-
rophages, TZP attenuates oxLDL-induced lipid deposition 
and foam cell formation, and downregulates CD36. Mecha-
nistically, TZP promotes the M1 to M2 transition through 
activating the KLF4/PPARγ pathway. These findings sug-
gest that TZP exerts anti-atherosclerotic and CV protective 
effects.

As a dual agonist of GLP-1R and GIPR, TZP is more 
effective than GLP-1R agonists in lowering blood glucose 
and body loss. Unlike traditional glucose-lowering agents, 
TZP strongly lowers blood glucose level but rarely causes 
low blood glucose episodes, as it stimulates insulin release 
in a glucose dependent manner (Del Prato et al. 2021; Wong 
et al. 2023). Consequently, some investigators regard TZP as 
a groundbreaking advancement in the treatment of diabetes 
and obesity (Heise et al. 2022, 2023). Clinical trials have 
shown that TZP can significantly reduce risk of CVDs in 
patients with T2D or obesity (Wilson et al. 2020; Garvey 
et al. 2023; Nicholls et al. 2024). However, since trial par-
ticipants had underlying metabolic disorders, it remains 
challenging to distinguish whether the CV protective effects 
of TZP are solely due to metabolic improvement or involve 
direct beneficial effect on CV system (Nicholls et al. 2024). 
Our in vitro results indicate that TZP exerts direct anti-
atherosclerotic effects through inhibiting lipid deposition, 
foam cell formation, and inflammation in oxLDL-treated 
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macrophages. Furthermore, ANCOVA of our in vivo data 
showed that TZP’ s reduction of atherosclerotic lesions 
remains significant after adjusting for body weight and cho-
lesterol levels. These results suggest that TZP’s anti-athero-
sclerotic effects may involve both metabolic-dependent and 
metabolic-independent mechanisms.

A key feature of atherosclerosis is the recruitment 
of macrophages in the arterial wall, where they engulf 
oxLDL, leading to foam cell formation (Lin et al. 2022; 
Bao et al. 2024). The accumulation of macrophage foam 
cells promotes development of early atherosclerotic lesions 
and sustained plaque growth (Marchio et al. 2019; Ahmed 
et al. 2023). Plague progression is strongly influenced by 
cholesterol metabolism within subendothelial macrophages 
(Ahmed and Myerscough 2024; Skeyni et al. 2024). Intra-
cellular non-esterified cholesterol levels are increased by 
CD36-mediated oxLDL uptake, while cholesterol efflux 
is facilitated by ABCA1 and ABCG1 (Yu and Tang 2022; 
Zhang et al. 2022).

We have previously shown that nicotine accelerates ath-
erosclerosis via upregulating CD36 expression, enhancing 
lipid uptake and foam cell formation (Zhou et al. 2013). In 
the present study, we show that TZP downregulates oxLDL-
induced CD36 expression while upregulating ABCA1 and 
ABCG1, which may reduce intracellular lipid accumulation 
and foam cell formation. We detected both GLP-1 and GIP 
receptors in murine macrophages. GLP-1R is a G-protein-
coupled receptor, and its activation increases intracellular 
cyclic adenosine monophosphate (cAMP) to induce PKA 
phosphorylation (Le et al. 2023). Dai et al. showed that 
GLP-1RA liraglutide inhibits CD36 expression and oxLDL 
accumulation through GLP-1R/PKA pathway (Dai et al. 
2014). Here we found that TZP enhances PKA phosphoryla-
tion, and a PKA inhibitor abolished TZP’s inhibitory effects 
on oxLDL-induced macrophage lipid accumulation and 
foam cell formation. These findings suggest that TZP inhib-
its oxLDL-induced CD36 expression and lipid deposition 
primarily through activation of the GLP-1R/PKA pathway.

Atherosclerotic CVDs are considered as a chronic unre-
solved vascular inflammatory disease initiated by abnormal 
lipid accumulation in the arterial wall. Macrophages play a 

pivotal role in driving the inflammatory process (Bäck et al. 
2019). M1 macrophages secrete pro-inflammatory media-
tors that sustain local inflammation, degrade extracellular 
matrix, and contribute to lesion progression and plaque 
instability (Luo et al. 2024). In contrast, M2 macrophages 
express IL-4, IL-10, Arg-1 and TGF-β1, which promote 
tissue repair and plaque stability (Shapouri-Moghaddam 
et al. 2018). M2 macrophages are present in many models 
of regression plaques and involve inflammation resolution 
and plaque remodeling (Hu et al. 2021). Using RNA-seq and 
KEGG pathway analysis, we observed that TZP modulates 
several keys signaling pathways associated with inflamma-
tion in oxLDL-pretreated macrophages, such as the TNFα, 
chemokine, and Th1 and Th2 cell differentiation pathway. 
TZP inhibited oxLDL-induced M1 markers, while simulta-
neously enhancing M2 markers. Similar changes in M1/M2 
macrophage markers were also found in atherogenic plaques 
of apo E−/− mice. Specifically, TZP treatment decreases the 
M1 marker CD86 and iNOS, and increases the M2 marker 
CD206 and Arg-1, coinciding with significant regression 
of atherosclerotic lesions. These results suggest that anti-
atherosclerotic effects of TZP are mediated at least in part 
by its anti-inflammatory properties and its ability to restore 
M1/M2 macrophage homeostasis.

KLF4 has been shown to inhibit proinflammatory gene 
expression, induces M2 macrophage gene reprogramming, 
and promote the M1/M2 transition (Qiu et al. 2021). Myeloid 
specific KLF4 depletion is linked to delayed wound healing 
and increased susceptibility to diet-induced metabolic disor-
ders, highlighting its role in regulating M1/M2 macrophage 
homeostasis and metabolic homeostasis (Liao et al. 2011). 
Furthermore, KLF4 interacts with nuclear receptors such 
as PPARγ to mediate macrophage polarization (Kapoor 
et al. 2015; Zhuang et al. 2021; Shao et al. 2023). Shao 
et al. reported KLF4 binding sites within PPARγ promoter 
and demonstrated that KLF4 upregulates PPARγ expression 
(Shao et al. 2023), promoting M2 polarization (Rui et al. 
2022).

To investigate the mechanisms by which TZP regulates 
M1/M2 macrophage homeostasis, we performed bioinfor-
matic analyses to predict interactions between KLF4 and 
PPARγ. Our bioinformatic analysis identified multiple 
binding sites between KLF4 and PPARγ. In this study, TZP 
upregulated both KLF4 and PPARγ in oxLDL-treated mac-
rophage, and pharmacological inhibition of either KLF4 or 
PPARγ reversed TZP’s effects on M1/M2 cytokine expres-
sion. Critically, KLF4 gene silencing recapitulated the 
effects of the pharmacological inhibitor, downregulating 
both KLF4 and PPARγ expression and abolishing TZP’s 
modulation of macrophage polarization, providing direct 
genetic evidence for the axis. Moreover, inhibition of KLF4 
prevented TZP-induced upregulation of PPARγ, whereas 
PPARγ inhibition did not affect TZP upregulation of KLF4, 

Fig. 6   TZP modulates macrophage inflammatory response and M1/
M2 macrophage homeostasis in murine RAW264.7 macrophages. A 
TZP inhibited the protein expression of oxLDL-induced upregula-
tion of Toll-like receptor 4 (TLR4) /nuclear factor kappa B (NFκB, 
pIκB/IκB ratio) pathway, n = 3. B Representative immunofluores-
cence images and their quantitation of p65 (NFκB) nuclear translo-
cation, n = 5. C TZP treatment reversed oxLDL-induced increase in 
M1 pro-inflammatory genes (tumor necrosis factor a (TNFα), C–C 
motif ligand 2 (CCL2), interleukin (IL)-6, and TLR4), and decrease 
in expression of M2 anti-inflammatory genes (IL-10 and Arg-1), 
n = 3. Data are expressed as mean ± SEM. *p < 0.05 vs. Ctr group; 
**p < 0.01 vs. Ctr group; #p < 0.05 vs. oxLDL group; ##p < 0.01 vs. 
oxLDL group
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placing KLF4 upstream of PPARγ in this pathway. The 
dependence on dual receptor engagement is confirmed, as 
combined GLP-1R and GIPR antagonism completely abro-
gated TZP’s regulatory effects. These results suggest that 
TZP promotes M1/M2 macrophage homeostasis through the 
upregulation of the KLF4/PPARγ pathway, driven by the 
activation of both GLP-1 and GIP receptors.

Limitations: Several limitations should be acknowl-
edged. First, a key consideration is whether TZP’s anti-
atherosclerotic effects are independent of its metabolic 
benefits. Although ANCOVA suggests partial independ-
ence from weight loss and lipid changes, this method has 
limitations due to variable correlation and sample size. Thus, 
although in vitro data support direct effects on macrophage 

Fig. 7   TZP regulates M1/M2 macrophage homeostasis through 
GLP-1R and GIPR activation in murine RAW264.7 macrophages. 
A and B TZP did not alter mRNA expression of glucagon-like pep-
tide-1 receptor (GLP-1R) or glucose dependent insulinotropic poly-
peptide receptor (GIPR). C–H TZP significantly inhibited oxLDL-
induced increases in pro-inflammatory cytokines (TNFα, IL-6, 

CCL2, and TLR4) and prevented reductions in anti-inflammatory 
cytokines (IL-10 and Arg-1). Data are expressed as mean ± SEM. 
*p < 0.05 vs. oxLDL group; **p < 0.01 vs. oxLDL group; #p < 0.05 
vs. oxLDL + TZP group; ##p < 0.01 vs. oxLDL + TZP group; NS: no 
significant difference compared with oxLDL group. N = 3
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polarization, we cannot definitively conclude that the in vivo 
anti-atherosclerotic effects are entirely independent of met-
abolic improvements. Future studies using tissue-specific 
receptor knockout models or pair-feeding experiments are 
needed to clarify these mechanisms. Second, while we have 
added important plaque stability data (necrotic core, fibrous 
cap) and expanded in vivo immunophenotyping with addi-
tional markers (F4/80, iNOS, Arg-1), the sample sizes in the 

original in vivo and some in vitro experiments, though suffi-
cient to detect the primary reported effects, are modest. This 
may limit the granularity of subgroup analyses and general-
izability. Third, we acknowledge the lack of primary mac-
rophage validation as a limitation. THP-1 cells were chosen 
for their homogeneity and well-established use in athero-
sclerosis research (Wang et al. 2024; Cao et al. 2025; Zhang 
et al. 2025). While this human line supports translational 

Fig. 8   TZP promotes M1/M2 macrophage homeostasis via krup-
pel-like factor 4 (KLF4)/peroxisome proliferator-activated receptor 
(PPAR) γ pathway activation in murine RAW264.7 macrophages. 
Representative image bands (A) of KLF4 and PPARγ and their quan-
titation (B). C Representative immunofluorescence images and their 
quantitation of co-staining for F4/80 and KLF4, n = 3. D Effects of 
three silencing KLF4 gene sequences on the protein expression of 
KLF4. E and F Silencing KLF4 gene attenuated TZP upregulation 
of KLF4 and PPARγ mRNA expression (E) and reversed TZP effects 
on M1 (TNFα, CCL2 & TLR4) and M2 genes (CD206 & Arg-1, 

IL-10) expression (F), n = 5. G PPARγ inhibitor T0070907 attenu-
ated TZP upregulation of PPARγ protein expression but did not affect 
KLF4 expression, and reversed TZP effects on M1/M2 genes mRNA 
expression (H), n = 3. Data are expressed as mean ± SEM. *p < 0.05 
vs. Ctr group; **p < 0.01 vs. Ctr group; #p < 0.05 vs. oxLDL group 
or si-NC + oxLDL; ##p < 0.01 vs. oxLDL group or si-NC + oxLDL 
group; &p < 0.05 vs. si-NC group; &&p < 0.01 vs. si-NC group; 
$p < 0.05 vs. oxLDL + TZP group or si-NC + oxLDL + TZP group; 
$$p < 0.01 vs. oxLDL + TZP group or si-NC + oxLDL + TZP group
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relevance and enabled our core transcriptomic analyses, it 
may not fully reflect primary macrophage biology. Confirm-
atory studies using primary human or murine macrophages 
are therefore warranted. Fourth, plaque stability depends on 
multiple factors beyond macrophages. While we focused on 
macrophage polarization, other elements, such as smooth 
muscle cell content, fibrous cap thickness and collagen depo-
sition, were not fully assessed. Given that GLP-1 agonists 
can directly affect vascular smooth muscle and endothelial 
cells (Ma et al. 2021; McLean et al. 2021; Park et al. 2024; 
Zhang et al. 2024), TZP may also act through these cell 
types. Future studies should examine these parameters to 
better characterize its vascular protective effects. Finally, 
the in vitro experiments, while informative, involve short-
term treatments that may not fully recapitulate the chronic 
processes of atherosclerotic plaque development in vivo. 
The in vivo validation of KLF4 expression in plaque mac-
rophages helps bridge this gap, but the inherent differences 
between model systems remain a consideration.

In conclusion, this study provides first scientific evi-
dence showing that TZP halts atherosclerosis progression 
in the atherosclerotic apo E−/− mice and suppresses oxLDL-
mediated foam cell formation and inflammatory response 
in macrophages. These effects are mediated at least in part, 
through the inhibition of CD36-mediated cholesterol uptake 
and the restoration of M1/M2 macrophage homeostasis via 
the GLP-1R/GIPR-PKA-KLF4-PPARγ signaling axis. While 
macrophage modulation represents a key mechanism, future 
studies should investigate the potential contributions of other 
cell types to overall atheroprotective effects of TZP. Given 
the strong association of T2D and obesity with atheroscle-
rotic CVD risk, our findings suggest that TZP could enhance 
therapeutic strategies for managing diabetes and obesity in 
individuals at high risk for atherosclerotic CVDs.
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