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Purpose: The study was aimed at identifying that cytochrome b (CYTB) expression regulation by trimethylamine N-oxide (TMAO) 
can induce mitochondria reactive oxygen species (ROS) and promote vascular endothelial cells (VECs) pyroptosis.
Methods: VECs were transfected with TET methylcytosine dioxygenase 2 (TET2)/CYTB overexpression lentivirus, CYTB siRNA, TET2 
shRNA, or NC. ROS levels were measured using MitoSOX Red fluorescence, and pyroptosis was evaluated via Hoechst 33342/PI staining. 
Western blot was used to measure TET2, the NOD-like receptor thermal protein domain associated protein 3 (NLRP3), proteolytic cleavage 
of gasdermin D (GSDMD), CYTB, and Caspase-1 expression. Interleukin (IL)-1β was quantified by ELISA. The mRNA expression of IL- 
1β, CYTB, ND2, and TET2 was measured by qRT-PCR. Cellular ultrastructure was examined by electron microscope, and calcium flux was 
monitored with Fluo-4AM. CYTB methylation was detected using Targeted Bisulfite Sequencing.
Results: This study showed that TMAO can down-regulate the expression of CYTB inVECs, cause VECs pyroptosis and mitochon-
drial dysfunction (MDF). CYTB overexpression antagonized the effect of TMAO. Further, silencing CYTB promoted mtROS 
production, and MitoTEMPO, a ROS scavenger, inhibited VECs pyroptosis caused by CYTB silencing. In addition, TET2 had 
demethylation activity. The expression of CYTB was positively regulated by TET2. TMAO was able to inhibit the expression of TET2 
and promote the methylation level of the CYTB gene promoter.
Conclusion: TMAO promotes the methylation level of the CYTB gene promoter and down-regulates the expression of CYTB by 
inhibiting the expression of TET2. The decreased expression level of CYTB induces ROS, promoting VECs pyroptosis.
Keywords: atherosclerosis, pyroptosis, mitochondrial dysfunction, trimethylamine N-oxide, cytochrome b

Introduction
Atherosclerosis (AS) is a leading cause of death in developed countries and is considered a form of chronic inflammation.1 

Atherosclerotic cardiovascular disease (ASCVD), especially ischaemic heart disease and ischaemic stroke, is the leading 
cause of morbidity and mortality globally.2 In 2021, ischaemic heart disease and ischaemic stroke caused about 9.37 million 
deaths, representing about 13.72% of all deaths around the world.3 In China, ASCVD caused 2.4 million deaths in 2016, 
representing 25% of all deaths.4 Atherosclerosis is characterized by the deposition of fibrous tissues and lipids in the intima of 
elastic arteries, leading to thrombus formation and the thickening and hardening of vessel walls, ultimately causing structural 
damage.5 Cell death and inflammation play critical roles at various stages of atherosclerosis.6 Pyroptosis, an inflammatory 
form of programmed cell death, is induced by caspase-1/4/5/11. It is characterized by cell swelling, plasma membrane lysis, 
chromatin fragmentation and the release of inflammatory substances such as interleukin (IL)-1β and IL-18.7–9 Proteolytic 
cleavage of gasdermin D (GSDMD) by Caspase-1/4/5/11, leading to membrane perforation and rupture, plays an important 
role in pyroptosis.10–12
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Trimethylamine N-oxide (TMAO), an endothelial-toxic factor produced by gut flora from phosphatidylcholine in 
meat, participates in foam cell formation and plaque growth in animal models,13–15 and is closely related to vascular 
endothelial cells (VECs) pyroptosis.16,17 It induces inflammation and endothelial dysfunction through reactive oxygen 
species (ROS) generation.18 Mitochondria are the source of most ROS,19 and mitochondrial dysfunction (MDF) 
promoted ROS production, which activated the NOD-like receptor thermal protein domain associated protein 3 
(NLRP3) inflammasome, leading to pyroptosis of VECs.20,21 Cytochrome b (CYTB), encoded by mitochondrial DNA 
(mtDNA), is a key component of complex III in the mitochondrial oxidative phosphorylation system and serves as one of 
the cytopigments for electron transport in the mitochondrial respiratory chain.22,23 The decreased expression of CYTB 
leads to the disorder of complex III formation,24,25 which inhibits the electron transport in respiratory chain and increases 
ROS production in mitochondria.26 The CYTB mutations can lead to NLRP3 inflammasome activation, apoptosis, 
endothelial dysfunction and atherosclerosis.27–33 Tet methylcytosine dioxygenase2 (TET2) is a demethylating enzyme 
that catalyze the conversion of 5-methylcytosine (5-mC) in DNA to 5-hydroxylMethylcytosine (5-hmC).34 Our previous 
studies have shown that silencing TET2 can induce pyroptosis of VECs by promoting ROS production in VECs.35,36

The study was aimed to validate the hypothesis that TMAO promoted VECs pyroptosis via the TET2-CYTB-ROS 
pathway. In this study, the effect of TMAO on the pyroptosis of VECs, intracellular TET2 and CYTB expression, and 
ROS levels, was investigated, and the underlying mechanism by which TET2, CYTB and ROS regulated TMAO-induced 
VECs pyroptosis by inducing MDF was explored.

Materials and Methods
Cell Culture and Transfection
VECs were obtained from Science Cell Research Laboratories (Carlsbad, CA) and cultured in VEC medium containing 
10% fetal bovine serum in a humidified atmosphere at 37°C, 5% CO2, and 95% air. TET2 overexpression and short 
hairpin RNA (shRNA) lentiviruses, CYTB overexpression lentivirus, and the negative control (NC) were synthesized by 
GeneChem (Shanghai, China). CYTB small interfering RNA (CYTBsiRNA: GCAACACTCCACCTCCTAT) and NC 
were purchased from RiboBio (Guangzhou,China). VECs were transfected with CYTBsiRNA or NC using riboFECTTM 

CP Transfection Kit, and transfection efficiency was evaluated with protein expression by Western blot analysis. 
Transfection of TET2 overexpression/shRNA lentivirus, CYTB overexpression lentivirus or NC was conducted using 
HitransG of GeneChem (Shanghai, China), and transfection efficiency was assessed by observing fluorescence under 
a fluorescence microscope.

Measurement of ROS Levels
To distinguish from TET2 and CYTB exhibiting green fluorescence, MitoSOX Red fluorescence probe (M36008, 
Thermo Fisher Scientific) was used for ROS fluorescence detection. The cells were washed twice with cold phosphate- 
buffered saline (PBS, pH 7.4) and incubated with MitoSOX (5 μM) for 30 minutes in the dark at 37°C. Diamidino- 
2-phenylindole (DAPI) (10 μg/mL, C0065, Beijing Solarbio Science & Technology) was used for counterstaining for 
10 minutes in the dark at room temperature. The cells were then observed under an Olympus IX3 fluorescence 
microscope (Olympus, Tokyo, Japan).

Western Blot
Cells were washed three times with ice-cold PBS and lysed on ice for 30 minutes with radioimmunoprecipitation assay buffer 
(RIPA) containing phenylmethanesulfonyl fluoride (PMSF) at a 94:6 ratio. The cells were then collected and centrifuged at 
12,000 rpm for 10 minutes at 4°C. Protein concentration in the supernatant was measured using a BCA protein assay kit. A 20 μg 
protein sample per well was loaded onto an 8–12% sodium dodecyl sulfate polyacrylamide gel, then transferred to 
a nitrocellulose membrane and blocked with PBS containing 5% nonfat milk for 2 hours. The membrane was incubated with 
TET2 (1:1,000; Proteintech, Rosemont), NLRP3 (1:500; Proteintech, Rosemont), GSDMD (1:500; Proteintech, Rosemont), 
CYTB (1:500; Proteintech, Rosemont), Caspase-1 (1:500; Proteintech, Rosemont), Pro-caspase-1 (1:1000; Proteintech), 
GSDMD-N (1:1000; Proteintech, Rosemont) and diluted in TBST containing 2.5% skim milk buffer at 4°C overnight. After 
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the membranes were washed five times with PBS containing Tween 20, the membranes were incubated with fluorescence- 
conjugated anti-rabbit IgG secondary antibody (1:2000) at room temperature for 1.5 hours. Glyceraldehyde 3-phosphate 
dehydrogenase (GAPDH) (Proteintech) was used as a loading control. Quantity One Software was used to visualize the protein 
bands, and the target protein was quantified.

Enzyme-linked Immunosorbent Assay
Enzyme-linked immunosorbent assay (ELISA) was performed to measure the levels of IL-1β secretion in VECs. After 
treatment, the cell supernatant was collected, and 100 μL of the sample were taken for ELISA analysis according to the 
manufacturer’s protocol (NeoBioscience, Guangzhou, China).

Quantitative reverse-transcription polymerase chain reaction
Total RNA was extracted from VECs using Trizol reagent and then reverse transcribed into cDNA using RT kit 
(TOYOBO). The ABI 7000 sequence detection system was used, and SYBR Green Premix Dimer Eraser (Takara) 
was used for quantitative PCR. RNA levels were normalized using GAPDH specific primers. The primer sequences used 
for quantitative reverse-transcription polymerase chain reaction (qRT-PCR) were as follows:

IL-1β forward, 5′-CGATCACTGAACTGCACG CT-3′ and reverse, 5′-AGAACACCACTTGTTGCTCCA-3′; CYTB 
forward, 5′-TATGGCTGAATCATCCGCTAC3′ and reverse, 5′-GGATAATGCCGATGTTTC-3′; NADH dehydrogenase 
subunit 2 (ND2) forward, 5′-AATAAACCCTCGTTCCAC-3′ and reverse, 5′-CTGGGACTCAGAAGTGAAAGG-3′; and 
TET2 forward, 5′-CAAAATCAAGCGAGTTCGAGA-3′ and reverse, 5′-ATGCACTTGATTTCATGGTC-3′; GAPDH 
forward, 5′-AAG ATCAAGATCATTGCTCCTCCTG-3′ and reverse, 5′-GCCGGACTCGTCATACTCCT-3′;

Scanning and Transmission Electron Microscope
After the cells were digested with trypsin, they were collected by centrifugation at 1000 rpm for 10 minutes and fixed 
with phosphate-buffered glutaraldehyde. Scanning electron microscopy was performed using a HT-7700 electron 
microscope (Tokyo, Japan), and transmission electron microscopy was performed using a H7650 electron microscope 
(Tokyo, Japan).

Calcium Ion Measurement
Fluo-4AM was stored and diluted to a 2.5 µM working solution in an EP tube, protected from light. The cells were 
washed three times with PBS to remove phenol red, which may affect the background color. Next, the Fluo-4AM 
working solution was added, and the cells were incubated for 30 minutes in a 37°C water bath. Finally, the cells were 
washed three times with PBS and then observed under a fluorescence microscope (IX3, Olympus).

Hoechst 33342/PI Staining
Hoechst 33342/propidium iodide (PI) staining was used to evaluate pyroptosis. The VECs were rinsed three times with 
phosphate-buffered solution (PBS) and then incubated in the dark at 37°C for 10 minutes with Hoechst 33342 solution. After 
removing the dye, the cells were washed with PBS, PI dye was added, and the cells were incubated for 10 minutes in the dark 
at 37°C. After washing three times with PBS, the cells were observed under a fluorescence microscope (IX3, Olympus).

Bioinformatics Analysis
The following websites were used for CpG island analysis: MethPrimer (http://www.urogene.org/methprimer2/) and the 
UCSC Genome Browser.

Targeted Bisulfite Sequencing
Targeted Bisulfite Sequencing (TBS) combines traditional Bisulfite Sequencing PCR (BSP) with high-throughput sequencing 
to enable methylation detection and verification for multiple CpG sites or target regions. First, BS-PCR primers were 
designed and synthesized based on the target region or site (Supplementary Table 1). Next, DNA was extracted, quality- 
controlled, and treated with bisulfite using the EZ DNA Methylation Gold Kit (Zymo Research). Following bisulfite 
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treatment, unmethylated cytosines (C) were converted to uracils (U), which were later amplified as thymine (T) during PCR, 
while methylated cytosines remained unchanged. The bisulfite-treated template was then amplified using high-fidelity 
U-base-tolerant DNA polymerase. BSP amplification products from the same sample were pooled together, and amplification 
with tag primers was performed using Illumina sequencing adapters. Finally, sequencing libraries with distinct tags for each 
sample were prepared, purified, quantified, mixed, and quality-checked before sequencing.

Statistical Analysis
Data were expressed as mean ± SD and analyzed using one-way analysis of variance (ANOVA) followed by the 
Newman-Keuls multiple comparison test (GraphPad Prism Version 5.0, CA). Two groups were compared using a two- 
tailed Student’s t-test, and P< 0.05 was considered statistically significant.

Results
TMAO Induces VECs Pyroptosis
TMAO is an endothelial toxic factor produced by intestinal flora and is closely related to VECs dysfunction.37 To 
investigate the relationship between TMAO and VECs pyroptosis, we performed in vitro experiments using VECs. 
After incubating VECs with 600 µmol/L TMAO for 24 hours,38 the expression levels of NLRP3, GSDMD, Pro- 
caspase-1, Caspase-1, and both the protein and mRNA levels of the proinflammatory cytokine IL-1β were 
significantly increased (Figure 1A–C). During pyroptosis, pores formed in the cell membrane, resulting in the 
release of cellular contents, which can be determined by PI staining.39 PI could not penetrate an intact cell 
membrane but is able to enter damaged membranes, resulting in red staining of the nucleus. Pyroptosis in VECs 
was detected by Hoechst 33342 and PI staining, which showed that TMAO induced pore formation and membrane 
rupture, characterized by an increase in extensive PI positive staining (Figure 1D). Scanning electron microscopy 
showed that the VECs membrane was ruptured, showing the appearance of membrane pores on the cell membrane 
(Figure 1E). These results collectively confirmed that TMAO induced VEC pyroptosis.

TMAO Induces VECs Mitochondrial Dysfunction
Intracellular ROS is mainly produced by MDF, and the increase of mitochondrial ROS can directly lead to cell 
pyroptosis.40 In order to further explore the effects of TMAO on mitochondrial structure and function in VECs, 
the expression of Nuclear Respiratory Factor 1 (NRF1), NRF2, and Peroxisome Proliferator-Activated Receptor-γ 
Coactivator-1α (PGC-1α) at the protein level, along with the expression of ND2 at the mRNA level, was 
measured. The results of qRT-PCR and Western blot analysis showed that TMAO could decrease the mitochondrial 
gene level (Figure 2A and B). Transmission electron microscopy showed abnormal morphological changes of 
mitochondria, as revealed by shortened cristae and vesicular structure formation (Figure 2C). In order to verify 
whether the cells pyroptosis caused by TMAO is realized by MDF, ROS in VECs was detected by MitoSOX 
probe, and the results showed that ROS increased under TMAO conditions (Figure 2D). Fluo-4 AM results also 
suggested that TMAO may be associated with an increase in calcium influx (Figure 2E). The above results 
indicated that TMAO induced VECs pyroptosis and damaged the function of mitochondria.

TMAO Downregulates CYTB Expression
Next, VECs were incubated under TMAO conditions to observe the effect on CYTB expression. Under TMAO 
treatment, the expression levels of CYTB at both the protein and mRNA levels were significantly decreased 
(Figure 3A and B). These results indicated that TMAO treatment inhibited CYTB expression.

CYTB Silence Promotes VECs Pyroptosis and MDF
CYTB is a protein that constitutes complex III of the mitochondrial oxidative phosphorylation system and is also involved in 
electron transfer within the mitochondrial respiratory chain.22 Mutations in genes encoding respiratory chain subunit proteins 
can alter cell metabolism and potentially lead to tumorigenesis.41 To observe the relationship between CYTB and VECs 
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Figure 1 TMAO induces VECs pyroptosis: (A) The protein levels of NLRP3, GSDMD, Pro-caspase-1, GSDMD-N and Caspase-1 were upregulated in VECs after treatment 
with 600 µmol/L TMAO for 24 hours, as indicated by Western blot results. GAPDH was used as an internal control. **P< 0.01 versus control group. (B) IL-1β production in 
the medium was increased after treatment TMAO for 24 hours. **P< 0.01 versus control group. (C) The percentage of PI (Red)- positive cells were increased in VECs after 
treatment with TMAO for 24 hours. scale bar = 300 μm. **P< 0.01 versus control group. (D) Statistical analyses of IL-1β expression in the mRNA level after TMAO 
treatment of VECs, **P< 0.01 versus control group. Data of statistical analyses are presented as the Mean±SD of three independent experiments. (E) The membrane of 
VECs treated with TMAO was observed by scanning electron microscope. The red arrow indicates the pore of the cell membrane. (Scale bar = 5μm;1μm).
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pyroptosis, we knocked down CYTB using CYTBsiRNA. Western blot analysis confirmed that CYTB knockdown was 
effective (Figure 4A). MitoTEMPO, a mitochondria-targeted antioxidant with superoxide and alkyl radical scavenging 
properties, was used to determine the role of ROS in VECs pyroptosis. Following CYTB knockdown, VECs were pretreated 
with MitoTEMPO. The results clearly showed that the increased expression of pyroptosis markers, including NLRP3, Pro- 
caspase-1, GSDMD, Caspase-1, and GSDMD-N, was inhibited after MitoTEMPO treatment (Figure 4B). The IL-1β levels in 
the medium transfection with CYTBsiRNA-treated VECs were decreased after pretreatment with MitoTEMPO (Figure 4C). 
After pretreatment with MitoTEMPO, the mRNA expression of IL-1β, the level of intracellular calcium and the percentage 
of PI positive cells in VECs treated with CYTBsiRNA decreased, while the mRNA expression of CYTB and ND2 increased 
(Figure 4D–F). In addition, ROS levels were detected using the ROS species probe (Red), and the fluorescence results 
showed that ROS levels increased when CYTB expression was knocked down, but ROS levels were inhibited by 
MitoTEMPO (Figure 4G). These findings supported that CYTB was involved in TMAO-induced VECs pyroptosis through 
a ROS-dependent mechanism, which may be closely related to mitochondrial function.

Figure 2 TMAO induces VECs MDF: (A) Expression of NRF2, PGC-1α, NRF1 decreased in the TMAO (600 µmol/L) group. GAPDH was used as an internal control. *P< 
0.05, **P< 0.01 versus control group. (B) Statistical analyses of ND2 expression in the mRNA level after TMAO treatment of VECs, **P< 0.01 versus control group. (C) 
Cellular ROS level was detected by MitoSOX and observed (Red) under fluorescence microscope. scale bar = 75μm. Data of statistical analyses are presented as the mean 
±SD of three independent experiments. **P< 0.01 versus control group. (D) Electron microscopy of the mitochondria of TMAO-treated VECs. The red arrows represent 
mitochondria. (Scale bar = 5μm; 1μm; 500nm.) (E) The calcium levels in mitochondria were determined using the probe Fluo-4 AM with immuno- fluorescence detection. 
Scale bar = 150μm.
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CYTB Overexpression Eliminates TMAO Induced VECs Pyroptosis and MDF
To determine the role of CYTB in TMAO-induced VECs pyroptosis, we overexpressed CYTB in VECs and 
assessed the efficiency (Figure 5A). The results showed that NLRP3, GSDMD, GSDMD-N, Pro-caspase-1, and 
Caspase-1 were upregulated under TMAO conditions, but their expression was inhibited in the TMAO + OECYTB 
group (Figure 5B). The results demonstrated that the mRNA levels of CYTB and ND2 decreased under TMAO 
treatment, but significantly increased in the TMAO + OECYTB group (Figure 5C). Additionally, the protein and 
mRNA levels of IL-1β (Figure 5C and D), the percentage of PI-positive cells (Figure 5E), ROS levels (Figure 5F), 
and intracellular calcium concentrations (Figure 5G) all showed marked increases under TMAO conditions, 
indicating enhanced pyroptosis and oxidative stress. However, these parameters were significantly reduced in 
the TMAO + OECYTB group, suggesting that OECYTB mitigated the effects of TMAO. Taken together, these 
results suggested that CYTB can suppress pyroptosis in VECs and effectively reduce ROS production induced by 
TMAO, thereby protecting against oxidative stress and inflammation.

TMAO Downregulates TET2 Expression
VECs were incubated under TMAO conditions to observe the effect on TET2 expression. Under TMAO treatment, the 
expression of TET2 at both the protein and mRNA levels were significantly decreased (Figure 6A and B). Therefore, 
TMAO treatment inhibited TET2 expression.

TET2 Upregulates CYTB Expression
TET2 plays an important role in DNA methylation.42–44 In order to clarify the relationship between TET2 and CYTB, we 
observed the effect of TET2 knockdown and overexpression on CYTB. The results showed that the expression of CYTB 
at protein level and mRNA level was decreased after knockout of TET2, while both protein and mRNA levels of CYTB 
were increased following TET2 overexpression (Figure 7A and B). These results suggested that TET2 can regulate the 
expression of CYTB.

TMAO Increases the Methylation Level of CYTB Promoter
Through bioinformatics analysis, a CpG island was found in the CYTB gene (Figure 8A). As previously mentioned, TBS 
analyzes the methylation level of the CYTB gene and to assess the methylation status of CpG islands in the CTYB region after 
TMAO treatment. Fifteen CpG sites on the CYTB gene were selected for detection (Supplementary Table 2). The results 
showed that the total average methylation level of fifteen CpG sites in the promoter region of the CYTB gene was higher in the 
TMAO group compared to the control group (Figure 8B). Specifically, the methylation level of CpG6 (14804) in the promoter 

Figure 3 TMAO downregulates CYTB expression: (A) The protein level of CYTB was decreased in VECs after treatment with 600 µmol/L TMAO for 24 hours, as indicated 
by Western blot results. GAPDH was used as an internal control. *P< 0.05 versus control group. (B) Statistical analyses of CYTB expression in the mRNA level after TMAO 
treatment of VECs, *P< 0.05 versus control group. Data of statistical analyses are presented as the Mean ±SD of three independent experiments.
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Figure 4 CYTB silence promotes VECs pyroptosis and MDF: (A) Transfection efficiency was determined by Western blot for analysis of CYTB expression. The protein level of 
CYTB is decreased in VECs after transfection with CYTBsiRNA. siNC: negative control. **P< 0.01 versus control group. (B) MitoTEMPO pretreatment 12 hours suppressed 
the upregulation of NLRP3, GSDMD, Pro-caspase-1, GSDMD-N and Caspase-1 protein levels after transfection with CYTBsiRNA. #P< 0.05; ##P< 0.01 versus control group; 
**P< 0.01 versus siCYTB group. (C) The IL-1β levels in the medium transfection with CYTBsiRNA-treated VECs was decreased after pretreatment with MitoTEMPO. #P < 0.05 
versus control group; **P< 0.01 versus siCYTB group. (D) Statistical analyses of CYTB and ND2 expression in the mRNA level transfection with CYTBsiRNA-treated VECs 
were increased after pretreatment with MitoTEMPO; the mRNA expression of IL-1β decreased. ##P< 0.01 versus control group; **P< 0.01 versus siCYTB group. (E) The 
percentage of PI-positive cells was declined after pretreatment with MitoTEMPO in CYTBsiRNA-treated VECs. scale bar = 300 μm. # #P < 0.01 versus control group; **P < 0.01 
versus siCYTB group. (F) After pretreatment with MitoTEMPO, the calcium level of VECs treated with CYTBsiRNA decreased. scale bar = 150 μm. ##P< 0.01 versus control 
group; **P< 0.01 versus siCYTB group. All results are expressed as the mean±SD of three independent experiment. (G) CYTBsiRNA increased intracellular ROS level of VECs 
and this increase was inhibited by MitoTEMPO (5 mM). scale bar = 75 μm. # #P< 0.01 versus control group; **P< 0.01 versus siCYTB group.
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Figure 5 CYTB overexpression eliminates TMAO induced VECs pyroptosis and MDF: (A) lentivirus transfection efficiency was determined by Western blot for analysis of 
CYTB expression. The protein level of CYTB is increased in VECs after transfection of CYTB overexpression lentivirus. **P< 0.01 versus control group. (B) The protein 
levels of NLRP3, GSDMD, Pro-caspase-1, GSDMD-N and Caspase-1 in TMAO-treated VECs were decreased and CYTB is increased after transfection of CYTB 
overexpression lentivirus. ##P < 0.01 versus control group; *P < 0.05; **P < 0.01 versus TMAO treatment group. (C) The IL-1β levels in the medium in TMAO-treated 
VECs were decreased after transfection of CYTB overexpression lentivirus. ##P < 0.01 versus control group; **P < 0.01 versus TMAO treatment group. (D) Statistical 
analyses of CYTB and ND2 expression in the mRNA level in TMAO-treated VECs were increased after transfection of CYTB overexpression lentivirus; the expression of 
IL-1β decreased. ##P< 0.01 versus control group; *P< 0.05; **P< 0.01 versus TMAO treatment group. (E) CYTB overexpression of lentivirus decreased the percentage of PI 
positive cells in VECs treated with TMAO. scale bar = 300 μm. ##P< 0.01 versus control group; **P< 0.01 versus TMAO treatment group. (F) TMAO increased intracellular 
ROS level of VECs and this increase was inhibited by CYTB overexpression lentivirus. scale bar = 75 μm. ##P< 0.01 versus control group; **P< 0.01 versus TMAO treatment 
group. (G) After transfection of CYTB overexpression lentivirus, the calcium level of VECs treated with TMAO decreased. scale bar = 150 μm. ##P< 0.01 versus control 
group; **P< 0.01 versus TMAO treatment group. All results are expressed as the mean±SD of three independent experiment.
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region was significantly higher in the TMAO group than in the control group (Figure 8C). Therefore, the expression of the 
CYTB gene was regulated through methylation, and TMAO treatment can increase CYTB methylation.

Discussion
AS is a chronic inflammatory disease accompanied by cell death and pro-inflammatory cytokine release.45 Pyroptosis is 
a programmed inflammatory mode of cell death,46 which is closely related to cardiovascular disease.47 TMAO, an intestinal 
microbial metabolite, is strongly linked to cellular dysfunction in AS.48,49 It is primarily derived from choline, found in red 
meat, fish, poultry, eggs and other foods. Gut microbiota metabolizes choline to trimethylamine, which is further metabolized 
to TMAO by the hepatic enzyme flavin monooxygenase 3.50,51 It promotes VECs pyroptosis through ROS upregulation, 
thereby contributing to the progression of AS.17 Lopez-Pastrana et al reported that VECs pyroptosis promoted the release of 
adhesion molecules, which triggering monocyte adhesion.52 This phenomenon facilitates monocyte migration and athero-
sclerotic lesion progression via the ROS-NLRP3 pathway.53 Consistent with these findings, our results showed that TMAO 
induced VECs pyroptosis by increasing ROS. Mitochondria, serving as the cell’s energy source and essential for maintaining 
cell homeostasis, is closely related to VECs pyroptosis.21 The most ROS are produced by mitochondria, especially those with 
destroyed mitochondrial homeostasis.54

CYTB, encoded by mtDNA (Supplementary Figure 1), is a hydrophobic membrane protein composed of eight 
transmembrane helices.55 The protein is involved in regulation of oxidoreductase activity, metal ion transfer, and 
electron transport in the respiratory chain.56 ROS can drive beneficial homeostasis by coordinating intracellular 
signaling pathways, and it can also destroy some cellular components and lead to cell death.57 Previously, the research 
on CYTB mainly focused on the CYTB gene polymorphisms and mutations that related to numerous clinical 
presentations including mitochondrial encephalopathy, cardiomyopathy, hypertension, epto-optic dysplasia and multi-
system disorder.58–65 Some studies found that CYTB gene mutations were associated with NLRP3-inflammasome 
activation,27 ROS production,66 apoptosis,28,33 endothelial dysfunction and AS.29,67 This study found that the VECs 

Figure 6 TMAO downregulates TET2 expression: (A) The protein level of TET2 was decreased in VECs after treatment with 600 µmol/L TMAO for 24 hours, as indicated 
by Western blot results, GAPDH was used as an internal control. **P< 0.01 versus control group. (B) Statistical analyses of TET2 expression in the mRNA level after TMAO 
treatment of VECs, *P< 0.05 versus control group. Data of statistical analyses are presented as the Mean±SD of three independent experiments.

Figure 7 TET2 upregulates CYTB expression: (A) Overexpression/interrupted TET2 can change CYTB expression, whereas TET2 overexpression increased CYTB protein 
level, but decreased when TET2 was interrupted. #P< 0.05 versus control group. **P< 0.01 versus shTET2 group. (B) Overexpression/interrupted TET2 can regulate the 
expression of CYTB at mRNA level. ##P< 0.01 versus control group. **P< 0.01 versus shTET2 group.
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pyroptosis and MDF induced by TMAO were linked to the CYTB gene. CYTB overexpression inhibited TMAO- 
induced VECs pyroptosis, while inhibition of CYTB expression induced VECs pyroptosis, an effect that can be 
mitigated by targeting mitochondrial ROS with the inhibitor MitoTEMPO. Antioxidant MitoTEMPO can reduce the 
maturation of inflammatory cytokines, thus reducing TMAO-induced pyroptosis of endothelial cells.

DNA methylation modification is a form of epigenetic modification, which mainly occurs in CpG dinucleotides, and 
is usually related to gene suppression.68 Recently, a CpG site in the mitochondrial gene CYTB has been identified,69 and 
the expression level of CYTB is related to mtDNA methylation.70 This is consistent with this research results, CpG 
islands were found in the promoter of the CYTB gene by bioinformatics analysis. In this study, mtDNA methylation was 
detected by TBS analysis, which found that the methylation level of CYTB promoter increased at the overall level and 
site 14804 after TMAO treatment, VECs pyroptosis induced by TMAO was related to hypermethylation of CYTB, 
indicating that there may be methylation regulation sites in the CYTB gene. However, mitochondrial genes are 
predominantly regulated by the D-loop region, and therefore, the methylation status of the D-loop should be assessed 
in future studies.

Demethylase TET2 can catalyze the oxidation of 5-mc in DNA into 5-hmC and inhibit the development of AS.34,42 

The deficiency of TET2 leads to the increase of ROS production and disruption of mitochondrial dynamic balance.71 

Moreover, the secretion of IL-1β and the activity of NLRP3 inflammatory body are enhanced by TET2 inactivation.72 

Our previous studies have shown that TET2 silencing can induce VECs pyroptosis by promoting the production of ROS 

Figure 8 TMAO increases the methylation level of CYTB promoter: (A) The MethPrimer was used to analyze the CpG island. (B) Total average methylation level of 15 
CpG gene. (C) The methylation level in the promoter region of CpG6 (14804) in the TMAO group was higher than that in the control group. *P < 0.05; **P < 0.01 versus 
control group.
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in VECs.35,36 In this study, TMAO can down-regulate the expression of TET2, which suppresses the expression of 
CYTB. Interfering with TET2 can regulate the expression of CYTB. Therefore, this study showed that TET2 was 
involved in TMAO-induced VECs pyroptosis through regulation of CYTB methylation. However, TET2 enters mito-
chondrial and regulation of CYTB is not completely clear, and further experiments are needed.

Overall, the results of this study showed that TMAO induced MDF and increased ROS production primarily by 
inhibiting TET2 and CYTB, which subsequently leads to VECs pyroptosis. Therefore, TET2 may protect against AS 
induced by oxidative stress through the demethylation of CYTB. Targeting CYTB to regulate mtDNA methylation could 
represent a novel therapeutic strategy for the intervention of AS.

In this study, by a series of in vitro experiments, we proved that TMAO inhibited the expression of TET2 and CYTB, 
induced MDF, and promoted the production of ROS, which led to pyroptosis of VECs. This study found a new 
mechanism by which TMAO promoted AS. However, several limitations were not resolved. First, there is no direct 
evidence supporting the role of CYTB in VECs pyroptosis, and the specific molecular mechanisms regulating CYTB 
require further investigation. Additionally, mitochondrial CYTB expression was not assessed directly, as mitochondria 
were not extracted for analysis. Although TET2’s impact on mitochondrial function has been suggested, the precise role 
and mechanism by which TET2 regulates CYTB demethylation should be further explored in vivo. Moreover, we did not 
perform methylation sequencing to confirm whether CYTB expression is regulated by TET2 at the methylation level, nor 
did we evaluate the effect of TET2 on the methylation of other mitochondrial factors. In the future, in vivo experiments 
are expected to provide more reliable evidence to support the TET2-CYTB-ROS pathway in VECs pyroptosis.

Conclusion
In this study, we found that TET2 and CYTB down-regulated by TMAO resulted in MDF, ROS generation, NLRP3 and 
Caspase-1 activation, and eventually led to VECs pyroptosis (Figure 9). In addition, after the down-regulation of TET2, 
the methylation of mtDNA was abnormal, and then the regulation of CYTB expression led to MDF. This study proved 
that CYTB is regulated by TET2 demethylation modification. Therefore, CYTB can inhibit TMAO induced VECs 
pyroptosis, which is expected to become a new target for the treatment of AS.

Figure 9 Mechanisms of TET2-CYTB-ROS pathway activated by TMAO induces vascular endothelial cells pyroptosis: TMAO produced by gut flora inhibits TET2 
expression. The down-regulated TET2 promotes the methylation level of the CYTB gene promoter, which causes decreased CYTB transcription (indicated by red dashed 
lines). The decreased expression of CYTB resulted in MDF, ROS generation, activation of NLRP3 and Caspase-1, and upregulation of IL-1β and GSDMD, eventually causing 
VECs pyroptosis.
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