
R E S E A R C H Open Access

© The Author(s) 2025. Open Access  This article is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 4.0 
International License, which permits any non-commercial use, sharing, distribution and reproduction in any medium or format, as long as you 
give appropriate credit to the original author(s) and the source, provide a link to the Creative Commons licence, and indicate if you modified the 
licensed material. You do not have permission under this licence to share adapted material derived from this article or parts of it. The images or 
other third party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory regulation or 
exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this licence, visit  h t t p  : / /  c r e a  t i  
v e c  o m m  o n s .  o r  g / l  i c e  n s e s  / b  y - n c - n d / 4 . 0 /.

Bai et al. Journal of Translational Medicine          (2025) 23:525 
https://doi.org/10.1186/s12967-025-06483-6

Journal of Translational 
Medicine

†Baoling Bai, Lingyun Liu and Yanyan Liu contributed equally to this 
work.

*Correspondence:
Lin Shi
shilin9789@126.com
Qin Zhang
zhangqin87@pumc.edu.cn

Full list of author information is available at the end of the article

Abstract
Background The rise of hypertension in children has been increasingly associated with hyperhomocysteinemia 
(HHcy), which is recognized as a major risk factor. However, the underlying mechanisms linking homocysteine and 
hypertension (termed HHYP) are not fully understood.

Methods This study utilized plasma samples from 27 control children and 27 children with HHYP (aged 8 ~ 16 
years) for TMT6-labeled proteomic quantification, identifying significant altered proteins. Bioinformatics analysis 
revealed pathway alterations. Verification was carried out via parallel reaction monitoring (PRM) and western blot 
(WB) analyses. Additionally, a rat model of HHYP induced by high methionine diets, and umbilical vein endothelial 
cell models exposed to high homocysteine (hcy) levels were developed to investigate the molecular underpinnings 
further. Protein expression changes and epigenetic modifications were assessed using WB, immunohistochemistry 
(IHC), and ChIP-qPCR techniques.

Results Key findings indicated that 357 proteins and 69 pathways were altered in children with HHYP. Specifically, 12 
proteins within the fluid shear stress and atherosclerosis (FSSA) pathway showed differential expression, including the 
downregulation of TRX1 and GPX1 and the upregulation of ICAM1. The same expression patterns were noted in both 
the HHYP rat aortic tissues and the high hcy cultured endothelial cells. Moreover, elevated H3K79hcy modification 
levels were observed alongside epigenetic regulation of genes related to the FSSA pathway. Importantly, folic acid 
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Background
Pediatric hypertension is characterized by systolic blood 
pressure (SBP) or diastolic blood pressure (DBP) levels at 
or above the 95th percentile for a healthy child popula-
tion [1]. Evolving lifestyle factors have contributed to an 
increasing prevalence of hypertension among children. 
In Asian countries, pediatric hypertension has become 
more widespread than ever before [2]. A study con-
ducted in China examined 128,113 students aged 6 ~ 17 
years, finding that 13.56% exhibited hypertension, with 
a higher incidence in boys compared to girls [3]. Hyper-
tension serves as a prominent risk factor for cardiovas-
cular diseases and chronic kidney diseases globally [4]. It 
predisposes individuals to the development of left ven-
tricular hypertrophy, heart failure, stroke, aneurysm, and 
other vascular and cardiac pathophysiologies [5]. Conse-
quently, early prevention and intervention are crucial for 
ensuring the healthy development of children.

Hypertension is a multifactorial condition, and its 
association with hyperhomocysteinemia (HHcy) has 
been well-established [6, 7]. The concomitant presence 
of HHcy and hypertension, known as HHYP, is charac-
terized by elevated serum homocysteine (Hcy) levels 
of 15.0 µM or higher and has been identified in 60% of 
hypertensive individuals based on blood test results [8]. 

Factors contributing to HHcy include diminished activi-
ties of enzymes such as methyltetrahydrofolate reductase 
(MTHFR) and cystathionine β-synthase, deficiencies in 
folate or cofactors like vitamins B6/B12. Among these, 
folate deficiency can lead to an excess of methionine and 
subsequently result in HHcy [9, 10], which is considered 
the most prevalent cause of HHcy [11]. Personalized 
administration of folic acid (FA) tablets has been shown 
to effectively reduce blood pressure, homocysteine levels, 
and coagulation factors, while also significantly improv-
ing pro-thrombotic status in patients with HHYP [12, 
13].

The pathological mechanism underlying HHYP is com-
plex. Compelling evidence suggests that HHcy can trig-
ger vascular inflammation by upregulating the expression 
levels of interleukin-6 (IL-6) and nuclear factor-kappa 
B (NFκB) p65/RelA [10]. Furthermore, HHcy has been 
shown to limit nitric oxide (NO) bioavailability and pro-
mote oxidative injury to the endothelium. Utilization of 
antioxidants to reduce oxidative stress has been proposed 
as a potential adjuvant therapy for essential hyperten-
sion [13], indicating that HHcy may also contribute to 
hypertension through the elevation of oxidative stress. 
Additionally, Hcy can be synthesized into homocysteine 
thiolactone (HTL) under the catalysis of the methionine 

(FA), a medication frequently used in the clinical treatment of HHYP, has been demonstrated to effectively reverse 
H3K79hcy modifications and restore the disrupted FSSA pathway in both animal models and cell cultures.

Conclusions The present study suggests that HHcy may contribute to hypertension through the epigenetic 
dysregulation of the FSSA pathway mediated by H3K79hcy. Furthermore, the pediatric proteomics data gleaned from 
this study offer new clinical insights into the pathophysiology of HHYP in children.

Keywords Hyperhomocysteinemia (HHcy), HHcy-type hypertension (HHYP), TMT-6plex labeling, Fluid shear stress 
and atherosclerosis (FSSA), H3K79hcy

Table 1 Clinical characteristics of children for TMT6-labled quantification
Groups Con HHYP P value
Cases, n 27 27 —
Male, n 27 27 >0.999
Age (± s, years) 12.61 ± 0.46 13.46 ± 0.11 0.081
sSBP (± s, mmHg) 108.26 ± 8.64 139.98 ± 9.64 <0.001
sDBP (± s, mmHg) 62.54 ± 4.95 79.97 ± 8.21 <0.001
BMI (± s, kg/m2) 21.11 ± 1.14 28.08 ± 1.05 <0.001
Cholesterol (mmol/L) 4.01 ± 0.18 4.45 ± 0.15 0.071
TG (mmol/L) 1.17 ± 0.11 1.59 ± 0.21 0.091
HDL (mmol/L) 1.28 ± 0.06 1.10 ± 0.06 0.035
LDL (mmol/L) 2.38 ± 0.18 3.05 ± 0.16 0.007
sSBP: mean supine systolic blood pressure

sDBP: mean supine diastolic blood pressure

BMI: body mass index

TG: triglyceride

HDL: High density lipoprotein

LDL: Low-density lipoprotein
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tRNAsynthetase (MARS) enzyme, the latter of which 
can lead to protein homocysteinylation, subsequently 

altering the expression of blood clotting-related genes, 
thereby disrupting vascular homeostasis and affecting the 

Fig. 1 TMT-6plex quantification results. (A) A schematic diagram of the sample grouping information and the TMT6 labeling quantitative process. (B) 
Homocysteine metabolic chart, where a diet low in folate or high in methionine can lead to elevated levels of Hcy, which can further be metabolized into 
homocysteine thiolactone (HTL) under the catalysis of MARS enzymes. The latter can cause homocysteinylation modifications of histones or proteins. 
(C) The plasma contents of Hcy, serum contents of folate, and vitamin B12/6. (D) The Venn diagram displays the number of proteins detected in three 
biological replicates of TMT6 labeling quantification. (E) Principal component analysis (PCA) analysis of the control and HHYP TMT6 quantification data 
globally. (F) Volcano plot shows the 1000 proteins in the plasma of patients, proteins with fold change > 1.3 difference in HHYP compared to controls is 
shown in blue (upregulated) and orange plots (upregulated). The horizontal dashed grey line represents the selected significance threshold. The verti-
cal broken grey lines correspond to the upregulated and downregulated fold change thresholds. (G) Heatmap displays the protein expression intensity 
averaged across individuals
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endothelium [14, 15]. Further investigation is required to 
elucidate the precise mechanisms of Hcy-induced vascu-
lar endothelial damage and its contribution to atheroscle-
rosis and other vascular diseases.

In a previous study, we investigated the potential 
mechanisms of HHYP from a metabolomics perspec-
tive [16]. In this project, we aim to further enhance our 
understanding of the pathological mechanisms underly-
ing HHYP by examining it from a proteomics standpoint. 
We collected plasma samples from 27 pediatric patients 
with HHYP. Utilizing the tandem mass tag (TMT) 6-plex 
labeling quantification method, we obtained differen-
tially expressed protein profiles to identify proteins that 
may influence HHYP and further investigate their poten-
tial biological functions. Additionally, we validated these 
altered proteins using a hypertensive rat model with 
hyperhomocysteinemia induced by methionine feeding. 
Combined with a high Hcy-treated umbilical vein endo-
thelial cell model, we explored the molecular mecha-
nisms of high Hcy-induced hypertension.

Materials and methods
Human subjects
We have screened 27 cases of hyperhomocysteinemia-
type hypertension from a total of 102 primary hyper-
tension samples which were collected in our hospital 
in 2021, presented at the cardiology outpatient clinic. 
Inclusion criteria: Primary hypertension with plasma 
Hcy content>10µM. We also recruited 27 controls who 
came to the clinic for a health examination. Controls had 
no history of diabetes mellitus, secondary hypertension, 
myocardial infarction, stroke, renal failure, drug abuse or 
other serious diseases, and no family history of hyperten-
sion in first-degree relatives.

Animals
36 male Sprague–Dawley (SD) rats were obtained from 
the Beijing Vital River Laboratory Animal Center (Bei-
jing, China). They were randomly divided into three 
experimental groups: Control group, HHYP group and 
HHYP + FA group (n = 12/group). The control group was 
fed with rat maintenance formula feed (contains 5.80  g 
methionine, 6.60  mg FA per 1  kg) for 16 weeks; HHYP 
group rats were fed with 7.7 g/kg methionine diet for 16 
weeks; Rats at 12th week in HHYP group subsequently 
fed with 7.7  g/kg methionine + 100  mg/kg FA (F7876, 
Sigma) for 4 weeks were divided into HHYP + FA group.

Blood pressure measurement of rats
SBP and DBP of rat tail artery were monitored at the 
same time of day with a noninvasive BP measurement 
system (Beijing Ruolong Biotechnology, BP-2000) under 
rat conscious state. Hypertension is classified as G1 and 

G2. All rats were tested for BP at least every 1 week after 
the 5th week study.

Measurement of Hcy and B vitamins
All children or rats were fasted 12  h beforehand, and 
plasma samples were collected and sent to the laboratory 
of our hospital for testing hcy, serum folate and vitamin 
B12/6 concentrations by cobase 601 automatic biochemi-
cal analyzer (Roche, Switzerland) according to the manu-
facturer’s instructions.

In-solution tryptic digestion, TMT-6plex labeling and 
protein identification and quantification analysis
Firstly remove the high abundance protein of plasma 
according to the High-select Top14 abundant protein 
depletion resin (Thermo Scientific™, A36370) manufac-
turer’s instructions. 50  µg plasma protein were reduced 
by TCEP at 55℃ for 1 h, alkylated by iodoacetamide for 
30  min, then add 1.25µL trypsin per 50  µg of protein 
for digestion overnight at 37℃. Obtained peptides were 
labeling with TMT-6plex kit (Thermo Scientific, 90066). 
Then, the six labeled samples were mixed equally in a 
new micro-centrifuge and the samples were cleaned with 
a C18 spin probe (Thermo Scientific, 87784). Finally, frac-
tionation of the peptide mixture by high pH one-dimen-
sional reverse phase chromatography was performed on 
a Dionex Ultimate 3000 HPLC system, as described in 
our previously study [17], trypsin digest at 200  µl/ min 
flow rate was injected into the phenomenex column 
(Gemini NX 3U C18 110 A; 1502.00 mm). Fractions were 
collected every 1.5 min during the course of the run. Sub-
sequently, all 40 collected fractions were mixed into 10 
components, lyophilized, and kept at − 80 ◦C for further 
Nano- HPLC/MS/MS analysis.

Raw data were searched against the Homo sapiens 
database (www.uniprot.org, UP00005610) using Peaks X 
Studio (Version 10.0, BSI). The precursor ion mass error 
tolerance was set to 10 ppm, and the fragment ion mass 
error tolerance was 0.02 Da. Peptide spectral matches 
were verified at a 1% false discovery rate (FDR) using a 
q-value-based filter. Post-translational modifications and 
chemical labeling settings included fixed cysteine alkyla-
tion and TMT-6plex. Protein unique peptides were set to 
greater than 1, and high confidence scores (− 10logP > 20) 
were considered as accurately identified. The differential 
proteins between the HHYP and CON groups were eval-
uated by Student’s two-tailed t-test.

Parallel reaction monitoring (PRM), Western blotting (WB) 
and immunohistochemistry (IHC) verifications
For PRM, the MS data were processed using Skyline (ver-
sion 3.5.0.9319; AB Sciex). For each peptide, transition 
peak areas were normalized by the average of the sum of 
the transition peak areas for all the peptides across the 

http://www.uniprot.org
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runs [17]. For WB, protein samples (10 µg per lane) were 
separated by 4–12% NuPAGE™ Bis-Tris (Thermo Scien-
tific™, NP032B) and further incubated with primary anti-
bodies (Anti-TRX1, CST, 2429; Anti-ICAM1, Abcam, 
ab282575; Anti-GPX1, CST, 3206; Anti-Albumin, CST, 
4929; Anti-Gapdh, CST, 5174) overnight at 4 °C. In addi-
tion, aortic tissues of rats were pre-fixation with 4% para-
formaldehyde after dissection for IHC analysis.

Human umbilical vein endothelial cell culture and drug 
treatment
The EA.hy926 cell cells were purchased from the cell 
bank of Peking Union Medical College Hospital, with a 
culture medium composed of 90% DMEM (10566016, 
Gibco) and 10% serum. Cells are cultured in a 37  °C 
humidified environment with 5% CO2, and the passage 
ratio is 1:2 to 1:3. After starvation treatment (using 1% 
FBS medium for 24  h), cells treated with high methio-
nine, high Hcy, and high HTL had respective concen-
trations of 500 micromoles per liter; folate treatment 
concentration was 10  mg/L, then followed by cultiva-
tion in complete medium with the drugs for another 24 h 
before collection for subsequent experimental validation.

Plasmid construction and cell transfection
MARS-siRNA (Sangon, Shanghai, China) were trans-
fected using Lipofectamine 3000 (L3000075, Thermo-
fisher) according to the manufacturer’s instructions. The 
transfection efficiency was measured using Immunofluo-
rescence or western blotting.

Immunofluorescence (IF)
First, cells were rinsed three times using 1× PBS and 
then subjected to the following treatment steps: Cells 
were fixed with 0.5% paraformaldehyde for a duration 
of 15 min, followed by permeabilization using 0.1% Tri-
ton X-100 for 20 min at room temperature. Blocking was 
performed in 1× PBS containing 5% 5% bovine serum 
albumin (BSA), which lasted for 60 min. Overnight incu-
bation at 4 °C took place with the cells being exposed to 
a MARS or H3K79hcy antibody that was diluted in 5% 
BSA. Subsequent to washing, Alexa Fluor 488-conjugated 
secondary antibodies (ab150077, Abcam) were applied 
for a 1-hour period at room temperature away from light. 
The nuclei received counterstaining with DAPI, and the 
images were obtained using a Zeiss LSM710 confocal 
microscope.

ChIP-qPCR and RT-qPCR
SimpleChIP® Enzymatic Chromatin IP Kit (CST, USA) 
was used for the H3K79hcy-ChIP assays. Total RNA was 
extracted from the homogenate of fresh-frozen aorta 
tissue using TRIzol reagents (Invitrogen, 15596026) for 
genes expression analysis by RT-qPCR, primer sequence 

is shown in Supplementary Table 6. Result were calcu-
lated according to the cycle threshold (2−△△Ct) method.

Statistical analysis
Data are expressed as means ± SEM. Difference between 
controls and HHYP was evaluated by Student’s two-
tailed t-test; difference among rat groups were examined 
by one-way ANOVA test. All statistical analyses were 
performed using SPSS software version 25.0.Values of 
P < 0.05 were considered statistically significant.

Results
Identification of differentially expressed plasma proteins 
using TMT-6plex labeling and HPLC-MS/MS
We initially collated and summarized the clinical infor-
mation of 27 samples from each group, as presented in 
Table 1; Fig. 1A. The CON (control) group was matched 
with the HHYP group for age and gender. However, com-
pared to the CON group, the HHYP group exhibited a 
significantly higher Body Mass Index (BMI), as well as 
markedly elevated SBP and DBP levels. Additionally, lipid 
profile analysis revealed that the HDL (High-Density 
Lipoprotein) cholesterol level in the HHYP group was 
significantly reduced, while the LDL (Low-Density Lipo-
protein) cholesterol level was significantly increased, sug-
gesting an elevated risk of cardiovascular diseases among 
patients in the HHYP group. Furthermore, in line with 
our objective to investigate the pathogenesis of hyper-
tension associated with Hcy, we also measured levels 
of nutrients related to Hcy metabolism. For the HHYP 
cases, the plasma Hcy content was 25.35 ± 2.34µM, while 
for the control subjects, it was 7.61 ± 0.72µM (P < 0.001). 
Notably, serum folate and vitamin B12 levels were sig-
nificantly lower in the HHYP group compared to the 
control group, while no change was observed in B6 lev-
els (Fig. 1B-C), this suggests that in pediatric HHYP, the 
relative deficiency of folate and B12 may be the primary 
nutritional factors leading to elevated Hcy levels.

Subsequently, we randomly divided the 27 samples 
into three groups, each consisting of nine samples. These 
samples were then further randomly assigned into three 
subgroups, with each subgroup undergoing TMT label-
ing, followed by three biological replicates (Fig.  1A). A 
total of 2,232 proteins annotated in the UniProt database 
were identified across all samples, with 1,000 proteins 
common to all samples as shown in the Venn diagram of 
Fig. 1D. Comprehensive quantitative protein data can be 
found in Supplementary Table 1. Principal component 
analysis (PCA) was employed to evaluate the dataset, 
with samples evenly distributed into two distinct groups 
(Fig. 1E). Additionally, the volcano plot for the 1,000 pro-
teins commonly expressed across all samples is presented 
in Fig. 1F. Proteins must be detected in all three biologi-
cal replicates, with a fold change (HHYP/CON) greater 
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Fig. 2 (See legend on next page.)
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than 1.3 and a p-value less than 0.05 were considered dif-
ferentially expressed. In summary, 357 proteins displayed 
differential expression in HHYP patients, including 103 
up-regulated and 254 down-regulated proteins (Supple-
mentary Table 2). These differentially expressed proteins 
then underwent unsupervised clustering, revealing a 
tendency for them to be preferentially assigned to cor-
responding groups, as indicated in Fig. 1G. This suggests 
common differences among HHYP patients. These find-
ings indicate that extensive proteome alterations occur 
during the onset and progression of HHYP.

Bioinformatics analysis suggests the presence of FSSA 
pathway disruption in pediatric HHYP
To explore the potential functions of the 357 altered 
proteins in HHYP, we first displayed the top 20 pro-
teins with significantly decreased or increased expres-
sion in the HHYP group in Fig.  2A. Among those with 
decreased expression are members of the S100 protein 
family that are closely related to calcium binding and 
regulation of intracellular signal transduction; proteins 
from the GTPase family such as RAP1/2B; and proteins 
associated with antioxidant processes like PRDX2 and 
TRX. Proteins with increased expression include several 
involved in immune and inflammatory responses, such as 
C1R, C6, ITIH, etc. These findings underscore the mul-
tifaceted nature of HHYP pathophysiology, suggesting 

potential targets for further research and therapeutic 
intervention. Subsequently, we classified and annotated 
all differentially expressed proteins using Gene Ontol-
ogy (GO) analysis. These proteins are mainly associated 
with cellular components and may play roles in binding 
and catalysis within intracellular processes and biological 
regulation (Supplementary Fig. 1A). Furthermore, lever-
aging the Kyoto Encyclopedia of Genes and Genomes 
(KEGG) database, we performed a comprehensive path-
way enrichment analysis of these differentially expressed 
proteins; among 243 related pathways, 69 showed signifi-
cant alterations under HHYP conditions (P < 0.05) (Sup-
plementary Table 3; Fig. 2B), indicating a broad range of 
protein pathway modifications in patients with HHYP. 
Upon detailed investigation of the pathways enriched by 
upregulated and downregulated proteins, it was found 
that upregulated proteins predominantly aggregated in 
pathways pertaining to the immune system and NFκB 
signaling (Supplementary Fig. 1B). In contrast, pathways 
enriched by downregulated proteins include focal adhe-
sion, hippo signaling pathway, platelet activation, and so 
on. We also noted that a subset of 11 proteins, includ-
ing TRX, GSTO1 and HSP90AA1 among others, were 
markedly suppressed in the pathway related to fluid shear 
stress and atherosclerosis (FSSA). However, another pro-
tein in this pathway, intercellular adhesion molecule-1 
(ICAM1), exhibited a notably increased expression 

(See figure on previous page.)
Fig. 2 Bioinformatics analysis of the 357 differentially expressed proteins in male HHYP children. (A) Top 40 proteins with upregulated or downregulated 
expression in HHYP. Top 40 pathways of all altered (B) and downregulated (C) differential proteins’ KEGG classifications were displayed, respectively. The 
red dots denote HHYP-related pathways with P value < 0.05. (D) The networks analysis of the differentially expressed proteins related to FSSA pathway was 
carried out using String software and Cytoscape. The confidence value is set at 0.9 and the node degree ≥ 1. (E) Schematic diagram of the pathway under 
disturbed fluid shear stress, where green boxes represent inhibition and red boxes indicate activation

Table 2 Clinical characteristics of children for Western blotting validation
Groups Con HP HHYP P value
Cases, n 8 8 8 —
Male, n 8 8 8 >0.999*; >0.999#; >0.999&
Age (± s, years) 10.12 ± 0.96 10.75 ± 1.71 13.37 ± 0.65 0.699*; 0.055#; 0.115&
sSBP (± s, mmHg) 102.50 ± 3.20 129.75 ± 3.49 139.50 ± 5.18 <0.001*; <0.001#; 0.104&
sDBP (± s, mmHg) 66.00 ± 2.91 76.00 ± 4.33 80.00 ± 4.78 0.098*; 0.024#; 0.496&
BMI (± s, kg/m2) 17.33 ± 0.67 21.16 ± 0.89 21.78 ± 0.54 0.001*; <0.001#; 0.552&
Cholesterol (mmol/L) 3.70 ± 0.19 3.54 ± 0.18 4.18 ± 0.22 0.571*; 0.109#; 0.065&
TG (mmol/L) 0.85 ± 0.10 1.19 ± 0.24 1.32 ± 0.21 0.235*; 0.105#; 0.642&
HDL (mmol/L) 1.49 ± 0.12 1.11 ± 0.68 1.06 ± 0.77 0.008*; 0.003#; 0.707&
LDL (mmol/L) 2.07 ± 0.17 2.12 ± 0.17 2.82 ± 0.23 0.845*; 0.011#; 0.017&
Hcy (µM) 4.94 ± 1.25 7.25 ± 0.36 23.58 ± 4.32 0.537*; <0.001#; <0.001&
sSBP: mean supine systolic blood pressure

sDBP: mean supine diastolic blood pressure

BMI: body mass index

TG: triglyceride

HDL: High density lipoprotein

LDL: Low-density lipoprotein

*: HP vs. Con; #: HHYP vs. Con; &: HHYP vs. HP
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(Fig. 2C, Supplementary Table 2). Considering that vas-
cular endothelial cells can regulate vascular remodeling 
by sensing blood flow-induced shear stress [18], we pos-
tulate that this pathway may be implicated in the etiol-
ogy of HHYP. Subsequently, we utilized the STRING 
database to analyze protein-protein interactions (PPI) 
among the 12 differentially expressed proteins within 
FSSA pathway. Setting a connectivity degree ≥ 1 and a 
confidence threshold at 0.9, we established a PPI net-
work using Cytoscape_v3.7.1 (Fig.  2D). Figure  2E illus-
trates the potential molecular mechanism by which fluid 
shear stress regulates the function of vascular endothelial 
cells. Disrupted flow suppresses the TRX and GPX anti-
oxidant system, subsequently triggering the activation of 
the JNK-NFκB signaling pathway (where inhibited TRX 
promotes this signaling pathway’s activation through 
apoptosis signal-regulated kinase 1 (ASK1)), leading to 
an increase in the expression of pro-inflammatory factors 
like ICAM1 or factors associated with apoptosis. Nota-
bly, there is a direct interaction between the TRX and 
GPX systems, where GPX’s antioxidant activity depends 
on TRX [19–25]. Therefore, we have also categorized 
GPX1, which was downregulated expression in HHYP, 
as part of the FSSA pathway. In conclusion, bioinformat-
ics analyses have revealed significant dysregulation in the 
FSSA pathway in pediatric HHYP.

Verification of differentially expressed proteins in the FSSA 
pathway of pediatric HHYP patients
Next, we aim to further ascertain whether there is indeed 
an expression disorder of FSSA pathway proteins in the 
plasma of pediatric HHYP. Firstly, we employed PRM 
quantification method in conjunction with Skyline soft-
ware to analyze the peptide profiles of target proteins 
in these 9 matched pairs of HHYP patients, with results 
presented in Supplementary Table 4. The PRM results 
for TRX, ICAM1, HSP90AA1 were consistent with the 
findings from TMT6 analysis; however, no difference 
was observed for RAC1, which is inconsistent with the 
TMT6 results, however, GPX1 was not detected in the 
PRM experiment (Fig.  3A-B; Supplementary Fig.  1C). 
Furthermore, we collected and screened age- and gender-
matched plasma samples from 8 cases each of the Con, 
HP (hypertension without hyperhomocysteinemia), and 
HHYP groups (Table 2). We used WB technology to ver-
ify the differences in the expression of TRX, GPX1, and 
ICAM1 proteins. The verification results indicated that 
in the HP group, the expression levels of TRX and GPX1 
proteins were not significantly different from those in the 
Con group, whereas ICAM1 was significantly upregu-
lated. However, in the HHYP group, the expression levels 
of all three proteins were significantly different compared 
to both the Con and HP groups (Fig.  3C-D). This sug-
gests that the elevated Hcy may exacerbate these protein 
expression alterations. Overall, these findings confirm 

Fig. 3 Validation of differential regulated expression of TRX, GPX1 and ICAM1 in the plasma of HHYP children by using PRM and WB analysis. (A) The 
relative intensity of TRX, GPX1, ICAM1 by TMT6 quantitative method in three replicates. (B) The peptide intensities of TRX and ICAM1 as measured by 
PRM analysis. (C-D) WB analysis to validate the expression levels of TRX, GPX1, and ICAM1 in plasma samples from the CON, HP, and HHYP groups. Equal 
amounts of loading were confirmed by albumin staining. n = 8/group
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the dysregulation of core protein expression in the FSSA 
pathway within pediatric HHYP.

Dysregulation of the FSSA pathway in an HHYP rat model
To delve deeper into the dysregulation mechanism of 
the FSSA signaling pathway in HHYP, we established an 
HHYP rat model by feeding rats with a high methionine 

Fig. 4 Decreased TRX, GPX1 and increased ICAM1 expression levels in aorta tissue of HHYP rat model. (A) Change of systolic blood pressure (SBP) from 
8 to 16 weeks of intervention. (B) Hcy content in rat plasma, and folate content in serum (n = 12). (C) Typical diagram of TRX, GPX1 and ICAM1 protein 
expression and distribution in rat aorta tissues detected by IHC. Arrows indicate thickened aortic vessels in the HHYP group; Blue indicates the nucleus 
stained with hematoxylin; brown indicates the staining of target protein (Magnification: X200), n = 3, the IHC calculation results for each rat were derived 
from two fields of view. Bars: 50 μm. (D) Representative WB staining bands are shown (TRX, GPX1 and ICAM1). Equal amounts of loading were confirmed 
by Gapdh staining, n = 3/group
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Fig. 5 (See legend on next page.)
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diet, as previously reported [26, 27], and additionally set 
up an experimental group supplemented with FA, a med-
ication currently commonly used in the clinical treat-
ment of HHYP [28], termed HHYP + FA (Supplementary 
Table 5). Compared to the control group, the SBP of rats 
in the HHYP group significantly increased from week 8 
to week 16, with the most pronounced increase at week 
12 (Fig. 4A). Concurrently, HE staining analysis revealed 
that rats in the HHYP group exhibited arterial wall thick-
ening and disordered myocardial cell arrangement, which 
were substantially reduced in the HHYP + FA group (Sup-
plementary Fig. 2A). Additionally, we measured the levels 
of vitamins related to Hcy metabolism in plasma/serum 
of the different groups. We found that the plasma Hcy 
content in the HHYP group was 6.75 ± 0.63 µM, signifi-
cantly higher than in the control group (4.32 ± 0.25 µM) 
(P<0.001). However, the Hcy content (5.07 ± 033 µM) in 
the HHYP + FA group was substantially lower than that 
in the HHYP group (P = 0.010) (Fig.  4B). There were 
no significant differences in vitamin B6 and B12 levels 
between the groups; and folate levels in the HHYP + FA 
group were higher than those in both the control and 
HHYP groups (Fig. 4B; Supplementary Fig. 2B-C). These 
indicators suggest that the HHYP rat model induced by 
high methionine feeding may primarily be caused by 
elevated hcy rather than deficiencies in B6/12, and that 
FA supplementation can effectively mitigate the adverse 
effects of high Hcy on blood pressure.

Further studies are aimed at confirming whether the 
dysregulation of the FSSA signaling pathway in the 
bloodstream originates from changes within the arterial 
tissue. Initially, using IHC, we examined the expression 
of relevant proteins in rat aortic and heart tissues. The 
results showed that the expression of TRX and GPX1 was 
markedly reduced in the HHYP group but improved in 
the HHYP + FA group; ICAM1 expression significantly 
increased in the aortic tissue of the HHYP group but was 
mitigated after FA supplementation, with no significant 
changes observed in heart tissue (Figs.  4C; Supplemen-
tary Fig. 2D). WB assays further confirmed similar trends 
in the expression patterns of TRX, GPX1, and ICAM1 
across the groups in the aortic tissue (Fig.  4D). These 
findings indicate that elevated Hcy may serve as the pri-
mary trigger for the aberrant expression of TRX/GPX2 
and ICAM1, while FA supplementation can offer signifi-
cant protective effects.

Elevated histone 3 lysine K79 homocysteinylation 
(H3K79hcy) causes inhibition of TRX and GPX1
Furthermore, we aimed to investigate the mechanisms 
by which HHcy causes dysregulation of the FSSA path-
way. Based on our research group’s previous study 
[29] on the impact of HHcy on gene epigenetic regula-
tion through the upregulation of H3K79hcy, we per-
formed a retrospective analysis of ChIP-seq sequencing 
data from mouse neural stem cells treated with high 
Hcy levels. As depicted in Fig.  5A, there was a down-
ward trend in the binding of H3K79hcy to genes such 
as Txn1, Txn2, Gpx1, and Nfkb1 under HHcy condi-
tions. In contrast, an upward trend was observed in the 
binding affinity for Ask1, Nfkb2, and Icam1, suggesting 
that the increase in H3K79hcy modifications induced 
by HHcy might be involved in the epigenetic regula-
tion of the FSSA signaling pathways. Following this, we 
conducted WB analyses using H3K79hcy antibodies on 
rat aortic tissues. The results showed a significant eleva-
tion in H3K79Hcy modification levels in HHYP rats, 
which significantly decreased following FA treatment in 
comparison to HHYP rats (Fig. 5B), highlighting abnor-
malities in H3K79hcy modification in the state of HHYP. 
Subsequently, using ChIP-qPCR technology, we exam-
ined the binding capacity of H3K79hcy to genes like Txn. 
We discovered that the enrichment of H3K79Hcy at the 
Txn1, Txn2, and Gpx1 gene loci was reduced in HHYP 
rats compared to control rats (Fig.  5C), and this reduc-
tion was significantly rescued by FA treatment. More-
over, the binding capacity of H3K79hcy to Nfkb1, Nfkb2, 
and Icam1 was considerably increased in the HHYP 
group, while the binding levels for Nfkb2 and Icam1 
were notably diminished after FA supplementation; how-
ever, no significant difference was found in the binding 
of Ask1 to H3K79Hcy among the groups. Further, we 
measured mRNA expression levels of these genes and 
noted a significant decrease in Txn1, Txn2, and Gpx1 in 
the HHYP group, consistent with the protein expression 
trends shown in Fig. 4; whereas the expression levels of 
Nfkb1, Nfkb2, Ask1, and Icam1 were upregulated to vary-
ing degrees. FA rescue also had a remedial effect on the 
expression levels of these genes, except for Ask1 (Fig. 5D). 
These findings collectively indicate that H3K79Hcy plays 
a critical role in regulating gene expression of the FSSA 
signaling pathway in HHYP rats.

(See figure on previous page.)
Fig. 5 Elevated modification of H3K79hcy regulate FSSA pathway genes in aorta tissue of HHYP rats. (A) In HHcy treated mouse neural stem cells, 
H3K79hcy exerts an epigenetic regulatory effect on the genes Txn1/2, Gpx1, Ask1, Nfkb1/2, and Icam1. (B) WB analysis the modification level of H3K79hcy 
and expression level of MARS protein in rat aortic tissue, n = 6. (C) The enrichment levels of H3K79hcy in the promoters of TRX pathway genes Txn1/2, Gpx1, 
Ask1, Nfkb1/2, and Icam1, which were detected by ChIP-qPCR, n = 3. (D) RT-qPCR analysis of relative mRNA levels of TRX pathway genes in aorta tissues of 
the three rat groups (normalized to Gapdh), n = 3/group, two technical replicates were performed for each sample
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Fig. 6 (See legend on next page.)
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HHcy induces abnormal modification of histone H3K79hcy 
and regulates FSSA gene expression disorder in vitro
To elucidate the impact of HHcy, on H3K79hcy modifi-
cation and the expression of core proteins such as TRX 
within the FSSA pathway, we treated cultured human 
umbilical vein endothelial cells (EAHY926) with high 
levels of methionine, Hcy, and the metabolic product of 
Hcy, HTL, respectively. The results revealed that under 
the influence of these three different reagents, the expres-
sion levels of TRX and GPX1 proteins decreased, while 
ICAM1 expression significantly increased; concurrently, 
the level of H3K79hcy modification also substantially 
rose. Experiments in these cell models once again con-
firmed that high Hcy causes the expression disorder of 
key proteins in the FSSA pathway.

As MARS protein is an important enzyme for the con-
version of Hcy to HTL, its downregulation can inhibit 
H3K79hcy modification. Therefore, we interfered with 
MARS expression to further clarify whether Hcy regu-
lates FSSA pathway activity through H3K79hcy modifica-
tion. Firstly, we found an elevation in MARS expression 
in the environments of high methionine or Hcy, although 
there was no change in MARS expression in the HTL 
treatment group; the addition of FA significantly reversed 
these changes (Fig.  6A). Hence, it appears that high 
methionine or Hcy may elevate MARS expression lev-
els, potentially leading to an increase in HTL content 
and subsequently causing a rise in H3K79hcy modifica-
tion. To confirm this hypothesis, we selected two siRNAs: 
si-2 and si-3 against Mars gene that showed significant 
knockdown efficiency (Supplementary Fig. 3A) and con-
ducted a simultaneous knockdown of the Mars gene 
in the presence of methionine or Hcy (Supplementary 
Figs.  3B-D). The results indicated that in groups where 
methionine or Hcy treatment was combined with MARS 
knockdown, compared to groups treated with methio-
nine or Hcy alone, the expression levels of TRX, GPX1, 
and ICAM1 proteins, as well as the level of H3K79hcy 
modification, were significantly reversed (Fig.  6B-C). 
These findings demonstrate the crucial role of MARS in 
the regulation of H3K79hcy modification and the asso-
ciated core proteins in the FSSA pathway induced by 
methionine or Hcy. Finally, using ChIP-qPCR technol-
ogy, in conditions of high methionine or Hcy and with 
MARS knocked down, we assessed the binding levels of 
H3K79hcy to key genes in the FSSA pathway. As shown 
in Fig.  6D, the knockdown of MARS could reverse the 

aberrant regulation of genes such as Txn1/2, Gpx1, Ask1, 
etc., by H3K79hcy caused by high methionine or Hcy. 
Overall, these data suggest that high levels of Hcy can 
regulate the modification level of H3K79hcy, then epige-
netically controlling the expression of core genes in the 
FSSA pathway.

Discussion
In this study, we presented a quantitative proteomic land-
scape of children with HHYP. Through bioinformatics 
analysis, we focused on the FSSA pathway and observed 
downregulation of TRX and GPX proteins, along with 
upregulation of ICAM1 protein in child HHYP cases. 
Furthermore, using a rat HHYP model, we validated dys-
regulation of the FSSA pathway in rat aortic tissues, likely 
due to epigenetic regulation from elevated H3K79hcy 
levels induced by HHcy. Finally, we confirmed in an in 
vitro cultured cell model that high Hcy epigenetically 
regulates the activity of the FSSA pathway by upregulat-
ing H3K79hcy modification.These results suggest a pos-
sible pathogenic mechanism underlying the occurrence 
of HHYP.

At present, deficiencies in folate, vitamin B12/B6, or 
key enzyme gene mutations/function loss in Hcy metab-
olism have been reported to cause HHcy; however, their 
precise relationship with each other and hypertension 
remains unclear. In children’s HHYP plasma samples, 
we observed significantly lower levels of folate and B12, 
alongside remarkable HHcy, suggesting that deficiencies 
in folate and B12 could be contributing factors to clinical 
HHcy [9, 10]. Furthermore, we developed an HHYP rat 
model fed with methionine. Results from Fig. 4A-B indi-
cate that HHcy may play a crucial role in the pathological 
process of hypertension induced by methionine intake 
as well as in the therapeutic approach involving folate 
for hypertension. It has been challenging to determine 
the independent impact of HHcy on hypertension since 
HHcy typically coexists with various dietary and lifestyle 
risk factors [30, 31]. Nevertheless, an epidemiological 
study demonstrated a strong association between HHcy 
and hypertension: with every 5µM increase in plasma 
hcy, there was an increase of 0.7/0.5 mmHg in SBP or 
DBP for men and 1.2/0.7 mmHg for women, which was 
independent of B vitamin status [30], indicating a weak 
correlation between serum vitamin B12/6 and hyperten-
sion [32]. These results suggest a pivotal role of HHcy in 
inducing hypertension, lowering the level of Hcy might 

(See figure on previous page.)
Fig. 6 In vitro experiments confirm that under high methionine or high Hcy environments, histone H3K79hcy abnormal modification occurs and regu-
lates the disordered expression of FSSA genes: (A) EAHY926 cells were cultured in vitro with high methionine, high HCY, or high HTL treatments. Western 
Blot (WB) was used to detect the protein expression levels of MARS, TRX, GPX1, ICAM1, and the modification levels of H3K79hcy. (B) In cells treated with 
high methionine or high HCY, after knocking down MARS expression, protein expression levels of TRX, GPX1, and ICAM1 were detected by Western Blot. 
(C) Immunofluorescence technique was used to detect the expression levels and distribution of H3K79hcy in cells treated with high methionine or high 
HCY, or in cells where MARS expression was additionally knocked down. (D) ChIP-qPCR technique was used to detect the binding ability of H3K79hcy to 
FSSA pathway genes in cells of different treatment groups
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be one of the mechanisms of FA supplementation to pro-
tect against hypertension.

Dysregulation of TRX expression has been reported in 
various hypertensive rat models, such findings have rarely 
been confirmed in humans [33–35]. Our study found that 
TRX protein expression is also suppressed in plasma 
samples from children with HHYP and in aortic tissue 
of HHcy-induced hypertensive rats (Figs. 3 and 4). TRX 
primarily plays a role in regulating cellular inflammation;; 
reduced TRX levels under conditions of disturbed blood 
flow may lead to the activation of ASK1 and IκB degra-
dation, culminating in the activation of NFκB and AP-1 
transcription factors. These factors are instrumental in 
elevating the expression of the pro-inflammatory gene 
ICAM1 [36]. ICAM1 has been reported to play a critical 
role in mediating leukocyte adhesion and infiltration in 
the vascular endothelium. Elevated levels of ICAM1 can 
enhance the attachment of leukocytes to endothelial cells, 
promoting their transmigration into the intima. This pro-
cess results in chronic inflammation, which is a key factor 
in the development of atherosclerotic plaques. Therefore, 
the increased expression of ICAM1 likely facilitates the 
inflammatory response and exacerbates plaque formation 
[37, 38]. This TRX-ICAM1 pathway might explain the 
involvement of the FSSA pathway in the pathogenesis of 
HHYP. as depicted in Fig. 7.

In addition, TRX also act as a major cellular redox pro-
tein, is responsible for neutralizing reactive oxygen spe-
cies (ROS) within vascular cells [19, 39], administration 

of recombinant human TRX (rhTRX) to aged wild-type 
mice could alleviate hypertension, with effects lasting sev-
eral days [19, 39]. These findings suggest that TRX down-
regulation may contribute to hypertension induction, 
while elevating TRX levels can offer protective benefits 
against hypertension.GPX1, another important antioxi-
dant enzyme, was found to have significantly reduced 
expression in a rat model of hypertension induced by 
selenium-deficient feeding. It is involved in the regula-
tion of renal AT1R expression through modulating the 
expression and activity of NF-κB p65, which may be one 
mechanism by which GPX1 participates in the develop-
ment of hypertension [40]. Furthermore, reports suggest 
that there may be an interaction between TRX and GPX1. 
TRX serves as an electron donor for the GPX1 enzyme, 
when subjected to fluid shear stress, GPX1 reduces the 
activation of the JNK-NFκB signaling pathway, helping to 
mitigate oxidative stress [21, 25, 41]. Specifically, elevated 
Hcy levels lead to reduced expression of TRX and GPX1, 
which in turn results in the excessive accumulation of 
ROS, causing oxidative damage to endothelial cells. This 
oxidative stress disrupts endothelial function, impairs 
nitric oxide (NO) production, and promotes endothelial 
dysfunction. The resulting environment further favors 
the initiation and progression of atherosclerosis by 
enhancing lipid peroxidation, vascular smooth muscle 
cell proliferation, and further inflammatory cell recruit-
ment [42–44]. Moreover, in the aortic tissues of rats with 
HHcy-induced atherosclerosis, researchers also observed 

Fig. 7 The schematic diagram illustrates the mechanism by which high Hcy levels promote hypertension. This occurs through the upregulation of 
H3K79hcy modifications, thereby epigenetically regulating the expression of TRX, GPX1, and related pathway factors such as NFkB to enhance oxidative 
stress, or by stimulating inflammation via the upregulation of ICAM1
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a simultaneous reduction in GPX1 expression and an 
increase in ICAM1 expression. raising the question of 
whether there is mutual regulation between them; Based 
on the information above, we hypothesize that the inhibi-
tion of TRX may synergize with GPX1 to increase oxida-
tive stress, or potentially upregulate ICAM1 to promote 
an inflammatory response, thereby jointly contributing to 
the onset of HHYP.

A remaining question is how HHcy inhibits TRX/
GPX1 while activating ICAM1 in HHYP. After exposing 
isolated adult rat ventricular myocytes to Hcy for 24  h, 
the levels of TRX protein decrease [45]; At the same time, 
HHcy inhibits the expression of the GPX1 both in vitro 
and in vivo [46], suggesting a correlation between HHcy, 
TRX and GPX1 inhibition. The elevation of H3K79hcy 
caused by HHcy is found to be associated with the bind-
ing of Txn1/2 genes encoding TRX proteins [29]. In our 
study, we identified an increase in H3K79hcy in the aor-
tic tissue of HHYP rats, accompanied by a reduction 
in the binding levels of H3K79hcy to Txn1, Txn2, and 
Gpx1 genes, conversely, there was a marked increase in 
the enrichment of H3K79hcy with downstream genes 
including Ask1, Nfkb1, Nfkb2, and Icam1. This suggests 
that H3K79hcy may exert distinct patterns of epigenetic 
regulation on these genes (Fig.  5). Furthermore, in the 
cell model, we confirmed that MARS protein is the cen-
tral protein mediating the epigenetic regulation of FSSA 
genes by H3K79hcy induced by high methionine or high 
Hcy (Fig.  6). However, whether FSSA pathway related 
proteins also undergo homocysteinylation as a post-
translational modification, which in turn affects their 
abnormal protein expression [14, 15], warrants further 
investigation.

Finally, to further explore the pathogenic mechanisms 
of hypertension related to high hcy levels, we have also 
constructed an interaction network map of 182 differen-
tially expressed proteins involved in 69 altered pathways 
(Supplementary Fig.  1D). Our investigation specifically 
focuses on two pathways related to Hcy metabolism: 
Cysteine and methionine metabolism and Glutathione 
metabolism; and those associated with hypertension 
pathogenesis: Complement and Coagulation Cascades, 
Fluid Shear Stress and Atherosclerosis, Lipid and ath-
erosclerosis, Pathways of Neurodegeneration - Multiple 
Diseases, Platelet Activation, Dilated cardiomyopathy, 
Focal adhesion and Ras Signaling Pathway. We observed 
that some key differentially expressed proteins, such as 
HSP90AA1, ENO1, and CDC42, play significant roles in 
the interactions among different pathways. Additionally, 
some proteins with significant differential expression in 
HHYP (ranked among the top 20), such as SERPIND1, 
C6, C9, and RAP1B, also participate in these important 
pathways and their interactions. This suggests that these 
proteins may together play key roles in the complex 

pathogenic mechanisms of hypertension related to high 
Hcy levels. These findings warrant further exploration 
and investigation in future studies.

In summary, quantitative proteomics analysis may pro-
vide a more functionally-oriented approach for identify-
ing novel models or pathways potentially involved in the 
development of pediatric HHYP. Our data suggest that 
alterations in FSSA pathway proteins are significant con-
tributors to the pathogenesis of HHYP. However, how 
these proteins interact with each other to induce the 
occurrence of HHYP still requires further exploration, so 
as to improve the understanding of the treatment mecha-
nism of HHYP and provide targets for the prevention and 
treatment of HHYP.
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