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Proteomic Analysis and

2-Hydroxyisobutyrylation Profiling in Metabolic
Syndrome Induced Restenosis

Xiangyu Liu"*, Liping Zhou?*"*

, Wenjing Huang', Yanyan Yang“®, Yijun Yang®,

Tianwei Liu®, Mingjin Guo'", Tao Yu”, and Yongxin Li'"

Restenosis is the primary complication following stenting
for coronary and peripheral arterial disease, posing an
ongoing clinical challenge. Metabolic syndrome (MetS),
characterized by metabolic disturbances, has been iden-
tified as an independent predictor for postoperative
restenosis in coronary and carotid arteries, potentially due
to endothelial dysfunction and augmented oxidative stress
in cells, while its specific regulatory mechanism is still
largely unknown. Lysine 2-hydroxyisobutyrylation (Khib), a
recently identified posttranslational modification, plays a
crucial role in transcriptional regulation and cellular
metabolism. However, there is a lack of comprehensive
analysis of the proteome and Khib modifications within
restenotic vessels in the context of MetS, as well as in the
understanding of the associated pathophysiology. In this
study, we observed a significant upregulation of Khib in
restenotic arteries induced by MetS, confirmed by animal
and cellular experiments. Further, using high-throughput
liquid chromatography-mass spectrometry, we cata-
logued 15,558 Khib sites across 2568 proteins, implicating
a multitude of biological functions. Analysis revealed 2007
Khib sites on 1002 proteins with considerable differential
modifications which are present within the cytoplasm and
nucleus. Interestingly, proteins located in the mitochon-
dria, endoplasmic reticulum, and cell membrane also
exhibit distinct expression and modification profiles to
varying extents that related to vascular smooth muscle
contraction, platelet activation, and the PISK-Akt signaling
pathway. Notably, the level of COL1A1 protein detected in
the protein-protein interaction pathway network and the
level of Khib modification are diametrically opposed,
suggesting a significant role in the disease's pathogen-
esis. This study provides the first comprehensive proteo-
mic and Khib modification overview of MetS-related in-
stent restenosis vasculature, offering key insights to

inform novel
mitigation.

therapeutic approaches for restenosis

Peripheral artery disease is a prevalent condition associated
with high morbidity and mortality. It can cause limb amputation
and severely reduce quality of life (1-3). Current treatment of
symptomatic peripheral arterial disease is predominantly
through endovascular therapy, which utilizes guidewires,
catheters, and advanced technologies such as drug-eluting
devices, specialized balloons, and biomimetic stents (4-6).
However, in-stent restenosis (ISR) remains a significant draw-
back, typically manifesting as recurrent occlusion symptoms
within 3 to 6 months post procedure (7, 8). Metabolic syndrome
(MetS) encompasses a cluster of conditions, such as dyslipi-
demia, inflammation, insulin resistance, and hypertension,
which heighten the risk of obesity, diabetes, and cardiovascular
diseases. Research indicates that individuals with MetS are at a
3 to 10-fold increased risk for atherosclerotic vascular disease
compared to the nonaffected population (9). Hypertension (10),
hyperlipidemia (11-14), and hyperglycemia (15, 16) are signifi-
cantly associated with an elevated risk of stent failure driven by
ISR. Thus, metabolism is widely considered to play a crucial
role in the development of ISR; however, the precise mecha-
nisms remain to be virtually unknown (17, 18).

Posttranslational modifications (PTMs) dynamically regulate
protein function by adding or removing amino acid residues or
other chemical groups after synthesis (19-21). PTMs, such as
phosphorylation, acetylation, lactylation, succinylation, and
ubiquitylation, are reported to be critical in modulating cardio-
vascular pathophysiology (22-26). The 2-hydroxyisobutyrylation
(Khib) modification, identified by Dai et al. in 2014, is a
conserved PTM linked to various biological functions,
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including metabolism and pathogenesis (27). Recent studies
reveal that Khib modification also plays a role in glycolysis,
psoriasis, cancer progression, and sperm motility (28-33).
For instance, when P300 is deleted as a lysine 2-
hydroxyisobutyryltransferase, the levels of Khib at specific
sites on crucial glycolytic enzymes that are dependent on P300
are significantly reduced. Consequently, this reduction leads to
a decrease in their catalytic activity. It has been observed that
Khib also plays a role in regulating energy metabolism, including
processes like the citric acid cycle, fatty acid metabolism, and
pyruvate metabolism. These findings suggest that Khib may
potentially contribute to the regulation of diseases related to
metabolism. (28, 34). Therefore, the specific effects of Khib on
the cardiovascular system, particularly peripheral vessels,
require further investigation.

Here, we firstly validate changes in expression and distri-
bution of Khib in vascular tissues in clinical tissue and cell
models. Subsequently, we utilized proteomics and PTMomics
to examine the protein and Khib modification characteristics in
MetS-induced restenosis. Functional enrichment analysis
revealed a marked decrease in Khib sites related to smooth
muscle cell contraction, PISK-AKT signaling, and platelet
activation. Conversely, there was an increase in Khib sites
linked to HIF-1 signaling, lipid metabolism, and atheroscle-
rosis, underscoring specific sites within these pathways with
notable disparities. These results validate the hypothesis that
modifications at the Khib site might be closely related to the
specific functions of these proteins, subsequently influencing
the pathogenesis and progression of restenosis associated
with metabolic syndrome.

EXPERIMENTAL PROCEDURES
Experimental Design and Statistical Rationale

This study was approved by the Medical Research Ethics
Committees of the Affiliated Hospital of Qingdao University
(QYFYWZLL29069). All individuals provided written consent for the
collection of samples, their analysis, and the disclosure of their
fundamental and clinicopathological data. Specimen acquisition
occurred at the Vascular Surgery and Organ Transplantation Unit,
categorizing them into normal (n = 10) and pathological (n = 10) co-
horts for this investigation. The current report identifies specific fea-
tures of metabolic syndrome, which include elevated blood pressure
(>130/85 mm Hg), low levels of high-density lipoprotein cholesterol
(<40 mg/dl [1.0 mmol/L] for men and <50 mg/dl [1.3 mmol/L] for
women), high triglyceride levels (=150 mg/dl [1.7 mmol/L]), and hy-
perglycemia (fasting glucose >100 mg/dl [6.1 mmol/L]) (35). The
presence of at least 3 out of the 4 traits is indicative of the metabolic
syndrome. Four samples from each group were randomly selected for
subsequent omics study. Preexperimental patient data encompass-
ing serology and imaging were compiled. Each cohort provided
triplicate biological replicates for subsequent proteomic and Khib-
modified omics scrutiny. Data quality assurance for omics outputs
was verified using statistical tools like Pearson's correlation coeffi-
cient, principal component analysis, and relative standard deviation.
Statistical significance was determined through Student's t test, with
p values below 0.05.

Rat Carotid Artery Balloon Injury Model

All animal experiments conducted in this study were granted ethical
approval by the Experimental Animal Ethics Committee of the Medical
Department at Qingdao University (20230625Wistar1220230901177).
The procedures adhered to the guidelines outlined in the National
Institutes of Health Guide for the Care and Use of Laboratory Animals.
Rat carotid artery injury was induced as described previously (36).
Wistar male rats, 8 weeks of age, obtained from Beijing Vital River
Laboratory Animal Technology Co, Ltd, were subjected to experi-
mental procedures under anesthesia induced by pentobarbital sodium
(50 mg/kg, i.p.). A ventral cervical incision was performed to reveal the
left common carotid artery and its proximal segment. The external
carotid artery was incised, and a 2F Fogarty catheter was introduced.
Upon inflation of the catheter's balloon to 1.5 atm, endothelial damage
was induced via reciprocal motion. The procedure concluded with
ligation of the external carotid artery, reestablishing perfusion in the
common carotid artery.

Vascular Morphological Evaluation and Modification Localization

Immunohistochemistry (IHC) staining analysis was performed as
previously reported (37). The vascular specimens were preserved in a
4% solution of formaldehyde for 3 to 5 days, followed by ethanol
dehydration for subsequent paraffin embedding and sectioning.
Sections of 6 pm thickness were prepared and subjected to H&E
staining. Digital images of these sections were captured at 40x
magnification. Identical preparation processes were employed for
sections designated for IHC. These paraffin-embedded sections un-
derwent dewaxing and rehydration, then were treated with 0.3%
hydrogen peroxide for 30 min to quench endogenous peroxidase
activity. Antigen retrieval was conducted using 0.1 M EDTA, pH 6.0,
for 15 min. After blocking with normal serum, the sections were
incubated with anti-2-hydroxy-isobutylated lysine primary antibody
(PTM802, 1:1000 dilution, PTM Biolab) followed by a biotinylated
secondary antibody. Visualization was achieved using an avidin-biotin
complex coupled with peroxidase and 3,3'-diaminobenzidineas the
chromogen. Finally, the sections were counterstained with H&E.

Western Blot

The proteins derived from the vascular tissues of both individuals
with and without diseases were separated using SDS-PAGE tech-
nique. Subsequently, these proteins were immobilized onto a poly-
vinylidene fluoride membrane (Millipore, America) with a pore size of
0.22 pm. To prevent nonspecific binding, a blocking step was per-
formed by incubating the membrane in Tris-Buffered Saline with
Tween 20 containing 5% nonfat milk at room temperature for 1 hour.
The membrane was then subjected to overnight incubation at 4 °C
with an anti-2-hydroxy-isobutylated lysine antibody (PTM802 1:1000;
PTM Biolab), followed by an one-hour incubation at room temperature
with a secondary antibody specific to mouse IgG (H + L) (Pierce).
Detection of protein bands on the membrane was achieved using an
advanced electrochemiluminescence system (apparatus: Chemilumi-
nescent Imaging).

Proteome and Khib PTM Omics Procedures

Protein Extraction—The sample was obtained from a storage
at —80 °C, measured in weight, crushed using liquid nitrogen as a
freezing agent, and then transferred into a centrifuge tube with a ca-
pacity of 5 ml. Then, the volume of pulverized tissue in cracking buffer
(consisting of 1% Triton X-100, 1% protease inhibitor cocktail, 3 uM
trichostatin A, and 50 mM nicotinamide) was increased fourfold. The
mixture underwent sonication for a duration of 3 min while placed in an
ice-water bath using a high-intensity ultrasonicator manufactured by
Scientz. Subsequently, the sample was subjected to centrifugation at
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a speed of 12,000g for a period of 10 min at a temperature of 4 °C. The
resulting pellet was discarded, and the supernatant was collected for
protein quantification utilizing the bicinchoninic acid assay following
the provided protocol.

Trypsin Digestion—In the beginning, an equal amount of chilled
acetone was mixed with the protein sample, followed by adding four
times that volume of acetone to induce precipitation at a temperature
of —20 °C for a duration of 2 h. After precipitation, the sample un-
derwent centrifugation at 4500g for 5 min. The liquid above the
sediment was discarded, and the solid residue was rinsed with cold
acetone 2 to 3 times before being dried. Subsequently, the solid
residue was dissolved again in tetraethylammonium bromide (TEAB)
solution with a concentration of 200 mM and subjected to sonication
for dispersion. Proteolytic digestion was performed overnight using
trypsin at a ratio of one part protease to 50 parts protein. Reduction of
the samples was performed at 56 °C using 5 mM DL-DTT for 30 min,
followed by alkylation with 11 mM iodoacetamide in the dark at room
temperature for 15 min.

Khib-modified Affinity Enrichment—To concentrate the modified
peptides, they were solubilized in immunoprecipitation buffers and
centrifuged to discard any insoluble material. The clear supernatant
was then incubated with precleaned resin on an orbital shaker at 4 °C
overnight. Subsequent washes included four cycles with immuno-
precipitation buffer followed by two cycles with deionized water. The
peptides attached to the resin were eluted in three distinct stages
using trifluoroacetic acid at a concentration of 0.1%. The eluates
obtained from each step were combined and subjected to lyophili-
zation. To prepare for liquid chromatography-tandem mass spec-
trometry analysis, the resulting peptides underwent desalting utilizing
C18 ZipTips (Millipore) as per the manufacturer's guidelines.

Liquid Chromatography-Tandem Mass Spectrometry

In a custom-built reverse-phase column (25 cm x 100 pm), the
peptide dissolved in mobile phase A was directly introduced. The
separation utilized a binary solvent system: solvent A (0.1% formic
acid in 2% acetonitrile/water) and solvent B (0.1% formic acid in
acetonitrile), following a gradient elution program: initially 6%-22%
solvent B over 40 min, then 22%-30% solvent B from 40 to 52 min,
proceeding to 30%-80% solvent B between 52 and 56 min, and
holding at 80% solvent B for the final 4 min, at a flow rate of 450 nl/
min. Ultra-high performance liquid chromatography with a capillary
ionization source facilitated the separation before analysis by timsTOF
Pro2 mass spectrometry. The ion source was set to 1.6 kV. The
analysis of mass-to-charge (m/z) was conducted using a time-of-flight
detector in tandem mass spectrometry (MS/MS) mode, utilizing par-
allel accumulation-serial fragmentation technology. The range of m/z
analyzed was 100 to 1700. Our focus was on ions with charge states
ranging from O to 5. Each cycle included 10 parallel accumulation-
serial fragmentation MS/MS scans, and we implemented a dynamic
exclusion period lasting for 24 s. Raw data for all proteomics and 2-
Khib modiomics generated by MaxQuant have been uploaded to the
ProteomeXchange Consortium via the PRIDE (38) partner repository
with the dataset identifier PXD062384, and annotated spectra for
identified proteomics and Khib modifications have been deposited on
MS-viewer with the search key "4xxtqp3gqgg" and "kc21vnele4".

Data Search—The MS/MS datasets were processed using Max-
Quant software version 1.6.15.0. A Homo sapiens reference proteome
(Homo_sapiens_9606_SP_20230103.fasta with 20,389 sequences)
was used for matching peptide sequences, along with a reverse decoy
and contaminant database. The designated protease was Trypsin/P,
allowing for up to two missed cleavages. Peptides had to be at least
seven amino acids long and could have a maximum of five modifi-
cations. Both precursor and fragment ions had a mass tolerance of
20 ppm in the initial and main searches. Cysteine residues were fixedly

modified by carbamidomethylation, while protein N-terminal acetyla-
tion, methionine oxidation, and 2-hydroxyisobutyrylation were
considered as variable modifications. To ensure stringent control, the
false discovery rate for protein identification, peptide validation, and
peptide-spectrum match was maintained below 1%.

Data Analysis—The significance of the overrepresentation of
differentially expressed proteins (DEPs) was determined using Fisher's
exact test, focusing on the proteins that were identified. Functional
categories exhibiting an enrichment fold change greater than 1.5 and a
p value less than 0.05 were considered statistically significant.

Bioinformatics Analysis—Functional annotation of identified pro-
teins was conducted by extracting Gene Ontology (GO) identifiers via
eggNOG-Mapper, referencing the eggNOG database. This process
enabled categorization into cellular components, molecular functions,
and biological processes. The Kyoto Encyclopedia of Genes and
Genomes (KEGG) amalgamates data on protein interactions, including
pathway networks, genes, biological complexes, and chemical re-
actions. Proteins were mapped to KEGG pathways using BLAST
(blastp, value<ie-4) and annotated based on the highest-scoring
alignment. In eukaryotic cells, protein localization varies with mem-
brane affinity, occupying structures such as the extracellular matrix,
cytoplasm, nucleus, and organelles like mitochondria, the Golgi
apparatus, and endoplasmic reticulum (ER). WoLF PSORT was utilized
to predict and annotate these proteins' subcellular localizations. For
the protein interaction network, the STRING database facilitated the
identification of disease-relevant interactions among DEPs within
KEGG pathways, assigning a high confidence score of 0.7 to these
relationships.

Statistical Analysis—Proteomic and Khib-modified omic profiles
were analyzed in vascular specimens from quartets of subjects per
cohort, employing relative standard deviation, principal component
analysis, and Pearson correlation to evaluate reproducibility. Statisti-
cal significance of disparities was determined using t tests, while
GraphPad Prism 8 facilitated graphical representation. Significance
was denoted by p values lower than 0.05.

RESULTS
Clinical Characteristics of the Study Groups

Clinical data indicated normative cardiovascular and meta-
bolic parameters in the control cohort, in contrast to the dis-
ease cohort which presented with dyslipidemia,
hyperglycemia, hypertension, or had a diagnosis of MetS
(Fig. 1A and Table 1). These findings highlight the increased
risk of atherosclerotic vascular diseases in MetS patients, due
to disrupted glucose and lipid homeostasis. Enhanced
computed tomography imaging depicted significant femoral
artery occlusions and lumen narrowing among restenosis
subjects (Fig. 1B).

Morphological Analysis and Khib Distribution of Human
and Rat Vessels

Prior studies have demonstrated a significant correlation
between restenosis following vascular injury and the prolifer-
ation of endothelial cells, leading to neointimal formation (39,
40). Histological analyses via H&E staining confirmed these
findings by demonstrating luminal narrowing and vessel wall
thickening in both healthy and restenotic vascular tissues
(Fig. 2, A and B). A focused examination of Khib modifications
within  restenotic vasculature revealed a pronounced
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Fic. 1. Clinical characteristics in clinical patients. A, serological indicators in clinical patients; B, computed tomography angiography (CTA)
in clinical patients. Data are presented as mean + SD. n = 10 per group. *p < 0.05, *p < 0.01, ***p < 0.0001.

expression across all vascular layers, with a notably reduced
presence in the intima of restenotic vessels compared to
healthy counterparts. In the development of ISR, endothelial
cell regeneration and proliferation post mechanical stimulation

are pivotal mechanisms. Our group's prior research indicated
distinct Khib modification patterns in MetS patients with ISR,
with endothelial differentiation being the obvious different.
Western blot analysis of clinical samples revealed a significant
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TaABLE 1

Patient clinical characteristics

Blood pressure Triglyceride . ngh.—densﬂy Fasting blood
Group Number (mmHg) (mmol/L) lipoproteincholesterol lucose (mmol/L)
9 (mmol/L) 9
Healthy 1 123/81 1.28 1.56 6.29
Healthy 2 133/68 1.67 1.11 7.36
Healthy 3 137/79 1.14 0.72 5.44
Healthy 4 143/86 2.03 0.71 6.16
Healthy 5 110/80 0.81 0.8 6.95
Healthy 6 135/87 0.84 1.42 6.11
Healthy 7 121/72 0.35 1.86 11.03
Healthy 8 100/79 0.71 1.1 4.37
Healthy 9 120/76 0.29 0.69 6.1
Healthy 10 110/67 0.39 1.04 8.39
Disease 1 168/91 2.05 1.07 5.04
Disease 2 148/75 1.03 1.1 7.56
Disease 3 209/112 1.98 1.47 11.74
Disease 4 140/85 3.9 0.95 15.4
Disease 5 180/110 1.2 1.14 8
Disease 6 170/111 1.78 0.68 7.5
Disease 7 176/92 2.71 10.3 8.6
Disease 8 220/110 4.58 0.72 12
Disease 9 260/100 2.1 1.15 13.6
Disease 10 180/98 2.43 0.91 9
Abbreviations: FBG, fasting blood glucose; HDL-C, high-density lipoproteincholesterol; TG, triglyceride.
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Fic. 2. Vascular morphological characteristics in clinical and animal samples. A, H&E and Khib immunohistochemical staining from healthy
and in-stent restenosis clinical samples. The red scale indicates a length of 250 pm. B, quantitative analyses of A; C, WB analysis of Khib in clinical
samples. D, H&E and Khib immunohistochemistry of healthy and carotid balloon injury rats. The red scale indicates a length of 50 pm. E, quan-
titative analyses of D; F, HUVEC cells were treated with LPS, ox-LDL, and TGF-f, respectively, for 24 h. Data are presented as mean + SD.
*p < 0.05, **p < 0.01. LPS, lipopolysaccharide; ox-LDL, oxidized low-density lipoprotein; TGF-f, transforming growth factor-beta; WB, western blot.
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reduction in Khib modification across various proteins,
particularly ranging from 25 to 110 kDa in patient samples
compared to healthy controls. (Fig. 2C). This pattern was
consistently observed in carotid artery balloon injury rat
models which was used to mimic post injury restenosis (Fig. 2,
D and E), suggesting a potential link between diminished Khib
modification and intimal alterations in MetS patients with
restenosis. Moreover, the vascular endothelium functions as a
semipermeable barrier, and impaired reendothelialization is
the primary cause of elevated ISR risk (41). By treating
endothelial cells with various stimulators such as lipopoly-
saccharides, oxidized low-density lipoproteins, and tumor
necrosis factor alpha, we observed a significant down-
regulation of Khib levels specifically under transforming
growth factor-beta stimulation, with only a slight decrease
under other conditions (Fig. 2F), implying Khib might play roles
in specific environment which need deeper investigation.

Proteomic Profiling and Functional Insights

Label-free proteomic quantification is an advanced tech-
nique that quantifies proteins without relying on isotope la-
beling (42). Four-dimensional proteomics introduces ion
mobility separation as an additional dimension to the tradi-
tional 3D framework, which includes retention time, mass-to-
charge ratio (m/z), and ion intensity (43). To identify protein
biomarkers for MetS and restenosis, we conducted a
comparative 4D label-free quantitative proteomic analysis on
liver vessel and femoral artery samples from both healthy
individuals and those affected by the aforementioned condi-
tions (n = 4 per group). Our analysis yielded quantification
results for 3768 proteins across the vascular tissues under
study (Fig. 3, A and B, and Supplemental Table S1). We
conducted quality control assessments of peptide length
distribution, peptide number distribution, protein coverage
distribution, and protein molecular weight distribution to
ensure result quality (Fig. 3, C—F). Pearson's correlation co-
efficient, principal component analysis, and relative standard
deviation confirmed the consistency of quantitative results
across biological and technical replicates. (Fig. 3, G-l).
Applying a cutoff of 1.5-fold change and a statistical signifi-
cance threshold of p < 0.05, we discerned 469 proteins
exhibiting differential expression: 281 were significantly
downregulated, while 188 were upregulated (Fig. 4A and
Table 2). Among the notably altered proteins, those down-
regulated were found in the plasma membrane, nucleus, and
mitochondria, whereas upregulated proteins were located in
the plasma membrane, cytoplasm, and extracellular. Notably,
APQOO, a gene involved in lipid transport and metabolism,
exhibited marked downregulation (44). Conversely, the
upregulated protein hepatocyte growth factor plays a role in
angiogenesis and tissue regeneration (45). These variances in
protein expression may be linked to the pathogenesis of
MetS-induced restenosis.

To elucidate the functional profiles of DEPs, we first
analyzed the subcellular localization. We simultaneously
contrasted the profiles of upregulated versus downregulated
DEPs. DEPs mainly locate in the cytoplasm (143, 30.49%)
and nucleus (119, 25.37%), with substantial numbers also
present in the extracellular space (85, 18.12%) and mito-
chondria (43, 9.17%) (Fig. 4B). At the same time, GO
enrichment highlighted “regulation of biological process” and
“cellular component organization or biogenesis” as the pre-
dominant biological processes (Fig. 4C). DEPs were primarily
associated with intracellular structures and cytoplasm in the
cellular component category, while “protein binding” and “ion
binding” were the most represented molecular functions.
Furthermore, Clusters of Orthologous Groups/Eukaryotic
Orthologous Groups (COG/KOG) analysis revealed a notable
prevalence of DEPs in cellular processes and signaling,
especially in signal transduction mechanisms and cytoskel-
etal components (Fig. 4D). Notably, metabolic proteins
comprised about 18% of the DEPs, with subsets dedicated to
energy production and conversion (17/461), lipid transport
and metabolism (14/461), and carbohydrate transport and
metabolism (13/461) being notably represented. To assess
the variation in protein function enrichment among DEPs, a
KEGG pathway analysis was conducted. This analysis iden-
tified the key pathways involved in disease's pathogenesis
(Fig. 4E). The results indicated that pathways involving focal
adhesion, platelet activation, and vascular smooth muscle
contraction are significantly implicated in the DEPs associ-
ated with the disease.

Characterization of Differentially Modified Khib Proteins

In order to elucidate the impact of Khib modification on
disease progression, we conducted a proteomic analysis
contrasting healthy and pathological tissue samples. Eval-
uations of quality control and reproducibility, including
peptide length distribution, Pearson correlation coefficient,
principal component analysis, and relative standard devia-
tion, confirmed that the results satisfied the required quality
and statistical standards (Fig. 5). The analysis revealed
2007 statistically significant Khib modification sites across
1002 proteins. These modifications displayed variable dis-
tribution, with 1108 sites exhibiting a singular alteration,
while 672 proteins harbored in excess of 10 modifications,
suggesting a complex relationship between protein function
and modification patterns (Figs. 3B, 6A, and Supplemental
Table S2). Specifically, within the context of MetS induced
ISR, a substantial downregulation of Khib sites occurred in
1922 sites across 926 proteins, in stark contrast to only 85
upregulated sites across 76 proteins (Fig. 6B). A radar chart
was constructed to depict the comparative expression of
the top 30 modified sites (Fig. 6C and Table 3). Notably,
HSPA9 K368 and PRDX2 K10 exhibited significant differ-
ences among the protein Khib modification, suggesting
their regulatory capacity could be modulated via Khib
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TABLE 2
Comparative expression of top five downregulated and upregulated proteins

Gene name Disease/Health ratio Disease/Health p value Regulated type Subcellular localization
ITGA9 0.087276215 0.000925934 Down plasma membrane
PCDH7 0.109286045 0.008054663 Down plasma membrane
PRUNE2 0.199031584 0.002766792 Down nucleus

APOO 0.204158834 0.00155585 Down mitochondria
PACSINS3 0.21485538 0.03270773 Down nucleus

ANKH 5.202782572 0.042833488 Up plasma membrane
AKR1C2 5.146068285 0.014616051 Up cytoplasm

EPB42 4.79741105 0.000094155 Up cytoplasm
PAFAH1B3 4.684430819 0.0009077 Up extracellular

HGF 4.398681857 0.001103853 Up extracellular

Abbreviation: HGF, hepatocyte growth factor.

modifications, with potential implications for their functional
activity.

To investigate disease-associated site-specific modifica-
tions, subcellular localization analysis revealed a predominant

(21.01%) and extracellular localizations (14.73%) (Fig. 6D). We
analyzed the most significantly different Khib-modified pro-
teins within critical organelles or cellular membrane structures,
specifically the mitochondria (Table 4), the ER (Table 5), and

cytoplasmic distribution (41.4%),

followed by

nuclear

the cytoplasmic membrane (Table 6), aiming to identify key
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Fic. 6. Quantitative Khib-modified proteomics in healthy and diseased tissues. A, the quantity distribution of proteins at different Khib
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protein modifications that are common across these cellular
components and influence cellular composition. Notably,
apolipoprotein B exhibits eight significant differential Khib
modification sites among ER proteins, with six downregulated
(K4465, K273, K1324, K110, K1476, and K2640) and two

upregulated (K2340 and K2428) sites (Table 7). Their Khib-
modified MS/MS are presented in Supplemental Fig. S1. As
a major constituent of low-density lipoprotein, which is
strongly associated with cardiovascular conditions like coro-
nary heart disease, elevated levels of apolipoprotein B in the
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TaBLE 3
Khib comparative expression of the top 30 modified sites

Gene name Position Amino acid Disease Health Log2FC Disease/Health ratio Disease/Health p value
AHNAK 5524 K 0.536 1.501 -1.485 0.357200236 0.000007134
HSPA12A 138 K 0.321 1.041 -1.7 0.307744027 0.000010131
MYH10 840 K 0.605 1.167 -0.949 0.518141302 0.000011135
SCRN1 332 K 0.472 1.141 -1.272 0.414008059 0.000014463
HSPA9 368 K 0.112 1.616 -3.846 0.069556028 0.000020748
S100A13 85 K 0.62 1.404 -1.178 0.442053284 0.000021381
HGF 91 K 0.76 2.224 -1.55 0.341558837 0.000026171
MAP4 254 K 0.606 1.286 -1.086 0.471031895 0.000026637
NDUFS2 437 K 0.669 1.212 -0.858 0.551644961 0.000028338
PLPP1 191 K 0.714 1.465 -1.037 0.487312137 0.000038857
AHNAK 1005 K 0.464 1.443 -1.637 0.321572566 0.000057964
GBP2 444 K 0.609 1.336 -1.133 0.455916422 0.000062816
FBLN2 1065 K 0.431 1.375 -1.673 0.313529061 0.000071121
GNAI1 29 K 0.477 1.697 -1.831 0.280983961 0.000093895
RANBP1 154 K 0.523 1.345 -1.362 0.389063328 0.000096415
RAP1GDS1 457 K 0.488 1.253 -1.359 0.389730511 0.000115366
FGA 100 K 0.713 1.863 -1.385 0.382777644 0.000121896
SYNM 12 K 0.582 0.974 -0.742 0.597819905 0.00012692
P4HB 444 K 0.65 1.355 -1.061 0.479462871 0.000131065
GNAQ 98 K 1.266 0.603 1.069 2.097473461 0.000133411
TUBA4A 112 K 0.426 1.259 -1.562 0.338666911 0.000171128
PRDX2 10 K 0.213 3.012 -3.822 0.070723413 0.000172118
PFKM 372 K 2.059 0.54 1.93 3.810676328 0.000179657
PDIA6 245 K 0.807 1.234 -0.612 0.654302513 0.000187371
ORM1 170 K 0.783 1.518 -0.954 0.516129856 0.000194785
CCT2 203 K 0.116 1.788 -3.951 0.064637914 0.000242225
TPR 1165 K 0.778 1.23 -0.661 0.632324945 0.000261341
DLST 277 K 0.262 1.164 -2.154 0.224692892 0.000261932
CAST 457 K 0.385 1.269 -1.722 0.303214102 0.000262562
PYCARD 26 K 0.725 1.576 -1.119 0.460403783 0.000264149
Abbreviation: HGF, hepatocyte growth factor.
TaBLE 4

Regulated Khib sites of mitochondria

Gene name Position Amino acid Disease/Health ratio Disease/Health p value Regulated type
HSPA9 368 K 0.069556028 0.000020748 Down
NDUFSH1 87 K 0.082700936 0.045028215 Down
MMRN1 882 K 0.098923458 0.005061413 Down
DLST 277 K 0.224692892 0.000261932 Down
PPP1R14A 54 K 0.227818019 0.004006594 Down
VCAN 347 K 0.248287168 0.006675348 Down
ALDH4A1 114 K 0.259828855 0.030063667 Down
CS 43 K 0.266387046 0.006422476 Down
GLUD1 527 K 0.275426022 0.039374353 Down
TRAPPC3 156 K 0.275746395 0.007185068 Down
HSPE1 40 K 1.755925943 0.022027751 Up
SARM1 363 K 1.765095397 0.03979646 Up
ATP5F1B 124 K 2.005288855 0.007580275 Up
DES 299 K 2.056049717 0.035361537 Up
ASMTL 306 K 2.145314987 0.023222689 Up
ASMTL 65 K 2.322788598 0.001252511 Up
SOD2 122 K 2.43754217 0.030595323 Up
HSPE1 54 K 2.585565275 0.009214186 Up
DLD 143 K 4.485159971 0.009379678 Up
LHPP 189 K 6.406035927 0.042002532 Up
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TaBLE 5
Regulated Khib sites of endoplasmic reticulum

Gene name Position Amino acid Disease/Health ratio Disease/Health p value Regulated type
COL12A1 1324 K 0.208608036 0.048037605 Down
KTN1 337 K 0.232144176 0.007257895 Down
ANPEP 955 K 0.235392071 0.001651932 Down
COL12A1 2384 K 0.236308602 0.000922294 Down
HSP90B1 486 K 0.261859658 0.006836258 Down
ITGA8 141 K 0.329162286 0.030421152 Down
CDH13 185 K 0.334699912 0.008382752 Down
HSP90B1 473 K 0.354897875 0.002642687 Down
BCAP31 190 K 0.368172107 0.000419985 Down
EPHX2 89 K 0.383795889 0.003841767 Down
APOB 2340 K 1.573919855 0.017036071 Up
APOB 2428 K 1.813649847 0.01761469 Up
ITIH1 125 K 1.843558178 0.028314478 Up
HSP90B1 593 K 1.990307946 0.032654082 Up
HSPA5 376 K 1.999596778 0.025754276 Up
FAP 505 K 2.192185698 0.009498326 Up
HSP90B1 97 K 3.273183047 0.028574674 Up
CANX 89 K 3.719318496 0.026629644 Up

APOB, apolipoprotein B.

bloodstream pose a risk for the occurrence of restenosis and
reocclusion within the superficial femoral artery among in-
dividuals diagnosed with peripheral artery disease (46). These
modifications may alter protein structure or function, impact-
ing lipid metabolism pathways. GO analysis highlighted bio-
logical process regulation and organic substance metabolism
as the primary biological process functions (Fig. 6E). Clusters
of Orthologous Groups/Eukaryotic Orthologous Groups clas-
sifications identified PTMs, protein turnover, chaperoning, and
signal transduction as the leading functional groups (Fig. 6F).
KEGG pathway enrichment analysis displayed that circadian
rhythm, the pentose phosphate pathway, and transforming
growth factor-beta signaling are associated with Khib modi-
fications (Fig. 6G), suggesting these pathways may be
involved in protein structural and functional changes contrib-
uting to disease pathogenesis.

Characterizing Khib Sites in Human Vessels

To investigate the sequence motifs at modification sites, we
utilized the MoMo tool with the MotiF-X algorithm, focusing on
the decameric peptide sequences surrounding the targeted
sites (Fig. 7A). Our analysis indicated a significant enrichment
of specific amino acids—alanine (A), aspartic acid (D), gluta-
mic acid (E), isoleucine (l), leucine (L), and valine (V)—at the
immediate positions (-1 and +1) adjacent to the Lys Khib
sites.

Subsequent to categorizing proteins based on expression
fold changes into quartiles Q1 (<0.5), Q2 (0.5-0.667), Q3
(1.5-2.0), and Q4 (>2.0), we utilized KEGG pathway enrich-
ment analysis to discern pathway variances among these
quartiles (Fig. 7B). Our findings indicate an obviously down-
regulation of focal adhesion, actin cytoskeleton regulation,

TaBLE 6
Regulated Khib sites of plasma membrane

Gene name Position Amino acid Disease/Health ratio Disease/Health p value Regulated type
ITGA1 766 K 0.216611009 0.006947307 Down

ITGA3 471 K 0.24808182 0.006644534 Down

ITGA3 1038 K 0.280791198 0.012598197 Down

ITGA7 335 K 0.359186993 0.018368475 Down

PSAP 303 K 0.382702437 0.011264876 Down
CACNA2D1 842 K 0.395615443 0.019808257 Down
GHITM 73 K 0.396422085 0.020435917 Down

DAG1 611 K 0.405304767 0.001216107 Down

SYPL1 179 K 0.433401843 0.04392602 Down

SEC62 60 K 0.437807702 0.036619378 Down
SERPINFA 134 K 1.536312557 0.0485295 Up
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TaBLE 7
Regulated Khib sites of APOB

Gene name Position Amino acid Disease/Health ratio Disease/Health p value Regulated type
APOB 4465 K 0.49607701 0.047500988 Down

APOB 273 K 0.500563662 0.005278671 Down

APOB 1324 K 0.615933113 0.032245386 Down

APOB 110 K 0.641336329 0.04961298 Down

APOB 1476 K 0.647572589 0.044958988 Down

APOB 2640 K 0.665264301 0.022429164 Down

APOB 2340 K 1.573919855 0.017036071 Up

APOB 2428 K 1.813649847 0.01761469 Up

APOB, apolipoprotein B.

and tight junction pathways, while the Q4 group exhibited
substantial alterations in thyroid hormone synthesis, HIF-1
signaling, and fructose and mannose metabolism (Fig. 7C).
Specifically, Khib expression was markedly suppressed in
pathways such as vascular smooth muscle contraction
(Table 8), PIBK-Akt signaling (Table 9), and platelet activation
(Table 10) in MetS patients with restenosis. Consequently, we
employed the STRING database to construct protein—protein
interaction (PPIl) networks for these pathways to investigate
their interactions further.

In the PPI network, we identified 28 proteins involved in the
PI3K-Akt signaling pathway, 17 proteins associated with
vascular smooth muscle contraction, and 8 proteins related to
platelet activation. Within the vascular smooth muscle
contraction pathways, MYH family proteins 9(K1845),
10(K203), and 11(K1710) exhibited different Khib modifica-
tions at various sites. Their Khib-modified MS/MS are shown
in Supplemental Fig. S2. In the platelet activation pathway, 16
protein sites were modified, although the corresponding pro-
tein levels did not change significantly. To our surprise, among
the listed proteins, only the expression and modification of
COL1A1 showed completely opposite differences. The protein
level of COL1A1 was upregulated by 2.83-fold in the disease
group, whereas the Khib modification at K759 was down-
regulated by 0.51-fold in the disease group. Additionally,
COL1A1 was implicated in the PI3BK-Akt signaling pathway,
with the most notable differential expression observed at po-
sition K277.

DISCUSSION

MetS is a prevalent metabolic disorder recognized as a
major risk factor for coronary artery disease, significantly
contributing to the global burden of cardiovascular diseases.
Angioplasty remains the primary intervention for vascular oc-
clusion, but the high incidence of postprocedural restenosis
adversely affects patient outcomes (47). This underscores the
necessity for a deeper investigation into the mechanisms
driving restenosis. PTMs offer a more immediate and dynamic
response compared to protein transcription or translation
regulation in vascular pathologies (48-50). Although Khib

modification is crucial in various pathologies, their study in
cardiovascular contexts is limited. Our investigation employed
quantitative proteomics and Khib PTM omics to examine
vascular tissues from healthy individuals and patients with in-
stent-induced restenosis. We conducted a statistical analysis
of key regulatory pathways, proteins, and their modifications.
Notably, pathways such as vascular smooth muscle
contraction, PI3K-Akt signaling, and platelet activation were
significantly downregulated in restenotic vessels of MetS
patients.

Our study reveals that a significant portion of Khib-
modified proteins are localized in the cytoplasm (41.4%).
Functional categorization and pathway enrichment analyses
illustrated that the modification disparities are prominent not
only in proteins pivotal to organic and lipid metabolism, such
as HSPA9 K368 and PRDX2 K10, which have direct links to
MetS, but also in pathways associated with ISR, including
smooth muscle contraction and platelet activation (51, 52).
Furthermore, PRDX2 has been shown to mitigate iron-
induced mitochondrial oxidative damage and lipid peroxi-
dation, which is advantageous in addressing diabetic cardiac
microvascular dysfunction (53). Meanwhile, upon focusing on
the PPI network of these pathways, we observed an upre-
gulation in the protein expression level of collagen type |
alpha 1 (COL1A1) chain, while the modification level was
decreased. COL1A1, encoding the primary component of
type | collagen, is essential for the extracellular matrix and is
implicated in vascular diseases such as aortic fibrosis, Mar-
fan's syndrome, and aortic dissection (54-56). Sarohi et al.
reported the altered levels of COL1A1 PTMs during metal
stent and drug-eluting stent-induced neointima formation
(57). Moreover, COL1A1 polymorphisms can impact blood
lipid levels, particularly triglycerides (58). lts expression also
shows significant differences in dyslipidemic patients with
obesity, suggesting that variations in protein levels and
modifications may influence the occurrence of restenosis.
Consequently, these proteins with altered Khib modification
patterns are likely involved in disease pathogenesis, either
directly or indirectly.

In this manuscript, we focused on proteomics and PTMo-
mics to comprehensively understand the differences in protein
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TaBLE 8
Downregulated Khib sites of vascular smooth muscle contraction

Gene name Position Amino acid Disease/Health ratio Disease/Health p value Regulated type
PPP1R14A 54 K 0.227818019 0.004006594 Down
PPP1CB 303 K 0.285787383 0.011572711 Down
PPP1R12A 320 K 0.306656151 0.015547544 Down
ROCK1 310 K 0.310265111 0.006767067 Down
PRKG1 410 K 0.310362739 0.020466805 Down
MYH11 1710 K 0.314571369 0.018091255 Down
MYH9 1845 K 0.316347343 0.007689433 Down
MYH10 203 K 0.316870096 0.006735028 Down
CALM3 78 K 0.329408266 0.005815807 Down
ROCK2 995 K 0.337417719 0.031967095 Down
MYL9 51 K 0.351658333 0.011420605 Down
CALD1 380 K 0.36403842 0.046478537 Down
MYLK 1202 K 0.3799004 0.001557424 Down
MAPK3 302 K 0.427910164 0.00344306 Down
GNA11 120 K 0.436568229 0.021677017 Down
PPP1R12B 895 K 0.445464265 0.023520083 Down
GNAQ 72 K 0.462235068 0.001025703 Down

levels and modification sites involved in MetS-induced reste-
nosis. Nevertheless, the accuracy of these findings requires
further validation through both in vivo and in vitro models.
Based on the IHC results of animal restenosis tissues, we
preliminarily analyzed that the intimal expression differed
significantly, and the modification was markedly reduced in

the disease group, suggesting that Khib may play a protective
role in MetS-induced restenosis. The next step is to select key
modification sites for knockout in in vivo and in vitro models
and to assess vascular function to further elucidate the role of
Khib modification in the occurrence and progression of the
disease.

TaBLE 9
Downregulated Khib sites of PISK-Akt signaling pathway

Gene name Position Amino acid Disease/Health ratio Disease/Health p value Regulated type
COL1A1 277 K 0.183529137 0.001782291 Down
ITGA1 766 K 0.216611009 0.006947307 Down
PPP2R1A 272 K 0.228838591 0.000807033 Down
GNB4 209 K 0.229543618 0.004950945 Down
ITGA3 471 K 0.24808182 0.006644534 Down
HSP90B1 486 K 0.261859658 0.006836258 Down
ITGB1 73 K 0.294390946 0.011368364 Down
HSP90AA1 292 K 0.296118277 0.023633689 Down
LAMA4 425 K 0.299848203 0.001745851 Down
VWF 1423 K 0.309445426 0.024061825 Down
TNC 942 K 0.3104142 0.006275539 Down
ITGA8 141 K 0.329162286 0.030421152 Down
LAMCAH 164 K 0.334450955 0.001150648 Down
HGF 91 K 0.341558837 0.000026171 Down
PRKAA1 280 K 0.347703947 0.037903363 Down
TNXB 3524 K 0.356382584 0.003020057 Down
ITGA7 335 K 0.359186993 0.018368475 Down
YWHAB 29 K 0.360460353 0.040999849 Down
LAMB1 1688 K 0.371296893 0.049266809 Down
YWHAH 110 K 0.386026192 0.025498852 Down
GNG12 4 K 0.39318199 0.002198722 Down
HSP90AB1 435 K 0.419850928 0.032577683 Down
MAPKS3 302 K 0.427910164 0.00344306 Down
CDC37 276 K 0.437625535 0.031594806 Down
RAC1 147 K 0.448775825 0.026726445 Down
EIF4E 162 K 0.465346296 0.004360292 Down
RPS6 58 K 0.467913893 0.020760974 Down
SASBMB Mol Cell Proteomics (2025) 24(6) 100978 15
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TasLE 10
Downregulated Khib sites of platelet activation

Gene name Position Amino acid Disease/Health ratio Disease/Health p value Regulated type
ITPR1 249 K 0.500396834 0.001850384 Down
ITGB3 443 K 0.503911529 0.006730388 Down
ROCK1 1208 K 0.50521864 0.03396109 Down
TLNA1 1190 K 0.507745687 0.002290137 Down
COL1A1 759 K 0.512683646 0.031230116 Down
ITGB1 349 K 0.518992016 0.002808446 Down
GNAI2 54 K 0.519301743 0.031846138 Down
PPP1CB 25 K 0.548159112 0.035934653 Down
MYL12A 150 K 0.548399168 0.014564421 Down
RAP1A 117 K 0.558600196 0.003247042 Down
F2 344 K 0.561272815 0.019170586 Down
AKTA1 284 K 0.574883054 0.006681717 Down
PRKG1 499 K 0.585063417 0.004620814 Down
VWF 1430 K 0.589850555 0.042125824 Down
ROCK2 511 K 0.612070059 0.02236173 Down
RAP1B 117 K 0.628966657 0.018538609 Down
GNAQ 107 K 0.629018064 0.007930137 Down
MAPK1 138 K 0.644478699 0.016115143 Down
GNAI1 67 K 0.650729021 0.034786832 Down
MYLK 1721 K 0.653142708 0.013865328 Down
MAPK3 361 K 0.655676767 0.049352369 Down
FGG 188 K 0.658975449 0.01687466 Down
FGA 243 K 0.658975449 0.01245972 Down
PRKACA 30 K 0.660362436 0.013950963 Down
TLN2 348 K 0.662256683 0.047347989 Down

In summary, our study is the first to investigate the differ-
ential expression of proteins and Khib modifications in MetS-
induced restenosis. Despite its innovative nature, the study
has its limitations: it identifies significantly altered proteins and
modification sites but does not elucidate precise regulatory
mechanisms or identify downstream effectors. These findings
will guide further research into the effects of PTMs in vascular
diseases caused by metabolic disorders and establish a
foundation for future targeted therapeutic strategies for ISR.
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