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Abstract 

Background  Coronary heart disease (CHD) and stroke have become the leading cause of premature mortality 
and morbidity worldwide. Therefore, sensitive and accurate biomarkers for early detection of CHD and stroke are 
urgently needed for effective prevention and treatment. We aim to investigate the association between blood-based 
HYAL2 methylation and the risk of CHD and stroke in Chinese population.

Methods  In a prospective nested case–control study comprising 171 CHD cases, 139 stroke cases, who devel-
oped the diseases after recruitment and 356 controls who remained healthy during the 2.5 years of follow-up time, 
the methylation level of HYAL2 in the peripheral blood was quantified using mass spectrometry, and the association 
was calculated by logistic regression adjusted for covariant.

Results  Significant association between HYAL2 methylation in the peripheral blood and increased risk of preclini-
cal CHD and stroke were identified [odds ratios (ORs) per − 10% methylation: 1.35–1.64, p ≤ 0.045 for HYAL2_CpG_1, 
HYAL2_CpG_2 and HYAL2_CpG_3 in CHD; ORs per − 10% methylation: 0.76–1.64, p ≤ 0.033 for HYAL2_CpG_2 
and HYAL2_CpG_4 in stroke]. The association in CHD was further enhanced by female gender, younger age 
(< 70 years old), without the history of hypertension and cancer. The combination of four HYAL2 methylation sites 
showed an effective discrimination of CHD and stroke cases without hypertension from controls [area under curve 
(AUC) = 0.78 and 0.75, respectively].

Conclusions  This study presents a strong association of altered HYAL2 methylation in peripheral blood with preclini-
cal CHD and stroke, providing a novel biomarker for risk assessment and early detection of cardiovascular diseases.
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Introduction
Cardiovascular diseases (CVDs) are chronic noncommu-
nicable diseases that impose a substantial economic and 
health burden worldwide. From 2017 to 2020, the prev-
alence of CVDs in adults aged ≥ 20 years old was 48.6% 
overall and increased with age [1]. Coronary heart dis-
ease (CHD) and stroke account for a large proportion of 
CVDs. Atherosclerosis is a pathological condition char-
acterized by fibrous proliferation, chronic inflammation, 
lipid accumulation, which often occurs at the asympto-
matic stage of diseases [2]. As the illnesses progresses, it 
eventually contributes to ischemic diseases, such as CHD 
and stroke [3, 4]. A considerable number of new or recur-
rent CHD and stroke cases each year are underdiagnosed 
due to silent infractions that do not meet the clinical 
diagnosis threshold [1, 5]. Although coronary CT angi-
ography (CCTA) is currently the gold standard method 
for confirming the diagnosis of atherosclerosis, it is una-
ble to recognize sub-millimeter-sized which likely rep-
resent very early atherosclerosis [6]. Cardiac troponins 
(cTn), the preferred noninvasive markers of myocardial 
injury, have been widely used in blood tests to diagnose 
symptomatic patients. However, cTn lack specificity for 
the detection of CVDs, as its level may increase in other 
pathological conditions, such as sepsis, chronic obstruc-
tive pulmonary disease, diabetes mellitus and renal fail-
ure [7, 8]. Besides, the high level of cTn cannot explain 
the specific mechanisms underlying CVD pathogenesis. 
Moreover, due to the heterogeneity of stroke etiology 
and the variability in laboratory measurement of these 
biomarkers, the use of biomarkers for diagnosing stroke 
has been limited [9]. Therefore, novel and sensitive bio-
markers are critically needed to be identified. Genome-
wide association studies (GWAS) have been conducted 
to predict heritable components of disease risks and 
phenotypes by polygenic risk scores (PRSs) [10]. A study 
showed that the ability of genome-wide PRS for predict-
ing lipid traits and atherosclerosis among East Asians was 
not competent in the general population (AUCs = 0.63–
0.67) [11].

DNA methylation is recognized as a fundamental and 
widespread epigenetic mechanism encompassing inher-
itable alterations in gene structure and function without 
changes in the DNA sequence. It plays a crucial role in 
regulating various cellular processes, including embry-
onic development, transcription, chromatin structure, 
X-chromosome inactivation, genome imprinting and 
chromosome stability. Recent studies have demonstrated 
the correlation between DNA methylation and cardio-
vascular disorders, as well as the correlation between 
candidate gene expression and CHD [12]. Using a mouse 
model of acute myocardial infarction (AMI), Luo et  al. 
[12, 13] revealed genes participating in AMI process 

through DNA methylation regulation. Additionally, the 
biological link between differentially methylated position 
and stroke has been established in rat models [14], indi-
cating DNA methylation would be a biomarker for the 
diagnosis in cardiovascular diseases.

Hyaluronoglucosaminidase 2 (HYAL2), a member of 
the hyaluronidase family, is a key regulator of hyaluronan 
(HA) metabolism. HYAL2 cleaves high molecular weight 
HA (HMW-HA), resulting in the generation of interme-
diate size fragments of 20 kDa. Low molecular weight HA 
(LMW-HA) promotes inflammation and angiogenesis 
by stimulating the expression of cytokines, chemokines 
and growth factors in a TLR2/TLR4-dependent manner, 
which subsequently contribute to CVDs and tumor for-
mation [15, 16]. Previous studies have shown that HYAL2 
methylation is associated with different types of cancer, 
including breast cancer [17], thyroid cancer [18] and pan-
creatic cancer [19]. However, there is currently a lack of 
studies on the association between HYAL2 methylation 
and CVDs, especially CHD and stroke. Here, we exam-
ined HYAL2 methylation level in peripheral blood in a 
prospective nested case–control study with a total of 666 
subjects, aiming to explore HYAL2 methylation differ-
ences between CHD cases, stroke cases and controls.

Methods
Population of prospective nested case–control study
Subjects were free from CHD and stroke at the time of 
enrollment in a prospective cohort from Jurong City, 
Jiangsu Province, from October of 2015. And a total of 
11,151 individuals aged ≥ 18  years were recruited. Writ-
ten informed consents have been obtained from all 
participants. Questionnaires were used to collect demo-
graphic data including age, gender, status of smoking, 
alcohol consumption frequency, history of diabetes, 
hypertension and cancer. Anthropometric measurements 
including height, weight, systolic blood pressure (SBP) 
and diastolic blood pressure (DBP) were taken simultane-
ously. In addition, blood samples of all participants were 
collected upon enrollment, and the levels of triglyceride 
(TG), total cholesterol (TC), high-density lipoprotein 
cholesterol (HDL-C), low-density lipoprotein cholesterol 
(LDL-C) and glucose (GLU) were measured.

Till the July of 2018, a total of 171 subjects who devel-
oped CHD and 139 subjects who developed stroke within 
2.5  years after recruitment were included in this study 
as CHD and stroke cases, respectively. The incidence of 
CHD and stroke was ascertained through coronary angi-
ography and head computed tomography, respectively, 
by local hospitals, centers for disease control and com-
munity health service centers. A total of 356 gender and 
age-matched subjects who were defined as CHD-free and 
stroke-free according to the healthy check reports were 
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randomly selected as controls. The demographic and 
clinical characteristics of participants in this prospective 
nested case–control study are shown in Table 1.

Sample collection, DNA extraction and bisulfite conversion
The peripheral blood samples were collected in ethyl-
ene diamine tetraacetic acid (EDTA) tubes and stored 
at − 80  °C until usage. DNA extraction kit (TANTICA, 
Nanjing, China) was used to isolate genomic DNA from 
peripheral whole blood. Genomic DNA was bisulfite con-
verted by the DNA methylation kit (TANTICA, Nanjing, 
China) according to the standard protocol. Non-meth-
ylated cytosine (C) at CpG sites was converted to uracil 
(U), while methylated cytosines remained unchanged 
after the bisulfite conversion. The samples from all 

subjects were treated and analyzed in parallel through all 
the progress.

MALDI‑TOF mass spectrometry
The level of HYAL2 methylation was determined by 
Agena matrix-assisted laser desorption ionization time-
of-flight (MALDI-TOF) mass spectrometry as described 
by Yang et  al. [20]. The bisulfite-converted DNA was 
amplified by bisulfite-specific primers. The amplified 
PCR products were incubated with shrimp alkaline phos-
phatase (SAP) and then treated with T7 transcriptase 
along with RNase according to the manufacturer’s 
instructions of Agena EpiTyper Assay. The products were 
cleaned by resin and further dispensed to a 384 Spectro-
CHIP by a Nanodispenser. The MassARRAY system was 

Table 1  Baseline characteristics of coronary heart disease cases, stroke cases, and controls

BMI body mass index, SBP systolic blood pressure, DBP diastolic blood pressure, TG: triglyceride, TC: total cholesterol, HDL-C: high-density lipoprotein cholesterol, LDL-
C: low-density lipoprotein cholesterol, GLU: glucose. Signifcant p-values are in bold 
a Represents CHD cases versus controls
b Represents stroke cases versus controls

Characteristics Controls (N = 356) CHD cases (N = 171) Stroke cases (N = 139) pa-value pb-value
N (%) N (%) N (%)

Gender

 Male 180 (50.6) 74 (43.3) 81 (58.3)

 Female 176 (49.4) 97 (56.7) 58 (41.7) 0.117 0.123

Smoking

 Yes 80 (22.5) 36 (21.0) 35 (25.2)

 No 276 (77.5) 135 (79.0) 104 (74.8) 0.713 0.521

Drinking

 Yes 114 (32.0) 47 (27.5) 47 (33.8)

 No 242 (68.0) 123 (71.9) 92 (66.2)

 Unknown 0 (0.0) 1 (0.6) 0 (0.0) 0.309 0.702

Hypertension

 Yes 232 (65.2) 121 (70.8) 96 (69.1)

 No 124 (34.8) 50 (29.2) 43 (30.9) 0.201 0.410

Diabetes

 Yes 53 (14.9) 20 (11.7) 27 (19.4)

 No 303 (85.1) 151 (88.3) 112 (80.6) 0.321 0.218

Characteristics Controls (N = 356) CHD cases (N = 171) Stroke cases (N = 139) pa-value pb-value
Median (IQR) Median (IQR) Median (IQR)

Age 66.59 (60.27–71.42) 62.83 (54.25–69.58) 67.67 (62.17–74.00) 0.001 0.059

BMI, kg/m2 25.21 (22.91–27.38) 25.44 (22.95–27.95) 24.88 (22.60–27.03) 0.417 0.240

SBP, mmHg 144.67 (130.42–159.33) 142.00 (129.00–159.00) 144.67 (133.67–162.00) 0.662 0.491

DBP, mmHg 81.33 (75.00–88.00) 81.33 (74.00–89.67) 80.33 (72.67–89.67) 0.951 0.366

TG, mmol/L 1.35 (0.95–1.90) 1.39 (1.02–1.89) 1.32 (0.95–1.90) 0.397 0.989

TC, mmol/L 4.93 (4.40–5.49) 4.85 (4.20–5.53) 5.17 (4.48–5.85) 0.361 0.022
HDL-C, mmol/L 1.42 (1.20–1.78) 1.41 (1.18–1.74) 1.50 (1.22–1.80) 0.365 0.231

LDL-C, mmol/L 2.74 (2.32–3.26) 2.66 (2.19–3.34) 2.97 (2.44–3.49) 0.370 0.018
GLU, mmol/L 5.73 (5.17–6.66) 5.62 (5.18–6.23) 5.88 (5.39–7.25) 0.205 0.090
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used to read the chips, and data were visualized with Epi-
Typer v1.2 software. The most effective discrimination 
between fully methylated and non-methylated template 
DNA can be achieved in reactions above [21]. To inves-
tigate the association between HYAL2 methylation and 
the risk of CHD and stroke, the same amplicon reported 
by Yang et  al. was used in this study [22]. The HYAL2 
amplicon (349  bp, chr3: 50,360,508–50,360,856) covers 
4 CpG sites, and HYAL2_CpG_4 refers to cg27091787 as 
previously reported (Figure S1) [22]. There are no single-
nucleotide polymorphisms (SNPs) located at the primer 
regions or overlapped with any of the CpG sites in the 
amplicon. Cases and controls were processed and ana-
lyzed in parallel for each batch of MassARRAY analysis.

Statistical analysis
The data were analyzed by IBM SPSS Statistics 26.0 
and GraphPad Prism software version 8.0. Quantitative 
variables with abnormal distribution were expressed as 
median [interquartile range (IQR)], and the Mann–Whit-
ney test was employed to assess the difference between 
groups. Chi-square(χ2) test was used for comparing 
qualitative variables. Methylation differences of HYAL2 
between CHD cases, stroke cases and controls were 
accessed by logistic regression adjusted for covariates 
including age, gender, smoking, drinking, hypertension 
and diabetes and estimated by odds ratios (ORs) and 95% 
confidence intervals (CIs). Cardiovascular-related fac-
tors were categorized according to commonly used cri-
teria [23], including TC (< 5.0 mmol/L vs. ≥ 5.0 mmol/L), 
TG (< 1.7  mmol/L vs. ≥ 1.7  mmol/L), LDL-C 
(< 3.0 mmol/L vs. ≥ 3.0 mmol/L), HDL-C (< 1.0 mmol/L 
vs. ≥ 1.0 mmol/L), and BMI (< 24 kg/m2 vs. ≥ 24 kg/m2). 
Forest plots were used to show the methylation difference 
among subjects overall, as well as stratified by hyperten-
sion, TC level, LDL-C level and cancer history. The dis-
criminatory power of HYAL2 methylation levels was 
evaluated by the receiver operator characteristic (ROC) 
curve and calculated by the area under the curve (AUC) 
with 95% CI. All the statistical tests were two-sided, 
and p-values less than 0.05 were considered statistically 
significant.

Results
Altered HYAL2 methylation in peripheral blood 
is associated with CHD and stroke
In this prospective nested case–control study with 171 
CHD cases, 139 stroke cases and 356 gender-matched 
controls, we quantitatively measured methylation lev-
els at 4 CpG loci in the HYAL2 amplicon [22] by Agena 
MALDI-TOF spectrometry. Baseline characteristics of 
the cases and controls are shown in Table 1.

Logistic regression adjusted for age, gender, smoking, 
drinking, hypertension and diabetes revealed that three 
out of four CpG sites of HYAL2 showed significantly 
lower methylation in CHD cases compared to controls 
[for HYAL2_CpG_1, OR per − 10% methylation (95% 
CI) =  1.35 (1.01–1.81), p = 0.045; for HYAL2_CpG_2, 
OR per − 10% methylation (95% CI) =  1.64 (1.25–2.15), 
p = 3.46 × 10–4; for HYAL2_CpG_3, OR per − 10% meth-
ylation (95% CI) =  1.41 (1.01–1.99), p = 0.042, Fig.  1, 
Supplementary Table  1]. Comparing stroke cases and 
controls, two CpG sites showed significant methyla-
tion differences [for HYAL2_CpG_2, OR per − 10% 
methylation (95% CI) =  0.76 (0.59–0.98), p = 0.033; for 
HYAL2_CpG_4, OR per − 10% methylation (95% CI) 
= 1.64 (1.25–2.15), p = 3.98 × 10–4, Fig. 1, Supplementary 
Table 1].

The methylation difference of HYAL2 in CHD and stroke 
stratified by gender and age
Gender-incongruent individuals highlighted the influ-
ence of genetic makeup on differences in DNA methyla-
tion, and several articles have shown gender disparities 
in cardiovascular epigenetics [24–26]. Interestingly, we 
found that gender-specific methylation differences var-
ied across different CVDs. As indicated by our results, 
female and male individuals have completely different 
methylation patterns in CHD cases. In females, three 
CpG sites show lower methylation levels in CHD cases 
than in controls [for HYAL2_CpG_1, OR per − 10% 
methylation (95% CI) =  1.97 (1.26–3.06), p = 0.003; for 
HYAL2_CpG_2, OR per − 10% methylation (95% CI) 
= 1.86 (1.28–2.71), p = 0.001; for HYAL2_CpG_3, OR per 
− 10% methylation (95% CI) = 2.11 (1.29–3.45), p 0.003, 
Table  2]. In contrast, none of four CpG sites of HYAL2 
show methylation differences between male CHD cases 
and controls. In the case of stroke, only HYAL2_CpG_4 
showed difference in both female and male stroke cases 
compared to controls [for females, OR per − 10% meth-
ylation (95% CI) = 1.69 (1.06–2.69), p = 0.027; for males, 
OR per − 10% methylation (95% CI) =  1.60 (1.14–2.23), 
p = 0.006, Table 2]. Gender-stratified methylation logistic 
regression analyses adjusted for age, smoking, drinking, 
hypertension and diabetes.

Previous studies have reported an increase in DNA 
methylation variability with advancing age [27, 28]. To 
mitigate the impact of age, we next investigated the 
methylation difference stratified by the age of 70 years old 
via logistic regression analyses adjusted for age, gender, 
smoking, drinking, hypertension and diabetes, according 
to our previous established age grouping [29]. In the indi-
viduals younger than 70 years old, two CpG loci showed 
lower methylation levels of HYAL2 in CHD cases than in 
controls [for HYAL2_CpG_2, OR per − 10% methylation 
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Fig. 1  Forest plots of HYAL2 methylation difference between CHD cases, stroke cases and controls. A Methylation difference of HYAL2 between CHD 
cases and controls. B Methylation difference of HYAL2 between stroke cases and controls. The p-values were calculated by logistic regression 
adjusted for age, gender, smoking, drinking, hypertension and diabetes

Table 2  Gender-stratified methylation difference of HYAL2 between CHD cases, stroke cases, and controls

a Logistic regression adjusted for age, smoking, drinking, hypertension and diabetes. Signifcant p-values are in bold 

CpG sites Controls (N = 176) CHD cases (N = 97) Stroke cases (N = 58) CHD cases vs. controls Stroke cases vs. controls

Median (IQR) Median (IQR) Median (IQR) OR (95% CI) 
per − 10% 
methylation

p-valuea OR (95% CI) 
per − 10% 
methylation

p-valuea

Females

 HYAL2_CpG_1 0.33 (0.30–0.37) 0.31 (0.28–0.36) 0.35 (0.31–0.38) 1.97 (1.26–3.06) 0.003 0.82 (0.51–1.32) 0.411

 HYAL2_CpG_2 0.25 (0.21–0.31) 0.22 (0.18–0.28) 0.28 (0.23–0.33) 1.86 (1.28–2.71) 0.001 0.72 (0.49–1.06) 0.096

 HYAL2_CpG_3 0.38 (0.34–0.41) 0.35 (0.32–0.39) 0.37 (0.34–0.40) 2.11 (1.29–3.45) 0.003 1.08 (0.59–1.97) 0.803

 HYAL2_CpG_4 0.55 (0.51–0.59) 0.54 (0.49–0.58) 0.52 (0.48–0.58) 1.25 (0.89–1.77) 0.204 1.69 (1.06–2.69) 0.027

CpG sites Controls (N = 180) CHD cases (N = 74) Stroke cases (N = 81) CHD cases vs. controls Stroke cases vs. controls

Median (IQR) Median (IQR) Median (IQR) OR (95% CI) 
per − 10% 
methylation

p-valuea OR (95% CI) 
per − 10% 
methylation

p-valuea

Males

 HYAL2_CpG_1 0.32 (0.29–0.37) 0.33 (0.29–0.36) 0.32 (0.29–0.36) 1.00 (0.69–1.45) 0.982 1.00 (0.71–1.41) 0.981

 HYAL2_CpG_2 0.25 (0.19–0.31) 0.24 (0.20–0.27) 0.27 (0.21–0.32) 1.46 (0.97–2.19) 0.071 0.79 (0.56–1.11) 0.174

 HYAL2_CpG_3 0.36 (0.32–0.40) 0.36 (0.33–0.39) 0.36 (0.32–0.40) 0.95 (0.58–1.56) 0.837 1.18 (0.76–1.84) 0.458

 HYAL2_CpG_4 0.54 (0.48–0.59) 0.56 (0.51–0.60) 0.52 (0.45–0.57) 0.70 (0.50–1.00) 0.051 1.60 (1.14–2.23) 0.006
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(95% CI) =  1.69 (1.22–2.34), p = 0.002; for HYAL2_
CpG_3, OR per − 10% methylation (95% CI) =  1.71 
(1.11–2.64), p = 0.016, Table  3]. In subjects older than 
70  years old, the methylation difference between CHD 
cases and controls was not significant. As for stroke, 
there were two CpG sites showing significant methyla-
tion differences between cases and controls in the group 
younger than 70  years old [for HYAL2_CpG_2, OR per 
− 10% methylation (95% CI) = 0.60 (0.43–0.84), p = 0.003; 
for HYAL2_CpG_4, OR per − 10% methylation (95% CI) 
=  1.53 (1.06–2.23), p = 0.024, Table  3]. The methylation 
pattern observed in stroke cases aged ≥ 70 years old was 
similar as those in individuals aged < 70  years, and only 
HYAL2_CpG_4 exhibited a lower methylation level com-
pared to controls [OR per − 10% methylation (95% CI) 
= 1.70 (1.10–2.61), p = 0.016, Table 3].

The influence of different clinical characteristics 
on the methylation levels of HYAL2 in CHD and stroke
CVDs are widely recognized to be closely associated 
with various clinical factors. In comparison with numer-
ous indicators of clinical characteristics in Supplemen-
tary Table  2, we found significant differences in HYAL2 

methylation levels in the study subjects when stratified 
by the status of hypertension, TC and LDL-C levels while 
there was no or weak correlation between HYAL2 meth-
ylation and lifestyles (smoking and drinking) as well as 
body obesity indexes (TG, HDL-C, BMI and diabetes). 
We next investigated HYAL2 methylation difference 
between CHD cases, stroke cases and controls stratified 
by different clinical characteristics with logistic regres-
sion model adjusted for age, gender, smoking, drinking, 
hypertension and diabetes.

When stratified by hypertension, in the case of CHD, 
the methylation difference of HYAL2 mainly manifested 
in subjects without hypertension, with two out of four 
CpG sites presented significance between CHD cases 
and controls [for HYAL2_CpG_1, OR per − 10% methyla-
tion (95% CI) = 2.10 (1.14–3.87), p = 0.018; for HYAL2_
CpG_3, OR per − 10% methylation (95% CI) =  2.58 
(1.24–—5.37), p = 0.012, Fig. 2A], whereas only HYAL2_
CpG_2 presented methylation difference in subjects with 
hypertension [OR per − 10% methylation (95% CI) = 1.60 
(1.15–2.23), p = 0.005, Supplementary Fig.  2A]. In the 
analysis of stroke cases, only HYAL2_CpG_4 displayed 
significant hypomethylation compared to controls [for 

Table 3  Age-stratified methylation difference of HYAL2 between CHD cases, stroke cases and controls

a Logistic regression adjusted for age, gender, smoking, drinking, hypertension and diabetes. Signifcant p-values are in bold 

CpG sites Controls (N = 247) CHD cases (N = 131) Stroke cases (N = 88) CHD cases vs. controls Stroke cases vs. controls

Median (IQR) Median (IQR) Median (IQR) OR (95% CI) 
per − 10% 
methylation

p-valuea OR (95% CI) 
per − 10% 
methylation

p-valuea

Age < 70 years

 HYAL2_CpG_1 0.33 (0.29–0.37) 0.32 (0.28–0.36) 0.34 (0.31–0.37) 1.38 (0.97–1.95) 0.072 0.82 (0.58–1.17) 0.277

 HYAL2_CpG_2 0.25 (0.20–0.29) 0.22 (0.19–0.27) 0.28 (0.23–0.33) 1.69 (1.22–2.34) 0.002 0.60 (0.43–0.84) 0.003
 HYAL2_CpG_3 0.37 (0.34–0.40) 0.36 (0.32–0.39) 0.37 (0.34–0.40) 1.71 (1.11–2.64) 0.016 0.92 (0.54–1.55) 0.742

 HYAL2_CpG_4 0.54 (0.50–0.59) 0.55 (0.50–0.58) 0.51 (0.47–0.56) 0.90 (0.66–1.22) 0.479 1.53 (1.06–2.23) 0.024

CpG sites Controls (N = 109) CHD cases (N = 40) Stroke cases (N = 51) CHD cases vs. controls Stroke cases vs. controls

Median (IQR) Median (IQR) Median (IQR) OR (95% CI) 
per − 10% 
methylation

p-valuea OR (95% CI) 
per − 10% 
methylation

p-valuea

Age ≥ 70 years

 HYAL2_CpG_1 0.32 (0.29–0.38) 0.32 (0.29–0.34) 0.32 (0.28–0.37) 1.20 (0.67–2.16) 0.544 1.10 (0.69–1.76) 0.686

 HYAL2_CpG_2 0.26 (0.19–0.32) 0.23 (0.19–0.28) 0.25 (0.20–0.32) 1.30 (0.78–2.17) 0.314 1.02 (0.68–1.54) 0.908

 HYAL2_CpG_3 0.36 (0.32–0.41) 0.35 (0.32–0.40) 0.36 (0.32–0.40) 0.94 (0.54–1.64) 0.814 1.31 (0.78–2.19) 0.304

 HYAL2_CpG_4 0.54 (0.49–0.62) 0.56 (0.51–0.61) 0.52 (0.45–0.57) 0.92 (0.60–1.43) 0.721 1.70 (1.10–2.61) 0.016

(See figure on next page.)
Fig. 2  Forest plots of HYAL2 methylation difference between CHD cases, stroke cases and controls stratified by different clinical characteristics. 
A Methylation difference of HYAL2 in subjects without hypertension. B Methylation difference of HYAL2 in subjects with TC ≥ 5.0 mmol/L. C 
Methylation difference of HYAL2 in subjects with LDL-C ≥ 3.0 mmol/L. D Methylation difference of HYAL2 in subjects with cancer history. The p-values 
were calculated by logistic regression models, A adjusted for age, gender, smoking, drinking and diabetes; B–D adjusted for age, gender, smoking, 
drinking, hypertension and diabetes
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1.40 (0.87 - 2.26) 0.164

1.65 (1.15 - 2.37) 0.007

OR (95%CI)
per-10%methylation p-value

1.86 (1.07 - 3.23) 0.029

2.67 (1.55 - 4.61) 4.12E-04

2.14 (1.15 - 3.98) 0.016

0.97 (0.63 - 1.49) 0.899

OR (95%CI)
per-10%methylation p-value

1.04 (0.63 - 1.70) 0.889

0.82 (0.55 - 1.23) 0.330

1.12 (0.64 - 1.97) 0.687
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per-10%methylation p-value

1.45 (0.69 - 3.03) 0.330
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CpG sites CHD cases vs. controls
OR (95%CI)

Stroke cases vs. controls
OR (95%CI)

CpG sites CHD cases vs. controls
OR (95%CI)

Stroke cases vs. controls
OR (95%CI)

CpG sites CHD cases vs. controls
OR (95%CI)

Stroke cases vs. controls
OR (95%CI)

CpG sites CHD cases vs. controls
OR (95%CI)

Stroke cases vs. controls
OR (95%CI)

A Subjects without hypertension

B Subjects with TC 5.0 mmol/L

C Subjects with LDL-C 3.0 mmol/L

D Subjects with cancer history

Fig. 2  (See legend on previous page.)
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subjects without hypertension, OR per − 10% methyla-
tion (95% CI) =  2.47 (1.41–4.30), p = 0.001; for subjects 
with hypertension, OR per − 10% methylation (95% CI) 
=  1.38 (1.01–1.88), p = 0.042, Fig.  2A, Supplementary 
Fig. 2A].

As the underlying pathology of CVDs, lipids and lipo-
protein particles play a crucial role in the development of 
atherosclerosis [30]. For subjects with TC ≥ 5.0 mmol/L, 
three CpG sites exhibited significant lower methyla-
tion levels in CHD cases compared to the controls, 
among which HYAL2_CpG_2 showed the most sig-
nificant difference [for HYAL2_CpG_1, OR per − 10% 
methylation (95% CI) =  1.87 (1.14–3.05), p = 0.013; 
for HYAL2_CpG_2, OR per − 10% methylation (95% 
CI) =  2.54 (1.60–4.04), p = 7.50 × 10–5; for HYAL2_
CpG_3, OR per − 10% methylation (95% CI) =  1.84 
(1.07–3.18), p = 0.028, Fig.  2B]. In contrast, no signifi-
cant association between CHD cases and controls was 
observed in subjects with TC < 5.0  mmol/L (Supple-
mentary Fig.  2B). As for stroke, methylation changes of 
HYAL2_CpG_4 were observed in both groups [for sub-
jects with TC ≥ 5.0  mmol/L, OR per − 10% methylation 
(95% CI) = 1.65 (1.15–2.37), p = 0.007; for subjects with 
TC < 5.0  mmol/L, OR per − 10% methylation (95% CI) 
=  1.68 (1.08–2.62), p = 0.020, Fig.  2B, Supplementary 
Fig.  2B]. Interestingly, the methylation level at HYAL2_
CpG_2 was significantly increased in stroke cases com-
pared to controls in the subjects with TC < 5.0  mmol/L 
[OR per − 10% methylation (95% CI) = 0.60 (0.40–0.89), 
p = 0.012, Supplementary Fig. 2B].

In addition to TC levels, it has been demonstrated 
that LDL-C levels are associated with the risk of CHD 
and stroke. HYAL2_CpG_2 became the most pro-
nounced in CHD cases compared to controls with 
LDL-C ≥ 3.0  mmol/L [OR per − 10% methylation (95% 
CI) = 2.67 (1.55–4.61), p = 4.12 × 10–4, Fig. 2C] and other 
two CpG loci exhibited methylation differences [for 
HYAL2_CpG_1, OR per − 10% methylation (95% CI) 
= 1.86 (1.07–3.23), p = 0.029; for HYAL2_CpG_3, OR per 
− 10% methylation (95% CI) = 2.14 (1.15–3.98), p = 0.016, 
Fig.  2C]. In subjects with LDL-C < 3.0  mmol/L, only 
HYAL2_CpG_2 had significant methylation difference 
in CHD versus controls analysis [OR per − 10% methyla-
tion (95% CI) =  1.39 (1.00–1.92), p = 0.050, Supplemen-
tary Fig. 2C]. There was no significant association found 
in stroke cases with LDL-C ≥ 3.0 mmol/L (Fig. 2C), but a 
significant methylation difference at HYAL2_CpG_4 was 
observed between stroke cases and controls in the analy-
sis of subjects with LDL-C < 3.0 mmol/L [OR per − 10% 
methylation (95% CI) = 1.89 (1.30–2.77), p = 0.001, Sup-
plementary Fig. 2C].

Arterial thrombotic events are serious and potentially 
life-threatening adverse events associated with various 

anticancer treatments [31]. The association between 
blood-based HYAL2 methylation and breast, thyroid, 
pancreatic cancer, colon and head and neck cancers has 
been reported [17–19, 32, 33]. Altered HYAL2 methyla-
tion was also found in the tissue of around ten cancer 
types according to the human disease methylation data-
base (http://​bio-​bigda​ta.​hrbmu.​edu.​cn/​disea​semeth/). 
Meanwhile, only the cancer history in general is available 
in our study, but no detailed information about cancer 
types. We therefore stratified the subjects with cancer 
history. Compare to controls with cancer history, the 
methylation levels of HYAL2 in CHD cases with cancer 
history were significantly reduced at HYAL2_CpG_3 
[OR per − 10% methylation (95% CI) = 4.02 (1.30–12.41), 
p = 0.016, Fig.  2D]. In non-cancer subjects when com-
paring CHD and controls, HYAL2_CpG_2 retained its 
differential methylation but lower ORs [OR per − 10% 
methylation (95% CI) =  1.61 (1.19–2.18), p = 0.002, 
Supplementary Fig.  2D], whereas HYAL2_CpG_3 did 
not [HYAL2_CpG_3, OR per − 10% methylation (95% 
CI) = 1.18 (0.81–1.73), p = 0.393, Supplementary Fig. 2D]. 
As for stroke, no methylation difference was observed in 
subjects with cancer history (Fig. 2D).

The methylation difference of HYAL2 stratified by onset 
times of CHD and stroke
Since the onset time of CHD and stroke may influence 
HYAL2 methylation levels, we next performed further 
logistic regression analyses comparing controls and 
stratified cases by time of onset adjusted for age, gender, 
smoking, drinking, hypertension and diabetes. A total of 
171 subjects who developed CHD and 139 subjects who 
developed stroke within 2.5  years were included in this 
study. There was only one CpG site presented signifi-
cantly altered methylation level between CHD cases with 
time of onset ≤ 1.5  years and controls [HYAL2_CpG_2, 
OR per − 10% methylation (95% CI) =  1.69 (1.17–2.44), 
p = 0.006, Table  4]. Compared to controls, the methyla-
tion levels of three CpG sites (HYAL2_CpG_1, HYAL2_
CpG_2 and HYAL2_CpG_3) were significantly lower 
in CHD cases with time of onset ≤ 2.5  years (ORs per 
− 10% methylation from 1.35 to 1.64, p ≤ 0.045 for all, 
Table 4). As for stroke, cases with onset time ≤ 1.5 years 
showed significantly lower methylation level of HYAL2_
CpG_4 than controls [OR per − 10% methylation (95% 
CI) = 1.76 (1.27–2.44), p = 0.001, Table 4]. Moreover, sig-
nificant methylation differences of HYAL2_CpG_2 and 
HYAL2_CpG_4 were observed in stroke cases with time 
of onset ≤ 2.5  years compared to controls [for HYAL2_
CpG_2, OR per − 10% methylation (95% CI) =  0.76 
(0.59–0.98), p = 0.033; for HYAL2_CpG_4, OR per − 10% 
methylation (95% CI) =  1.64 (1.25–2.15), p = 3.98 × 10–4, 
Table 4].

http://bio-bigdata.hrbmu.edu.cn/diseasemeth/
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HYAL2 methylation as a potential marker for the preclinical 
detection of CHD and stroke
To evaluate the potential clinical utility of HYAL2 meth-
ylation as a marker for the preclinical detection of CHD 
and stroke, ROC curve analyses were conducted by logis-
tic regression model adjusted for age, gender, smoking, 
drinking, hypertension and diabetes effects. When all 
four measurable CpG sites were considered, the methyla-
tion levels of HYAL2 showed a moderate discriminatory 
power to distinguish CHD and stroke cases from controls 
[AUC = 0.67 and 0.68 for CHD and stroke, respectively, 
Fig.  3A and B]. Interestingly, the methylation levels of 
the four CpG sites in the HYAL2 amplicon demonstrated 
efficient discriminatory power to distinguish both CHD 
and stroke cases from matched controls in the subjects 
without hypertension [AUC = 0.78 and 0.75 for CHD 
and stroke, Fig. 3C and D, respectively], surpassing that 
observed for the subjects with hypertension [AUC = 0.65 
and 0.68 for CHD and stroke, Fig. 3E and F, respectively].

Discussion
This prospective nested case–control study has revealed 
a significant association of HYAL2 methylation in periph-
eral blood DNA with preclinical CHD and stroke, which 
was more pronounced in female, younger, and non-
hypertensive CHD cases as well as CHD cases with can-
cer history. The methylation levels of the four CpG sites 
in the HYAL2 amplicon showed a discriminatory power 
to distinguish both CHD and stroke cases from controls 

at preclinical stage, especially in the subjects without 
hypertension.

Hyaluronan (HA) is the predominant glycosaminogly-
can in the extracellular matrix. The hyaluronidases are 
classes of enzymes that degrade predominantly hyaluro-
nan. Five Hyals have been identified in humans: HYAL1, 
HYAL2, HYAL3, HYAL4, PH20 ( SPAM1). The human 
Hyals have significant degrees of sequence conserva-
tion, indicative of their presumed common structural and 
catalytic properties [34]. All the five Hyals were involved 
in cancers [17, 35–38], but only a few studies reported 
HYAL1 and HYAL2 in vascular diseases so far [39, 40]. 
HYAL2 is responsible for hydrolyzing the high molecu-
lar weight HA into LMW-HA. During inflammation, 
there is an increase in HA catabolism and accumulation 
of LMW-HA, which lead to the activation of monocyte 
and macrophage activation. As previously mentioned, 
the most significant pathophysiological manifestations of 
atherosclerotic diseases are the inflammatory response 
and lipid aggregation. Previous histological studies 
have demonstrated the strong positive immunostaining 
for HA and its receptor CD44 at the interface between 
the endothelium of the eroded plaque and the luminal 
thrombus [41]. Therefore, the hyaluronidase encoded by 
the HYAL2 gene plays a crucial role in CHD and stroke. 
Furthermore, population studies have reported an asso-
ciation between hyaluronic acid and acute coronary syn-
drome (ACS). Daniela et  al. collected peripheral blood 
mononuclear cells from ACS patients, stable angina (SA) 

Table 4  Methylation difference of HYAL2 between CHD cases, stroke cases and controls with different onset times

a Logistic regression adjusted for age, gender, smoking, drinking, hypertension and diabetes. Signifcant p-values are in bold

CpG sites Controls (N = 356) CHD cases (N = 75) Stroke cases 
(N = 91)

CHD cases vs. controls Stroke cases vs. controls

Median (IQR) Median (IQR) Median (IQR) OR (95% CI) 
per − 10% 
methylation

p-valuea OR (95% CI) 
per − 10% 
methylation

p-valuea

Within 1.5 years

 HYAL2_CpG_1 0.33 (0.29–0.37) 0.32 (0.28–0.36) 0.33 (0.30–0.37) 1.46 (0.95–2.24) 0.082 0.97 (0.70–1.35) 0.852

 HYAL2_CpG_2 0.25 (0.20–0.31) 0.22 (0.18–0.28) 0.27 (0.21–0.32) 1.69 (1.17–2.44) 0.006 0.80 (0.60–1.08) 0.146

 HYAL2_CpG_3 0.37 (0.33–0.40) 0.35 (0.32–0.39) 0.37 (0.33–0.39) 1.55 (0.94–2.56) 0.085 1.29 (0.86–1.93) 0.223

 HYAL2_CpG_4 0.54 (0.49–0.59) 0.56 (0.51–0.60) 0.51 (0.47–0.56) 0.88 (0.62–1.24) 0.460 1.76 (1.27–2.44) 0.001

CpG sites Controls (N = 356) CHD cases 
(N = 171)

Stroke cases 
(N = 139)

CHD cases vs. controls Stroke cases vs. controls

Median (IQR) Median (IQR) Median (IQR) OR (95% CI) 
per − 10% 
methylation

p-valuea OR (95% CI) 
per − 10% 
methylation

p-valuea

Within 2.5 years

 HYAL2_CpG_1 0.33 (0.29–0.37) 0.32 (0.28–0.36) 0.33 (0.30–0.37) 1.35 (1.01–1.81) 0.045 0.93 (0.71–1.23) 0.616

 HYAL2_CpG_2 0.25 (0.20–0.31) 0.22 (0.19–0.27) 0.27 (0.22–0.32) 1.64 (1.25–2.15) 3.46E−04 0.76 (0.59–0.98) 0.033
 HYAL2_CpG_3 0.37 (0.33–0.40) 0.36 (0.32–0.39) 0.37 (0.33–0.40) 1.41 (1.01–1.99) 0.042 1.14 (0.80–1.62) 0.472

 HYAL2_CpG_4 0.54 (0.49–0.59) 0.55 (0.50–0.59) 0.52 (0.47–0.57) 0.94 (0.73–1.20) 0.613 1.64 (1.25–2.15) 3.98E−04
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Fig. 3  The power of HYAL2 methylation (HYAL2_CpG_1, HYAL2_CpG_2, HYAL2_CpG_3, HYAL2_CpG_4 combined) to distinguish CHD cases, 
stroke cases from controls. A The discrimination of CHD cases from controls by HYAL2 methylation. B The discrimination of stroke cases 
from controls by HYAL2 methylation. C The discrimination of CHD cases from controls by HYAL2 methylation in subjects without hypertension. 
D The discrimination of stroke cases from controls by HYAL2 methylation in subjects without hypertension. E The discrimination of CHD cases 
from controls by HYAL2 methylation in subjects with hypertension. F The discrimination of stroke cases from controls by HYAL2 methylation 
in subjects with hypertension. The Receiver operating characteristic (ROC) analyses were calculated by logistic regression models, A, B adjusted 
for age, gender, smoking, drinking, hypertension and diabetes; C–F adjusted for age, gender, smoking, drinking and diabetes
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patients and controls to explore the involvement of hya-
luronan metabolism in ACS. The results demonstrated 
significantly higher mRNA and protein expression of 
HYAL2 in ACS patients compared to SA patients and 
controls [40]. Recent evidence suggests that atherosclero-
sis involves the interplay of multiple epigenetics mecha-
nism [42], particularly DNA methylation. Zheng’s study 
disclosed a significant improvement (p = 0.004) in the 
identification of coronary artery calcification status using 
a methylation risk score compared to cardiovascular 
health score. In addition, the methylation risk score was 
associated with the risk of coronary artery calcification 
events occurring 5–10  years later [43]. Here, we inves-
tigated the alterations of HYAL2 methylation in periph-
eral blood from individuals with CHD and stroke, which 
share a common characteristic of atherosclerosis. This 
is the first study that reported the association between 
Hyals methylation and cardiovascular and cerebrovascu-
lar diseases, and it may worth to extend this study from 
the methylation of HYAL2 to the methylation of other 
Hyals in the future.

Although CHD and stroke exhibit highly analogous 
pathogenesis and pathophysiological characteristics, 
our data demonstrated distinct or even opposite meth-
ylation patterns in CpG sites of the HYAL2 gene when 
comparing CHD patients and stroke patients to con-
trols. More specific, three CpG sites (HYAL2_CpG_1, 
HYAL2_CpG_2 and HYAL2_CpG_4) exhibited oppo-
site methylation trends for the two diseases (Fig. 1). This 
observation may be attributed to the absence of hyaluro-
nidase 2 in the human brain. A previous study employing 
Northern plot analysis revealed the presence of HYAL2 
mRNAs in all human tissues, except for the adult brain 
[44]. In this tissue, the gene is silenced after birth through 
de novo methylation of CpG islands in the promoter 
and 5′-untranslated region [45]. Further investigation 
is required to determine whether alterations in blood-
based HYAL2 methylation levels in the stroke population 
are associated with the silencing of HYAL2 expression in 
brain tissue.

Previous studies have shown that males had a higher 
incidence of CHD than females [46]. Surprisingly, our 
results revealed significantly lower levels of HYAL2_
CpG_1, HYAL2_CpG_2 and HYAL2_CpG_3 methylation 
in females compares to males, suggesting that the HYAL2 
methylation contributes more significantly to CHD in 
females. This discrepancy could be attributed to the influ-
ence of gender hormones and gender-related habits and 
lifestyles [47]. Unfortunately, we do not have the informa-
tion about the hormone levels in the women. Instead, we 
stratified the subjects with the age of 50 years old, since it 
has been reported that the average age of menopause in 
Asian women is around 48.8 years old [48]. As shown in 

Table S3, the significantly decreased HYAL2 methylation 
only existed in the female CHD cases with age > 50 years 
old (three CpG sites, all p-values < 0.002), but none in 
the younger women, implying the hormonal factors as a 
potential influence on the methylation level of HYAL2. 
Meanwhile, both male and female stroke cases exhibited 
alterations in the methylation of HYAL2_CpG_4, indi-
cating that the same gene is altered at different methyla-
tion sites in distinct diseases. In our previous study on 
the association between altered ACTB methylation and 
CHD, we observed more significant methylation loci in 
males [49]. This further supports the notion that, for the 
same disease, methylation of different genes acts inde-
pendently in relation to gender. Moreover, age-stratified 
analysis showed that HYAL2 presented lower methyla-
tion levels and was more pronounced in CHD and stroke 
cases below the age of 70 years, highlighting the potential 
of altered HYAL2 methylation as a novel biomarker for 
early detection in younger individuals. Thus, gender and 
age adjustments are necessary when exploring the rela-
tionship between HYAL2 methylation and diseases.

In addition, DNA methylation levels are strongly cor-
related with clinical characteristics. Numerous stud-
ies have identified hypertension and hyperlipidemia as 
important risk factors influencing the development of 
CVDs [50–52]. However, our study yielded unexpected 
findings that pronounced HYAL2 methylation altera-
tions were observed in CHD cases without hyperten-
sion and with higher blood lipid, whereas the correlation 
between HYAL2 methylation and clinical characteristics 
of stroke was relatively weaker. Our results demonstrated 
that in the CHD population without hypertension, two 
CpG sites showed significant methylation differences 
with very high ORs, indicating that hypomethylation of 
the HYAL2 gene could be an independent risk factor of 
hypertension in CHD. This result may be related to the 
disruption of the vascular permeability barrier by the 
glycan surface layer composed of HA. The glycan sur-
face layer and its principal glycosaminoglycans facilitate 
increased access of leucocytes to the arterial intima and 
alteration of endothelial mechanotransduction mecha-
nisms that protect against disease [53]. However, the 
precise mechanism still needs to be verified through 
functional experiments. Likewise, the methylation levels 
of four CpG sites in the HYAL2 amplicon exhibited effec-
tive discriminatory power to distinguish subjects without 
hypertension, as demonstrated by the ROC curve analy-
sis. Furthermore, we observed lower methylation levels 
in CHD cases compared to controls in the subjects with 
TC ≥ 5.0  mmol/L and LDL-C ≥ 3.0  mmol/L, indicating 
that HYAL2 hypomethylation is a predictor for high risk 
of CHD patients with hyperlipidemia. This finding may 
explain why individuals with high blood lipid levels have 
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a higher incidence and mortality of CHD, and expanding 
our comprehension of methylation profiles. Nevertheless, 
our study does not demonstrate an association between 
HYAL2 methylation levels and traditional CVD risk fac-
tors such as smoking and alcohol consumption. Epige-
netic modifications have strong associations with CVDs 
and cancer due to shared risk factors and pathogenesis. 
Previous study showed that common genes associated 
with cancer and CVDs are enriched in nucleotide meth-
ylation pathway [54]. We found decreased HYAL2 meth-
ylation levels in CHD cases predominantly occurred in 
subjects with cancer history. Numerous studies have 
reported clinically significant risk of medically induced 
cardiotoxicity in oncology patients [55, 56]. What’s more, 
the methylation level of HYAL2 has been closely related 
to the development of various cancers [17–19]. It is plau-
sible to infer that cardiotoxicity related to oncology drugs 
is associated with changes in HYAL2 methylation levels 
and the development of cardiovascular disease, provid-
ing new prospects for baseline cardiovascular assessment 
in every cancer patient receiving potentially cardiotoxic 
therapy [57]. Nevertheless, the sample size of subjects 
with cancer history were limited in our study and had no 
details. It will be important to collect more comprehen-
sive information in the future studies.

In this prospective nested case–control study, ORs 
showed a gradual but not significant decrease with the 
increasing CHD onset time, suggesting that altered 
methylation is primarily associated with a higher risk of 
CHD in individuals with a shorter duration of onset and 
this risk is further increased with shorter onset time. 
Therefore, the methylation patterns of HYAL2 may have 
the potential as a robust and reliable biomarker for early 
detection of CHD and stroke.

Conclusion
In summary, this prospective nested case–control study 
revealed the association of altered HYAL2 methylation 
with CHD and stroke. It is worth noting that the GpG 
loci and direction of HYAL2 methylation alterations dif-
fered between CHD and stroke cases. Meanwhile, the 
female gender, younger age group and non-hypertensive 
patients displayed more pronounced HYAL2 methylation 
alterations in CHD cases. Cancer history also enhanced 
the influence of the altered HYAL2 methylation on CHD 
patients. However, our study is limited by the sample size 
of events, multicenter studies based on large prospective 
cohorts are needed for validation.
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