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Background: Numerous reports have suggested a correlation between the occurrence of heart failure (HF) and the methylation
status of specific key genes in myocardial cells. This study aimed to elucidate the mechanistic role and functional impact of
the methylation of pentenyl diphosphate synthase subunit 2 (PDSS2) methylation in HF, offering insights for novel therapeutic
approaches in HF management.
Methods: The HF rat model was established via surgical intervention to explore the in vivo exacerbation of HF by PDSS2methy-
lation. Cardiac ultrasound and morphological assessments were used to evaluate HF in rat hearts. Hematoxylin-eosin (HE)
staining was used to assess cardiac injury. The levels of PDSS2 methylation and expression were quantified, and the underlying
mechanisms of PDSS2 in HF pathogenesis were explored.
Results: Our findings revealed a significant reduction in PDSS2 levels in the heart tissue of HF rats (p< 0.05), concurrent with a
notable increase inPDSS2methylation (p< 0.05). DecreasedPDSS2methylation led to the upregulation of nuclear factor-kappaB
(NF-κB) expression (p < 0.05) and chemokine (C-X-C motif) ligand 14 (CXCL14) levels (p < 0.05), consequently attenuating
myocardial tissue damage in HF rats. However, silencing CXCL14 or administering the NF-κB inhibitor BAY 11-7082 reversed
the protective effects of 5-Aza-2′-deoxycytidine (5-Aza) (p < 0.05), thus increasing myocardial tissue damage in HF rats.
Conclusion: PDSS2 methylation is a significant contributor to cardiac dysfunction and the progression to heart failure, under-
scoring its potential importance in the therapeutic landscape of HF.
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Introduction

The incidence of heart failure (HF) is increasing glob-
ally, emerging as a significant public health concern. HF
affects approximately 20% of the global population, with
an associated mortality rate of 11%. Clinical medicine rec-
ognizes HF as a complex syndrome with elevated risks [1].
Declining cardiac function and left ventricular dilatation
are primary contributors to hospitalization and mortality in
HF patients. Biomarkers such as brain natriuretic peptide
(BNP) and atrial natriuretic peptide (ANP), indicative of
fetal gene expression, play crucial roles in the clinical di-
agnosis and prognosis of HF [2]. Currently, inhibition of
neuroendocrine stimulation remains the primary therapeu-
tic approach for HF. However, it fails to prevent the ultimate
progression of the disease [3]. Therefore, there is a pressing
need to explore alternative and more effective therapeutic
strategies.

The pathogenesis of HF is closely intertwined with
epigenetic modifications. Unlike genetic alterations, epige-
netic mechanisms offer promising avenues for HF therapy
due to the reversible nature and heritability of chromatin
modifications [4]. Deoxyribonucleic acid (DNA) methy-
lation and microRNA are intricately involved in the dys-

regulated expression observed in HF [5]. DNA methyla-
tion silences or activates genes, regulating cardiovascular
diseases (CVDs). Pentenyl diphosphate synthase subunit 2
(PDSS2), discovered in 2005, exhibits anti-tumor effects in
various malignancies. For example, Chen et al. [6] demon-
strated that forced overexpression of PDSS2 affected the
cell cycle, leading to apoptosis in gastric cancer (GC) cell
lines. In addition, abnormalPDSS2 levelsmay induceDNA
damage in the liver, contributing to the onset and progres-
sion of hepatocellular carcinoma (HCC) [7]. Kanda et al.
[8] revealed that the hypermethylation of the PDSS2 pro-
moter influenced PDSS2 expression in GC cells, impact-
ing GC development. However, the impact of PSDD2 pro-
moter methylation on HF and its underlying mechanism
needs further investigation.

Chemokine (C-X-C motif) ligand 14 (CXCL14) is a
member of the CXC chemokine family [9]. The CXC
chemokine superfamily has the effect of regulating inflam-
mation and autoimmunity [10]. Zeng L et al. [11] demon-
strated that the methylation of Iroquois homeobox 1 (IRX1)
suppresses CXCL14 expression, promoting HF develop-
ment. CXCL14 plays a crucial role in the inflammatory
cascade, with nuclear factor-kappaB (NF-κB) signaling be-
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ing a pivotal mediator of the inflammatory response [12].
Therefore, it is plausible to hypothesize that CXCL14 ac-
tivates the NF-κB pathway. Study by Wente et al. [13]
demonstrated that CXCL14 upregulates nuclear NF-κBp65
expression, promoting invasion in pancreatic cancer cells.
Furthermore, IRX1 methylation enhances lung metastasis
of osteosarcoma by regulating the CXCL14/NF-κB sig-
naling pathway [14]. Interestingly, Zeng et al. [7] ob-
served that PDSS2-Del2 overexpression in hepatocellular
carcinoma (HCC) cells inhibited fumarate levels and acti-
vated the canonical NF-κB pathway. Therefore, we pro-
pose that PDSS2 methylation may exacerbate HF develop-
ment through the CXCL14/NF-κB signaling pathway.

In this study, we established an HF rat model and eval-
uated various cardiac function indicators and PDSS2 ex-
pression and methylation levels. Employing cell transfec-
tion and the methylation inhibitor 5-Aza-2’-deoxycytidine
(5-Aza) to regulate PDSS2 expression and methylation lev-
els, respectively, we assessed alterations in cardiac function
indicators and the activation of CXCL14/NF-κB pathway.
Our findings reveal the impact of PDSS2 methylation on
HF and its underlying association with the CXCL14/NF-
κB pathway. The results of this study offer a promising ad-
vancement in understanding the role of PDSS2 in HF and
provide a potential biomarker for HF diagnosis and treat-
ment.

Materials and Methods

Animal Experimental Groups
Healthy male Sprague-Dawley (SD) rats (180± 20 g,

n = 60) were procured from Yantaishan Hospital of Shan-
dong Province. The rats were housed in a pathogen-free
animal facility with controlled conditions (temperature: 20
± 2 °C, humidity: 40–70%), providing ad libitum access to
food and water.

The rat models were established according to the pre-
viously reported method [15]. Briefly, the HF rat model
was induced by ligating the left atrial appendage and left
pulmonary artery, while sham-operated rats underwent
coronary artery exposure and suture threading without lig-
ation. One month post-surgery, HF modeling was con-
firmed by a left ventricular ejection fraction (LVEF)≤45%
measured using echocardiography (MYLAB™ X5 VET,
Esaote, Genoa, Italy) [16,17]. Moreover, to determine the
impact of PDSS2 or CXCL14 on HF, the negative con-
trol short hairpin (sh)RNA (sh-NC) and the shRNA against
PDSS2 (sh-PDSS2) or against CXCL14 (sh-CXCL14) was
obtained (order no. GOSE0497639, GeneChem, Shanghai,
China) and was used for gene knockdown (2× 1012 vg per
rat) according to the manufacturer’s instruction. The ex-
perimental design comprised 10 groups, including: Con-
trol (n = 6), sham (n = 6), HF (n = 6), HF+sh-NC (n =
6), HF+sh-NC+5-Aza (1 mg/kg, intraperitoneal injection;
189625, Sigma-Aldrich, Shanghai, China) (n = 6), HF+5-

Aza (n = 6), HF+sh-PDSS2 (n = 6), HF+sh-PDSS2+5-
Aza (n = 6), HF+sh-CXCL14+5-Aza (n = 6), and HF+5-
Aza+BAY11-7082 (5mg/kg, intraperitoneal injection; HY-
13453, MedChemExpress, Monmouth Junction, NJ, USA)
(n = 6). The sequences of short hairpin RNAs were listed
in Table 1. Control rats were injected with phosphate-
buffered saline (PBS; 10 µL; C0221, Beyotime, Shanghai,
China) [18]. This experimental protocol was approved by
the Ethics Committee of Yantaishan Hospital of Shandong
Province (approval no. 2021043).

Left Ventricular Echocardiography and Heart
Hemodynamics in HF Rats

Following anesthesia induction using pentobarbital
sodium (50 mg/kg; P3761, Sigma-Aldrich, Bellefonte, PA,
USA) via intraperitoneal injection, relevant indices were
assessed using Doppler ultrasonography (DC-26, Mindray
Medical, Shenzhen, China) and a multi-channel physiolog-
ical recorder (MP160, BIOPAC, Wageningen, Holland).

Ventricular Mass Index in HF Rats
Rats were euthanatized with pentobarbital sodium

(180 mg/kg; P3761, Sigma-Aldrich, Bellefonte, PA, USA)
through intraperitoneal injection. The rat hearts were ex-
tracted and divided into the left and right ventricles. Sub-
sequently, the right and left ventricular masses were mea-
sured using electronic balance. Left ventricular muscle
mass index (LVMI) and right ventricular myocardial infarc-
tion (RVMI) were determined by calculating the ratio of
ventricular mass to body weight.

Hematoxylin-Eosin (HE) Staining
Heart tissues were sectioned and stained with hema-

toxylin (C0105S, Beyotime, Shanghai, China) for 10 min.
Subsequently, sections were treated with 1% hydrochloric
acid ethanol (53219460, SINOPHARM, Shanghai, China)
and Scott’s Bluing Solution (G1865, Solarbio, Beijing,
China). After tissues were washed with distilled water,
eosin staining (C0105S, Beyotime, Shanghai, China) was
performed for 3 min. The stained tissues were observed and
photographed using an optical microscope (NE930, Jiang-
nan Yongxin Optics, Nanjing, China).

Promoter Region of PDSS2
The nucleotide sequence encompasses a 200-bp DNA

region characterized by a high GC content (>50%) and an
observed cytosine-guanine (CpG) to expected CpG ratio
(CpG/Expected CpG) ≥0.6 within the PDSS2 promoter re-
gion. This evaluation determined the presence or absence
of CpG islands. The positions of CpG islands were deter-
mined using CpG Island Searcher software (https://www.la
btools.us/cpg-island-searcher/) [19].
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Table 1. Short hairpin (sh)RNA sequences.
Name Sequences (5′-3′)

sh-PDSS2-F GATCCCCACCATAATTTGAGGCCTATCTCGAGATAGGCCTCAAATTATGGTGGTTTTTG
sh-PDSS2-R AATTCAAAAACCACCATAATTTGAGGCCTATCTCGAGATAGGCCTCAAATTATGGTGGG
sh-CXCL14-F GATCCGCACCAAGCGCTTCATCAATTCAAGAGATTGATGAAGCGCTTGGTGCTTTTTTGG
sh-CXCL14-R AATTCCAAAAAAGCACCAAGCGCTTCATCAATCTCTTGAATTGATGAAGCGCTTGGTGCG
sh-NC-F GATCCACCGGCCTAAGGTTAAGTCGCCCTCGCTCGAGCGAGGGCGACTTTTAGGCTTTTTG
sh-NC-R AATTCAAAAAACCGGCCTAAGGTTAAGTCGCCCTCGCTCGAGCGAGGGCGACTTTTAGGCCGG
sh-PDSS2, shRNA against PDSS2; PDSS2, pentenyl diphosphate synthase subunit 2; sh-CXCL14, shRNA against CXCL14;
CXCL14, chemokine (C-X-C motif) ligand 14; sh-NC, negative control shRNA; F, forward; R, reverse.

Quantitative Real-Time Reverse Transcription
Polymerase Chain Reaction (qRT-PCR)

Tissue homogenates were mixed with Trizol reagent
(DP424, Tiangen Biochemical Technology (Beijing) Co.,
Ltd., Beijing, China) to extract total RNA. Subsequently,
the RNA was reverse transcribed using TaqMan reagent
to generate complementary DNA (cDNA). The target gene
was amplified by PCR in a 50 µL reaction system. Actin
served as an internal reference gene for PDSS2. The rela-
tive expression of genes was determined using the 2−∆∆Ct

method. Table 2 presents the primer sequence for fluores-
cence quantification.

Table 2. Sequence of the primers for fluorescence
quantification.

Name Primer sequences (5′-3′)

CXCL14-F CACCAAGAGCGTGTCCAG
CXCL14-R CTCGTTCCAGGCGTTGTA
NF-κB-F TGCCGAGTGAACCGAAAC
NF-κB-R TGGTGCTCAGGGATGACG
PDSS2-F AGTGTCAGAGGCGGAGAA
PDSS2-R CTGTGGTAAGCAGAGGGT
ANP-F GACGCCCTCCGATGTGAAAG
ANP-R GGCTCTGTTACTGCTTAGTTCAA
BNP-F CAGAAGGTGCTGCCCCAGATG
BNP-R GACTGCGCCGATCCGGTC
hum-Actin-F ACACTGTGCCCATCTACG
hum-Actin-R TGTCACGCACGATTTCC
NF-κB, nuclear factor-kappaB; ANP, atrial natriuretic
peptide; BNP, brain natriuretic peptide; hum, human; F,
forward; R, reverse.

Methylation-Specific PCR (MSP)

Genomic DNA was extracted following the protocol
outlined in theGenomicDNAExtractionKit insert (DP304,
Tiangen Biochemical Technology, Beijing, China). Subse-
quently, the DNA was amplified through PCR using ITS
universal primers, as detailed in the amplification system
highlighted in Table 3. The reaction procedure was 95 °C,
5 min, 94 °C, 20 s, 60 °C, 30 s, 35 cycles, 72 °C, 20 s, 72

°C, 5 min, 35 cycles. Following the reaction, 10 µL of the
reaction product was analyzed using 1% agarose gel elec-
trophoresis. The agarose gel electropherogram was quanti-
fied by scanning the band grayscale using ImageJ software
(version 1.48, National Institutes of Health, Rockville, MD,
USA) [20].

Table 3. Sequence of the primers.
Name Primer sequences (5′-3′)

PDSS2 Left M primer GATTTTTCGATATTATTTTTTCGG
PDSS2 Right M primer ATAACGACGTTACTAAACTCGTCG
PDSS2 Left U primer AGATTTTTTGATATTATTTTTTTGG
PDSS2 Right U primer TAACAACATTACTAAACTCATCACT
GAPDH-F TGTCTCCTGCGACTTCAACA
GAPDH-R GGTGGTCCAGGGTTTCTTACT
GAPDH, glyceraldehyde-3-phosphate dehydrogenase.

Global DNA Methylation Measurement

Genomic DNA was extracted from the left ventri-
cle and treated with phosphodiesterase I, Benzonase, and
shrimp alkaline phosphatase. Methylcytosine (Cm) and cy-
tosine (C) levels were determined using high-performance
liquid chromatography (HPLC) coupled with tandem mass
spectrometry (HPLC-MS, G6465BA, Agilent, Santa Clara,
CA, USA). The results were expressed as the Cm/C ratio
[21].

Western Blot Assay

Proteins were extracted on ice using the protease-
inhibitor cocktail (P0013J, Beyotime, Shanghai, China) for
10 minutes. After centrifugation at 12,000 g for 10 min-
utes, the supernatant was collected, and the protein con-
centration was quantified using the BCA kit (P0010S, Be-
yotime, Shanghai, China). Subsequently, proteins were
separated using 10% SDS-PAGE gels (P0012A, Beyotime,
Shanghai, China) and transferred to polyvinylidene fluoride
(PVDF) membranes (YA1701, Solarbio, Beijing, China).
The membranes were then incubated overnight at 4 °C
with primary antibodies against PDSS2 (1:1000, A16557,
Abclonal, Wuhan, China), CXCL14 (1:1000, 10468-1-AP,
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Fig. 1. Echocardiographic data in rats. n = 6, ∗∗∗p < 0.001. HF, heart failure; LVPWD, left ventricular posterior wall thickness;
IVSD, interventricular septal dimension; LVEDD, left ventricular end-diastolic diameter; LVESD, left ventricular end-systolic diameter;
LVEF, left ventricular ejection fraction; FS, fractional shortening.

Proteintech, Wuhan, China), NF-κB p65 (1:1000, A2547,
Abclonal, Wuhan, China), and glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) (1:20,000, AC001, Abclonal,
Wuhan, China). Following incubation with secondary anti-
body (1:10,000, AS003, Abclonal, Wuhan, China) at room
temperature for 1 hour, the membranes were visualized
using the WBKLS0500 developer (MILLIPORE, Biller-
ica, MA, USA) and imaged using the Tanon 5200 system
(Tanon, Shanghai, China) according to the standard labora-
tory protocols [22].

Statistical Analysis
Data analysis was performed using GraphPrism 8.0.2

software (GraphPad Software Inc., San Diego, CA, USA,
https://www.graphpad-prism.cn/). Results were presented
as Mean ± standard deviation (SD). One-way analysis of
variance (ANOVA) or two-tailed Student’s t-test was used
to evaluate differences among groups, followed by Bonfer-
roni’s post hoc analysis. A p-value < 0.05 was considered
statistically significant.

https://www.biolifesas.org/
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Fig. 2. Cardiac hemodynamic parameters in rats. n = 6, ∗∗∗p< 0.001. LVSP, left ventricular systolic pressure; LVEDP, left ventricular
end-diastolic pressure; HR, heart rate; +dp/dt, rate of increase in left ventricular pressure; -dp/dt, rate of decrease in left ventricular
pressure.

Results

Characterization of HF Rats

Fig. 1 illustrates that HF exhibited elevated levels of
interventricular septal dimension (IVSD) at end-diastole,
left ventricular end-diastolic diameter (LVEDD), and left
ventricular end-systolic diameter (LVESD), and decreased
levels of left ventricular posterior wall thickness (LVPWD)
at end-diastole, left ventricular ejection fraction (LVEF),
and fractional shortening (FS) compared to control or sham
rats (p < 0.001). Additionally, Fig. 2 demonstrates a sig-

nificant increase in left ventricular end-diastolic pressure
(LVEDP) and a marked reduction in left ventricular systolic
pressure (LVSP), as well as rate of increase in left ventric-
ular pressure (+dp/dt) and rate of decrease in left ventricu-
lar pressure (-dp/dt), in the HF group compared to control
and sham groups (p < 0.001). Furthermore, the levels of
left ventricular muscle mass index (LVMI) and right ven-
tricular myocardial infarction (RVMI) were higher in HF
rats compared to control and sham groups (Fig. 3A,B, p <

0.01). Moreover, Fig. 3C,D show that atrial natriuretic pep-
tide (ANP) and brain natriuretic peptide (BNP) mRNA ex-
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Fig. 3. Characterization of heart failure (HF) in rats. (A,B) Ventricular mass indices were determined by calculating the ratio of
ventricular mass to body weight. Expression of ANP (C) and BNP (D) in cardiac tissues was detected using qRT-PCR. (E) HE staining
of cardiac tissues from control, sham, and HF rats with morphological changes was indicated by red arrows (scale bar: 100 µm, 50 µm).
n = 6, ∗∗p < 0.01. qRT-PCR, quantitative real-time reverse transcription polymerase chain reaction; HE, hematoxylin-eosin; LVMI, left
ventricular muscle mass index; RVMI, right ventricular myocardial infarction.

pressions were upregulated in the HF group (p< 0.01). HE
staining revealed disordered arrangement and increased in-
terstitial spaces between muscle fibers of cardiomyocytes
in HF hearts (Fig. 3E; indicated by red arrows).

PDSS2 mRNA Expression and Methylation Status in
Cardiac Tissues of HF Rats

Fig. 4A illustrates that the CpG island contained
1655 bp, with a GC content of 55.9% and an observed

https://www.biolifesas.org/
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Fig. 4. PDSS2 expression and methylation in HF rats. (A) Observation of a cytosine-guanine (CpG) island. (B) Analysis of global
deoxyribonucleic acid (DNA) methylation in cardiac tissues using high-performance liquid chromatography coupled with tandem mass
spectrometry (HPLC-MS). (C) Detection of PDSS2 methylation in cardiac tissues using methylation-specific PCR. (D) Quantification
of PDSS2 mRNA expression in cardiac tissues using qRT-PCR. (E) Detection of PDSS2 protein levels in cardiac tissues using Western
blot analysis. n = 6, ∗∗p < 0.01.

CpG/expected CpG ratio of 0.70. Therefore, we hy-
pothesized that hypermethylation of the CpG islands af-
fects PDSS2 expression. As illustrated in Fig. 4B,C, HF
promoted global genomic DNA methylation and a gene-
specific PDSS2 methylation (p < 0.01). Moreover, the
levels of PDSS2 mRNA (Fig. 4D, p < 0.01) and protein
(Fig. 4E, p < 0.01) were suppressed in the left ventricle of
HF rats.

CXCL14/NF-κB p65 Pathway in Cardiac Tissues of
HF Rats

CXCL14 and NF-κB signaling pathways participated
in the inflammatory response and may be regulated by
PDSS2 methylation. As illustrated in Fig. 5A,C, the levels
of NF-κBmRNA and NF-κB p65 protein did not show sig-
nificant differences between the control and sham groups
but decreased significantly in HF rats (p < 0.01). More-

https://www.biolifesas.org/
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Fig. 5. CXCL14/NF-κB p65 pathway is involved in the occurrence of HF. mRNA levels of NF-κB (A) and CXCL14 (B) in cardiac
tissues were quantified by qRT-PCR. Protein expressions of NF-κB p65 (C), and CXCL14 (D) in cardiac tissues were analyzed byWestern
blot analysis. n = 6, ∗∗p < 0.01, ∗∗∗p < 0.001.

over, the level of CXCL14 was markedly reduced in HF
rats (p< 0.01, Fig. 5B,D), consistent with the PDSS2 trend
observed earlier.

5-Aza Suppresses PDSS2 Hypermethylation and
Consequently Restores PDSS2 Expression in HF
Rats, and sh-PDSS2 Successfully Reduces PDSS2
Expression

Compared to the HF+sh-NC or HF+sh-PDSS2 group,
significantly increased PDSS2 expression and decreased
PDSS2 DNA methylation were observed in HF rats treated
with 5-Aza (p < 0.01, Fig. 6A,B). These findings indicate
that 5-Aza effectively inhibits PDSS2 methylation and re-
stores PDSS2 expression, which is significant for allevi-
ating HF. Moreover, Fig. 6C–E demonstrate that PDSS2
is less expressed in HF+sh-PDSS2 (compared to HF+sh-

NC; p < 0.01) and in HF+sh-PDSS2+5-Aza (compared to
HF+sh-NC+5-Aza; p < 0.001), indicating successful sh-
PDSS2 transfection.

Reduced PDSS2 Expression Induced by sh-PDSS2
Exacerbates HF, while Increased PDSS2 Induced by
PDSS2 Methylation Inhibition Ameliorates HF

The cardiac function and hemodynamics of rats in
each group were measured, and the results are presented in
Figs. 7,8, respectively. It was observed that 5-Aza induced
lower levels of IVSD, LVEDD, LVESD, and LVEDP (p <

0.001) while exhibiting higher levels of LVPWD, LVEF,
FS, LVSP, +dp/dt, and -dp/dt (p < 0.001). In contrast, sh-
PDSS2, which decreased PDSS2 expression, led to higher
levels of IVSD, LVEDD, LVESD, and LVEDP (p< 0.001)
while showing lower levels of LVPWD, LVEF, FS, LVSP,

https://www.biolifesas.org/
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Fig. 6. 5-Aza-2’-deoxycytidine (5-Aza) suppresses PDSS2 hypermethylation and restores PDSS2 expression, while sh-PDSS2 re-
duces PDSS2 expression in HF rats. (A) Global DNA methylation in cardiac tissues was quantified using HPLC-MS. (B) PDSS2
methylation in cardiac tissues was assessed using methylation-specific PCR. (C) PDSS2 mRNA expression in cardiac tissues was quan-
tified using qRT-PCR. (D,E) PDSS2 protein levels in cardiac tissues were determined by Western blot analysis. n = 6, ∗∗p < 0.01, ∗∗∗p
< 0.001.

+dp/dt, and -dp/dt (p < 0.001). Furthermore, it was ob-
served that 5-Aza induced lower levels of ANP mRNA,
BNP mRNA, LVMI, and RVMI (Fig. 9A–D, p < 0.01),
whereas sh-PDSS2 led to higher levels ofANPmRNA,BNP
mRNA, LVMI, and RVMI (Fig. 9A–D, p < 0.05). Addi-
tionally, histological analysis via HE staining revealed that

tissue samples from the HF+sh-NC or HF+sh-PDSS2 group
exhibited more disordered arrangement and larger spaces
of cardiomyocytes, which were effectively improved by 5-
Aza-induced PDSS2 methylation inhibition (Fig. 9E; indi-
cated by red arrows). These findings corroborate that de-
creased PDSS2 levels could exacerbate heart failure, and

https://www.biolifesas.org/
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Fig. 7. Effects of PDSS2 expression inhibition and PDSS2 methylation inhibition on heart function in HF rats. n = 6, ∗∗∗p <

0.001.

https://www.biolifesas.org/
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Fig. 8. Effects of PDSS2 expression inhibition and PDSS2methylation inhibition on heart hemodynamics in HF rats. n = 6, ∗∗∗p
< 0.001.

https://www.biolifesas.org/
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Fig. 9. Inhibited PDSS2 expression exacerbates HF, while methylation inhibition promotes PDSS2 expression and ameliorates
HF in rats. Expressions of ANP (A) and BNP mRNAs (B) in cardiac tissues were quantified using qRT-PCR. (C,D) Ventricular mass
indices were calculated by determining the ratio of ventricular mass to body weight. (E) HE staining of cardiac tissue (red arrows indicate
morphological changes; scale bar: 100 µm, 50 µm). n = 6, ∗p < 0.05, ∗∗p < 0.01, ∗∗∗p < 0.001.

the 5-Aza-induced decrease in PDSS2 methylation and in-
crease in PDSS2 expression levels could ameliorate heart
failure.

Inhibition of PDSS2 Methylation Ameliorates HF by
Activating the CXCL14/NF-κB Signal Pathway

It was hypothesized that PDSS2 methylation influ-
ences the CXCL14/NF-κB pathway. Therefore, further in-
vestigation was warranted to elucidate the potential mech-

https://www.biolifesas.org/
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Fig. 10. PDSS2 knockdown suppresses the CXCL14/NF-κB pathway, while inhibition of PDSS2 methylation by 5-Aza increases
the activation of the CXCL14/NF-κB signal pathway. NF-κB and CXCL14 mRNA and protein expressions in cardiac tissues were
quantified using qRT-PCR (A,B) and Western blot analysis (C,D). n = 6, ∗∗p < 0.01, ∗∗∗p < 0.001.

anism of 5-Aza-induced PDSS2 methylation in HF rats.
The study revealed that in 5-Aza-treated cell groups (where
PDSS2 methylation was inhibited and PDSS2 expression
was restored), the levels of NF-κB and CXCL14 were sig-
nificantly increased (Fig. 10A–D, p < 0.01). Conversely,
PDSS2 knockdown by sh-PDSS2 resulted in decreased NF-
κB p65 and CXCL14 (Fig. 10A–D, p < 0.001). These
findings, in conjunction with previous experimental results,
confirmed that the inhibition ofPDSS2methylation induced
by 5-Aza and the subsequent increase in PDSS2 expression
contributed to the effective alleviation of HF through acti-
vation of the CXCL14/NF-κB pathway.

Moreover, Fig. 11A illustrated that continued adminis-
tration of 5-Aza to inhibitPDSS2methylation, coupled with
the successful knockdown of CXCL14 (p < 0.001), led to
decreased levels of NF-κB (p < 0.001) and increased lev-
els of ANP (p< 0.001) and BNP (p< 0.001). Furthermore,

Fig. 11B–D demonstrated that inhibitedPDSS2methylation
reduced LVMI (p < 0.001), RVMI (p < 0.001), and patho-
logical changes of heart tissues, which were all reversed by
suppression of the CXCL14/NF-κB pathway (p < 0.001).
These findings revealed that 5-Aza-induced PDSS2methy-
lation inhibition and subsequent increase in PDSS2 expres-
sion ameliorated HF only when the CXCL14/NF-κB path-
way was successfully activated.

NF-κB Inhibitor Reverses the Protective Effect of
5-Aza-Induced PDSS2 Methylation Inhibition

Fig. 12A illustrates that compared to the HF group,
CXCL14 expression was upregulated (p < 0.001) when
HF+5-Aza treatment was used to inhibit PDSS2 methyla-
tion. Concurrently, the expression levels of NF-κB were
also upregulated (p < 0.001), while the levels of ANP (p
< 0.001) and BNP (p < 0.001), associated with heart fail-

https://www.biolifesas.org/
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Fig. 11. Inhibition of PDSS2methylation induced by 5-Aza ameliorates HF by activating the CXCL14/NF-κB signal pathway. (A)
mRNA levels of CXCL14, NF-κB, ANP, and BNP. (B,C) Ventricular mass indices were determined by calculating the ratio of ventricular
mass to body weight. (D) HE staining of cardiac tissue (red arrows indicate morphological changes; scale bar: 50 µm, 20 µm). n = 6,
∗∗∗p < 0.001.

https://www.biolifesas.org/
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Fig. 12. NF-κB inhibitor reverses the protective effect of 5-Aza-induced PDSS2 methylation inhibition. (A) mRNA levels of
CXCL14, NF-κB, ANP, and BNP. (B,C) Ventricular mass indices were assessed by calculating the ratio of ventricular mass to body
weight. (D) HE staining of cardiac tissue (red arrows indicate morphological changes; scale bar: 50 µm, 20 µm). n = 6, ***p < 0.001;
ns, no significance.

https://www.biolifesas.org/
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ure, were decreased. However, compared to the HF+5-
Aza treatment group, applying theNF-κB-specific inhibitor
HF+5-Aza+BAY 11-7082 decreased NF-κB expression.
Furthermore, the expression levels of ANP (p < 0.001)
and BNP (p < 0.001) were upregulated. Additionally,
Fig. 12B–D demonstrate a decrease in LVMI (p < 0.001)
and RVMI (p < 0.001) and an amelioration of pathological
changes after inhibiting PDSS2methylation to improve HF.
Nevertheless, the inhibition of the NF-κB signaling path-
way further enhanced the reversal of LVMI (p< 0.001) and
RVMI (p < 0.001). These findings suggest that the inhibi-
tion of 5-Aza-induced PDSS2 methylation and the subse-
quent elevation in PDSS2 expression contribute to the im-
provement of HF, particularly when the CXCL14/NF-κB
pathway is effectively activated.

Discussion

Heart failure is a complex condition characterized by
numerous yet unexplored underlying causes and mecha-
nisms. Various animal and cell models have been devel-
oped to mimic HF [23,24]. This study aimed to investigate
the role of PDSS2methylation in HF and its potential mech-
anism by affecting the CXCL14/NF-κB signaling pathway.
In this investigation, we utilized a rat model of arterial lig-
ation to simulate HF disease and assessed relevant cardiac
function parameters. Our results indicated significant car-
diac function and hemodynamics differences between HF
rats and normal controls. HF rats exhibited elevated lev-
els of IVSD, LVEDD, LVESD, LVEDP, LVMI, and RVMI
and decreased levels of LVPWD, LVEF, FS, LVSP, +dp/dt,
and -dp/dt compared to control or sham rats. Addition-
ally, ANP and BNP mRNA expressions were increased in
the HF group, and histological analysis via HE staining re-
vealed disordered cardiomyocyte arrangement, confirming
the successful establishment of the HF rat model.

Pentenyl diphosphate synthase subunit 2 (PDSS2) is
a pivotal enzyme in Coenzyme Q10 (CoQ10) synthesis, an
essential component of the mitochondrial electron transport
chain and crucial for cardiomyocytes energy metabolism.
The methylation status of PDSS2 modulates its enzymatic
activity, influencing CoQ10 synthesis and cardiomyocyte
energy metabolism. Epigenetic regulation, particularly
DNA methylation, plays a crucial role in disease onset and
progression. To understand the role of epigenetics in gene
expression and cellular phenotype, a high-throughput se-
quencing or array platform focusing on methylation of gene
promoter CpG island has facilitated genome-wide methyla-
tion markers analysis [25]. In line with these observations,
we identified a CpG island in the PDSS2 promoter region
using CpG island searching tools, suggesting that hyperme-
thylation of CpG island regulates PDSS2 expression in HF
rats. Our study revealed significantly reduced PDSS2 gene
expression with a tendency towards methylation in the HF
rat model. Significantly reduced levels ofCXCL14 andNF-

κB were detected in HF rats compared to the control group,
significantly impacting HF onset and progression. Kanda
et al. [26] demonstrated reduced PDSS2mRNA expression
and hypermethylation of the PDSS2 promoter in liver can-
cer tissues. Moreover, PDSS2 mRNA synthesis was reac-
tivated following demethylation, suggesting that promoter
hypermethylation regulates PDSS2 transcription, which is
partially consistent with our research findings and supports
our study results [26].

CXCL14 is a small chemokine involved in inflamma-
tory responses and immune regulation. In cardiac diseases,
reduced expression of CXCL14 is associated with increased
myocardial inflammation and fibrosis. Our findings in-
dicate that PDSS2 methylation inhibits the expression of
CXCL14, leading to myocardial tissue inflammation and fi-
brosis, promoting the onset of heart failure. 5-azacytidine
(5-Aza) is the most common demethylating agent used to
block DNA methylation by forming covalent bonds [27].
Therefore, we chose 5-Aza for the treatment of HF rats. Our
findings revealed that cardiac tissue from HF rats treated
with 5-Aza showed significantly increasedPDSS2 level and
decreased PDSS2 methylation, confirming the inhibitory
effect of 5-Aza on PDSS2 methylation.

Additionally, we observed that a decline in CXCL14
and NF-κB expression levels accompanied the decrease in
PDSS2 in HF rats. Conversely, inhibition of PDSS2 methy-
lation by 5-Aza increased PDSS2, CXCL14, and NF-κB ex-
pression. These findings indicate that inhibiting PDSS2 ex-
pression reduced the levels of CXCL14 mRNA and pro-
tein, and inhibited the levels of NF-κB mRNA and pro-
tein. However, 5-Aza treatment reversed this phenomenon,
demonstrating a significant therapeutic effect on HF. This
may be attributed to the inhibition of PDSS2 methyla-
tion and restoration of PDSS2 gene expression, which ef-
fectively alleviated HF by regulating the CXCL14/NF-κB
pathway.

However, this study has some limitations. Firstly,
while the observed effect of PDSS2 methylation on the
CXCL14/NF-κB signaling pathway was investigated in
vitro, evidence from in vivo experiments remains inade-
quate and full explanations about how PDSS2 methylation
affects the CXCL14/NF-κB pathway and their effects on
heart failure are needed. Therefore, additional animal ex-
periments or clinical investigations are imperative to verify
the involvement of this mechanism in the pathophysiology
of heart failure in humans. Secondly, the primary focus of
this study was on the role of PDSS2 methylation. Subse-
quent research should incorporate examination of other epi-
genetic modifications that could potentially impact the pro-
gression of heart failure, elucidating a more comprehensive
pathological framework. Finally, following studies should
also investigate that whether other biological processes are
involved in the PDSS2 methylation and CXCL14/NF-κB
signaling pathway during heart failure.

https://www.biolifesas.org/


3749

Conclusion

In summary, this study reveals the significant role of
PDSS2 methylation in heart failure and preliminarily elu-
cidates its potential mechanism in exacerbating heart fail-
ure by inhibiting the CXCL14/NF-κB signaling pathway.
These findings provide a novel perspective for investigat-
ing the molecular mechanisms of heart failure and establish
a theoretical foundation for the development of innovative
therapeutic approaches. Future research should further ex-
plore the role of thismechanism in heart failure and evaluate
the efficacy and safety of therapeutic interventions target-
ing PDSS2 methylation and the CXCL14/NF-κB signaling
pathway.
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