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Abstract. The present study investigated the role of connexin 43 
(Cx43) in mediating prenatal inflammation‑induced cardiac 
fibrosis in offspring, specifically exploring its dynamic regula‑
tion with autophagy and DNA methylation pathways. Pregnant 
Sprague‑Dawley rats received intraperitoneal injections of 
saline (control) or lipopolysaccharide (LPS, 0.79 mg/kg) on 
gestational days 8, 10 and 12. Offspring were sacrificed at 8 
and 16 weeks postpartum. Myocardial tissues were subjected 
to histopathological examination and molecular analysis. 
Prenatal LPS exposure consistently induced significant cardiac 
fibrosis in the offspring. Reverse transcription‑quantitative 
PCR revealed that mRNA levels of Cx43, LC3 and DNA 
methyltransferase 1 (DNMT1) were markedly reduced at 8 
weeks; however, they were elevated above control levels at 
16 weeks. Western blotting revealed persistent suppression of 
Cx43 protein expression at both ages, whereas the LC3‑II/I 
ratio and DNMT1 protein levels paralleled the biphasic 
mRNA trends. In vitro experiments using neonatal rat cardiac 
fibroblasts treated with LPS (10 µg/ml, 24 h) confirmed Cx43 
and LC3 downregulation and DNMT1 upregulation. Targeted 
pharmacological interventions were used to clarify these regu‑
latory relationships. Cotreatment with the Cx43 gap junction 
inhibitor carbenoxolone (400 µM) and LPS further suppressed 
Cx43, LC3 and DNMT1 expression. However, cotreatment 
with the Cx43 agonist all‑trans retinoic acid (10 µM) attenu‑
ated LPS‑induced DNMT1 upregulation and LC3‑II/I ratio 
suppression. These findings demonstrate that the functional 
state of Cx43 critically links fetal inflammatory insults to 
postnatal cardiac fibrogenesis by dynamically regulating inter‑
connected autophagy and DNA methylation, establishing Cx43 
as an upstream regulatory node in this pathogenic network.

Introduction

Cardiac fibrosis is characterized by excessive deposition of 
extracellular matrix (ECM) proteins, representing a common 
pathological endpoint in nearly all forms of heart disease, 
including myocardial infarction, aortic stenosis, hypertrophic 
cardiomyopathy and diabetic cardiomyopathy. This maladaptive 
remodeling process directly contributes to heart failure develop‑
ment and exacerbates adverse outcomes in established patients 
with heart failure (1). Cardiac fibroblasts (CFs) are the second 
most abundant cell population in the heart after cardiomyo‑
cytes and are pivotal for fibrogenesis through their exceptional 
plasticity and secretory capacity. These cells dynamically 
transition between differentiation states in response to cardiac 
injury, aging, genetic predisposition and environmental factors, 
actively secreting ECM structural proteins, proteolytic enzymes, 
growth factors and cytokines that collectively drive pathological 
collagen deposition (1). Despite significant advances in identi‑
fying fibrogenic signaling pathways, the absence of specific 
anti‑fibrotic therapies highlights the urgent need for novel 
mechanistic insights and therapeutic targets.

The Developmental Origins of Health and Disease 
(DOHaD), initially proposed by Barker, has gained significant 
scientific recognition (2). Maternal inflammatory conditions, 
including periodontitis, urethritis and influenza, are common 
challenges during gestation. This exposure creates an 
intrauterine environment characterized by elevated proin‑
flammatory cytokines and associated mediators, potentially 
predisposing offspring to cardiovascular pathologies, including 
hypertension and cardiac hypertrophy. Our previous studies 
using lipopolysaccharides (LPS), a gram‑negative bacterial 
cell wall component, in pregnant rodent models have provided 
supporting evidence (3‑5). In these distinctive models, offspring 
rats born to LPS‑exposed dams revealed moderate elevation in 
collagen synthesis without apparent cardiac dysfunction at 6 
weeks of age, yet developed significant left ventricular (LV) 
hypertrophy by 8 months (4). Notably, prenatal LPS‑exposed 
mice demonstrated exacerbated cardiac fibrosis responses to 
isoproterenol challenge as early as 4 weeks postnatal, despite 
baseline fibrosis levels remaining comparable between the 
exposed and control groups at this developmental stage (5). 
These observations highlight the need to study the molecular 
mechanisms underlying the developmental programming of 
cardiac vulnerability.
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Dysregulation of intercellular communication is 
associated with the pathological changes of fibrosis  (6). 
Gap junctions (GJs), composed of connexin proteins 
(Cxs), particularly Cx43 in cardiac tissue, facilitate key 
cardiomyocyte‑fibroblast crosstalk through ion exchange 
and metabolite transfer (7,8). Cx43‑mediated communica‑
tion modulates fibroblast activation, phenotypic switching 
and pathological coupling with cardiomyocytes, thereby 
covering all the key processes in fibrogenesis (7,8). Notably, 
the autophagy pathway is an essential quality control mecha‑
nism for cellular components, including connexins and has 
emerged as a potential regulator of fibrotic progression (9,10). 
The short half‑life of Cx43 makes its turnover particularly 
dependent on autophagic degradation, creating a potential 
mechanistic association between these pathways in cardiac 
pathology (10).

Epigenetic dysregulation, particularly DNA methylation 
alterations, may be a critical mechanism underlying the develop‑
mental programming of fibrosis. Our previous study established 
that prenatal LPS exposure induces hypertension in offspring 
associated with renal and vascular methylation changes (11,12). 
This, coupled with emerging evidence connecting DNA meth‑
ylation to both autophagy regulation and Cx43 dysfunction, 
prompted us to hypothesize that methylation‑involved interac‑
tions between Cx43 and autophagy drive the developmental 
programming of cardiac fibrosis. Therefore, the present study 
systematically investigated these mechanistic relationships 
in a well‑characterized rat model of prenatal LPS exposure, 
aiming to identify novel therapeutic targets for preventing 
maternal inflammation‑primed cardiac fibrosis.

Materials and methods

Animal treatment. A total of 16 female nulliparous, pregnant 
Sprague‑Dawley rats (age, 10 weeks; weight, 180‑220 g) were 
obtained from the Experimental Animal Center of Army 
Medical University. Animals were individually housed in 
a controlled environment at a constant temperature (24˚C), 
relative humidity of 50±10%, under a 12‑h light/dark cycle 
with ad  libitum access to standard laboratory chow and 
water. Following a 5‑day acclimation period, pregnant dams 
were randomly allocated to the control (n=8) or LPS (n=8) 
treatment groups. Subjects received intraperitoneal injec‑
tions of either 0.5 ml saline (control) or 0.79 mg/kg LPS 
(MilliporeSigma) on gestational days 8, 10 and 12, which is 
a critical window for embryonic cardiogenesis. Postpartum 
litter parameters, including size and individual pup weights, 
were recorded. To standardize nutritional availability, litters 
were culled to eight neonates/dam until weaning at postnatal 
week 4. Post‑weaning offspring were group‑housed by sex 
(4‑5 animals/cage) and given continuous access to food and 
water, under the same controlled environmental conditions 
as those for the pregnant rats. Body weights were moni‑
tored weekly from birth through the study period. At 8 and 
16 weeks of age, male offspring were randomly selected for 
terminal procedures. After being deeply anesthetized with 
sodium pentobarbital (50 mg/kg, i.p.), animals were sacri‑
ficed by exsanguination via cardiac puncture while under 
deep anesthesia. Mortality was confirmed by the cessa‑
tion of respiration, loss of corneal reflex and direct visual 

confirmation of cardiac arrest via thoracotomy prior to tissue 
harvest  (13). Blood and cardiac tissue samples were then 
collected immediately for subsequent analyses.

Heart weight index and LV mass index. The heart was 
perfused with ice‑cold physiological saline to remove any 
residual blood. Excess pericardial tissue and the surrounding 
vasculature were carefully dissected away, followed by mois‑
ture removal through gentle blotting with filter paper. The 
total cardiac mass was recorded using an analytical balance. 
The LV myocardium was surgically isolated from the cardiac 
base along the interventricular groove. Morphometric indices 
were subsequently calculated as the ratio of total heart weight 
(HW) or LV weight (LVW) to body weight (BW), expressed as 
HW/BW and LVW/BW, respectively.

Measurement of B‑type Natriuretic Peptide (BNP) and angio‑
tensin II (Ang II) levels. Following a 30‑min clotting period at 
room temperature, whole blood samples were centrifuged at 
3,000 x g for 15 min to isolate the serum. LV tissue specimens 
were immediately homogenized in ice‑cold phosphate‑buffered 
saline (PBS; 50 mg tissue/0.5 ml) containing 1% nonidet‑P40 
(Shanghai Biyuntian Biotechnology Co., Ltd.) and a complete 
protease inhibitor cocktail using a mechanical tissue homog‑
enizer. The resulting homogenates were centrifugated at 
12,000 x g for 10 min at 4˚C in a refrigerated centrifuge to 
obtain clarified supernatants. Serum concentrations of 
N‑terminal pro‑BNP (NT‑proBNP; cat. no. E‑EL‑R3023) and 
Ang II, along with myocardial tissue levels of Ang II (cat. 
no. E‑EL‑R1430c), were quantified using commercial ELISA 
kits (Elabscience Biotechnology Co., Ltd.) following manu‑
facturer protocols. All assays included appropriate quality 
controls and standard curve validation.

Histological analysis. All procedures were performed at 
room temperature. LV tissues were immersion‑fixed in 4% 
paraformaldehyde for 24‑48 h, before paraffin embedding. 
Serial sections (4 µm) were prepared using a rotary micro‑
tome. For basic histoarchitecture evaluation, the sections 
were stained with hematoxylin and eosin (H&E; hematoxylin 
staining for 5 min, eosin staining for 2 min). Collagen fiber 
visualization was achieved using Masson's trichrome staining 
performed following manufacturer specifications (Beijing 
Solarbio Science & Technology Co., Ltd.). After overnight 
incubation in potassium dichromate solution, the sections 
underwent ferric hematoxylin staining for 6 min, followed 
by acid fuchsin staining for 8 min, phosphomolybdic acid 
treatment for 2 min, and aniline blue staining for 2 min. 
Prior to sectioning, the samples subjected to sequential dehy‑
dration through a graded ethanol series (70‑100%), xylene 
clearing and paraffin infiltration. The stained sections were 
imaged using bright‑field microscopy (Nikon Eclipse E100; 
Nikon Corporation). Quantitative assessment of myocardial 
fibrosis was performed by calculating the collagen volume 
fraction (CVF) through systematic random sampling of five 
non‑overlapping high‑power fields (magnification, x400) per 
section. CVF was determined as the percentage ratio of the 
aniline blue‑stained collagen area to the total myocardial 
area using the image analysis software (version 6.0; Media 
Cybernetics, Inc.).
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Immunofluorescence staining. LV tissues embedded in OCT 
compound (OriGene Technologies, Inc.) were cryosectioned 
into four sequential 10‑µm‑thick sections using a cryostat 
(Leica CM1950) and mounted on poly‑L‑lysine‑coated slides. 
For immunofluorescence detection, the slides were first 
blocked with 10% normal goat serum (Life Technologies; 
cat. no. 50062Z) in PBS containing 0.2% Tween‑20 for 1 h at 
room temperature. Sections were incubated overnight at 4˚C 
with rabbit polyclonal anti‑α‑smooth muscle actin (α‑SMA) 
antibody (1:400 dilution; Abcam. cat. no.  ab124964) in a 
humidified chamber. After three PBS washes (5 min each), 
the slides were incubated with Cy3‑conjugated goat anti‑rabbit 
IgG secondary antibody (1:400 dilution; Invitrogen; Thermo 
Fisher Scientific, Inc. A10520) for 1 h at room temperature, 
protected from light. Negative control slides were processed 
identically, except for primary antibody omission. Fluorescent 
images were captured using a laser‑scanning confocal 
microscope (Olympus FV3000; Olympus Corporation) with 
excitation/emission wavelengths of 550/570  nm for Cy3 
detection.

Neonatal rat cardiac fibroblasts Isolation and treatment. 
CFs were isolated from neonatal Sprague‑Dawley rats 
(1‑3 days postnatal) using established enzymatic digestion 
protocols. Prior to sacrifice, neonatal pups were anesthetized 
by hypothermia, which involved placement on a sterile 
ice‑cold surface for 3‑5  min until unresponsive to a toe 
pinch, ensuring a surgical plane of anesthesia (14). Following 
confirmation of deep anesthesia, the pups were sacrificed 
by rapid decapitation and immediately surface‑sterilized 
through two sequential 10‑sec immersions in 75% ethanol. 
Ventricular tissue was dissected free from atria, minced 
into 1 mm³ fragments and washed twice with Dulbecco's 
modified Eagle's Medium (DMEM). Tissue fragments 
underwent five sequential digestions (5‑min intervals) in 
an enzymatic solution containing 0.5% collagenase type I 
(Worthington Biochemical Corporation) and 0.05% trypsin 
(Gibco; Thermo Fisher Scientific, Inc.) and maintained at 
37˚C in an oscillating water bath. After centrifugation at 
300 x g for 5 min, cell pellets were resuspended in complete 
culture medium [DMEM supplemented with 10% fetal 
bovine serum (FBS; HyClone™; Cytiva] and incubated 
under standard culture conditions (37˚C and 5% CO2). CFs 
were purified through differential adhesion by discarding 
cardiomyocyte‑containing supernatant after 2 h of initial 
plating. Cells from third‑passage cultures were used for 
experiments following serum starvation (24 h in DMEM 
without FBS). For the subsequent treatments, the cells were 
divided into four groups: A control group receiving culture 
media alone; an LPS group treated with 10 µg/ml LPS for 
24 h; an LPS + carbenoxolone (CBX) group co‑treated with 
10 µg/ml LPS and 400 µM CBX (MilliporeSigma), a specific 
Cx43 gap junction inhibitor; an LPS + all‑trans retinoic acid 
(ATRA) group co‑treated with 10 µg/ml LPS and 10 µM 
ATRA (MilliporeSigma), a Cx43 agonist, for 24 h.

RNA preparation and reverse transcription‑quantitative 
(RT‑q) PCR. Total RNA was isolated from LV tissue and cells 
using the Total RNA Extraction kit (Tiangen Biotech, Co., Ltd.). 
RT was performed using GoScript™ RT System (Promega 

Corporation) according to the manufacturer's instructions. 
RT‑qPCR was carried out using Bestar® SYBR Green qPCR 
Mastermix (DBI Biosciences. DBI‑2043) according to the 
manufacturer's instructions. The primers were designed by 
Primer software (Premier 5.0; Premier Biosoft International) 
based on published nucleotide sequences for rat Cx43 
(forward: 5'‑GAC​TTC​AGC​CTC​CAA​GGA​GTT‑3'; reverse: 
5'‑ACC​CCA​AGC​TGA​CTC​AAC​AG3‑3'), rat LC3 (forward: 
5'‑CCC​TGC​TAA​CCC​CCA​ATG​TT‑3'; reverse: 5'‑GGG​ACA​
TGA​CGA​CGT​ACA​CA'), rat DNMT1 (forward: 5'‑GCT​GT​
TCC​TTG​TAG​GCG​AGT‑3'; reverse: 5'‑GGG​GAC​TCA​AAC​
CTT​GCG​TA‑3'), rat DNMT3A (forward: 5'‑TGA​TGA​CGA 
GCC​CGA​GTA​TG‑3'; reverse: 5'‑GCC​ATC TCC​GAA​CCA​
CAT​GA‑3'), rat DNMT3B (forward: 5'‑AAT​TAC​ACG​CAG​
GAC​GTG​GT‑3'; reverse: 5'‑ACT​GTT​GCT​GTT TCG​GGT​
TC‑3') and rat β‑actin (forward: 5'‑CCA​TTG​AAC​ACG​GCA​
TTG‑3'; reverse: 5'‑TAC​GAC​CAG​AGG​CAT​ACA‑3'). The 
PCR cycling conditions were as follows: initial denaturation at 
95˚C for 2 min, followed by 40 cycles of denaturation at 95˚C 
for 10 sec, annealing at 60˚C for 34 sec, and extension at 72˚C 
for 30 sec. Final melting curve analysis (65‑95˚C, 0.5˚C incre‑
ments, 5 sec per increment) was performed to confirm primer 
specificity. The relative expression levels of target genes were 
calculated using the 2-ΔΔCq method (15), with β‑actin serving 
as the internal reference gene. All experiments were indepen‑
dently replicated three times, with each replicate containing 
six technical replicates.

Western blotting. The LV samples and cells were processed 
and western blotting was conducted following the standard 
procedures. Briefly, tissue and cells were lysed in RIPA lysis 
buffer (Beyotime Institute of Biotechnology. P0013C) for 
30 min on ice followed by centrifugation at 12,000 x g for 
15 min at 4˚C to collect the supernatant. The enhanced BCA 
protein assay kit (Beyotime Biotechnology. cat. no. P0010) 
was used to determine the protein concentration. Equal 
amounts of protein (30 µg per lane) were separated by 10% 
sodium dodecyl sulfate‑polyacrylamide gel electrophoresis 
(SDS‑PAGE) and transferred onto 0.45 µm polyvinylidene 
fluoride (PVDF) membranes (Millipore. IPVH00010). The 
membranes were blocked with 5% non‑fat dry milk (Santa 
Cruz Biotechnology. sc‑2325) diluted in Tris‑buffered 
saline with Tween‑20 (TBST) at room temperature for 1 h, 
then incubated overnight at 4˚C with the following primary 
antibodies: anti‑Cx43 (1:1,000; Abcam. ab11370), anti‑micro‑
tubule‑associated protein‑1 light‑chain (LC3; 1:1,000; 
Santa Cruz Biotechnology, Inc. sc‑271625), anti‑DNMT1 
(1:500; Novus Biologicals, LLC; cat. no.  NB100‑56519), 
ant i‑DNMT3A (1:1,000; Novus Biologicals,  LLC. 
NB120‑13888), anti‑DNMT3B (1:1,000; Novus Biologicals, 
LLC. NB300‑516) and β‑actin (1:1,000; Santa Cruz 
Biotechnology, Inc., USA. sc‑47778) antibody were used. 
After three washes with TBST, the membranes were incu‑
bated with horseradish peroxidase (HRP)‑conjugated goat 
anti‑rabbit IgG (1:5,000; Zhongshan Golden Bridge Bio 
Co., Ltd. ZB‑2301) or HRP‑conjugated goat anti‑mouse 
IgG (1:5,000; Invitrogen. A16084) at room temperature 
for 1 h. Protein bands were visualized using an Enhanced 
Chemiluminescence (ECL) Detection Kit (Thermo Fisher 
Scientific, Inc.) and imaged with a ChemiDoc XRS+ System 
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(Bio‑Rad Laboratories, Inc.). Densitometric analysis of the 
bands was performed using Image J software (Version 1.50i, 
NIH) with β‑actin as the internal loading control.

Statistical analysis. Data are presented as mean  ±  stan‑
dard deviation (SD). Statistical analyses were performed 
with GraphPad Prism 9.0.0 software (Dotmatics). The 
Shapiro‑Wilk test was adopted to evaluate the normality of 
data distribution, while Levene's test was used to examine the 
homogeneity of variance. An unpaired two‑tailed Student's 
t‑test was employed for comparisons between two independent 
groups. For multiple group comparisons, one‑way ANOVA 
was conducted, followed by Dunnett's post hoc test. P<0.05 
was considered to indicate a statistically significant difference.

Results

Cardiac impairment in prenatally LPS‑exposed offspring 
rats. Newborns in the prenatal LPS exposure group exhibited 
markedly reduced BW compared with controls at both birth 
(P<0.01) and 1 week of age (P<0.01; Fig. 1). However, these 
LPS‑exposed offspring demonstrated persistent weight gain 
acceleration from 2 weeks onward (P<0.05 or P<0.01), despite 
comparable daily feed intake between groups. Although 
postnatal catch‑up growth can compensate for intrauterine 
growth restriction, excessive compensatory growth is strongly 
associated with adverse adult health outcomes (16). The find‑
ings revealed significant cardiac hypertrophy in LPS‑exposed 
offspring, as evidenced by elevated LVW/BW and HW/BW 
ratios at both 8 (P<0.05) and 16 weeks (P<0.01). Concurrently, 
markedly increased circulating NT‑proBNP levels, a ventric‑
ular stress biomarker reflecting volume overload and cardiac 
dysfunction were observed in 8‑week (P<0.01) and 16‑week‑old 

(P<0.01) LPS‑exposed offspring (17). While serum Ang II 
levels remained unaffected by prenatal LPS exposure, substan‑
tial increases in LV Ang II concentration were detected at 
8 weeks (P<0.05) and 16 weeks (P<0.01). As the primary RAS 
agonist, Ang II mediates pressure overload‑induced cardiac 
fibrosis and hypertrophy.

Heart histology alterations in prenatally LPS‑exposed 
offspring rats. To assess cardiac morphological alterations 
induced by prenatal LPS exposure, myocardial architecture 
was examined through histological analysis using H&E 
and Masson staining. H&E staining revealed distinct 
pathological progression in LPS‑exposed offspring. Control 
specimens exhibited preserved myocardial structure with 
tightly arranged cardiomyocytes. Conversely, 8‑week‑old 
LPS‑exposed offspring demonstrated characteristic patho‑
logical features, including cellular edema, intercellular 
space widening, myocardial fiber disruption, focal necrosis 
and inflammatory cell infiltration. These pathological 
manifestations exhibited age‑dependent progression, with 
16‑week‑old LPS‑exposed offspring exhibiting exacerbated 
myocardial degeneration characterized by extensive tissue 
damage and pronounced inflammatory infiltration (Fig. 2A). 
Masson staining revealed significant extracellular matrix 
remodeling in LPS‑exposed groups. Collagen deposition 
(blue‑stained fibers) within the LV interstitium was mark‑
edly increased compared with age‑matched controls, with 
8‑week‑old LPS‑exposed offspring showing initial fibrosis 
that progressed substantially by 16 weeks of age. CVF quan‑
titative analysis confirmed these observations, demonstrating 
statistically significant increases in the LPS‑exposed groups 
at 8 weeks (P<0.01) and 16 weeks (P<0.01) compared with 
the controls (Fig. 2B).

Figure 1. BW of offspring rats from 1‑day to 16‑week‑old (A). Heart damages in offspring at the age of 8 and 16 weeks, including the ratios (B) LVW/BW, 
(C) HW/BW and (D) NT‑proBNP level in serum. Concentration of Ang Ⅱ in (E) left ventricle and (F) serum. Data are presented as mean ± SD. n=10 in 
each group (A‑C) and n=7 in each group (D‑F). *P<0.05, **P<0.01 vs Con. BW, body weight; HW, heart weight; LVW, left ventricular weight; NT‑proBNP, 
N‑terminal pro‑brain natriuretic peptide; Ang Ⅱ, angiotensin II; Con, control; LPS, lipopolysaccharide.
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α‑SMA immunolabeling in LV samples. Complementing the 
histological findings, immunofluorescence staining was used 
to study CF differentiation into α‑SMA‑expressing myofibro‑
blasts, a hallmark feature of fibrotic progression. Prenatal LPS 
exposure markedly activated this pathogenic transformation in 
the offspring myocardium. Compared with controls, 8‑week‑old 
LPS‑exposed offspring exhibited a pronounced increase in 
α‑SMA‑positive cells in the LV, as evidenced by the elevated 
fluorescent signal intensity and cluster density. By 16 weeks 
of age, this activation progressed further, with LPS‑exposed 
offspring demonstrating expansive α‑SMA‑positive bands and 
intensified fluorescence, indicative of advanced myofibroblast 
aggregation and sustained fibrosis (Fig. 3).

Cx43, LC3, DNMT1, DNMT3A and DNMT3B mRNA expres‑
sions in LV samples. RT‑qPCR analysis revealed distinct 
age‑dependent transcriptional alterations in the LPS‑exposed 
offspring. Compared with controls, 8‑week‑old offspring with 
prenatal LPS exposure exhibited significant downregula‑
tion of Cx43 (P<0.05), LC3 (P<0.01) and DNMT1 (P<0.01). 
However, these trends were reversed at 16 weeks of age, with 
elevated mRNA levels of Cx43 (P<0.05), LC3 (P<0.05) and 

DNMT1 (P<0.01). Conversely, non‑significant intergroup 
differences were observed in DNMT3A (P>0.05) or DNMT3B 
(P>0.05) expression at either developmental stage, suggesting 
isoform‑specific regulatory mechanisms in DNA methylation 
(Fig. 4).

Cx43, LC3, DNMT1, DNMT3A and DNMT3B Protein expres‑
sions in LV samples. Gap junctions, specialized plasma 
membrane domains composed of intercellular channel arrays, 
are vital for electrical and metabolic coupling between adja‑
cent cardiomyocytes. Cx43 is the predominant gap junction 
protein in the ventricular myocardium. The present study 
revealed significant Cx43 downregulation in offspring exposed 
to maternal LPS compared with controls, with pronounced 
reductions observed at 8 weeks (P<0.01) and 16 weeks of age 
(P<0.01). This persistent Cx43 depletion suggests sustained 
gap junction impairment in the LV of prenatal LPS‑exposed 
offspring. The present study further demonstrated dynamic 
alterations in cardiac autophagy. LC3 is a pivotal autophagy 
marker that exists in two isoforms: cytoplasmic LC3‑I and 
autophagosome‑associated LC3‑II. At 8 weeks, prenatal LPS 
exposure resulted in significant suppression of autophagy 
activity as evidenced by a markedly decreased LC3II/I ratio 
(P<0.01) compared with controls. Conversely, this ratio was 
substantially elevated in 16‑week‑old LPS‑exposed offspring 
(P<0.01), indicating the paradoxical activation of autophagy 
pathways at later developmental stages. Western blotting of LV 
tissues revealed a significant reduction in DNMT1 expression 
at 8 weeks (P<0.05), followed by pronounced upregulation 
at 16 weeks (P<0.01) compared with age‑matched controls. 
Conversely, neither DNMT3A (P>0.05) nor DNMT3B 
(P>0.05) exhibited statistically significant differences between 
the experimental groups at either time point. Notably, while 
Cx43 exhibited discordance between protein and mRNA 
expression patterns, LC3 and DNMT1 demonstrated that the 
protein expression trends closely mirrored their respective 
mRNA levels (Fig. 5).

mRNA and protein expression of Cx43, LC3 and DNMT1 
in rat primary cardiac fibroblasts. LPS stimulation was 
applied to rat primary CFs to establish a pathological model 

Figure 2. Histopathological observation of LV in 8‑ and 16‑week‑old offspring rats. (A) Hematoxylin and eosin staining. (B) Masson trichrome staining and 
(C) CVF. Data are presented as mean ± SD. n=6 in each group. LV, left ventricular; CVF, collagen volume fraction; Con, control; LPS, lipopolysaccharide.

Figure 3. Immunolabeling of α‑smooth muscle actin in the heart. 
Con, control; LPS, lipopolysaccharide.
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mimicking the in  vivo conditions observed in prenatal 
LPS‑exposed offspring. Following 24 h LPS stimulation, both 
mRNA and protein levels of Cx43 and LC3 markedly down‑
regulated (P<0.01), whereas DNMT1 exhibited a pronounced 
up‑regulation at the transcriptional and translational levels 
(P<0.05) compared with untreated controls. This molecular 
profile resembled the pathological changes observed in 
prenatal LPS‑exposed offspring aged 8‑16  weeks, estab‑
lishing an in vitro model that recapitulates the key molecular 
features of developmental cardiac remodeling. To investigate 

Cx43‑dependent mechanisms, Cx43 was pharmacologically 
modulated using CBX as an inhibitor and ATRA as an 
agonist. CBX treatment effectively suppressed Cx43 expres‑
sion (P<0.05) and further reduced LC3 levels at the mRNA 
(P<0.01) and protein (P<0.05) levels, while also markedly 
attenuating DNMT1 expression (P<0.05 or 0.01) compared 
with LPS treatment alone. Cotreatment with LPS and ATRA 
increased both mRNA (P<0.05) and protein (P<0.05) expres‑
sion of Cx43 compared with the LPS‑stimulated group alone, 
subsequently restoring the protein and mRNA expression 

Figure 5. Protein expression of Cx43, LC3Ⅱ/Ⅰ, DNMT1, DNMT3A and DNMT3B in LV from offspring rat at (A) 8 and (B) 16 weeks. n=6 in each group. Cx43, 
connexin 43; DNMT, DNA methyltransferase; LV, left ventricular; Con, control; LPS, lipopolysaccharide.

Figure 4. mRNA expression of Cx43, LC3, DNMT1, DNMT3A and DNMT3B in the LV from offspring rats at the age of (A) 8 and (B) 16 weeks. Data are 
presented as mean ± SD. n=6 in each group. Cx43, connexin 43; DNMT, DNA methyltransferase; LV, left ventricular; Con, control; LPS, lipopolysaccharide.
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levels of DNMT1 and LC3 (P<0.05 or 0.01). These results 
demonstrated that Cx43 regulates autophagy‑related LC3 
dynamics and DNMT1‑mediated epigenetic modifications 
during fibrotic progression, reinforcing its position as an 
upstream node in this regulatory network (Fig. 6).

Discussion

The present study highlighted that maternal LPS exposure 
during pregnancy may induce a cardiac fibrotic shift. Notably, 
its key novel finding revealed age‑dependent progressive 

fibrotic alterations in the hearts of prenatally LPS‑exposed 
offspring rats, concomitant with reduced Cx43 expression. 
This extends our previous observations (3‑5,18). Cx43, the 
predominant membrane protein forming ventricular GJs, 
is essential for maintaining cardiac electrophysiological 
homeostasis. Substantial evidence suggests that reduced 
Cx43 expression can trigger excessive collagen deposition 
in aged and pathologically remodeled hearts (7). Notably, 
pharmacological interventions targeting fibrotic pathways, 
including renin‑angiotensin‑aldosterone system inhibitors 
or TGF‑β receptor blockers, ameliorate cardiac fibrosis 

Figure 6. Effect of Cx43 on the expression of LC3 and DNMT1 in vitro. (A) mRNA and (B) protein expression of Cx43, LC3 and DNMT1 in rat primary 
cardiac fibroblasts. Data are presented as mean ± SD. n=3/group. Control group, rat primary cardiac fibroblasts treated with culture media; LPS group, rat 
primary cardiac fibroblasts treated with culture media containing 10 µg/ml LPS; LPS + CBX group, rat primary cardiac fibroblasts treated with culture media 
containing 10 µg/ml LPS and 400 µM CBX; LPS + ATRA group, rat primary cardiac fibroblasts treated with culture media containing 10 µg/ml LPS and 
10 µM all‑trans retinoic acid. Cx43, connexin 43; DNMT, DNA methyltransferase; LPS, lipopolysaccharide; CBX, carbenoxolone; ATRA, all‑trans retinoic 
acid; Con, control; LPS, lipopolysaccharide.
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while restoring Cx43 expression. Similarly, GJ modifiers 
that upregulate Cx43 exhibit anti‑fibrotic effects, even in 
the contexts of TGF‑β pathway activation or pre‑existing 
cardiovascular pathologies (19,20). Although the mechanistic 
association between Cx43 dysregulation and fibrosis remains 
incompletely understood, emerging studies have proposed 
that Cx43 deficiency may disrupt cardiomyocyte‑fibroblast 
and fibroblast‑fibroblast coupling, thereby promoting fibro‑
blast activation, proinflammatory responses and collagen 
overproduction (7). Mechanistically, Cx43 downregulation 
via hemichannel blockade or autophagy‑dependent degrada‑
tion activates the MAPK/ERK pathway, which synergizes 
with Smad signaling to enhance collagen transcription and 
stabilize Col1a1 mRNA (21). Our prior study demonstrated 
persistent MAPK activation in the heart of LPS‑exposed 
offspring rats, particularly when challenged with secondary 
stressors in adulthood  (3). Furthermore, Cx43 facilitates 
microtubule‑dependent trafficking of voltage‑gated sodium 
channels (Nav1.5) to intercalated discs, suggesting its critical 
role in regulating Nav1.5 membrane localization and func‑
tion. Therefore, Cx43 downregulation may impair Nav1.5 
distribution, contributing to fibrosis via channel‑independent 
mechanisms  (22). Consistent with these findings, the 
present study revealed that Cx43 mediated GJ disruption 
and elevated α‑SMA expression in the cardiac tissues of 
prenatally LPS‑exposed offspring. Collectively, the present 
study proposed a novel paradigm in which intrauterine 
Cx43 suppression orchestrates ventricular fibrosis via 
channel‑dependent and independent pathways, providing 
new insights into fibrotic pathogenesis. A key f﻿﻿inding of the 
present study is that maternal LPS exposure induced local‑
ized, not systemic, RAS activation in the offspring heart, 
which is in line with previous observations  (18,23). This 
localized activation is key, as Ang‑II, the primary effector 
peptide of the RAS‑has been demonstrated in a rat isolated 
perfused beating atrial model to directly downregulate Cx43 
expression and to induce atrial fibrosis (24,25). Our previous 
studies further demonstrated that maternal LPS exposure 
during gestation induces offspring cardiac abnormalities, 
including localized inflammation, RAS activation, TGF‑β 
upregulation and hemodynamic overload, all of which 
are potential contributors to Cx43 downregulation and GJ 
impairment (4,26). Consequently, Cx43 reduction is a conse‑
quence of adverse fetal programming and an active regulator 
of fibrotic progression.

Notably, while prenatal LPS exposure induced upregu‑
lated Cx43 mRNA expression in 16‑week‑old offspring rats, 
its protein levels were paradoxically decreased, suggesting 
post‑translational Cx43 degradation. This observation aligns 
with the established role of autophagy in mediating protein 
turnover, which is particularly prominent under pathological 
stress (10). Consistent with this, there was a markedly elevated 
LC3‑II/I ratio, a biomarker of autophagic flux, in 16‑week‑old 
LPS‑exposed offspring, indicating that Cx43 downregulation 
may result from hyperactivated autophagy. In contrast to the 
16‑week cohort, 8‑week‑old LPS‑exposed offspring exhibited 
suppressed LC3‑II/I ratios. This temporal divergence suggests 
that autophagy may exert pleiotropic effects beyond Cx43 
degradation in the present model. Functionally, autophagy is 
a lysosome‑dependent quality control system that eliminates 

damaged cytoplasmic components, thereby maintaining 
homeostasis. Dysregulation of this process, whether insuf‑
ficient or excessive, disrupts the myocardial protein/organelle 
balance, with autophagy deficiency leading to toxic aggregate 
accumulation and hyperactivation resulting in destructive 
self‑digestion.

The relationship between autophagy and cardiac fibrosis 
is still unclear. For instance, transverse aortic constriction 
in mice for 8 weeks increased LV autophagy concomitantly 
with fibrosis progression (27). Similarly, renovascular hyper‑
tension induced myocardial autophagy specifically in 
domestic pigs with moderate but not mild hypertension 
and autophagic activity associated positively with fibrosis 
severity (28). Curcumin inhibited autophagy and attenuated 
isoproterenol‑induced fibrosis in rodent models (9). However, 
endothelial‑specific autophagy suppression, either by a specific 
inhibitor or siRNA for ATG5, exacerbates fibrotic responses 
in vitro and in vivo (29). These apparent contradictions likely 
stem from context‑dependent variables, including disease 
etiology, stage and intervention timing. In the present experi‑
mental paradigm, prenatal inflammation primes offspring 
rats for autophagy‑induced cardiac fibrosis. Notably, besides 
direct profibrotic effects, autophagy may indirectly perpetuate 
fibrosis via Cx43 dysregulation, thereby establishing a 
self‑reinforcing loop.

The present study revealed dynamic changes in DNMT1 
expression patterns in offspring rats exposed to prenatal LPS. 
The mRNA and protein levels of DNMT1 in cardiac tissue 
exhibited an initial decline at 8 weeks of age, followed by a 
rebound at 16 weeks. Conversely, DNMT3A and DNMT3B 
expression remained stable across these developmental stages. 
These temporal variations in DNMT1 activity may be key for 
cardiac fibrosis progression, given that CpG hypomethylation 
is implicated in fibrogenic genes transcriptional activa‑
tion. This aligns with previous findings demonstrating that 
DNMT1 suppression in TGF‑β‑stimulated cardiac fibroblasts 
promotes α‑SMA overexpression (30). Decreased DNMT1 
levels enhance TGF‑β receptor I expression, exacerbating 
fibroblast differentiation and fibrogenesis (30,31). Conversely, 
anti‑fibrotic genes hypermethylation mediated by DNMT3B 
upregulation, as observed in SUN2 gene silencing during 
hepatic fibrosis (32), highlights the complex epigenetic regu‑
lation of fibrosis. Notably, the concurrent dysregulation of 
α‑SMA, TGF‑β and DNMT1 in the present model suggested a 
potential mechanistic link to Cx43 modulation.

The present study observed discordant temporal patterns 
between autophagy activity and DNA methylation dynamics 
during age‑dependent fibrosis progression. This paradoxical 
relationship may reflect compensatory mechanisms that 
preserve cardiac homeostasis in younger offspring, consistent 
with prior reports that cardiac dysfunction in this model only 
manifests at 8 months of age (4). The present findings further 
implied both impaired autophagy and aberrant methylation 
patterns in Cx43 downregulation, highlighting their syner‑
gistic roles in modulating cellular responses during fibrotic 
remodeling. Emerging evidence positions Cx43 as a molecular 
nexus integrating diverse signaling pathways, suggesting that 
its interaction with epigenetic and autophagic regulators may 
operates through interconnected networks rather than isolated 
pathways  (33). To clarify these interactions, the present 
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study used an in vitro LPS‑treated cardiac fibroblast model 
with pharmacological interventions using a Cx43 inhibitor 
(CBX) and a Cx43 agonist (ATRA) (34,35), providing direct 
evidence of the central regulatory role of Cx43 in coordinating 
DNMT1 expression and autophagic activity. Cx43 inhibition 
blunted the LPS‑triggered rise in DNMT1 but deepened the 
suppression of LC3, whereas its activation rescued the expres‑
sion of both molecules. This dual effect aligns with the two 
established mechanisms of Cx43 function. First, by serving as 
an ATP‑release channel that activates P2X7 purinergic recep‑
tors, Cx43 promotes autophagy induction through multiple 
signaling cascades, a process mechanistically associated 
with pressure overload‑induced cardiac hypertrophy (36‑38). 
Second, the Cx43 downregulation observed following prenatal 
inflammation engages MAPK signaling pathways, consid‑
ering that pharmacological inhibition of MAPK restores 
DNMT1 expression in hypoxic cardiac progenitor cells (3,39). 
Collectively, these bidirectional manipulations confirm that 
Cx43 functions as an upstream modulator, whose activity 
state dynamically influences DNMT1‑mediated epigen‑
etic and autophagic responses in cardiac fibroblasts under 
inflammatory stress.

Furthermore, the observed cardiac DNMT1 biphasic, 
age‑dependent regulation in vivo, characterized by suppres‑
sion at 8 weeks followed by upregulation at 16 weeks, contrasts 
with its acute upregulation in LPS‑stimulated cardiac fibro‑
blasts in vitro. This apparent discrepancy likely originates 
from the fundamental differences in the experimental context, 
timeframe and biological complexity between the two models, 
which is a recognized challenge in translating in vitro find‑
ings to developmental programming phenotypes (40). In vivo 
findings reflect a chronic developmental programming process 
initiated by transient prenatal LPS exposure  (41). Early 
DNMT1 downregulation may represent an initial, maladap‑
tive, or compensatory response in the complex cardiac milieu, 
potentially facilitating the early expression of fibrogenic 
genes. Its subsequent rebound at 16 weeks could help stabilize 
the fibrotic phenotype or silencing protective pathways during 
later‑stage remodeling. Conversely, the in vitro model captures 
the acute cellular response of isolated fibroblasts to direct and 
sustained LPS stimulation, which mimics immediate profi‑
brotic activation and is marked by rapid DNMT1 induction (42). 
While this model recapitulates the key molecular features 
of fibroblast activation, it does not include the longer‑term 
temporal evolution or multicellular interactions inherent to the 
in vivo programmed phenotype. Therefore, these two models 
are complementary. The in vitro system elucidates the acute 
cell‑autonomous response, whereas the in vivo model reveals 
the integrated stage‑specific epigenetic dynamics within the 
programmed heart.

The present study focused on elucidating the consequences 
of maternal LPS exposure during gestation on offspring cardiac 
fibrosis, revealing a significant association with aberrant Cx43 
expression patterns. While its findings established a functional 
regulatory role for Cx43 activity, the precise mechanistic 
relationships underlying its interaction with autophagy and 
DNMT1‑mediated epigenetic modifications warrant further 
investigation. The complex regulatory landscape of Cx43, 
including its hemichannel activity, phosphorylation status and 
subcellular localization, must be systematically dissected to 

understand how these specific facets differentially influence 
the fibrotic process under inflammatory stress. Future studies 
using genetic tools and pathway‑specific inhibitors are crucial 
to map the exact downstream signaling cascades (for example, 
MAPK/ERK) that transduce Cx43 activity into alterations in 
autophagic flux and DNA methylation patterns.

Taken together, the data of the present study integrated 
with existing literature propose that Cx43 deficiency may 
serve as a molecular nexus connecting prenatal inflamma‑
tory insults to the developmental programming of cardiac 
fibrosis. This regulatory axis orchestrates a dynamic interplay 
between autophagic flux and DNA methylation machinery, 
potentially establishing persistent epigenetic imprints during 
cardiogenesis. These insights advance a novel paradigm 
for understanding fibrosis pathogenesis, in which early‑life 
inflammatory challenges may prime the cardiac epigenome 
via Cx43‑mediated pathways. Consequently, targeted interven‑
tions aimed at preserving Cx43 homeostasis during gestation 
could emerge as preventive strategies against adult‑onset 
cardiovascular diseases by disrupting this developmental 
programming cascade.
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