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Abstract OBJECTIVES: Modifying risk factors remains a primary strategy for preventing cardio- and 
cerebrovascular disease (CVD), and although treatment options for modifiable factors 
have expanded, effective management in practice remains challenging. Studies link 
Alzheimer's disease (AD) with CVD manifested by hypertension and intra‐ and extra-
cranial atherosclerosis and arteriosclerosis. Elevated plasma homocysteine (Hcy) level is 
recognized as a CVD risk factor, with even mild elevations linked to endothelial dysfunc-
tion. However, the exact role of Hcy in CVD is still uncertain. Moreover, AD-mediated 
degeneration of the brain's neuro-signalling pathways, together with a potential peripheral 
amyloid accumulation, may have detrimental effects on other organs, including the heart. 
MATERIAL & METHODS: In this study, Wistar rats received daily subcutaneous Hcy injec-
tions (1.2 μmol/g/day) for three weeks. After the treatment, the animals were sacrificed, 
and their hearts were perfused on a Langendorff system with Krebs – Henseleit solution. 
The hearts were fixed in formalin and prepared for histological and immunohistochemical 
analyses. 
RESULTS: The hHcy group showed increased perfusion pressure, reduced left ventricular 
end-diastolic pressure (LVDP), and lower heart contraction and relaxation indexes (+LV 
dP/dt and –LV dP/dt). Structural changes in the Hcy-treated group included increased cell 
volume, cardiomyocyte disintegration, and elevated programmed cell death occurrence. 
Immunohistochemical results revealed β-amyloid peptide deposits in Hcy-treated animals. 
CONCLUSION: These findings indicate that hHcy affects heart microcirculation and cardio-
myocytes, leading to changes in heart structure and function. These changes could be 
linked to the progression of the brain's neuro-signaling pathways dysregulation and likely 
future neurodegeneration.
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Introduction
Cardiovascular diseases (CVD) are the dominant 
cause of mortality worldwide, with an ever-increasing 
prevalence. From the point of view of etiology, these 
are multifactorial diseases caused by many risk factors, 
including lifestyle and the associated diet (Cai et al. 
2024). Nowadays, inappropriate eating habits include 
foods rich in sulfurous amino acids, such as methio-
nine. It is an essential amino acid, and with its high 
intake, patients can develop hyperhomocysteinemia 
(hHcy; González-Lamuño et al. 2024). Homocysteine 
(Hcy) is an intermediate product of the metabolic 
conversion of methionine to cysteine (Jakubowski 2019; 
Lehotsky et al. 2021). It is widely recognized in clinical 
practice as a risk factor for CVD development (Unadkat 
et al. 2024). Moreover, studies link most neurodegen-
erative diseases, such as Alzheimer's disease (AD), with 
CVD manifested by hypertension (Carnevale et al. 
2016; Lennon et al. 2019) and intra‐ and extracranial 
atherosclerosis and arteriosclerosis. Both AD and CVD 
are progressive diseases with decades‐long incubation 
periods before clinical manifestation (Saeed et al. 2023).

Many studies have confirmed the correlation 
between the increased concentration of hHcy in 
patients' plasma and ischemic heart disease, which most 
often arises based on the progression of the atheroscle-
rotic vascular process (Zhu et al. 2023; Unadkat et al. 
2024). It is a continuous inflammatory involvement 
of  the tunica intima of blood vessels with an increase 
in plasma permeability, lipid plaque accumulation, and 
subsequent fibrotisation and calcification. Hcy potenti-
ates the development of CVD by several pathomecha-
nisms (Jakubowski 2019), while cardiomyocyte damage 
might be directly proportional to its serum concentra-
tion. Studies confirm that an increase in plasma Hcy 
concentration of 5 μmol/l is associated with a 33.6 % 
increase in the risk of coronary heart disease and a 59 % 
increase in the risk of heart attack (Fan et al. 2017). 
Likewise, hHcy increases systolic and diastolic blood 
pressure and causes a decrease in vascular compliance 
manifested in hypertension (Chen et al. 2018), which 
could lead to neurodegeneration development (Saeed 
et al. 2023).

Furthermore, Hcy, as a stress factor, triggers the 
cellular apoptotic pathway. The most common occur-
rence of Hcy-induced apoptosis in endothelial cells and 
neurons is due to the accumulation of free oxygen radi-
cals (ROS – reactive oxygen species; Jakubowski 2019; 
Lehotsky et al. 2021; Zhang et al. 2021). While there are 
currently only a limited number of studies that describe 
the effect of Hcy on cardiomyocytes, understanding the 
pathogenesis of damage to these cells could pave the 
way for more effective therapies for patients with CVD. 

Moreover, the newly described cardiogenic dementia 
based on the heart-to-brain connection due to the 
compromised blood flow to the brain, amyloid, or 
atherosclerotic angiopathy may offer hope for improved 
treatment strategies for patients with ingoing AD (Liu 
et al. 2024).

Based on these findings, we monitored the effect 
of  an increased plasma concentration of Hcy on 
myocardial tissue morphology and functional param-
eters using the Langendorff perfusion system. We also 
analyzed the presence of cellular apoptosis, its localiza-
tion, and the abundance of apoptosis-specific protease 
(cleaved) caspase 3 in cardiomyocytes.

Our previous works on a similar hHcy-model 
with a lower daily dose of Hcy demonstrated AD-like 
pathology in the rat brain parenchyma and brain 
blood vessels amyloidosis (Kovalska et al. 2018, 2019). 
The AD-mediated degeneration of the brain's neuro-
signaling pathways, together with a potential peripheral 
amyloid accumulation, may also result in the derange-
ment of the peripheral nervous system, culminating in 
detrimental effects on other organs, including the heart 
(Elia et al. 2023). However, whether and how AD-like 
pathology modulates cardiac function, morphology, 
and amyloidosis remains unknown. Here, we report 
that cardiomyocyte apoptosis, β-amyloid peptide 42 
(Aβ42) accumulation, and histomorphological and 
functional changes occur in the heart of wild-type rats 
in hHcy conditions modeling AD-like pathology.

Material & methods
Experimental Procedures with Mild hHcy Induction
This study adhered to the Animal Care and Health 
guidelines set by the State Veterinary and Food Depart-
ment of Slovakia (approval number 3033-3/2020-220 
for animal experiments). It was conducted by Directive 
2010/63/EU of the European Parliament and Council 
concerning protecting animals used in scientific 
research. Given the antioxidant, anti-inflammatory, 
and cardioprotective properties of estrogen (Iorga et al. 
2017; Aryan et al. 2020), adult male Wistar rats (sourced 
from Dobra Voda, Bratislava, Slovakia) were selected 
for the study. The rats were 4 to 6 months old, with 
weights ranging from 430 to 490 grams (average weight 
460 g). Sixteen rats were included and kept in air-condi-
tioned rooms under standard conditions, maintaining 
a temperature of 22 ± 2 °C with a 12-hour light/dark 
cycle. Food and water were freely available at all times. 
Eight of the sixteen rats were subjected to a mild hHcy 
for 21 days. To induce mild hHcy, D, L-Hcy (Sigma-
Aldrich, Bratislava, Slovakia) was dissolved in a 0.85% 
(w/v) NaCl solution and adjusted to a pH of 7.4. The 
Hcy solution, at a dose of 0.6 μmol per gram of body 
weight, was administered subcutaneously in the dorsal 
region (in the loose skin over the flank) twice a day 
at 7 a.m. and 3 p.m. over 21 days as described by Matté 
et al. (2010). Following subcutaneous injection, Hcy 
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crosses the blood-brain barrier and reaches its peak 
concentration in the cerebrum and parietal cortex 
between 15 and 60 minutes (Streck et al. 2002; Matté 
et al. 2010). The dosage of Hcy was calculated based 
on pharmacokinetic parameters previously established 
by Martins et al. (2005), which achieved plasma Hcy 
levels in rats comparable to those in patients with mild 
hHcy (Streck et al. 2002). Meanwhile, the control group 
(C rats, n = 8) did not undergo the induction of mild 
hHcy. After assessing the daily Hcy injection intake, 
rats underwent mild hHcy induction, as described in 
our previous studies (Pavlikova et al. 2011; Petráš et al. 
2017; Kovalska et al. 2018, 2019). The animals’ weights 
were recorded on days 0, 7, 14, and 21 of the experi-
ment. On the 22nd day, blood samples (1.0 – 1.5  ml 
were obtained from the retroorbital venous plexus. 
After collecting the blood samples, they were promptly 
cooled on ice, centrifuged, and the resulting superna-
tant – plasma – was stored at -80 °C. We assessed the 
total plasma Hcy levels, following established protocols 
from our previous studies (Petráš et al. 2017; Kovalska 
et al. 2018, 2019) as well as other experimental (Sudduth 
et al. 2017; Weekman et al. 2019) and clinical works 
(Labinjoh et al. 2001; Nestel 2003) for evaluating the 
mild hHcy induced by the Hcy subcutaneous injections 
treatment.

On day 22, both experimental groups were decapi-
tated, and their hearts were carefully dissected and 
prepared for future analysis. Hearts from 4 animals 
from both groups (C and hHcy) underwent histolog-
ical and immunohistochemical analyses. Another four 
hearts from both groups (C and hHcy) were applied 
to  the Langendorff perfusion system, and their func-
tional parameters were examined.

Langendorff 's perfusion system and preparation 
of isolated hearts
Each animal was humanely decapitated following 5 min 
of anesthesia of 3.5 % sevoflurane in an O2/NO mixture 
(1:2), and then its heart was operated on. The heart was 
transferred in a physiological solution (0.15  mmol/l 
NaCl) with heparin, rapidly (within 1 minute) cannu-
lated through the aorta to ensure the maintenance 
of  spontaneous sinus rhythm and continuously 
perfused with Krebs-Henseleit solution (135  mmol/l 
NaCl; 5.4  mmol/l KCl; 0.9 mmol/l  MgCl2; 24 mmol/l 
NaHCO3; 1.2 mmol/l NaH2PO4; 1.8  mmol/l  CaCl2; 
10 mmol/l glucose; pH 7.4) saturated with 95 % O2 and 
5 % CO2 at 37°C and constant pressure of 73 mmHg. 
Isovolumetric left ventricular pressure was recorded 
with a latex balloon connected to a pressure trans-
ducer. The balloon was inserted into the left ventricle 
through the left atrium, and its volume was adjusted 
to achieve an initial left ventricular end-diastolic 
pressure of 8-12  mmHg. In the experiment, we used 
a  Langendorff perfusion system (AD Instruments, 
New Zealand) connected to a computer to record for 
20 minutes and evaluate all hemodynamic parameters 

using the LabChart Software (ADInstruments, Spech-
bach, Germany).

Histological and immunohistochemical staining 
of paraffin sections
The analyzed material was processed in the experiment 
according to standard tissue preparation protocols 
using the paraffin method (Carlson 2014), and it was 
subsequently stored in paraffin blocks. Ten 2 – 4 μm 
thick sections were cut from each paraffin block using 
a rotary microtome (Leica Biosystems, Germany) for 
evidence of histomorphological changes (hematoxylin-
eosin – H&E), apoptosis (cleaved caspase 3) and the 
presence of amyloid deposits (anti-Aβ-peptide). Indi-
vidual sections were subsequently transferred to the 
surface of an aqueous solution heated to 51°C. Heat 
treatment ensured the straightening of the section 
before placing it on a glass slide (TOMO® IHC Adhe-
sive Glass Slide, Matsunami Glass Ind., Ltd., Japan). 
The slides with the sections were placed in a thermo-
stat (Binder, Germany) at a temperature of 59 °C for 
1 hour to avoid possible sliding of the tissue during 
immunohistochemical staining. First, it was necessary 
to deparaffinize the slides with applied sections. When 
the paraffin was removed, the slides underwent basic 
histological staining (H&E) according to the standard 
protocols (Carlson 2014) and immunohistochemical 
analyses. Immunohistochemical methods included 
revitalization of the antigen for 20 minutes in a citrate 
buffer with a high pH (EnVision FLEX Target Retrieval 
solution, Dako Agilent, CA, United States; for both anti-
bodies) form, which was heated to 96 °C. After cooling 
the slides, we washed them in PBS solution. Sections 
were further incubated for 10 minutes in 3 % H2O2 
solution (blocking non-specific binding) and washed 
with PBS solution. We then allowed the sections to be 
incubated for 60 minutes with the primary antibody 
(cleaved) caspase 3 at the dilution 1:500 (rabbit poly-
clonal, ab2320, Abcam, Cambridge, UK). An additional 
antibody used in this work was anti-Aβ1 – 42 peptide 
(rabbit polyclonal, XHU-50U G, Millipore, MA, United 
States) in a dilution of 1:35, which was used to detect 
the presence of amyloid deposits. The excess antibody 
was washed away using a PBS solution. In the next step, 
we applied 100 μl of the detection system (Goat Anti-
Mouse Anti-Rabbit IgG/IgM H&L, AB2891; Abcam, 
Cambridge, UK) to each section, which we left to act 
until a brown reaction appeared. Sections were washed 
with distilled water, stained with hematoxylin (Dako 
Agilent, CA, United States) to highlight cell nuclei, 
cleared with xylene, and placed in a mounting medium 
(Entellan, Millipore, MA, United States). 

Quantitative Image Analysis
Serial longitudinal sections of the heart, each 2 – 4 
μm thick, were taken with every 10th section selected, 
covering approximately a 2 mm span. These sections 
were prepared and stained for analysis. For quanti-
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tative imaging, two independent, blinded observers 
conducted cell counts in the longitudinal heart sections, 
selecting three random fields per section for a double-
blind evaluation. Data from six sections per animal 
were combined and multiplied by 3 (representing three 
fields per left atrium region), resulting in the total posi-
tive cell count for the left atrium and ventricle.

Image brightness and contrast adjustments were 
standardized using Adobe Photoshop CS3 Extended, 
version 10.0 for Windows (Adobe Systems, CA, USA). 
Tiff-formatted longitudinal heart section images 
from both experimental groups (C and hHcy) were 
analyzed using ImageJ software (NIH, MD, USA). The 
RGB images were converted to 8-bit grayscale, and 
thresholds were set between 13 to 255 pixels. Particle 
analysis was applied with size settings from 0 mm2 
to infinity without shape constraints. The counting 
frame measured 0.6  ×  0.6 mm, and cell counts were 
performed manually with an automated count compar-
ison, yielding a 3 – 5% variation. Results were recorded 
as the total cell count per optical field (0.6 × 0.6 mm).

Statistical Analysis
Image analysis data and functional parameters under-
went statistical analysis using SPSS software (Version 
15.0; IL, USA), where the Kolmogorov–Smirnov test 
assessed data normality, with p < 0.05 as the significance 
threshold. GraphPad Prism software, version 6.01 for 
Windows (La Jolla, CA, USA), was utilized to analyze 
heart longitudinal section images. Group differences 
between control (C) and hHcy groups were examined 
using an unpaired t-test with Welch's correction, setting 
significance at p < 0.05.

Results
Functional parameters
In the hHcy-induced group, we observed a statistically 
significant increase in perfusion pressure values to 86.16 
± 4.52 during the experiment compared to the physio-
logical range of 73.14 ± 2.22 mmHg in the control group. 
This increase represented 17.8 % (p < 0.05). The pulse 
frequency in the hHcy group considerably increased 
compared to the control group, but this ascent was not 
statistically significant. It is necessary to mention that 
in all hHcy animals, it was hard to measure this value 
correctly due to sporadic arrhythmia. Evaluation of the 

left ventricular contraction rate (+LV dP/dt) and relax-
ation (-LV dP/dt) indices in the hHcy group showed a 
reduction of +LV dP/dt by 30.9 % (p < 0.05) and of -LV 
dP/dt by 17.4 % (p < 0.05) compared to control. Surpris-
ingly, the end-left ventricular pressure (LVDP) was 23.4 
% (p < 0.001) lower in the hHcy group compared to the 
control (Table 1).

Histomorphological analyses
Based on the physiological parameter analysis results, 
we focused on the left part of the heart for routine 
histological and immunohistochemical analyses. We 
used each animal's left ventricle (LV) and left atrium 
(LA; Figure 1) for observation.

With standard histological H&E staining, no patho-
logical changes were observed in the control group (C). 
Cardiomyocytes are polygonal cells with a cylindrical 
appearance with a centrally located nucleus. The peri-
nuclear cytoplasm does not contain myofibrils but is 
rich in cell organelles. The dark-colored lines at the 
interface of cardiomyocytes represent discs (Figure 1 – 
arrowhead), which provide a connection from cell to 
cell into the so-called functional syncytium. 

In the hHcy group affected by mild hHcy (21 days, 
c =  1.2 μmol/g of the animal/day), we detected the 
presence of hypertrophic cardiomyocytes during 
H&E staining in microscopic specimens (Figure 1 – 
red arrow). We observed lightening and enlargement 
of  perinuclear spaces of individual cardiomyocytes 
(Figure 1 – yellow empty arrow). As a result of cellular 
hypertrophy (Figure 1 – red arrow), the nuclei of cardio-
myocytes were large, pale, and morphologically changed 
(Figure 1 – yellow arrow). We ascertained a slight disin-
tegration of contractile proteins within individual cells 
(Figure 1 – green empty arrow). Additionally, we have 
detected several shrunk cardiomyocytes with a subse-
quent decrease in their diameter (Figure 1 – green 
arrow), likely due to the onset of ongoing apoptosis 
(Figure 1 – green arrow). Furthermore, we observed 
a much paler cytoplasm in the hypertrophic cardio-
myocytes, likely due to the effect of oxidative stress 
of hHcy on the mitochondria and smooth endoplasmic 
reticulum.

Immunohistochemical analyses
Using the cleaved caspase 3, which explicitly identifies 
cells subjected to cell death, we demonstrated a statis-

Tab. 1. Hearts functional parameters of control and hHcy groups

Parameters

Groups

Coronary flow 
(ml/min)

Perf. pressure 
(mmHg)

Pulse 
frequency/min

+LV dp/dT 
(mmHg/s)

-LV dp/dT 
(mmHg/s)

LVDP 
(mmHg)

C 17.86 ± 1.92 73.14 ± 2.22 205.12 ± 43.99 1721.68 ± 276.01 945.69 ± 215.01 95.14 ± 7.89

hHcy 16.64 ± 0.91 86.16 ± 4.52
*

260.31 ± 59.47 1190.34 ± 7.02
*

781.42 ± 91.09
*

72.88 ± 2.07
***

Annotations: +LV dp/dT – left ventricular contraction rate; -LV dP/dt – left ventricular relaxation; LVDP – end-left ventricular 
pressure
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tically significant and more intense positivity in LA 
with diffuse positivity at the peripheral myocardium 
in LV (Figure 2 – first column), and its localization 
was mainly in the nucleus. We detected an increase 
in cleaved caspase 3+ cardiomyocytes of LV (36.7-
fold; p  <  0.001) with a massive rise in LA (79.3-fold; 
p < 0.001; Figure 2). 

The statistical significance between positivity in LV 
and LA reached a 2.16-fold increase (p < 0.001; Figure 2 
– last column). Using immunohistochemical detection 
of the presence of Aβ-peptide, we also quantitatively 
evaluated the number of Aβ42+ cardiomyocytes in 
the hHcy group. Compared to the control group, we 
observed a statistically significant, 38-fold (p < 0.05) 

increase in Aβ42+ cardiomyocytes with diffuse, more 
peripheral localization in the LV of the hHcy group. 
In the LA analysis, we recorded a 146-fold (p < 0.001) 
increase in the number of Aβ42+ cardiomyocytes 
compared to the control. We also found striking, statis-
tically significant differences between LA and LV in the 
hHcy group. The increase in the post of Aβ42+ cardio-
myocytes per field in the LA hHcy group increased 
3.8-fold (p < 0.001) compared to LV (Figure 2). The 
localization of Aβ-peptide was in the perinuclear area 
(Figure 2 – brown arrow) of cardiomyocytes. Besides, 
we found Aβ42+ in the endothelium, tunica intima 
of small blood vessels, and platelets (Figure 3 – brown 
empty arrow).

Fig. 1. Microphotographs of rat myocardium in the cross (fi rst line) and longitudinal (second line) section stained with H&E 
(magnifi cation: 200x) in control (C) and hHcy groups.
In the center of the fi gure is a representative photograph of a longitudinal section of a rat heart stained with H&E. 
Annotations: Black arrow – normal nuclei; black empty arrow – intercalated disc; black arrowhead – normal cardiomyocyte; 
red arrow – hypertrophic cardiomyocyte; yellow arrow – hypertrophic nuclei; yellow empty arrow – swelling and 
lightening of perinuclear space; green empty arrow – the disintegration of contractile proteins; green arrows – shrinking 
cardiomyocytes; LV – left ventricle, LA – left atrium. Bar = 20 μm.
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Discussion
Over the past two decades, research has identified Hcy as 
an independent risk factor for CVD, thrombosis, vascu-
lopathies, systemic diseases, and cognitive disorders. 
However, its mechanisms are still not fully understood 
(Yin et al. 2022; Unadkat et al. 2024). Hcy’s association 
with CVD may involve endothelial and vascular smooth 
muscle dysfunction, platelet defects, and coagulation 
changes (Kolling et al. 2011). Hcy-induced oxidative 
stress and reduced nitric oxide (NO) availability are 
linked to atherosclerosis and thrombosis (Jakubowski, 
2019), while Hcy also disrupts vasodilator synthesis and 
promotes vascular wall remodeling, impacting elasticity 
and diastolic function (Ganguly & Alam 2015). Recent 
studies suggest Hcy may impair cardiac muscle and 
remodeling, as seen in renal disease patients and animal 
models (Zhang et al. 2021; Zhu et al. 2023). Addition-
ally, Hcy affects NO-dependent cardiac oxygen regula-

tion (Wang et al. 2012) and is associated with dementia 
and AD through its ties to atherosclerosis (Lennon et al. 
2019; Saeed et al. 2023; Liu et al. 2024).

Our results show that induced hHcy leads to signifi-
cant declines in cardiac function, marked by both systolic 
and diastolic dysfunction. Few studies have examined 
heart function parameters during hHcy. Timkova et al. 
(2016) similarly found myocardial contractile dysfunc-
tion in rats after two weeks of Hcy exposure. Wang et al. 
(2012) also observed that Hcy impaired cardiomyocyte 
contractility in vitro without affecting Ca2+ transients, 
possibly due to decreased sensitivity of  myofilaments 
to  Ca2+. Myofilament protein phosphorylation may 
regulate this interaction, as Liao et al. (2002) and 
Vahebi et al. (2007) found that dephosphorylation 
of α-tropomyosin via mitogen-activated protein kinase 
(MAPK/p38) reduces sarcomere tension and ATPase 
activity, potentially contributing to  Hcy-induced 
contractile dysfunction, which supports our findings.

Fig. 2. Representative microphotographs of rat myocardium with immunohistochemical analyses of the presence of apoptosis and Aβ-peptide in the 
myocardium of the hHcy group with statistical evaluation 
Demonstrative microphotographs of Casp3+ and Aβ42+ cardiomyocytes of rat heart myocardium in the LA and LV sections or rat 
myocardium (fi rst two columns). Bar = 20 μm; n = 4/group. The number of cleaved Casp3+ and Aβ+ cardiomyocytes in the LV and LA of the 
rat heart myocardium in the control and hHcy group (last column). The signifi cance of group mean diff erences was evaluated by unpaired 
t-test. Results are presented as mean ± SD, n=4/group, *p < 0.05, and ***p < 0.001 versus the control group; &&&p < 0.001 versus LA 
Annotations: + – positivity; Yellow arrows – positive nuclei; brown arrows – Aβ42+; brown empty arrows – Aβ42 presence in blood vessels 
(lumen, endothelium and tunica intima); Casp3 – caspase 3; LV – left ventricle, LA – left atrium
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In this study, examination of the Hcy’s direct effects 
on the myocardial structure has demonstrated specific 
changes such as hypertrophy of cardiomyocytes, peri-
nuclear space, and cytoplasm lightening with mild 
disintegration of contractile proteins and shrinking 
of individual cardiomyocytes. These align with the 
results of Joseph et al. (2003), who found that moderate 
hHcy in Wistar rats over 10 weeks led to myocardial 
remodeling, including cardiomyocyte hypertrophy and 
interstitial collagen build-up – more likely a compen-
satory response to early cell loss. Joseph et al. (2003) 
also showed that hHcy alone could induce pathological 
hypertrophy, ventricular remodeling, and diastolic 
dysfunction. This aligns with other studies linking 
hHcy to oxidative stress and mitochondrial damage 
(Petráš et  al. 2017; Jakubowski 2019; Yin et al. 2022), 
potentially explaining reduced cytoplasmic staining 
in our results, as similar mechanisms involving endo-
plasmic and mitochondrial stress contribute to myocar-
dial apoptosis (Zhang et al. 2021).

Apoptosis is critical in both CVD and AD pathology 
(Saeed et al. 2023) and may drive cardiac dysfunction 
and heart failure (Zhang et al. 2021; Ying et al. 2022; 
Cai et al. 2024). In this study, we found apoptosis in the 
LV, worsening LA outcomes under hHcy conditions, 
consistent with prior studies on functional deterioration 
(Wang et al. 2012; Timkova et al. 2016; Yin et al. 2022). 
Schurgers et al. (2016) showed that CVD patients have 
significantly higher apoptosis levels, making it a poten-
tial biomarker for mortality prediction in heart failure 
with possible links to the subsequent brain neurode-
generation. Cardiomyocyte loss further predicts cardiac 
dysfunction (Zhu et al. 2023; Cai et al. 2024). Under-
standing apoptosis in hHcy-related cardiomyopathy 
may inform interventional strategies, though more 
evidence is needed to clarify these pathways for clinical 
application.

Aβ42, the primary component of pathological cere-
brovascular amyloid deposits, was used in this study. 
Using immunohistochemistry, we detected incoming 
amyloidogenesis in the myocardium of wild-type rats, 
observing Aβ42+ cardiomyocytes in the LV and LA. 
Aβ42+ was visualized in the vascular endothelium, 
vessel walls, and within cardiomyocytes. Given the 
presence of Aβ-peptides in platelets and peripheral 
circulation, we also localized Aβ42 in the vessel lumen 
(Figure 2 – brown empty arrows; Jang et al. 2022). 
Troncone et al. (2016) similarly confirmed by echocar-
diographic measurements of myocardial function that 
patients with AD present with an anticipated diastolic 
dysfunction and intramyocardial deposits of Aβ42 in 
LV of AD patients. Zhu et al. (2023) determined the 
associations of plasma Aβ40 and Aβ42 with echocar-
diographic measurements of cardiac dysfunction and 
with incident heart failure in the general population. 
They proved that higher levels of Aβ40 were associated 
with worse cardiac function and a higher risk of new-
onset heart failure in the general population, in partic-

ular among men. The stronger association observed 
with Aβ40 may stem from Aβ42's tendency to escape 
from the bloodstream and accumulate in vascular 
beds and tissues (Lewis et al. 2006). Additionally, the 
accumulation of Aβ42 in cardiac mitochondria and its 
associated reduction in complex I respiration in cardio-
myocytes mirrors certain aspects of Aβ42 seen in AD 
(Hall et al. 2024), supporting our outcomes. Moreover, 
elevated systemic Aβ42 altered cardiac glucose metabo-
lism, leading to reduced glucose clearance. Cardiac 
glucose metabolism impairment affects heart func-
tion (Dai et al. 2020; Cluntun et al. 2021). Reflecting 
on these observations, Hall et al. (2024) demonstrated 
that administering Aβ42 to healthy mice resulted in 
significant defects in diastolic and systolic functions, 
corresponding to our study's results. The deposition 
of amyloid fibers from circulating Aβ-peptides in the 
heart may lead to subsequent cardiac dysfunction in AD 
patients (Troncone et al. 2016). This may occur through 
basolateral-to-apical transport of soluble Aβ-peptides 
or blood-brain barrier disruption, allowing Aβ-peptides 
leakage into circulation, as observed in human and AD 
mouse models (Pitschke et al. 1998; Ujiie et al. 2003). 
Significant levels of Aβ-peptides in peripheral blood 
and platelets have also been linked to worsened coro-
nary artery disease, suggesting that Aβ-peptides accu-
mulation in the heart may impair myocardial function 
in AD, indicating a more profound brain-to-heart 
pathological link beyond its vascular effects (Tron-
cone et al. 2016). This mechanism aligns with findings 
of Aβ-peptides toxicity in cardiomyocytes (Gianni et al. 
2010; Troncone et al. 2016) and neurons (Kovalska et al. 
2018, 2019). Amyloid proteins like Aβ-peptides activate 
proinflammatory and necrotic responses (Parry et al. 
2015), potentially further impacting myocardial func-
tion in hHcy conditions. Our results support the new 
hypothesis of cardiogenic dementia and align with Jang 
et al. (2022), who demonstrated that Aβ-toxicity is 
potentiated by Hcy and its adverse oxidative and excito-
toxic effects. An increase in Hcy concentration potenti-
ates an increase in its levels. 

Our results support the suggestion that the Hcy-
induced dysregulation of the brain's neuro-signaling 
pathways also influences the heart in the “heart-brain 
axis” and has a potential implication for both the 
cardiac and especially AD pathologies. The develop-
ment of therapies that modify disease progression is 
challenging, partly because AD has a long preclinical 
phase. This phase begins in midlife, presenting a signifi-
cant opportunity to identify and optimize risk factors 
for AD (Saeed et al. 2023).

Conclusion
Our results bring a novel understanding of the heart-
brain connection, revealing that these organs interact 
through neurovascular and humoral pathways, forming 
a heart-brain axis (Lennon et al. 2019), which can be 
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affected by Hcy. Our study documented that mild hHcy 
in wild-type rats led to functional cardiac changes, 
hypertrophy of cardiomyocytes, activation of apoptosis, 
and accumulation of Aβ42, one of the critical compo-
nents in AD-like pathology. This highlights the need 
for interdisciplinary collaboration to develop better 
diagnostic tools and identify high-risk groups, poten-
tially informing treatments for AD-related dementias 
and CVD (Saeed et al. 2023; Liu et al. 2024). Our find-
ings suggest therapeutic approaches that target diet and 
inhibit cardiomyocyte apoptosis may benefit CVD and 
early AD stages.
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