LYSOSOMAL STORAGE DISEASES AND CARDIOVASCULAR SYSTEM
(REVIEW ARTICLE)

JII30OCOMAJIBHI 3AXBOPIOBAHHSA TA CEPHEBO-CYJIMHHA
CUCTEMA (OI'JIAd JITEPATYPH)

Cepriii ITusoBap (Sergiy Pyvovar), moktop Mmeanuynux Hayk, goueHT, BITH3 «JIbBiBChbkHiA
MeauHui yHiBepcuTe», Ykpaina (Lviv medical University, Lviv, Ukraine)

FOpiii Pyauk (lurii Rudyk), nokTop meauunux Hayk, npodecop, HamioHansHuid iHCTUTYT Tepartii
imeni JI.T. Manoi HarionansHoi akagemii MequuHUX HayK YKpainu, Ykpaina (L.T.Malaya Therapy
National Institute of the National Academy of Medical Sciences of Ukraine, Ukraine)

*Corresponding author: Sergiy Pyvovar

Abstract. The analysis of literature data reflecting
the issues of the pathology of the cardiovascular
system in mucopolysaccharidosis are presented. It
was found out that heart and vessels damage is
one of the cardinal signs of this pathology, often
leading to death. Cardiac pathology is recorded in
all types of mucopolysaccharidosis, but it is most
significant for patients with three clinical variants
of Hurler syndrome, Hunter, and Maroteaux—
Lamy syndromes. Typical signs of damage to the
cardiovascular system in mucopolysaccharidosis
are thickening of the valves with the development
of their dysfunction (while the severity of damage
to the left-sided valves is more pronounced),
myocardial hypertrophy, conduction disturbance,
coronary artery disease, arterial hypertension.
Many researchers emphasize the difficulties of
clinical and functional examination of the
cardiovascular ~ system in  patients  with
mucopolysaccharidosis, which is due to the
presence of physical and intellectual limitations in
patients, ands a gradual increase in symptoms. For
the treatment of cardiovascular pathology at
mucopolysaccharidosis, medical and surgical
methods are used, including enzyme replacement
therapy and stem cell transplantation.
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Amnoranis. [IpoBeneHo aHai3 JaHuX JiTepaTypH,
SIKi BiZIOOpakaloTh THUTAHHS TATOJIOTii CEpIIEeBO-

CYAMHHOI CHCTEMH IIpH MYKOIIOJicaXxapumo3ax.
BcranoBneno, mo ypakeHHsI ceplsl Ta CYAHH €
OJHIEI0 3 OCHOBHHMX O3HaK I[i€l MATOJIOrii, sKa
9acTO TMPHU3BOIUTH JIO CMepTi. BpaxeHHs
CEepIIEBO-CYIMHHOI CHCTEMH PEECTPYETHCS TIPH
BCiX BHJaX MYKOTOJIicaxapuao3ax, ajie HaiOimb
3HAUyIOIOl0 BOHA € y XBOPHX 13 TphoMa
KIIHIYHAMHA BapiaHTaMu cHHApoMiB ['epnepa,
Xantepa Ta  Mapo-Jlemi.  XapakTepHUMHU
O3HAaKaMHU ypakKeHHsI CepIEBO-CyIMHHOI CUCTEMHU
Opd  MYKOMNOJNicaxapuao3aXx €  IOTOBIICHHS
KJIamaHiB 3  pPO3BUTKOM  iX  JUCYHKUIT
(BUpakeHICTh ~ ypaKeHHs  MITpaJlbHOrO  Ta
AOPTAILHOTO KJIAMAaHIB € OUTBINOI0), TimepTpodis
MioKapnia, TmopymeHHs mposimHocTi, [XC,
aprepiaiibHa TinmepTeH3is. barato mocnimHMKIB

HaroJoNIyloTh HAa  TPYyIHOIIAX KITIIHIKO-
(hyHKITIOHATHFHOTO JTOCIII KEHHS cepIieBo-
CYJIMHHOL CHCTEMU y XBOPHUX
MYKOTIOJTicaxapuI03aMH, 110 3YMOBJICHO

HasBHICTIO (I3UYHUX Ta  IHTENEKTyaJbHUX
OOMeXeHb y HHX, IOCTYIOBHM HapOCTaHHSIM
cumrnToMiB. Jls JiKyBaHHS CepIEBO-CYIWHHOT
[aToJorii npu MYKOIIOJTicaxapuao3ax
BUKOPHCTOBYIOTHCS MeIMKaMeHTO3Hi Ta
XIpypriydi ~ METOIW,  BKJIIOYAIOYH  3aMiCHY
(depMeHTHY  Tepamilo Ta  TPaHCIUIAHTAIlI0
CTOBOYpPOBHX KJIITHH.

KarouoBi  ciaoma:  jizocomanbHa ~ XBOpoOa
HAKOMWYEHHS, MYKOIIOJIiCaxapua03u, CepLeBO-
CYAMHHA CHCTEMa, J1IarHOCTHKA, JTIKyBaHHS.

Introduction. Chronic heart failure (CHF) is an urgent problem of modern
medicine due to the widespread, progressive course and adverse outcome [1]. The
most common causes of CHF in the European population are ischemic heart disease,

arterial  hypertension, myocarditis,

arrhythmias, dilated and hypertrophic

cardiomyopathy [1]. Meanwhile, there is a large group of hereditary metabolic
disorders, in which the clinical manifestation of heart disease occurs at the age of 30-
40. Hereditary metabolic disorders are the most complex and large group of diseases,



errors in the diagnosis of which are often take place in pediatric practice, and
especially in adult patients. Hereditary metabolic disorders include about 800
diseases [2]. Their incidence, according to mass screening, is estimated as 1:500 -
1:1000 births [2]. These inherited conditions are also referred to as storage diseases

[2].

Mucopolysaccharidosis (MPS) is one of the most common nosological forms
of storage disease. In this pathology, as a result of a deficiency of lysosomal
enzymes, the catabolism of the main substance of the connective tissue -
glycosoaminoglycans is disrupted, they accumulate in lysosomes, which leads to
gross cellular changes and the formation of a characteristic clinical picture.

The purpose of the study was to analyze the literature data on damage to the
cardiovascular system in patients with mucopolysaccharidosis.

Materials and methods. The narrative review represents an assessment of the
most pertinent literary sources published in English language from 1994 to 2024,
which dealt with the issues of lysosomal storage diseases and damage cardiovascular
system.

The research of the article is a fragment of research works: Lviv Medical
Institute on the topic of "Improving the system of circulation of drugs during
pharmacotherapy on the basis of evidentiary and forensic pharmacy, organization,
technology, biopharmacy and pharmaceutical law" (state registration number
0120U105348, implementation period 2021-2026) and Department of clinical
pharmacology and pharmacogenetics non infective diseases of The state institute
“National Institute of Therapy n.a. L. Malaya of NAMS of Ukraine” on the topic of
"Develop pharmacogenetic methods for prevention of decompensation of heart
failure in patients with ischemic heart disease who have survived COVID-19" (state
registration number 0122U000391, implementation period 2022-2024).

Results and discussion. According to the literature, the most common clinical
types of mucopolysaccharidoses are Hurler and Hunter syndromes (MPS | and II).
Hunter syndrome is characterized by recessive inheritance linked to the X
chromosome; other types of mucopolysaccharidosis are inherited in an autosomal
recessive manner. MPS | include three clinical variants: Hurler, Hurler-Scheie, and
Scheie syndromes.

Hurler syndrome is characterized by the highest incidence, early manifestation
(in the first months of life), the most severe clinical manifestations, and a shorter life
span of the patient [3Error! Reference source not found.].

Hurler-Scheie syndrome (MPS IH / S) is characterized by later (on 1-2 years of
life) symptoms manifestation, less severe, longer life expectancy and normal or
slightly reduced intelligence. Patients are usually adequately socially adapted,
successfully study in general education schools, often have hobbies and receive
secondary special or higher education (more often humanitarian) [3Error! Reference
source not found.].

Sheye syndrome (MPS IS) is characterized by an even milder course of the
disease, mild manifestations of craniofacial dysmorphism (dysostosis), and normal
intelligence. Patients, as a rule, are perfectly integrated into society, can have
academic degrees, hold leadership positions, as well as marry and have healthy
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offspring [4Error! Reference source not found.].

Hunter syndrome is divided into two forms by severity of clinical symptoms:
mild and severe. Patients with a severe form of the disease have severe mental
retardation and a shorter life expectancy (usually not exceeding 15-16 years).
Children with a mild form of the disease are distinguished by normal intelligence,
longer life expectancy (up to 50 years or more), can study in a general education
program, successfully graduate from higher educational institutions, and work no less
successful in their specialty, as well as marry and have healthy offspring [4].

All 4 types of Sanfilippo syndrome are some of the most severe forms of
pathology. In the Slavic population, Sanfilippo A syndrome is more common, while
cases of MPS I1ID were not recorded in all. The disease is distinguished by a gross
decrease in intelligence, as a rule, normal indicators of physical development, and
less pronounced damage to other vital organs and systems of the body. According to
researchers [5], clinically all 4 types of Sanfilippo syndrome are indistinguishable.

Morquio A and B syndromes are characterized by disproportionate dwarfism,
rickets-like skeletal changes, and normal intelligence, which contributes to their
normal integration into society [5].

Maroteaux—Lamy syndrome is distinguished by dwarf growth with pronounced
changes in the musculoskeletal system, pathology of the cardiovascular system,
parenchymal organs, eyes, and hearing, as well as normal intelligence. There are two
forms of the disease - mild and severe [6].

Damage to the cardiovascular system is one of the cardinal signs of
mucopolysaccharidosis. These changes are of a varied nature and are observed in
almost all types of the disease. The first cardiological studies in patients with
mucopolysaccharidosis were performed about 50 years ago [6, 7]. It was found that
the first place in incidence, timing of manifestation and severity of the pathological
process of the cardiovascular system is occupied by MPS I, Il and VI, while in
patients with Sanfilippo and Morquio syndromes, these changes are much less
common [8, 9, 10Error! Reference source not found.]. Too low prevalence of MPS
V11 did not allow to determine the frequency of heart damage in Sly syndrome.

Analysis of the causes of death in patients with various types of
mucopolysaccharidosis who did not receive pathogenetic therapy showed that death
most often occurred as a result of respiratory failure or heart disease [11]. Among the
latter, the most significant are heart failure, sudden death from arrhythmia (including
complete atrioventricular block) [12] and coronary artery occlusion [12].

Heart damage in mucopolysaccharidosis for a long time is not accompanied by
characteristic clinical symptoms and therefore remains undiagnosed. This fact entails
a significant decrease in the true percentage of the incidence of heart disease in
mucopolysaccharidosis. So, only 6 of 26 patients with MPS and echocardiographic
signs of heart damage had clinical manifestations from the cardiovascular system
[13]. This gave the researchers reason to emphasize the importance and need for
patients to conduct a complete examination of the heart after mucopolysaccharidosis
diagnosed [14].

The frequency and severity of heart disease. Very high prevalence and
severity of cardiovascular disorders (ranging from 60 to 100%) was revealed in
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individuals with various types of mucopolysaccharidosis (mainly MPS 1, 11, and VI)
[3, 8]. The relationship between the damage of heart valves and the disorder of
dermatan sulfate catabolism was revealed. This primarily applies to three clinical
variants of mucopolysaccharidosis I, as well as Hunter and Maroteaux—Lamy
syndromes (MPS Il and VI), but does not apply to MPS IIl and IV at all, since
Sanfilippo and Morquio syndromes are characterized by the accumulation of
heparan- and keratan sulfates, respectively [9Error! Reference source not found.].

In individuals with MPS | clinical variant (Hurler syndrome), heart disease
usually develops at an early age and progresses rapidly [14Error! Reference source
not found.], while in Hurler-Sheye and Sheye syndromes, heart damage manifests
itself much later and is characterized by a milder and slower course [16, 17Error!
Reference source not found.]. Nevertheless, researchers pay attention to the
progression of all types of mucopolysaccharidosis and emphasize that this primarily
concerns heart damage, the frequency and severity of which increases with the
patient's age [8Error! Reference source not found.].

Most researchers consider the most characteristic heart pathology in
mucopolysaccharidosis to be progressive damage to its valves, which is recorded in
60-90% of patients [8Error! Reference source not found.]. Valve thickening with
the development of dysfunction is observed in all patients with severe MPS VI [16,
18Error! Reference source not found.], in more than 80% of individuals with three
clinical variants of MPS | [19Error! Reference source not found.] and 57 % of
patients with Hunter syndrome (MPS II) [20Error! Reference source not found.].
Most studies report that valve regurgitation is more common than stenosis. In this
case, the damage of the mitral valve is more common than the aortic one. Left-sided
valves (mitral and aortic) are damaged more significantly comparing to right-sided
(tricuspid and pulmonary) [19Error! Reference source not found.]

Valvular stenosis or insufficiency leads to volume overload of the left atrium
and/or ventricle, dilatation, and hypertrophy of the latter, and ultimately to systolic
and diastolic dysfunction. Retrospective observation of patients with various types of
mucopolysaccharidosis states that left ventricular hypertrophy and diastolic
dysfunction are manifested in the early stages of the underlying disease, while
ventricular dilatation and systolic dysfunction are characteristic of the later stages of
the disease. The results of a pathomorphological examination of the mitral valve
leaflets in patients with mucopolysaccharidosis indicate their noticeable diffuse
thickening and significant compaction (cartilage-like consistency). Chordae tendineae
are shortened, papillary muscles are thickened, which leads to restriction of leaflet
mobility [21Error! Reference source not found.]. Calcium deposits are usually
found in the mitral annulus [22, 23Error! Reference source not found.]. A similar
picture is observed at the aortic valve: its progressive thickening and dysfunction
occurs. These pathological changes cause insufficiency and / or stenosis, which are
easily identified by two-dimensional echocardiography and Doppler scanning
[24Error! Reference source not found.]. Such violations are recorded, as a rule, at a
late stage of the disease.

Damage to the coronary arteries. Narrowing of the coronary arteries and / or
occlusion have been described in patients with all types of mucopolysaccharidosis
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[25Error! Reference source not found.], but most often this pathology occurs in the
Hurler and Hunter syndromes (MPS | and II).

Diffuse proliferation of the intima of large epicardial coronary arteries, leading
to a narrowing of the vessel lumen, is due to glycosaminoglycans accumulation.
These changes are most early manifested in patients with the first clinical variant of
Hurler syndrome [16Error! Reference source not found.]. Coronary arteries
occlusion almost always occurs in the central zone. Apical left ventricular aneurysms
and occlusions of coronary arterioles are also characteristic of MPS Il and VI (Hunter
and Maroteaux-Lamy syndromes) [25Error! Reference source not found.]Error!
Reference source not found..

Other vascular abnormalities. In patients with mucopolysaccharidosis, an
increase in the wall thickness of large vessels with a narrowing or expansion of their
diameter is found [16Error! Reference source not found.]. Diffuse narrowing of the
thoracic and abdominal aorta occurs in 30% of individuals with
mucopolysaccharidosis | and 11. Narrowing of the aortic isthmus may require surgical
intervention [26Error! Reference source not found.]. Arterial hypertension due to
vasoconstriction is common among people with MPS | and Il [27Error! Reference
source not found.] and less common in other types, primarily in Maroteaux-Lamy
syndrome [28Error! Reference source not found.]. The expansion of the ascending
aorta is accompanied by a significant decrease in the elasticity of the vessel with
MPS | [29Error! Reference source not found.]. This may be due to the effect of
glycosaminoglycans on tropoelastin, resulting in a decrease in elastin content
[30Error! Reference source not found.].

Studies carried out on experimental animals with MPS | and VIl have shown
that dilatation of the aorta occurs due to elastin degradation under the influence of
matrix metalloproteinase-12 and / or cathepsin S [31, 32Error! Reference source
not found.].

Heart rhythms and conduction abnormality. Conduction abnormalities are
most often (44%) recorded in patients with MPS VI and much less frequently (7%) in
patients with MPS | [4Error! Reference source not found.]. In a number of cases,
in probands with MPS I, 1l and VI, the development of complete atrioventricular
block was documented, followed by the need for implantation of a pacemaker
[33Error! Reference source not found.]. Fibrosis of conduction system of the heart
with infiltration with glycosaminoglycans was identified in one patient with MPS VI,
who died suddenly [33Error! Reference source not found.].

The role of glycosaminoglycans in the genesis of cardiovascular disorders.
Most authors believe that glycosaminoglycans accumulation with their increasing
infiltration of the tissue of the heart and blood vessels is responsible for the
anatomical and functional changes in the valves, coronary arteries, blood vessels, the
conduction system and the myocardium [33Error! Reference source not found.].

A large number of studies on the analysis of histological and morphological
parameters in patients with mucopolysaccharidosis is devoted to MPS I, especially
with its first clinical variant — Hurler syndrome. It was found that the characteristic of
the disease is an increased content of glycosaminoglycans in the heart and blood
vessels, as well as the penetration of "light" and granular cells into the valves of the
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heart (leaflets, annulus and chordae tendineae), endocardium, myocardium, coronary
arteries, aorta and conduction system [35Error! Reference source not found.].
Examination of heart tissue using light microscopy revealed vacuolated cells with
increased cytoplasm, which are morphological consequences of the accumulation of
glycosaminoglycans [16Error! Reference source not found.].

It is known that sulfated glycosaminoglycans: heparan-, dermatan-,
chondroitin- and keratan sulfates are normal components of heart valves and major
vessels [36Error! Reference source not found., 37Error! Reference source not
found.]. Studies have showed the effect of impaired catabolism of proteoglycans on
the genesis of mitral valve myxomatosis [38Error! Reference source not found.],
aortic aneurysms [38Error! Reference source not found.] and vascular
atherosclerosis [38Error! Reference source not found.]. It was previously noted
that dermatan sulfate is an important component of normal valve tissue [37Error!
Reference source not found.]. This explains the strong association of MPS I, 1l and
VI with the pathology of the heart valves, characterized by the predominant
accumulation of dermatan sulfate [13Error! Reference source not found.]. In the
heart valves of patients with all types of mucopolysaccharidosis, there are
glycosaminoglycan cells, the so-called "clear" cells, "Gargoyle”, or “Hurler” cells.
These cells have also been identified in mucopolysaccharidosis type | [40, 41Error!
Reference source not found.].

The mechanisms by which the accumulation of heparan sulfated proteoglycans
and the presence of vascular interstitial cells affect the major vessels and coronary
arteries in mucopolysaccharidosis types I, 11, and Il remain unknown. According to
one hypothesis, glycosaminoglycans induce inflammation by activating the Toll-like
receptor 4, which leads to the degradation of proteases [42Error! Reference source
not found.].

Diagnosis of mucopolysaccharoidosis is based on the clinical picture, genetic
testing and determination of the levels of metabolites in the urine: dermatan sulfate,
heparan sulfate, chondroitin 4-sulfate, chondroitin 6-sulfate, keratin sulfate [SError!
Reference source not found.].

Diagnosis of the pathology of the cardiovascular system with
mucopolysaccharidosis. A complete examination of the patient should include
measuring blood pressure in the upper and lower limbs (to exclude coarctation of the
aorta), measurement of the pulse rate, palpation of the pulse in all limbs, and careful
auscultation of the heart and lungs. Other aspects of cardiac examination, such as
evaluation of the jugular veins or hepatosplenomegaly, may not be feasible due to the
short neck and enlargement of the patient's internal organs. Multiple dysostosis and
joint contractures complicate the measurement of blood pressure. Auscultation of
heart sounds is often difficult due to the patient's noisy breathing.

The absence of heart murmurs does not exclude the presence of valvular
disease. It is known that valvular stenosis / or regurgitation of mild and moderate
degree is often not accompanied by changes in the auscultatory signs [13Error!
Reference source not found.].

Transthoracic echocardiography provides a reliable measurement of the
dimensions of the ventricular chambers (both systolic and diastolic), the thickness of
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the interventricular septum and posterior wall, and myocardial mass, which are
calculated taking into account the relative surface area of the body.

With the help of echocardiography, the precise parameters of the contractility
function of the left ventricle (fractional shortening and ejection fractions) can be
determined. Doppler flows of heart valves allow to differentiate stenosis and
regurgitation of valves, as well as to assess the state of the right ventricle and
pressure in the pulmonary artery [13Error! Reference source not found.].

However, despite its advantages, echocardiography provides only limited
information about the condition of the coronary arteries. So, in some cases,
transthoracic echocardiography is difficult to perform, due to the presence of
scoliosis or pulmonary emphysema in the patient. In this situation, transesophageal
echocardiography is more informative.

Magnetic resonance imaging and computed tomography are highly
informative methods for studying the cardiovascular system in adult patients with
mucopolysaccharidosis [43Error! Reference source not found.]. It should be noted
that the picture of coronary arteriopathy in patients with mucopolysaccharidosis is
very different from that in ischemic heart disease [44Error! Reference source not
found.].

Treatment of lesions of the cardiovascular system  with
mucopolysaccharidosis.  Patient  treatment depends on the type of
mucopolysaccharidosis and includes symptomatic medication and surgery, enzyme
replacement therapy, or hematopoietic stem cell transplantation [24Error! Reference
source not found.]. If symptomatic medical care is focused on drug therapy
(including the treatment of heart failure) and cardiac surgery, pathogenetic therapy
(hematopoietic stem cell transplantation and enzyme replacement therapy) is aimed at
restoring the function of the enzyme, which gradually stops the progression of the
disease.

Pathogenetic therapy prolongs life expectancy and improves medical condition.
Currently, enzyme replacement therapy drugs have been obtained for the treatment of
MPS | (laronidase), MPS Il (idursulfase) and MPS VI (galsulfase) [5Error!
Reference source not found.]. A genetically engineered enzyme replacement drug is
undergoing clinical trials for the treatment of patients with MSP-IVA - Morquio A
syndrome [5Error! Reference source not found.]. The principle of enzyme
replacement therapy is based on restoring the level of enzymatic activity sufficient
for hydrolysis of accumulated substrates and to prevent their further accumulation.
The drugs are administered parenterally [SError! Reference source not found.].
Long-term use of enzyme replacement therapy can improve the systolic function of
the ventricles and lead to the disappearance of cardiac hypertrophy in both adults and
children with mucopolysaccharidosis types | and Il. However, enzyme replacement
therapy does not prevent the progression of valve stenosis and regurgitation in MPS I,
Il and VI [SError! Reference source not found.] According to the publications [24,
44Error! Reference source not found.Error! Reference source not found.] it will
be more effective to use other stem cells, for example, mesenchymal or neuronal, as
well as a combination of hematopoietic stem cell transplantation with other methods
of therapy, primarily with enzyme replacement.
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Conclusions. The early diagnosis and timely pathogenetic treatment of
mucopolysaccharidosis will help prevent disability of patients and their adequate
integration into society. Effective medical and genetic counseling of families will
significantly reduce the occurrence of new cases of these severe hereditary diseases.
Gene therapy is considered one of the priority directions in the treatment of
mucopolysaccharidoses. The most significant advances in gene therapy using viral
vectors have Dbeen obtained in experimental models of mice with
mucopolysaccharidosis type VII. The basis for the prevention of
mucopolysaccharidosis is medical and genetic counseling of families, followed by
prenatal diagnosis using molecular genetic methods (DNA diagnostics).
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