)
W ISSN 2304-3415, Russian Open Medical Journal lof5
R @ MJ 2021. Volume 10. Issue 4 (December). Article CID e0416 Cardiology

DOI: 10.15275/rusom|.2021.0416

Review
Modern approaches to cardiovascular amyloidosis treatment
Svetlana N. Morozkina, Petr P. Snetkov, Roman O. Olekhnovich, Mayya V. Uspenskaya

ITMO University, Saint Petersburg, Russia

Received 5 October 2021, Revised 26 November 2021, Accepted 10 December 2021

2021, Russian Open Medical Journal

Abstract: Cardiovascular (cardiac) amyloidosis (CA) is a clinical pathology, usually of a geneticallymediated nature, initiated by the
precipitation process of the insoluble fibrous protein with B-pleated sheet secondary structure. Such anomalous changes lead to the
formation of amyloid fibrils, which may give rise to various forms of amyloidosis. Amyloid formation can be found in various organs and
systems, such as cardiovascular system, central and peripheral nervous systems, liver, urinary tract, etc. CA is a rare degenerative disease
resulting in congestive cardiac failure and heart arrhythmia with subsequent untimely death. Unfortunately, up to date, the choice of
medications for treating amyloidosis is very limited. In this paper, we review clinically used pharmaceutical drugs for CA treatment, along

with some delivery systems for such compounds.
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Introduction

Cardiomyopathies are a group of severe diseases. On most
occasions, they represent genetical damages of the myocardium,
in which its structure and function are impaired; hence, heart
failure syndrome develops [1]. In 2015, cardiomyopathy and
myocarditis affected 2.5 million people [2].

CA is found in 2.3% of deceased under the age of 50 years old;
however, in 50-70 years old people, its prevalence is 30%; in the
age group of 70-80 years old, it occurs in 41% of patients; and in
those who died over the age of 90, amyloidosis was found in 71-
90% of cases. Aortic amyloidosis is less common, but its incidence
also increases with age, reaching 53% after 90 years of age. Severe
damage and disability, lack of effective preventive measures and
treatment, and diversity of visceral manifestations, as well as
insufficient knowledge of its etiology and pathogenesis, determine
the relevance of studying amyloidosis in general, and its
cardiopathic type in particular. With the development of
microcirculatory disorders, amyloid can be deposited in any
cardiac structure, including pericardium, valves, myocardial
stroma, endocardium, papillary muscles, and small vessels of the
myocardium. However, at autopsy, it could be diagnosed only by
microscopy rather than macroscopically [3].

Transthyretin  (TTR, thyroxine-binding prealbumin  with
molecular weight of 55 kDa) is a profuse protein produced by the
liver. It functions as a transporter of thyroxine and retinol. It
circulates predominantly as a homotetramer, with a small amount
of TTR circulating in monomeric form. The monomeric form of TTR
is prone to abnormal folding and is gradually deposited as amyloid
deposits.

Until a few years ago, TTR was used in clinical practice as a
unique marker to identify several pathological conditions. Thus,
TTR serum concentration could be used as a differential
characteristic of a variety of nutritional/inflammatory processes.
Moreover, as an etiological marker, TTR belongs to the group of
human-derived proteins related to amyloidosis via the formation
and aggregation of improperly folded proteins [4].

The abnormal folding of TTR, including limiting tetramer
dissociation and partial monomer denaturation, is sufficient for
TTR misassembly into amyloid and other abnormal quaternary
structures, associated with senile systemic amyloidosis, familial
amyloid polyneuropathy, and familial amyloid cardiomyopathy.

Two main subtypes of TTR amyloidosis (ATTR) exist: wild-type
ATTR and mutant ATTR. In the former, TTR is a normal
(nonmutated) protein, and over a period of decades, it gradually
sediments in the form of amyloid deposits. Although small
amounts of deposits may occur in the soft tissue (causing carpal
tunnel syndrome) and vasculature, the primary pathologic
deposits occur in the heart.

Patients with mutant ATTR are born with a pathologic
mutation in the TTR gene, leading to accelerated amyloid
deposition. Most commonly, mutant ATTR is deposited in the
heart and/or nerves, with the pattern of deposition largely
dependent on the mutation. In the United States, the most
commonly encountered mutation is by far V122l mutation: it is
present in 3-3.5% of individuals of African descent. The exact
penetrance of the mutation is unknown (most likely, it is <10%
[5]), but it is almost certainly a severely underdiagnosed form of
heart failure in the African American population.
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Prognosis in amyloidosis is dependent primarily on the degree
of cardiac involvement. In amyloid light-chain amyloidosis (AL
amyloidosis, also known as primary amyloidosis, which is the most
widespread form of systemic amyloidosis), the diagnosis depends
on circulating light-chain levels. Because chemotherapy options
have greatly expanded in recent years, the prognosis for AL
amyloidosis, is has markedly improved as well, with the life
expectancy of most patients, including many of those with
significant cardiac involvement, measured in years rather than
months [6, 7]. The prognosis in ATTR is generally more favorable
than in AL amyloidosis, even though both forms of the disease
result in high annual mortality.

Treatment options for cardiac amyloidosis

Over the past decade, chemotherapy options for AL
amyloidosis have markedly improved, so that most patients are
able to achieve substantial reduction in their circulating pathologic
light chains, or complete normalization. Chemotherapy typically
involves the combination of multiple classes of antineoplastics,
including alkylators (e.g., melphalan or cyclophosphamide),
steroids (for instance, dexamethasone), proteasome inhibitors (for
example, bortezomib or carfilzomib), and/or immunomodulators
(such as lenalidomide or pomalidomide). An alternative strategy
involves autologous stem cell transplant utilizing high-dose
chemotherapy with an alkylating agent. Although autologous stem
cell transplant can be an effective method of lowering light chains
and is used by many medical centers, the only randomized trial
comparing it with conventional chemotherapy has established that
autologous stem cell transplant had inferior outcomes [8].

Because ATTR is not a malignant process, chemotherapy is of
no use. Although there are no currently approved disease-
modifying medications for ATTR, multiple agents were studied
and/or are in the late-phase clinical trials. These include the
following.

Diflunisal [5-(2,4-difluorophenyl) salicylic acid] (Figure 1a) is a
nonsteroidal anti-inflammatory drug (NSAID) used, in general, for
treating acute and chronic inflammatory diseases associated with
various pains, caused by osteoarthritis, rheumatoid joint
inflammation, essential dysmenorrhea, etc. [9].

It was established that this NSAID can also stabilize the
tetrameric form of TTR. A randomized trial demonstrated slowing
down the disease progression among patients with
polyneuropathy due to mutant ATTR [10]. Because NSAIDs are
somewhat contraindicated in heart failure, this drug is not likely to
be a good option for ATTR cardiomyopathy. Furthermore, in spite
of prolonged therapeutic effect, the oral use of diflunisal causes
serious gastrointestinal side effects, such as peptic ulcer disease,
bleeding, kidney damage, digestive disorder, gastrointestinal
distress, etc. [11].

Tafamidis (Figure 1b) is an oral form (Vydagel) approved in
some parts of the world (Europe and Japan) for mutant ATTR,
causing polyneuropathy, but it is not approved in the United
States. A phase 3 study investigating its usefulness in ATTR
cardiomyopathy (both wild-type ATTR and mutant ATTR) has
completed an enrollment [12]. Tafamidis is an effective and safe
oral medication for the treatment of cardiomyopathy of TTR-
mediated amyloidosis in adults, in order to reduce their
cardiovascular mortality and cardiovascular-related hospitalization
rates [28].

Two agents have been investigated that work via siRNA or RNA
interference (decreasing production of TTR by the liver) are in
phase 3 trials for ATTR, including both polyneuropathy and
cardiomyopathy forms [13,14].

In October of 2016, a phase lll clinical trial of revusiran (Figure
2) was halted due to increased mortality, and further development
of the compound was discontinued [15, 16].

Patisiran (its trade name is Onpattro™, Figure 3) was approved
for medical use to treat hereditary TTR-mediated amyloidosis in
the United States and the European Union in August 2018 [17-19].

Patisiran is a liposomal siRNA. It specifically reduces the
accumulation of TTR in tissues, which results in an improvement of
both neuropathy and cardiac function. Patisiran is considered a
prototype for smart drugs (nootropics) used in targeted therapy.

Patisiran is administered intravenously once every three
weeks, significantly reducing TTR content and improving the
patient’s neuropathy and quality of life. It demonstrated an
average TTR knockdown of 87% and a maximum TTR protein
knockdown of 96%. Although clinical trials implied its relatively
high toleration, its common side effects include tract infections,
infusion reactions [19, 20], as well as a reduction in the vitamin A
level [21].

An important drawback of patisiran is the high cost of
treatment, estimated at approximately $450,000 [22, 23].

Drug delivery systems for medications against cardiac
amyloidosis

The use of a drug delivery system (DDS), which may include
polymer nanoparticles, layer-by-layer capsules, dendrimers,
carbon nanotubes, micelles, liposomes, is always required to
enhance the efficacy and safety of therapeutic agents. It allows
reducing the dose and, as a result, minimizing side effects.
Nanoscale materials impact the kinetics of medicines in vivo,
depending on pathophysiological/physiological mechanisms, such
as vascular permeability and assimilation by the mononuclear
phagocyte system, which constitute passive targeting properties of
nano-DDS. On the contrary, the active targeting strategy employs a
specific targeting structure for nano-DDS that binds to the target
molecule specific for a certain disease process, such as tumor-
specific antigens and induction of adhesion molecules [24-27].

The DDSs for tafamidis, being the first-in-its-class TTR stabilizer
for TTR amyloid cardiomyopathy, are not developed as yet [28].

Os_OH Cl (0]

OH - OH
\
N
vodil
F F

(a) (b)

Figure 1. Structure of diflunisal (a) and tafamidis (b).
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Figure 2. Structure of revusiran.
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Figure 3. Structure of patisiran.

Revusiran is a non-genotoxic and non-carcinogenic in vitro and
in vivo agent without adverse side effects in rats at higher doses,
being siRNA of the first generation, targeting TTR conjugated to
the N-acetylgalactosamine (GalNAc) ligand to facilitate delivery to
hepatocytes via absorption by the asialoglycoprotein receptors.
Revusiran, which is under development for treating hereditary
TTR-mediated amyloidosis, has been discontinued due to an
imbalance in mortality in the ‘ENDEAVOUR’ (phase 3) clinical trial.
Nonclinical safety assessment included safety pharmacology, acute
and repeat-dose toxicity, genotoxicity, and carcinogenicity. There
were no effects on cardiovascular or respiratory function revealed
in monkeys after single doses of up to 100 mg/kg. No neurological
effects were noted in monkeys in repeat-dose studies of up to
300 mg/kg [29].

Patisiran is a siRNA encapsulated within a lipid nanoparticle
delivery system for targeted delivery to the liver, which is the
primary source of serum TTR [30-32].

Other compounds under development

With regard to other pharmaceutical drugs, which are being
developed recently, we found a study, in which monovalent small
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molecules that bind to one or both of the unoccupied thyroid
hormone binding sites at the border of the TTR quaternary
structure stabilized the native state, thereby increasing the kinetic
barrier for tetramer dissociation sufficient for the rate of
dissociation; and, as a result, amyloidosis was developing slowly.
Bivalent inhibitors of amyloidosis bind to both binding sites
simultaneously. The candidate bivalent inhibitors are generally
unable to bind to the native TTR tetramer and typically do not
engage in monovalent binding because of their strong inhibitor
orientation preferences. The TTR quaternary structure assembles
around several bivalent inhibitors if the inhibitor intercepts the
protein before the assembly. Some of the wild-type TTR bivalent
inhibitor complexes retain a tetrameric structure when subjected
to substantial denaturation stresses. The superior bivalent
inhibitor reduced the acid-mediated formation of TTR amyloid
fibrils to 6% of the formation exhibited by TTR in the absence of
the inhibitor, which was a significant improvement over
approximately 30% observed for superior monovalent inhibitors.
The apparent dissociation rate of the best bivalent inhibitor was
virtually zero, which was consistent with the idea that dissociation
of the TTR tetramer and dissociation of the inhibitor were linked as
a result of the assembly of the tetramer to form the inhibitor. The
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X-ray co-crystal structures of two complexes demonstrated that
the bivalent inhibitors simultaneously occupied both sites in the
TTR, which corresponded to a 1:1 binding stoichiometry obtained
from high-performance liquid chromatography (HPLC) analysis.
The goal of our study was to demonstrate that bivalent inhibitors
could be beneficial, resulting in the best inhibitors produced to
date. Accordingly, the molecules capable of intercepting TTR
during folding and assembly in the lumen of the endoplasmic
reticulum are of obvious interest [33].

Conclusion

The choice of medications for treating CA is extremely limited,
and all of them have non-selective action modes causing
substantial side effects. The search for new preparations against
CA, along with the development of DDSs aimed at increasing the
selectivity of action are crucial fields in cardiology.
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