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Among the 42 human amyloidoses described to date the so-called systemic transthyretin amyloidosis, which comprises
hereditary forms (more than 140 variants in accordance with the number of identified mutations in the transthyretin
gene) and a sporadic form without structural changes in the gene and the protein, is of particular interest. This review
summarizes modern understandings of pathogenesis of transthyretin amyloidosis. The symptoms of different forms of
transthyretin amyloidosis, issues of early diagnosis, differential diagnosis (including within the group of amyloidoses),
advanced therapy and prognosis are considered. Special attention is given to the non-mutant form of transthyretin amy-
loidosis, the so-called senile amyloidosis, which significantly complicates the course of underlying pathologies in the age
group older than 70 years and is still poorly diagnosed. A quite high occurrence of non-mutant form of transthyretin
amyloidosis makes it to be considered as a socially significant disease.
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W3 42 onucaHHBIX K HACTOSIIEMY BpPeMEHM aMUJIOMIO30B 4YesloBeKa OCOObI MHTEepeC MpeacTaBisieT TaK Ha3bIBae-
MBIl CUCTEMHBII TPAaHCTUPETHHOBBIN aMUJIOMI03, KOTOPBI BKIIIOYaeT HacieAcTBeHHbIe opMbl (Gosee 140 BapraHTOB
B COOTBETCTBUM C YMCJIOM BBISBJICHHBIX MYTalllii B T€He TPAaHCTUPETHHA) M CIIOpPaIUUYecKylo (opMy 0e3 CTPYKTYpPHBIX
W3MEHEeHU reHa 1 6enka. B 0630pe cyMMUpOBaHBI COBPEMEHHEBIEC TIPSACTABICHUS O TTATOTEHE3€ TPAHCTUPETUHOBOTO aMU-
sonno3a. PaccMOTpeHbI CUMIITOMATHKA Pa3HBIX (POPM TPAaHCTUPETUHOBOTO aMIJIOMI03a, BOIIPOCH! pAaHHEN TUATHOCTUKH,
nuddepeHIMATbHOM IUarHOCTUKHY (B TOM YHMCJie B TPYIINEe aMWIOWI030B), COBpEMEHHOIT Tepanuu 1 mporHosa. Ocoboe
BHUMaHUE YAeJIeHO HEMYTaHTHOI (opMe TpaHCTUPETMHOBOIO aMUJIOMI03a, TaK Ha3bIBAEMOI'0 CTaApYECKOro aMUIOMI03a,
KOTOPBIA B 3HAYMTEIbHOM CTENIEHN OCJIOXHSIET TeYeHHe OCHOBHBIX IMAaTOJIOTUI B BO3pacTHOI rpyrme nocjie 70 JieT u Bce
elle TJI0X0 AUarHoCTUpyeTcs. JJocTaTOYHO YacTast BCTpe4aeMOCTh HEMYTaHTHOM (hOPMBI TPAHCTUPETUHOBOTO aMUJIONI03a
3aCTaB/ISIET paccMaTpUBaTh €ro KaK 3HAYMMOE JJISI COBPEMEHHOTO 3[paBOOXpaHEHUST 3a0o0JieBaHUE.

KimoueBbie clioBa: aMUJIOMAO3bI; CUCTEMHBIII TPAaHCTUPETUHOBBIN aMUJIOMI03; HeMyTaHTHas (opMa TpaHCTUPETHU-
HOBOTO0 aMUJIOMI03a; aMUJIOMI03 C MYTAllMOHHBIM IMOBPEXIEHUEM TPAHCTUPETUHA; TPAHCTUPETUH; aMMJIOWI; Kapauo-
MUOMATUW; CeMeHasT aMUJIOMAHAsT TMOJIMHEUPOIaThs; HEMPONMaTUIECKUI HACIEICTBEHHBII TPAaHCTUPETUHOBBIA aMU-
JIOUI03.

List of abbreviations

ATTR amyloidosis — transthyretin amyloidosis; ATTRwt amyloidosis — amyloidosis without mutations in the transthyretin gene; ATTRv
amyloidosis — amyloidosis with mutational damage to transthyretin; AL amyloidosis — light-chain amyloidosis; THAOS, Transthyretin
Amyloidosis Outcomes Survey — an international registry of patients with transthyretin amyloidosis; CHF — chronic heart failure; IG —
immunoglobulins; MGUS — monoclonal gammopathy of undetermined significance.
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Amyloidoses as an independent group of dis-
eases were first described in the second half of the
19" century [1, 2], and were referred to as one type
of amyloidosis, namely a secondary systemic lesion
associated with inflammation. Much later, similar
pathologies affecting both the nervous system and
visceral organs were included in this group.

It currently includes 42 nosological entities [3—5].
All amyloidoses are characterized by a similar patho-
genetic mechanism associated with the formation of
amyloid, a special substance with a complex struc-
ture, whose main component is a protein capable of
fibrillogenesis. In addition, tissue amyloid includes
immunoglobulins (IGs), proteoglycans, serum am-
yloid P, and others [6]. The designation “amyloi-
dosis” reflects the name of the primary protein on
which amyloid is based. To date, 42 human proteins
are known to be capable of amyloid formation and
thus, there is an equal number of nosological entities,
amyloidoses. They are distinguished into neurode-
generative, systemic, and localized. The most well-
known neurodegenerative amyloidosis is Alzheimer’s
disease. Type 2 diabetes-associated local amyloidosis
of the pancreas is significant for modern healthcare
since the incidence rate of diabetes is constantly
increasing [7]. Light-chain and transthyretin amy-
loidoses (AL and ATTR amyloidoses) are consid-
ered the most important of all systemic amyloidoses.
These diseases, although rare, affect the middle-aged
population, are quite severe, and, as a rule, have
a very poor prognosis.

A modern understanding of the basics of amyloi-
dosis pathogenesis and the role of individual proteins
in their occurrence may have begun in the second
half of the 20t century. One of the first described he-
reditary systemic amyloidoses is ATTR amyloidosis.
The basic mechanisms of amyloidogenesis in general
and ATTR amyloidosis in particular were established
based on prion diseases and confirmed by numerous
in vitro studies on amyloidogenesis [8—10].

General characteristics of the various forms
of transthyretin amyloidosis

Hereditary ATTR amyloidosis was first described
in 1952 and termed “familial amyloid polyneurop-
athy” [11]. The familial nature indicated the role
of genetic factors in disease development and the
disease met all the signs of a hereditary pathology.
Indeed, in patients with familial amyloid polyneu-
ropathy, a protein, transthyretin with an altered
structure circulating in the plasma was subsequently
discovered. Transthyretin was identified in 1942 [12].
It was initially named, prealbumin, since during
electrophoresis it migrated to the anode ahead of
serum albumin and was then conferred the present
name “transthyretin” per its physiological activity.
In the blood plasma, it transports thyroid hormones

and, as was established later, a small retinol-binding
protein saturated with vitamin A. Thus, a transport
function is typical for transthyretin, but in itself,
is not vital. Simultaneously, mutations in the gene
encoding this protein lead to the synthesis of trans-
thyretin with changes that facilitate the formation of
fibrillar structures with the outcome being amyloids.

Transthyretin is a conserved protein and is
encoded by a gene located on chromosome 18
(18q11.2-12.1), which consists of four exons and
five introns. The mature protein is a 55 kDa ho-
motetramer of small subunits with a molecular
weight of 14 kDa, each consisting of 127 amino
acid residues [13]. It does not possess any unique
structural features. It is synthesized mainly in the
liver and meagerly in the choroid plexus and retina.
The components transported by transthyretin affect
the stability of its quaternary structure, enhancing
the inter-subunit interactions. Therefore, the remov-
al of these components promotes the dissociation of
transthyretin into monomers, which is related to the
fibrillogenesis ability. The non-mutant transthyretin
forms fibrils in vitro only under extreme conditions,
at pH 2.0—-4.5. In turn, mutant forms dissociate
easily and form fibrils (the basis of amyloid) under
physiological or experimental conditions.

To date, 140 mutations of the transthyretin gene
are known (http://amyloidosismutations.com/mut-
attr.php), most of which are fibrillogenic. The most
common mutation, detected in different regions of
the world, corresponds to the substitution of me-
thionine with valine at position 30 of the mature
protein (Val30Met or V30M, the three-letter abbre-
viation will be used hereinafter). In the USA, the
pathogenic mutation Vall22lle is most common
among African Americans [14]. Interestingly, the
nature of the mutation is reflected in the course of
amyloidosis. Based on clinical manifestations, mu-
tations are distinguished that predominantly dam-
age the nervous system, myocardium, and other
tissues. For example, in patients with the most
common Val30Met mutation, amyloid is predomi-
nantly formed in various parts of the nervous sys-
tem, so they primarily exhibit symptoms of damage
to the peripheral nerves and autonomic nervous sys-
tem [15]. Polyneuropathy is most often the first sign
of the development of ATTR amyloidosis. In this
case, disease progression is accompanied by myo-
cardial damage, which entails a sharp deterioration
in the prognosis. The Vall22lle mutation, charac-
teristic of African Americans, primarily contributes
to the deposition of amyloid in the myocardium
with the development of severe restrictive cardio-
myopathy [16]. Other mutations are manifested by
varying degrees of injury to the nervous system and
myocardium [14]. In the Thr60Ala carriers, the dis-
ease demonstrates a mixed phenotype with damage
to the nervous system, myocardium, and gastro-
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intestinal tract. A satisfactory explanation for the
different structural variants of transthyretin having
a certain tropism concerning amyloidogenesis is still
lacking. In fact, different protein variants differ in
their in vitro fibrillogenicity, which does not explain
their tropism. The tropism of some variants in local
ATTR amyloidoses can be assumed to be associ-
ated with the peculiarities of extrahepatic synthesis
to some extent. Another possible explanation is the
altered ability of protein variants to undergo lim-
ited proteolysis [17], which can induce the onset of
amyloidogenesis. This process may depend on the
activity of tissue proteases.

Genetically determined ATTR amyloidosis is
inherited in an autosomal dominant manner. Its
distinctive characteristic is a variation in the pen-
etrance of carriers. For example, in Portugal, al-
most all carriers of Val30Met developed amyloid
polyneuropathy, which often precedes myocardial
damage. In Sweden, the same mutation clinically
manifested much less frequently; >30% of carriers do
not develop amyloidosis even at the age of 90 years.
The penetrance assessment depends on the average
life expectancy in a particular region since the on-
set of the disease manifests itself quite late. In this
regard, a longer life expectancy indicates a higher
probability of hereditary amyloidosis. Age is particu-
larly important in non-hereditary ATTR amyloidosis
(ATTRwt amyloidosis) [18], the cause of which re-
mains unresolved. Its relatively late development in-
dicates special conditions for initiation. Such severe
amyloidoses as prion diseases are often characterized
by a long latent course, which is probably associated
with prionization mechanisms and is due to the slow
emergence of fibrillar structure embryos. In other
amyloidoses, the same mechanism with a long la-
tent period is possible, as a result of which the true
onset of amyloidogenesis does not manifest clinically
for a long time, and symptoms appear only at the
formation stage of histologically determined amyloid
accumulations. Another interesting feature is the ge-
netic anticipation noted in Portuguese families with
an increase in the maternal line [19]. Though an
effect similar to genetic imprinting is possible, the
reason underlying this phenomenon has not yet been
established.

Our studies obtained information on the preva-
lence of hereditary ATTR amyloidosis in patients
with restrictive cardiomyopathies in St. Petersburg,
Russia. Mutations in the transthyretin gene were
detected in three out of the 270 patients examined
(cardiomyopathy) [20]. The spectrum of mutations
is presented in [21]. Particular attention is paid to
Val30Met and ATTRwt amyloidosis, and a case his-
tory of a patient with Val30Met amyloidosis is pre-
sented [22]. The cases on the clinical manifestation
and diagnostics of ATTRwt amyloidosis dealt with
by us are presented in [23—25].

Clinical manifestations of ATTIR amyloidosis

The symptoms of amyloidosis before the full
clinical presentation are highly diverse and simulate
other types of pathology that diagnostics, especially
early, is very challenging in many cases. Moreover,
physicians often are not alert regarding these dis-
eases. The average time from the onset of symptoms
to diagnosis establishment, for example, in ATTRwt
is ~5 years.

There are four clinical phenotypes of ATTR
amyloidosis depending on the predominant clinical
symptoms (data from the largest international pa-
tient registry, Transthyretin Amyloidosis Outcomes
Survey [THAOS], which includes >5,000 patients as
of 2022; the frequency of phenotypes is presented
at the time of inclusion in the registry) [26]. These
include
1. Predominantly neurological phenotype is rep-

resented in a majority of the patients with

non-Val30Met and Val30Met with early onset.

In Europe, among the ATTRwt patients, there

are 0.4% cases.

2. Predominantly cardiac phenotype. In North
America and Europe, a majority of the patients
with this phenotype are ATTRwt patients, and
up to 10% are ATTRv patients with cardiac mu-
tations (Vall22lle, LeulllMet, Thr60Ala, and
Ile68Leu).

3. Mixed (cardio-neurological) phenotype in Europe
is represented by patients with ATTRwt (12.8%)
and ATTRv (up to 20%) (non-Val30Met and
Val30Met with early or late onsets).

4. Unclassifiable phenotype is represented by pa-
tients with a clinical manifestation that does
not correspond to any of the listed categories.
In Europe, this phenotype accounts for 0.9% of
ATTRwt patients [27].

Neurological phenotype

First identified 70 years ago, transthyretin fa-
milial amyloid polyneuropathy is currently referred
to as neuropathic hereditary transthyretin amy-
loidosis [19]. The age of polyneuropathy onset is
20—70 years, and progression is slow, taking over
10—20 years.

The main manifestation of the damage to the
peripheral nervous system is sensorimotor poly-
neuropathy, namely pain in the distal parts of the
limbs, paresthesia, burning sensation in the skin of
the fingers, impaired temperature control, superfi-
cial pain, and deep sensitivity, as well as weight loss
and weakness of the thenar muscles. Sensory ataxia
is manifested by changes in gait and coordination
of movements and impaired determination of limb
position.

Damage to the autonomic nervous system in-
cludes impaired sweating (anhidrosis in the skin);

ISSN 1608-4101 (Print) Tom 24
ISSN 2687-1378 (Online) Volume

Bbinyck ,l
Issue

MeANLMHCKNN OKOAEMUYECKUI XKYPHOA
Medical Academic Journal

2024



0

AHAANTUHECKE OB30OPBI / ANALYTICAL REVIEWS

orthostatic hypotension, tachycardia in the cardio-
vascular system; constipation alternating with diar-
rhea, impaired motility in the gastrointestinal sys-
tem; urinary retention or incontinence, neurogenic
dysfunction of the bladder, and erectile dysfunction
in the genitourinary system. Autonomic dysfunction
develops at an average of ten years later than the
first symptoms in ATTRwt, and 3.5 years later in
ATTRuv [28, 29]. Orthostatic hypotension (a decrease
in systolic blood pressure by more than 20 mmHg
or diastolic blood pressure by more than 10 mmHg
upon standing up from a lying or sitting position)
was registered in 12% of patients included in the
registry, the vast majority of them were ATTRv pa-
tients (98.8%).

Cardiac phenotype

The most adverse sign during the development
of ATTR amyloidosis is the appearance of life-
threatening cardiac symptoms. Cardiomyopathy
can develop independently and be the only mani-
festation of ATTR amyloidosis (cardiac phenotype)
or have an onset against damage to other systems
(mixed cardiac-neurological phenotype). In ATTRv
amyloidosis, myocardial damage depends on a spe-
cific mutation in the transthyretin gene. As a result
of amyloid deposition in the myocardium, the con-
tractile function of the heart is impaired according
to the type of restrictive cardiomyopathy with thick-
ening of the ventricular walls (per cardiomyopathy
classifications with mixed hypertrophic and restric-
tive phenotype). The latter circumstance suggests
differential diagnostics with hypertrophic and other
restrictive cardiomyopathies. With ATTRwt, 93% of
patients have a cardiac or cardio-neurological phe-
notype.

Cardiac symptoms with ATTRwt included [30]
symptoms of chronic heart failure (CHF) with
a cardiac phenotype in 90% of the patients (in-
cluding grades II—IV of heart failure per the clas-
sification of the New York Heart Association in
80% of them); with a mixed phenotype (cardio-
neurological) CHF 0/I registered in 53% and CHF
II-1V in 47% of cases. In this case, the median left
ventricular ejection fraction in the entire group of
patients was 61%; it was <50% in 28% of the en-
tire group; and was <40% in 9% of the patients.
Changes in the electrocardiograms included con-
duction abnormalities in 83% of the cases (com-
plete atrioventricular block or electrocardio stimula-
tion in 42% and left or right bundle branch block
in 15 or 26%), and atrial fibrillation or flutter in
37% of the patients.

Mixed (cardio-neurological) phenotype

It often occurs as the initial cardiac pheno-
type gradually progresses. In this case, autonomic
and sensory neuropathies are detected in 18% and

14% of cases, respectively. Involvement of other
organs and systems included renal damage in 1%,
carpal tunnel syndrome in 55%, biceps tendon
rupture in 1%, and spinal stenosis in 7% of the
patients [31]. Echocardiography indicated a re-
strictive type of left ventricular filling in 28% of
the patients. ATTRwt predominantly affects men
(>80%).

Heart damage in cardiac amyloidosis is char-
acterized by the deposition of amyloid deposits in
the myocardial interstitium, perivascularly (around
the intramural small coronary arteries), and in the
heart valves [32]. The consequences of these mor-
phological changes are myocardial thickening in
the left and right ventricles (hypertrophy is identi-
fied macroscopically and pseudohypertrophy is de-
tected histologically), and an enhancement in the
extracellular volume of the myocardium. Deposits
in the interstitium impair myocardial extensibility
(compliance), which causes diastolic dysfunction,
and increased pressure in the left atrium, reflect-
ed in Doppler echocardiography by a restrictive
type of left ventricle filling. Slight thickening and
rigidity of the valve cusps lead to valvular regurgi-
tation.

Cardiomyocytes adjacent to amyloid deposits, in-
cluding cells of the conduction system, undergo at-
rophy and degeneration [33], which leads to rhythm
and conduction disorders. As the number of deposits
in the myocardium enhances, not only compliance
but also contractile function decline, which is mani-
fested in a reduction in the left ventricular ejection
fraction.

More than half of patients with cardiac amyloi-
dosis have pleural and pericardial effusion (more
often with AL amyloidosis) [34]. This symptom
is caused not only by right ventricular failure but
also by a multifactorial genesis, including amyloid
deposition in the visceral and parietal layers of the
pericardium and local inflammation [35].

Amyloid lesions of other organs and systems

1. Lesions of the musculoskeletal system.

When amyloid is deposited in the ligamentous
apparatus, bilateral carpal tunnel syndrome develops
(as a result of median nerve compression in the car-
pal tunnel), as well as the rupture of muscle tendons
(tear of the biceps tendon is typical), and stenosis
of the spinal canal. These disorders can be the ini-
tial manifestations of ATTR amyloidosis, especially
in patients with mutations p.Leu78His (Leu58His
with numbering according to the mature protein),
p.Leu78Arg (Leu58Arg), p.Lys90Asn (Lys70Asn),
p.lle104Ser (Ile84Ser), p.lle127Val (Ile107Val),
and p.Tyrl134His (Tyrl114His) [33]. Carpal tunnel
syndrome occurs in 4% of the general population,
and in 14% and 25% of patients with ATTRv and
ATTRwt cases, respectively, but is extremely rare in
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AL amyloidosis. The THAOS registry indicates that
carpal tunnel syndrome is noted 5—9 years earlier
than heart disease. In addition, to the listed bone
and joint diseases, in ATTRwt patients, the diagno-
sis of amyloidosis was preceded by knee (19%) and
hip (26%) joint replacement [36].

2. Kidney damage in amyloidosis.

The kidneys are affected by many amyloidoses,
almost 100% in cases of inflammatory and AL amy-
loidosis. The incidence of kidney damage is regis-
tered in 5%—63% of patients depending on the type
of ATTR amyloidosis [37, 38], namely more often
with mutant (ATTRv) (up to 34%), less often with
acquired (ATTRwt) [39], but with the latter, since
these are older patients with evident comorbidity,
kidney damage can be caused by concomitant pa-
thology, in particular previous arterial hypertension.
Nevertheless, since ATTR amyloidosis is systemic,
there is always some involvement of the kidneys,
as indicated by studies that describe kidney biopsy
data for ATTR amyloidosis. For example, a previ-
ous work [40] presents kidney biopsy data for four
patients (two each with ATTRv and ATTRwt),
where all of them had amyloid depositions with
different distributions (pericapsular, perivascular,
in the interstitium of the medulla and cortex, and
peritubular).

In 15%—30% of patients with ATTRv, kidney
damage progresses to stage 5 chronic kidney disease,
and it may precede polyneuropathy symptoms [41].
According to one study [42], 56% of ATTRwt pa-
tients showed a reduction in the estimated glomeru-
lar filtration rate <60 ml/min, and 6% had a de-
crease of <30 ml/min; in some of them, ATTRwt
was combined with monoclonal gammopathy of
undetermined significance (MGUS).

Laboratory indicators of kidney damage in amy-
loidosis are albuminuria or proteinuria and decreased
estimated glomerular filtration rate. Calculation of
glomerular filtration rate based on creatinine may
underestimate kidney damage, since these patients
may have low creatinine levels due to decreased
muscle mass. A more accurate indicator of kidney
function in amyloidosis is the glomerular filtration
rate calculated by applying the CKD-EPI creatinine-
cystatin C equation [43], which includes cystatin C
and creatinine contents [44—46].

3. Eye damage.

The main manifestations are dry eyes, keratocon-
junctivitis, vitreous opacity, and glaucoma. Scalloped
pupil, according to clinicians, is a specific sign of
ATTR amyloidosis [15, 47].

4. Combination of ATTR amyloidosis

MGUS, lymphoid system involvement.

The incidence of MGUS increases with age.
In a study [40], MGUS was detected in 39% of pa-
tients with ATTRwt amyloidosis, i.e. a slight increase
in IG light chains in the blood does not exclude

and

ATTRwt amyloidosis. In this combination, the kid-
neys are involved in >50% of the patients.
5. Involvement of the gastrointestinal system.
Gastrointestinal symptoms such as constipation
alternating with diarrhea, nausea, impaired mo-
tility, and weight loss are more often noted with
ATTRv (63%) than with ATTRwt (15%) [48].

Diagnostic algorithm for ATIR amyloidosis

A diagnostic algorithm includes many sequen-
tial measures that confirm or refute the diagnosis
of ATTR amyloidosis of the heart. The key link is
to suspect ATTR amyloidosis in a patient based on
clinical symptoms and other data. Further actions of
the physician are described in detail in the clinical
guidelines [49—52]. For the earliest possible detec-
tion of amyloidosis, the clinical guidelines provide
“red flags” that help suspect the disease in a patient
(regardless of the type of amyloidosis and clinical
phenotype):

— CHEF in a patient >65 years old, more often with
a preserved ejection fraction;

— an increase in the thickness of the left ventricular
walls >12 mm during echocardiography;

— aortic stenosis in a patient >65 years old, more
often with low-flow low-gradient;

— hypotension or normotension, in case of a history
of hypertension;

— peripheral neuropathy (sensory and motor);

— proteinuria (in ATTRv and AL amyloidosis);

— ecasily generated subcutaneous hemorrhage;

— bilateral carpal tunnel syndrome or a history of
biceps tendon rupture;

— disproportionate increase in N-terminal precursor
of brain natriuretic peptide and/or slight persis-
tent elevation in high-sensitivity troponin;

— electrocardiogram reveals reduced voltage of
the QRS complex compared to the left ven-
tricle mass (with the exclusion of extracardiac
causes), pathological Q wave (in the absence
of hemodynamically conspicuous stenosis of
the coronary arteries), insufficient increase in
the amplitude of the R wave in the chest leads,
conduction abnormalities (atrioventricular blocks
of varying degrees and right bundle branch
block);

— atrial fibrillation/flutter;

— macroglossia (in AL amyloidosis);

— anamnesis a family history of the disease is pos-
sible in ATTRv (ATTRwt, AL, or HL amyloidosis
are not hereditary);

— changes in echocardiography/magnetic resonance
imaging (see below).

The listed symptoms are characteristic of severe
systemic amyloidosis. The difficulty in diagnosing
ATTRwt amyloidosis is the possible absence of many
of the “red flags” in a particular patient or explained
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by other causes, such as comorbidity since the pa-
tients are predominantly elderly and senile.

CHEF, even with a cardiac phenotype, is present
in only 90% of patients, with a low ejection frac-
tion in some, which is considered uncharacteristic
for cardiac amyloidosis. According to a study [30],
7% of patients, when included in the THAOS reg-
istry, i.e. when the diagnosis was made, had sys-
tolic blood pressure > 140 mmHg (no hypotension)
and restrictive type of left ventricular filling (ratio
of early and late left ventricular filling velocities
on Doppler echocardiography >2) was registered in
only 3.5% of cases, the average ratio of early left
ventricular filling velocity to early mitral annulus
velocity on echocardiography (E/e’) was >15 in 1%,
low QRS voltage was noted in 28%, and thicken-
ing of aortic and mitral valve cusps was revealed in
21% and 30% of cases, respectively. Similar data
from the THAOS registry were presented in later
publications [53].

Echocardiography revealed left ventricular hy-
pertrophy (a criterion that raises a suspicion of
cardiac amyloidosis is a >12 mm increase in the
thickness of the left ventricular walls and >5 mm
right ventricular hypertrophy), grades II-III dia-
stolic dysfunction (pseudonormal or restrictive type
of left ventricular filling, E/e’ > 15), atrial dilation,
slight thickening of the valve cusps, slight pericardi-
al effusion, characteristic pattern of left ventricular
deformity during the examination (decline in global
longitudinal deformity with relative preservation of
the deformity of the left ventricular apex), myocar-
dial granularity and luster.

Magnetic resonance imaging revealed a charac-
teristic pattern of late gadolinium (subendocardial/
transmural) accumulation, and increased extracel-
lular volume fraction.

Cardiac scintigraphy with osteotropic drugs is one
of the key noninvasive diagnostic methods of ATTR
amyloidosis [27]. Scintigraphy utilizes 99mTc-3,3-
diphosphono-1,2-propanedicarboxylic acid, 99mTc-
hydroxymethylene diphosphonate, and 99mTc-py-
rophosphate. The study included planar scanning
and single-photon emission computed tomography.
There are four degrees (0—3) of radiopharmaceu-
tical accumulation in the heart. Degrees 2 and 3
of the agent accumulation in the heart, provided
that AL amyloidosis was excluded, allowing for the
diagnosis of ATTR amyloidosis with high sensitiv-
ity (86%) and specificity (99%), without resorting to
endomyocardial biopsy. False-positive scintigraphy
results are rare and are caused by the presence of
another type of amyloid in the myocardium of the
patient (AApoAl, AApoAll, and AApoAlV). In AL
amyloidosis, as a rule, the degree of drug accumula-
tion in the myocardium is 0—1. False-negative scin-
tigraphy results may be due to weak involvement
of the heart in the pathological process during the

initial stages of the disease and in the non-cardiac
clinical phenotypes of ATTR amyloidosis.

If cardiac/cardio-neurological amyloidosis is sus-
pected, the following algorithm is recommended for
diagnosing ATTR amyloidosis.

Step 1: tests to rule out AL amyloidosis (deter-
mination of free IG chains in the serum or by im-
munofixation in the serum and urine).

Step 2: scintigraphy with osteotropic drugs.

Step 3: A — the degree of isotope uptake by the
heart “0,” IG light chains are not detected — cardiac
amyloidosis is unlikely; if 1G light chains are de-
tected — cardiac magnetic resonance imaging + his-
tological confirmation and amyloid typing (endo-
myocardial biopsy);

B — the degree of isotope uptake by the heart
is “1” - regardless of the result of IG light-chain
analysis, cardiac magnetic resonance imaging + his-
tological confirmation and amyloid typing (endo-
myocardial biopsy);

C — cardiac uptake level “2-—3,” positive 1G
light-chain tests — see point B. If IG light-chain
tests are negative »~ ATTR diagnosis.

Step 4: amyloidosis typing based on biopsy mate-
rial (Congo red staining, polarized light examination,
immunohistochemical examination of biopsy mate-
rial, and microdissection with mass spectrometry).
Genetic testing to verify ATTRwt or ATTRv amy-
loidosis [49—52].

Combination of aortic stenosis and ATTRwt

ATTRwt is diagnosed in 4%—16% of aortic ste-
nosis cases [54, 55]. Several causes of such a fre-
quent combination are discussed, namely, both dis-
eases are age-dependent, and amyloid is deposited
in the aortic valve leaflets and in the myocardium,
which causes degenerative changes and thereby
accelerates the development of aortic stenosis.
Additionally, with aortic stenosis, an enhancement
in the left ventricular wall stress (shear stress) may
contribute to amyloid deposition in the myocar-
dium [56]. This necessitates the identification of
patients with aortic stenosis who require additional
testing to confirm or rule out ATTRwt. “Red flags”
of ATTRwt in patients with aortic stenosis are the
following:

— severe left ventricular hypertrophy;

— low-flow low-gradient aortic stenosis;

— right ventricular myocardial hypertrophy (>5 mm);

— grades I1-III diastolic dysfunction (E/e’ > 15);

— pronounced atrial dilation;

— decreased S’-wave in tissue Doppler ultrasonog-
raphy of the mitral annulus;

— reduced global longitudinal deformity of the left
ventricle with relative preservation of the apical
deformity.

The RAISE scale is proposed; the authors sug-
gest cardiac scintigraphy with osteotropic drugs if the
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patient has aortic stenosis >2 points (with >3 points

above the scale sensitivity). The RAISE scale in-

cludes the following:

— left ventricular hypertrophy and/or diastolic dys-
function (1 point);

— age over 85 years (1 point);

— serum troponin I >20 ng/l (1 point);

— manifestations from other systems (carpal tunnel
syndrome — 3 points);

— electrocardiogram changes: right bundle branch
block (2 points), low QRS voltage (1 point) [57].

Confirmation of amyloidosis diagnosis

Histological examination

The gold standard for confirming amyloidosis is
the morphological detection of amyloids in biopsy
samples of adipose tissue, salivary glands, myocar-
dium, and tendon sheaths using Congo red stain-
ing [58] or analogs such as the fluorene derivative,
thioflavin [59, 60]. The unique value is that the
complexation of Congo red with amyloid protein
fibrils rotates the plane of light polarization, due to
which they appear apple-green. This phenomenon is
associated with optical rotation dispersion, which in
this case maximally corresponds to the green color
range wavelengths. Other stains that selectively bind
to amyloids have been recently described. A positive
staining result for amyloids enables amyloidosis di-
agnosis with a high probability, but without detailing
the nosological form.

Immunohistochemical analysis

Identification of the major amyloid protein is
required for its determination and, therefore, to
establish an accurate diagnosis. The major protein
can be determined utilizing specific monoclonal an-
tibodies. Therefore, it is desirable to have a panel of
antibodies that react with various amyloid proteins.
Notably, all amyloids, as a rule, contain some pro-
teins of circulating blood, including IG, and, thus,
monoclonal antibodies can interact with the light
chains of IG, complicating the accurate identifica-
tion of AL and ATTR amyloidosis using immuno-
histochemistry.

Mass spectrometry

Recent attention to the use of modern physi-
cochemical approaches to diagnose amyloidosis is
increasing. Microdissection of the stained amyloids
from histological sections of biopsy material [61, 62]
is already in use, followed by mass spectrometric
identification of the proteins included. The study
requires the usual staining of sections followed by
laser dissection. The resulting material is dissolved
in special detergents and hydrolyzed with trypsin
or other specific proteases. Peptide fragments are
analyzed using mass spectrometry and identified

by comparing their molecular weights, with those
in the database. The method is quite specific but
requires special equipment and highly trained per-
sonnel.

Molecular genetic testing

If transthyretin or another protein capable of
forming mutant amyloids is detected in amyloids,
molecular genetic analysis with mutation identi-
fication is required. This problem can be partially
solved using mass spectrometric testing. However,
direct sequencing of the corresponding gene, prefer-
ably using the latest gene sequencing techniques is
most effective.

ATIR amyloidosis therapy

Currently, several treatment options for ATTR
amyloidosis have been proposed. Unfortunately, all
of them are not completely effective. In addition,
the therapy results for hereditary ATTR amyloido-
sis largely depend on the intra-protein localization
of the mutation and the area of residence of the
patients. The reason for this is not entirely clear.
Perhaps, the protease status of the patient’s tissues is
significant, since reasonable assumptions mentioned
above indicate that limited proteolysis of transthyre-
tin promotes amyloidogenesis. In addition, modifier
genes (region-specific manifestations of the same
mutations) may exert influence.

Treatment of ATTR amyloidosis, like other amy-
loidoses, can be both general and highly specialized.
Several approaches are possible:

Reducing the concentration of transthyretin
by suppressing synthesis and secretion

A radical method of liver transplantation has been
used for a long time to reduce the concentration
of transthyretin in the blood plasma in hereditary
ATTR amyloidosis. In this case, by definition, the
mutant protein does not enter the bloodstream.
Unfortunately, the success of the surgery depends
on the nature of the mutation. The most promising
results are registered in ATTR (Val30Met) amyloi-
dosis and may be less satisfactory than with other
mutations. In addition, success depends on the stage
of the disease. Transplantation is most effective at
the stages of polyneuropathy. The involvement of
the heart in the process is an unfavorable factor.
The reason for this is the ability of the non-mutant
protein to form fibrils based on embryos that have
included mutant transthyretin. Heart damage can
only be avoided by transplantation. Recently, mo-
lecular approaches have been considered to reduce
transthyretin synthesis. For this purpose, antisense
RNAs are being tested. Preparations based on these
compounds are capable of inhibiting the production
of mutant and non-mutant transthyretin with an ef-
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ficiency of <80%. The drug patisiran, which sup-
presses transthyretin synthesis by RNA interference,
has also been proposed.

Suppression of transthyretin tetramer dissociation
to monomers

The transthyretin molecule consists of four sub-
units interacting non-covalently. The bond between
the subunits is stabilized by ligands and thyroid hor-
mones. There is a reliable correlation between the
ability of the tetramer to dissociate into monomers
and aggregate to form fibrils. Therefore, stabiliza-
tion of mutant transthyretins reduces amyloidoge-
nicity [12, 63]. Certain compounds interact with
the ligand-binding center of the protein, stabilize
the oligomeric structure, and prevent amyloid ac-
cumulation. Tafamidis is employed to treat ATTR
amyloidosis, primarily transthyretin polyneuropa-
thies [64]. It is indicated for use in the early stages
of ATTR (Val30Met) amyloidosis. The non-steroi-
dal analgesic, diflunisal is also effective in treating
amyloid polyneuropathy. It acts at the stage dur-
ing which amyloidogenic transthyretin subunits are
formed.

Degradation of formed amyloids

Since amyloid deposits are undoubtedly one of
the main causes of organ damage, suppression of
amyloidogenesis and destruction of amyloids can
be a crucial ATTR amyloidosis treatment method.
The immunotherapy of amyloidosis under develop-
ment includes two approaches. Monoclonal antibod-
ies against transthyretin fragments are being tested,
which enables a reduction in the concentrations of
the protein in the plasma, which prevents amyloid
generation. Another approach involves the use of an-
tibodies against the serum amyloid P, a permanent
component of any amyloid, including transthyretin
[65, 66]. A compound that reduces the plasma levels
of this protein is utilized to prevent the reactivity of
antibodies with free serum amyloid P. Antibody prep-
arations have been approved for use. Scintigraphy
has established that immunotherapy can reduce the
amyloid content in the organs. Unfortunately, its ef-
ficiency has not yet been sufficiently tested, and the
results are ambiguous.

Conclusion

Most amyloidoses known to date are orphan
diseases. In this regard, ATTR amyloidosis is no
exception. Even though ATTR amyloidosis is, for-
tunately, a rare pathology, constant alertness of
medical personnel is necessary in case of the ap-
pearance of the slightest symptoms indicating its
possibility. Early diagnostics of hereditary ATTR
amyloidosis can significantly improve the quality
of life of patients and delay the onset of dangerous

complications, in particular transthyretin cardiomy-
opathy. Although modern therapeutic approaches
are incapable of eliminating the symptoms of ATTR
amyloidosis, they are effective in some cases. Non-
hereditary ATTR amyloidosis developing in elderly
patients needs particular attention since the super-
position of amyloidosis on an existing pathology
markedly affects the course of underlying diseases.
Therapy for amyloidosis can remarkably improve
the effectiveness of treatment of age-related pa-
thologies. Currently, relatively little attention is
being paid to non-hereditary ATTR amyloidosis.
An equally important factor in suspected amyloi-
dosis is differential diagnostics which enables to
distinction between various types of systemic amy-
loidosis. Diagnosis clarification is required for cor-
rect rational treatment since different amyloidoses
require varying specific approaches.
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