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Abstract

6

Transthyretin (TTR) is a tetrameric protein traditionally recognized for its role in transporting thyroxine and retinol. Recent
research has highlighted the potential neuroprotective functions of TTR in the setting of Alzheimer’s disease (AD), which is
the most common form of dementia and is caused by the deposition of amyloid beta (Af) and the resulting cytotoxic effects.
This paper explores the mechanisms of TTR protective action, including its interaction with Ap to prevent fibril formation
and promote AP clearance from the brain. It also synthesizes experimental evidence suggesting that enhanced TTR stabil-
ity may mitigate neurodegeneration and cognitive decline in AD. Potential therapeutic strategies such as small molecule
stabilizers of TTR are discussed, highlighting their role in enhancing TTR binding to Ap and facilitating its clearance. By
consolidating current knowledge and proposing directions for future research, this review aims to underscore the significance
of TTR as a neuroprotective factor in AD and the potential implications for future research.
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Transthyretin (TTR) is a tetrameric protein secreted in the
plasma and cerebrospinal fluid (CSF) acting as a carrier of
thyroxine and retinol binding protein (RBP). Besides its role
in the pathogenesis of TTR amyloidosis (ATTR), a growing
body of evidence points to a role of TTR in the develop-
ment of another form of amyloidosis, namely Alzheimer’s
disease (AD).
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The prevalence of dementia has increased rapidly in
recent years. In 2020, over 55 million people were affected
by the syndrome, and this number is expected to double
within 20 years, primarily due to increased life expectancy,
though other risk factors also play a crucial role [2]. Alzhei-
mer’s disease (AD) is the most common form of dementia,
accounting for approximately 70% of cases [1]. The diag-
nosis of AD in vivo is based on criteria established in 1984
[4] and revised in 2011 [5]. Since neuropathological changes
develop years before symptoms appear [6, 7], a diagnosis
based on clinical criteria cannot capture the prodromal
phase, making it difficult to prevent or slow disease progres-
sion. Additionally, AD symptoms are quite similar to those
of other forms of dementia [8], and a reliable diagnostic
method remains an unmet need. Some progress has been
made, particularly with the introduction of biomarkers for
cerebrospinal fluid (CSF) analysis [9] and Ap PET molecular
imaging [10].

Amyloid fibrils are formed because of incorrect fold-
ing of protein rich in B-sheets, and the nature of the aggre-
gating peptide determines the features of the specific
disease. Kinetically unstable conformations of TTR have
been linked to the pathogenesis of ATTR [11], while AD
is believed to develop when amyloid beta protein (AB)
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deposits in the extracellular matrix following proteolytic
processing of a transmembrane protein, amyloid precursor
protein (APP) [12].

Interestingly, TTR is a carrier and chaperone of cyto-
toxic AP peptides and therefore has anti-amyloidogenic
and neuroprotective activities in the central nervous sys-
tem (CNS) [13]. In AD, the stability and functionality of
TTR seems compromised, possibly leading to an accumu-
lation of A fibrils and, subsequently, to neurodegenera-
tion and cognitive decline. TTR stabilization would then
have beneficial effects also on AD progression [14]. In
this review, we provide an overview of the experimental
evidence supporting this hypothesis, and we suggest some
possible perspectives for future research.

Fig.1 Tridimensional structure of transthyretin (TTR). a Cartoon
diagram of TTR dimer; b—¢c TTR tetramers seen in different projec-
tions; d contact surfaces of the 4 TTR monomers; e TTR complexed
with a thyroxine (T4) molecule bound in the inner hydrophobic chan-
nel (yellow arrows); f cartoon diagram of TTR complexed with two

@ Springer

Transthyretin: Molecular Structure
and Stability

TTR is a small protein (55 kDa) composed of 4 identical
monomers [15] encoded by a gene on chromosome 18 [16].
It has a globular structure with two central hydrophobic
channels, where two molecules of T4 can bind (Fig. 1). In
physiological conditions, only one T4 is bound, because
of the negative cooperativity between the two sites [17].
T4 binding stabilizes the TTR tetramer [18]. RBP binds
in another site to the external surface of TTR. Each dimer
has four possible binding sites for RBP, but only two mol-
ecules can bind because of steric hindrance [19] (Fig. 1).
Retinol binding induces conformational changes in RBP that
increase its affinity for TTR. Binding of either T4 or RBP
inhibits TTR destabilization and amyloid formation [20].
Decreases in pH, ageing, metal cations (particularly cal-
cium ions), and oxidation may reduce TTR stability [21], but

retinol binding protein (RBP) molecules (yellow/red/green struc-
tures), carrying one retinol each (orange structures). Tridimensional
protein structures taken from RCSB PDB database (protein IDs:
2PAB, 3W3B, 1ICT, 1QAB), access date 2 April 2024
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the main causes of TTR destabilization, which leads to the
reaggregation of monomers in cytotoxic quaternary struc-
tures, and, ultimately, to ATTR amyloidosis, are single point
mutations in the TTR gene [22]. More than 140 mutations
with autosomal dominant transmission have been reported,
and just few of them do not cause TTR dissociation and fibril
formation. Only three mutations are known to increase TTR
stability [23].

Synthesis and Catabolism

TTR is a highly conserved protein mainly secreted by the
liver in the blood flow and the choroid plexus (CP) in the
cerebrospinal fluid (CSF) [24]. The liver secretes up to
90% of TTR in humans [23]. TTR gene expression in the
liver is modulated by hepatocyte nuclear factors (HNF)

retinal
pigment
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pancreas

Fig.2 Sites of transthyretin (TTR) production

and is reduced by inflammation or malnutrition [25]. TTR
concentration in the CSF is lower than in the blood, but
TTR represents about 25% of the total protein content of
the CSF and is synthesized much faster [26]. TTR expres-
sion in the choroid plexus is not modulated by HNF and
is not affected by systemic inflammation [23]. TTR is also
synthesized in small amounts in other tissues (Fig. 2).
TTR produced by the placenta [27] and yolk sac [28]
is crucial to transport maternal T4, which is required for
embryonal development. In the pancreas, TTR is mainly
synthesized by a-cells [29], and promotes glucose-induced
insulin release [30]. In the retina, TTR is produced by
the retinal pigment epithelium together with RBP [31, 32]
and transports retinol to photoreceptors [23]. Low TTR
levels may be synthesized also by the skeletal muscle
(where TTR promotes myoblast differentiation and muscle

neurons
and glial
cells
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growth) [33, 34] and in other sites (heart, spleen, stom-
ach), where its functions are still unknown [24].

Importantly, TTR is also secreted in the peripheral nerv-
ous system (PNS) by the Schwann cells [35] and in the CNS
by neurons and oligodendrocytes [36], especially in the hip-
pocampus [37], where it exerts neuroprotective functions
and lowers the production of amyloid aggregates [38], char-
acteristic of AD.

Physiological Roles of TTR: Thyroxine
and Retinol Carrier and Proteolytic Activity

TTR carries only 15% of protein-bound T4 in the plasma,
the rest being transported by thyroxin-binding globulin and
albumin, while TTR carries 80% of T4 in the CSF [39].
Plasma RBP is secreted by hepatocytes and represents the
unique specific transporter for retinol in the bloodstream,
95% circulating in complex with TTR, to avoid its renal
filtration [40]. The relevance of plasma TTR for normal
development and organ functioning is debated, also because
selective deletion of plasma TTR cannot be achieved. Fur-
thermore, studies on TTR knock-out (KO) mice showed
either normal organ development [41] or delayed bone
growth, delayed development of intestine, and altered CNS
development, which were attributed primarily to a deficiency
of thyroid hormones within tissues [42].

TTR may also cleave the C-terminal of apolipoprotein A-I
(ApoA-I). This cleavage reduces cholesterol efflux by ApoA-
I and increases its amyloidogenic potential [43]. Addition-
ally, two possible substrates of TTR have been identified in
the central nervous system: neuropeptide Y [44], a molecule
with anti-inflammatory and neuroprotective functions [45],
and amyloid B peptide (AP), which plays a key role in AD
pathogenesis. TTR is one of the main Af-binding proteins
and is able to cleave both its soluble and aggregated forms,
decreasing its toxicity [46].

TTR as a Neuroprotective Factor

TTR was first found in the PNS, and specifically in the
endoneurial fluid, either coming from the CSF after cross-
ing the blood-nerve barrier, or synthesized by the glial
cells of the dorsal root ganglia (DRG) and by the Schwann
cells [35]. Neuroprotective effects of TTR in the PNS were
postulated based on observations on TTR KO mice, which
showed sensorimotor impairment and decreased ability to
regenerate sciatic nerve after crush [48]. TTR may promote
nerve regeneration and neurite outgrowth following inter-
nalization in DRG neurons through the receptor megalin
and activation of an intracellular pathway or by stimulat-
ing axonal transport (which is impaired in TTR KO mice)
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[49]. The neuritogenic TTR activity seems to be independent
of its carrier function, since a TTR variant with decreased
transport ability maintain its neuritogenic role [49], and not
essential for neuronal survival, as the lack of TTR does not
associate with increased neuronal loss [48].

In the CNS, TTR is mostly secreted by the epithelial cells
of the choroid plexus, despite it can also be expressed by
neurons and oligodendrocytes [36]. It exerts neuritogenic
activity in hippocampal neurons, as well as neuroprotec-
tion in case of cerebral ischemia [50] or AD [38]. In vitro
evidence demonstrated that TTR reduces the formation of
harmful AP aggregates by proteolysis in cultured hippocam-
pal neurons, protecting them from neurotoxicity [38]. Stud-
ies on TTR KO mice showed the lack of TTR leads to an
accelerated memory deficit with age [51], and, conversely,
TTR expression is decreased in rats with age-related mem-
ory impairment [52]. These findings confirm the hypoth-
esis that TTR play a key role in disorders characterized by
memory loss, such as AD and other dementia, possibly also
through mechanisms other than its binding to Ap [53]. For
example, TTR KO mice show also an impaired neuronal
differentiation in the subventricular region with a shift from
neurodifferentiation towards oligodendrogenesis, which
results in a hypermyelination of the brain [54]. Proliferation,
survival and differentiation of oligodendrocytes is mediated
by the phosphatidylinositol 3-kinase (PI3K)/Akt and extra-
cellular signal-regulated protein kinases 1 and 2 (ERK1/2)
pathways [55]. TTR KO mice exhibit increased Akt phos-
phorylation in oligodendroglial lineage cells, suggesting a
possible mechanism of action of TTR [53]. Conversely, TTR
binds and activates the insulin-like growth factor-1 recep-
tor/Akt signaling pathway in hippocampal neurons [56],
pointing to distinct roles of TTR in different cells and brain
regions.

Central Nervous System Involvement
in ATTR Amyloidosis and Alzheimer’s
Disease

Amyloidosis comprises several pathologies characterized by
the accumulation of cytotoxic, insoluble fibrils in different
tissues. Growing evidence in recent years has pointed out an
involvement of TTR in the development of two amyloidotic
disorders—transthyretin amyloidosis (ATTR) and AD—
along with its neuroprotective functions. Amyloid deposi-
tion in ATTR amyloidosis occurs first in leptomeningeal
vessels, arachnoid and pia, followed by perforating corti-
cal vessels and the subpial region. Afterwards, subepend-
ymal deposition and involvement in basal ganglia vessels
close to the ependymal lining develops. The two structures
affected earlier by cerebral amyloid angiopathy (CAA) are
the brainstem and the spinal cord [57]. Symptoms of CNS
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involvement develop at least 14 years after the onset of
symptomatic systemic disease, as a frequent complication
especially in patients with hereditary ATTR amyloidosis
and the Val30Met mutation [58]. Its manifestations include
transient focal neurological episodes and, less commonly,
intracerebral hemorrhages, ischemic stroke, and cognitive
deterioration [59-61]. The Hisayama study reported ATTR
amyloidosis in 23% and CAA in 36% of autopsies of elderly
adults. The prevalence of both ATTR amyloidosis and CAA
increased in patients with dementia and those with a greater
extent of pathological lesions (AP plaques and neurofibril-
lary tangles [NFTs]) [62]. However, the exact prevalence
of AD in cardiac amyloidosis and vice versa is currently
unknown. There is only preliminary evidence in a small
single-center cohort that AD patients more frequently show
hallmark features of an infiltrative cardiomyopathy (i.e.,
lower electrocardiographic QRS voltages and voltage/mass
ratios) as compared to cognitively normal participants [63].
Moreover, it is unclear whether this may represent a sys-
temic deposition of AP [64] or an association between AD
and cardiac amyloidosis caused by different precursors.

The brain of patients with AD is characterized by a mas-
sive presence of extracellular amyloid plaques and intra-
cellular NFTs. The transmembrane protein APP is cleaved
producing AP40 and AP42, which may form insoluble
aggregates [65]. NFTs are made of hyperphosphorylated
tau, a microtubule-associate protein that can form insoluble
helical filaments; these are thought to cause neuronal death
through processes of synaptic disturbance, oxidative stress,
and mitochondrial dysfunction. Co-presence of f-amyloid
peptide and NFTs in AD [66], and evidence that NTFs for-
mation follows AP accumulation [67, 68], led to the amyloid
hypothesis, which is still the primary model of AD patho-
genesis [69].

Anti-amyloidogenic Activity of Transthyretin
in Alzheimer’s Disease

AD is believed to develop when there is an imbalance
between the production and clearance of soluble A (sAp).
The removal of AP from the brain requires mostly 3 sys-
tems: externalization across the blood-cerebrospinal fluid
barrier and blood-brain barrier (BBB), cellular internali-
zation, or enzymatic cleavage [70]. Demonstration that
human CSF inhibited AB40 aggregation [71] suggested
that some molecules can sequester sAp circulate in the
fluid. The main sequestering protein was found to be TTR,
followed by ApoE [72]. Once the TTR/AB complexes are
formed, several pathways can lead to AP clearance. First
and foremost, TTR acts as a transporter, carrying the pep-
tide outside the CNS through the BBB. TTR may also
directly cross the barrier, but only in the brain-to-blood

direction, hence promoting a decrease in Af levels in the
brain. However, in most cases, the passage is mediated
by the low-density lipoprotein receptor-related protein 1
(LRP1), the main A efflux receptor [73]. Not only TTR
presents the peptide to its receptor on the brain side, but it
is also capable of regulating BBB permeability to AP by
modulating LRP1 externalization in cerebral endothelial
cells [74].

Native TTR has a similar affinity for different Ap configu-
rations: monomers, oligomers, and fibrils [75]. When bound
to non-toxic sAP monomers, it prevents their aggregation
and promotes their removal from the CSF [75]. Nonetheless,
tetrameric TTR was found also in AP oligomers and plaques,
possibly following a failed attempt to prevent such structures
because of an impaired TTR/AP ratio [60].

In vitro experiments demonstrated that even a kinetically
stable monomeric variant of TTR (M-TTR) can bind A
aggregates, but not A monomers [76]. M-TTR prevents
oligomerization and fibrillation by stabilizing the amyloid
peptide in non-cytotoxic and non-fibrillar, yet insoluble,
deposits: Aggregating the oligomers in larger and more sta-
ble compounds is far more efficient than keeping isolated
peptides separated [77]. However, since the tetramer is one
thousand times more concentrated than the monomer [78],
the main AD inhibitor likely remains tetrameric TTR.

The molecular structure of the TTR/AP complex has been
firstly explored through computational models [72] and then
with protein engineering [79]. The binding sites for Ap have
been identified as intra-monomeric superficial domains (near
A and G f-strands), as well as the inter-monomeric hydro-
phobic channel for T4 [80].

Interestingly, TTR has also been characterized as a met-
alloprotease, whose main substrates are ApoA-I and, in the
brain, neuropeptide Y and AP [38, 45, 46]. In vitro, TTR is
able to cleave AP aggregates and decrease their amyloido-
genic potential [81]; evidence in vivo is still lacking. Finally,
the C99-terminal residue of APP, known as CTFf, can bind
to the TTR hydrophobic pocket instead of T4. In this con-
formation, y-secretase is unable to reach APP and operate
the cut that would release AP in the CSF [82].

All these mechanisms, summarized in Fig. 3, may con-
tribute to AP removal from the CNS and explain the neuro-
protective roles of TTR in AD. However, further in vitro and
in vivo studies are needed to better understand how endog-
enous factors affect A levels and deposition and to develop
new strategies for stabilizing TTR tetramers.

Tetrameric TTR binds Af monomers in its hydropho-
bic channel for T4, inhibiting their oligomerization. TTR
monomers are unstable species with very low concentrations
in vivo. As demonstrated in vitro through a kinetically stable
TTR monomer, the monomeric form can bind Af oligom-
ers, inhibiting their polymerization in toxic fibrils. TTR/AP
complexes are subsequently degraded by TTR through its
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Fig.3 Proposed mechanisms of protection from Ap fibril depositions by transthyretin (TTR)

proteolytic activity, or excreted in the blood flow through
LPRI1 receptors, whose expression is enhanced by TTR
itself.

Therapeutic Potential of Transthyretin
in Alzheimer’s Disease

As explained above, TTR can physiologically bind to Af
and decrease the concentration of toxic amyloidotic aggre-
gates. M-TTR has proven to be a more powerful anti-oli-
gomerization factor [77]; however, TTR mostly circulates
as a tetramer in vivo, and the presence of kinetically stable
monomers is quite uncommon. Their affinity to AP (and then
their anti-AD potential) needs to be specifically evaluated to
understand the connection between the two pathologies. In
2004, Schwarzman et al. investigated the affinity to T4 and
binding to AP of 47 TTR variants. They found an inverse
correlation between the amyloidogenic potential of each
variant and its ability to sequester AP peptides, which sug-
gests that the stability of tetrameric TTR is a fundamental
factor in TTR/A interaction. For example, the strongest
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amyloidogenic variants, P55 and G42, proved totally unable
to prevent AP polymerization [83]. Therefore, stable TTR
tetramers protect not only from ATTR amyloidosis, but from
AD as well.

It has been observed that the blood brain barrier (BBB)
crossing capability of TTR is only unidirectional, and it can-
not traverse BBB from periphery blood to brain [84]. Moreo-
ver, the concentration of endogenous TTR in brain seems
to be too low to inhibit and transport excessive AP during
AD progression [85]. For this reason, Wang and colleagues
designed a recombinant TTR fused with a cell-penetrating
peptide (Pen) to create TP, which significantly enhanced
BBB penetration and Af inhibition. TP exhibited superior
A aggregation inhibition, reduced AB-induced toxicity, and
extended the lifespan of AD model organisms at low concen-
trations. Due to its high BBB permeability, TP effectively
transports AP out of the brain, showing great potential for
AD treatment [86].

Different strategies for TTR stabilization have been
proposed, starting from TTR stabilizers like tafamidis,
dinitrophenol, resveratrol, or iododiflunisal. Tafamidis is
a small molecule binding the T4 site and stabilizing the
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TTR tetramer. Tafamidis treatment has been associated
with decreased presence of amyloid plaques and increased
AP efflux from the brain [87]. Unlike T4, tafamidis does
not block A from binding in the central channel, due to
its minor dimensions; therefore, AP clearance by TTR is
preserved. Both dinitrophenol and resveratrol may enhance
TTR binding to A, but only resveratrol may increase the
proteolytic activity of TTR [88]. In ApPPswe/PS1A246E
transgenic mice carrying one copy of the T77TR gene (AD/
TTR +), iododiflunisal bound TTR in plasma and stabilized
the protein, and was able to enter the brain, as revealed by
mass spectrometry analysis of CSF. Iododiflunisal admin-
istration resulted not only in decreased brain Af levels and
deposition, but also in improved cognitive function associ-
ated with the AD-like neuropathology. Additionally, in AD/
TTR +mice, AP levels decreased in plasma, indicating that
TTR facilitated AP clearance from both the brain and the
periphery [89].

Conclusions

TTR has a tetrameric structure with an intrinsic propensity to
disaggregate in monomers; these subsequently re-aggregate
in toxic amyloid fibers, accumulating in the heart, kidney,
and both peripheral and central nervous system. In the latter,
they cause cognitive and functional impairment, similarly to
what happens in AD patients. There is growing evidence that
Ap amyloid accumulation in the brain is closely related to a
higher risk of AD. Clearance of Ap is seen as a critical stage
to avoid its accumulation into the brain. TTR was described
as the major binding site for Ap in the CNS, and a protec-
tive role for it against neurodegenerative diseases and AD
was postulated. The tetrameric form of TTR binds Ap inside
its hydrophobic central channel and inhibits the formation
of toxic amyloid fibers. Moreover, TTR can increase their
degradation directly, through its intrinsic proteolytic action,
and indirectly, by restoring the expression of LRP1 and thus
facilitating their elimination into the blood flux through the
BBB. When a ligand (which can be either T4 or its com-
petitors) is bound to the central hydrophobic channel, the
TTR tetramer is less likely to dissociate. Furthermore, if the
ligand is a small molecule, it can occupy the T4 binding sites
without affecting its capability to bind AP, thus enhancing
the TTR/AP interaction. Interestingly, by binding Af pep-
tides, TTR reduces not only their amyloidogenic potential,
but also its own. Small T4 competitors have also the abil-
ity to cross the BBB and deserve consideration as possible
strategies to slow down cognitive decline in AD. Although
patients with TTR-FAP who received tafamidis showed a
52% reduction in neurological decline compared to those
who received the placebo over an 18-month period [90], no
data are currently available on cognitive function of patients

on tafamidis over the long term. We may also consider that
a massive presence of T4 competitors in the CNS, probably
required in cases of severe amyloid deposition, could limit
the availability of T4 for neurons.

While the protective effects of tetrameric TTR in AD
seem rather well established, significant gaps remain in our
understanding that warrant further investigation. Evidence
has emerged about the beneficial effects of TTR stabili-
zation in the pathogenesis of AD. However, retrospective
clinical studies, reviewed in (14), have been conducted to
collect data on a possible correlation between mutated TTR
concentration and the prevalence of AD in the sample. The
results are controversial, leading the authors to conclude
that it is not yet possible to establish a direct correlation
between mutated TTR and the onset of AD. Therefore, the
cause-effect relationship between TTR instability and AD
development remains to be confirmed through mechanis-
tic studies, such as experiments involving mice with TTR
mutations or those receiving injections of unstable TTR
isoforms. To better establish the protective role of TTR in
AD, future research should focus on developing TTR stabi-
lizers, optimizing recombinant TTR proteins for enhanced
BBB penetration and Af inhibition, and conducting detailed
mechanistic studies on TTR/A interactions. Future studies
should aim to elucidate molecular mechanisms of action of
endogenous factors on A levels and deposition. Preclini-
cal and clinical trials, along with biomarker development
and genetic studies, are essential to evaluate the efficacy and
safety of these approaches. Additionally, longitudinal stud-
ies evaluating patients taking new drugs, such as tafamidis,
whose administration has been recently extended in cardiac
ATTR, are essential to establish causality and inform clinical
practice. Furthermore, exploring the potential therapeutic
implications of other molecules described above through
randomized controlled trials holds promise for improving
patient outcomes. Continued research efforts in these direc-
tions will be instrumental in advancing our understanding of
the impact of TTR in different sites of the body and translat-
ing findings into clinical benefits.

Author Contribution All authors contributed to the study conception
and design. The first draft of the manuscript was written by Camilla
Corino and Alberto Aimo and all authors commented on previous
versions of the manuscript. All authors read and approved the final
manuscript.

Funding Open access funding provided by Scuola Superiore Sant’Anna
within the CRUI-CARE Agreement.

Data Availability Not applicable
No datasets were generated or analysed during the current study.

Declarations

Ethics Approval Not applicable.

@ Springer



Molecular Neurobiology

Consent to Participate Not applicable.

Consent for Publication Not applicable.

Competing Interests The authors declare no competing interests.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long
as you give appropriate credit to the original author(s) and the source,
provide a link to the Creative Commons licence, and indicate if changes
were made. The images or other third party material in this article are
included in the article’s Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in
the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will
need to obtain permission directly from the copyright holder. To view a
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

10.

11.

12.

World Health Organization, Dementia, 2023. https://www.who.
int/en/news-room/fact-sheets/detail/dementia (last access May 10,
2024).

Alzheimer's Disease International, Dementia Statistics. https://
www.alzint.org/about/dementia-facts-figures/dementia-statistics/
(last access May 10, 2024).

World Health Organization, The top 10 causes of death, 2020.
https://www.who.int/news-room/fact-sheets/detail/the-top-10-
causes-of-death (last access May 10, 2024).

McKhann G, Drachman D, Folstein M et al (1984) Clinical diag-
nosis of Alzheimer’s disease: report of the NINCDS-ADRDA
Work Group under the auspices of Department of Health and
Human Services Task Force on Alzheimer’s Disease. Neurology
34:939-944

McKhann GM, Knopman DS, Chertkow H et al (2011) The diag-
nosis of dementia due to Alzheimer’s disease: recommendations
from the National Institute on Aging-Alzheimer’s Association
workgroups on diagnostic guidelines for Alzheimer’s disease.
Alzh Dem 7:263-269

Bateman RJ, Xiong C, Benzinger TL et al (2012) Clinical and
biomarker changes in dominantly inherited Alzheimer’s disease.
N Engl J Med 367:795-804

RijalUpadhaya A, Kosterin I, Kumar S, von Arnim CA, Yamagu-
chi H, Fandrich M et al (2014) Biochemical stages of amyloid-f
peptide aggregation and accumulation in the human brain and
their association with symptomatic and pathologically preclinical
Alzheimer’s disease. Brain 137:887-903

Gauthreaux K, Bonnett TA, Besser LM et al (2020) Concordance
of clinical Alzheimer diagnosis and neuropathological features at
autopsy. J Neuropathol Experiment Neurol 79:465-473

Jack CR Jr, Bennett DA, Blennow K et al (2018) NIA-AA
Research framework: toward a biological definition of Alzhei-
mer’s disease. Alzh Dem 14:535-562

Kantarci K (2014) Molecular imaging of Alzheimer disease
pathology. Am J Neuroradiol 35:S12-S17

Griffin JM, Rosenblum H, Maurer MS (2021) Pathophysiology
and therapeutic approaches to cardiac amyloidosis. Circ Res
128:1554-1575

Scheltens P, De Strooper B, Kivipelto M et al (2021) Alzheimer’s
disease. Lancet 397:1577-1590

Springer

13.

14.

15.

16

17

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

Gido T, Saavedra J, Cotrina E et al (2020) Undiscovered roles for
transthyretin: from a transporter protein to a new therapeutic target
for Alzheimer’s disease. Int J Mol Sci 21:2075

Buxbaum JN (2023) The role of CSF transthyretin in human Alz-
heimer’s disease: offense, defense, or not so innocent bystander.
J Integr Neurosci 22:158

Blake CC, Swan ID, Rerat C et al (1971) An x-ray study of the
subunit structure of prealbumin. J Mol Biol 61:217-224

Sparkes RS, Sasaki H, Mohandas T et al (1987) Assignment of the
prealbumin (PALB) gene (familial amyloidotic polyneuropathy) to
human chromosome region 18q11.2—q12.1. Hum Gen 75:151-4
Ferguson RN, Edelhoch H, Saroff HA, Robbins J, Cahnmann
HJ (1975) Negative cooperativity in the binding of thyroxine to
human serum prealbumin. Preparation of tritium-labeled 8-ani-
lino-1-naphthalenesulfonic acid. Biochemistry 14:282-9
Johnson SM, Wiseman RL, Sekijima Y et al (2005) Native
state kinetic stabilization as a strategy to ameliorate protein
misfolding diseases: a focus on the transthyretin amyloidoses.
Acc Chem Res 38:911-921

Monaco HL, Rizzi M, Coda A (1995) Structure of a complex of
two plasma proteins: transthyretin and retinol-binding protein.
Science 268:1039-1041

Malpeli G, Folli C, Berni R (1996) Retinoid binding to retinol-
binding protein and the interference with the interaction with
transthyretin. Biochim Biophys Acta 1294:48-54

Wieczorek E, Ozyhar A (2021) Transthyretin: from structural
stability to osteoarticular and cardiovascular diseases. Cells
10(7):1768. https://doi.org/10.3390/cells 10071768

SiJB, Kim B, Kim JH (2021) Transthyretin misfolding, a fatal
structural pathogenesis mechanism. Int J Mol Sci. 22(9):4429.
https://doi.org/10.3390/ijms22094429

Sanguinetti C, Minniti M, Susini V et al (2022) The journey of
human transthyretin: synthesis, structure stability, and catabo-
lism. Biomedicines 10(8):1906

Soprano DR, Herbert J, Soprano KJ, Schon EA, Goodman
DS (1985) Demonstration of transthyretin mRNA in the
brain and other extrahepatic tissues in the rat. J Biol Chem
260:11793-11798

Wang Z, Burke PA (2010) Hepatocyte nuclear factor-4a inter-
acts with other hepatocyte nuclear factors in regulating tran-
sthyretin gene expression. FEBS J 277:4066-4075

Carro E, Trejo JL, Gomez-Isla T, LeRoith D, Torres-Aleman I
(2002) Serum insulin-like growth factor I regulates brain amy-
loid-beta levels. Nat Med 8:1390-1397

Landers KA, Mortimer RH, Richard K (2013) Transthyretin and
the human placenta. Placenta 34:513-517

Soprano DR, Soprano KJ, Goodman DS (1986) Retinol-binding
protein and transthyretin mRNA levels in visceral yolk sac and
liver during fetal development in the rat. Proc Natl Acad Sci
USA 83:7330-7334

Su Y, Jono H, Misumi Y, Senokuchi T, Guo J, Ueda M et al
(2012) Novel function of transthyretin in pancreatic alpha cells.
FEBS Lett 586:4215-4222

Refai E, Dekki N, Yang SN et al (2005) Transthyretin consti-
tutes a functional component in pancreatic beta-cell stimulus-
secretion coupling. Proc Nat Acad Sci USA 102:17020-17025
Cavallaro T, Martone RL, Dwork AJ, Schon EA, Herbert J
(1990) The retinal pigment epithelium is the unique site of
transthyretin synthesis in the rat eye. Invest Ophtalm Vis Sci
31:497-501

Pfeffer BA, Becerra SP, Borst DE, Wong P (2004) Expression of
transthyretin and retinol binding protein mRNAs and secretion of
transthyretin by cultured monkey retinal pigment epithelium. Mol
Vis 10:23-30


http://creativecommons.org/licenses/by/4.0/
https://www.who.int/en/news-room/fact-sheets/detail/dementia
https://www.who.int/en/news-room/fact-sheets/detail/dementia
https://www.alzint.org/about/dementia-facts-figures/dementia-statistics/
https://www.alzint.org/about/dementia-facts-figures/dementia-statistics/
https://www.who.int/news-room/fact-sheets/detail/the-top-10-causes-of-death
https://www.who.int/news-room/fact-sheets/detail/the-top-10-causes-of-death
https://doi.org/10.3390/cells10071768
https://doi.org/10.3390/ijms22094429

Molecular Neurobiology

33.

34.

35.

36.

37.

38.

39

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

S1.

52.

53.

Lee CC, Ding X, Zhao T et al (2019) Transthyretin stimulates
tumor growth through regulation of tumor, immune, and endothe-
lial cells. J Immunol 202:991-1002

Lee EJ, Bhat AR, Kamli MR et al (2013) Transthyretin is a key
regulator of myoblast differentiation. PLoS ONE 8:e63627
Murakami T, Sango K, Watabe K et al (2015) Schwann cells
contribute to neurodegeneration in transthyretin amyloidosis. J
Neurochem 134:66-74

Li X, Masliah E, Reixach N, Buxbaum JN (2011) Neuronal pro-
duction of transthyretin in human and murine Alzheimer’s dis-
ease: is it protective? J Neurosci 31:12483-12490

Stein TD, Johnson JA (2002) Lack of neurodegeneration in trans-
genic mice overexpressing mutant amyloid precursor protein is
associated with increased levels of transthyretin and the activation
of cell survival pathways. J Neurosci 22:7380-7388

Silva CS, Eira J, Ribeiro CA et al (2017) Transthyretin neuro-
protection in Alzheimer’s disease is dependent on proteolysis.
Neurobiol Aging 59:10-14

Makover A, Moriwaki H, Ramakrishnan R et al (1988) Plasma
transthyretin. Tissue sites of degradation and turnover in the rat.
J Biol Chem 263:8598-603

Sousa MM, Saraiva MJ (2001) Internalization of transthyretin.
Evidence of a novel yet unidentified receptor-associated protein
(RAP)-sensitive receptor. J Biol Chem 276:14420-5

Palha JA (2002) Transthyretin as a thyroid hormone carrier:
function revisited. Clin Chem Lab Med 40:1292-1300

Raz A, Goodman DS (1969) The interaction of thyroxine with
human plasma prealbumin and with the prealbumin-retinol-
binding protein complex. J Biol Chem 244:3230-3237
Episkopou V, Maeda S, Nishiguchi S et al (1993) Disruption of
the transthyretin gene results in mice with depressed levels of
plasma retinol and thyroid hormone. Proc Nat Acad Sci USA
90:2375-2379

Monk JA, Sims NA, Dziegielewska KM et al (2013) Delayed
development of specific thyroid hormone-regulated events
in transthyretin null mice. Am J Physiol Endocrinol Metab
304:E23-31

Liz MA, Gomes CM, Saraiva MJ, Sousa MM (2007) ApoA-
I cleaved by transthyretin has reduced ability to promote
cholesterol efflux and increased amyloidogenicity. J Lip Res
48:2385-2395

Liz MA, Fleming CE, Nunes AF et al (2009) Substrate specificity
of transthyretin: identification of natural substrates in the nervous
system. Biochem J 419:467-474

Pain S, Brot S, Gaillard A (2022) Neuroprotective effects of neu-
ropeptide Y against neurodegenerative disease. Curr Neurophar-
macol 20:1717-1725

Fleming CE, Saraiva MJ, Sousa MM (2007) Transthyretin
enhances nerve regeneration. ] Neurochem 103:831-839
Fleming CE, Mar FM, Franquinho F, Saraiva MJ, Sousa MM
(2009) Transthyretin internalization by sensory neurons is megalin
mediated and necessary for its neuritogenic activity. J Neurosci
29:3220-3232

Gomes JR, Nogueira RS, Vieira M et al (2016) Transthyretin
provides trophic support via megalin by promoting neurite out-
growth and neuroprotection in cerebral ischemia. Cell Death Dif-
fer 23(11):1749-1764. https://doi.org/10.1038/cdd.2016.64
Sousa JC, Marques F, Dias-Ferreira E, Cerqueira JJ, Sousa N,
Palha JA (2007) Transthyretin influences spatial reference mem-
ory. Neurobiol Learn Mem 88(3):381-385

Brouillette J, Quirion R (2008) Transthyretin: a key gene involved
in the maintenance of memory capacities during aging. Neurobiol
Aging 29:1721-1732

Magalhaes J, Eira J, Liz MA (2021) The role of transthyretin in
cell biology: impact on human pathophysiology. Cell Mol Life Sci
78:6105-6117

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

Vancamp P, Gothié JD, Luongo C et al (2019) Gender-specific
effects of transthyretin on neural stem cell fate in the subventricu-
lar zone of the adult mouse. Sci Rep 9:19689

Ishii A, Furusho M, Dupree JL, Bansal R (2016) Strength of
ERK1/2 MAPK activation determines its effect on myelin and
axonal integrity in the adult CNS. J Neurosci 36:6471-6487
Vieira M, Gomes JR, Saraiva MJ (2015) Transthyretin induces
insulin-like growth factor i nuclear translocation regulating its
levels in the hippocampus. Mol Neurobiol 51:1468-1479

Thal DR, Gawor K (2023) Cerebral amyloid angiopathy: neuro-
pathological diagnosis, link to Alzheimer’s disease and impact on
clinics. Clin Neuropathol 42:176-189

Taipa R, Sousa L, Pinto M et al (2023) Neuropathology of central
nervous system involvement in TTR amyloidosis. Acta Neuro-
pathol 145:113-126

Maia LF, Magalhaes R, Freitas J et al (2015) CNS involvement in
V30M transthyretin amyloidosis: clinical, neuropathological and
biochemical findings. J Neurol Neurosurg Phsych 86:159-167
Durmus H, Cakar A, Demirci H et al (2021) An exploratory study
of cognitive involvement in hereditary transthyretin amyloidosis.
Acta Neurol Scand 144:640-646

Martins da Silva A, Cavaco S, Fernandes J et al (2018) Age-
dependent cognitive dysfunction in untreated hereditary tran-
sthyretin amyloidosis. J Neurol 265:299-307

Hamasaki H, Shijo M, Nakamura A et al (2022) Concurrent
cardiac transthyretin and brain p amyloid accumulation among
the older adults: the Hisayama study. Brain Pathol 32:e13014
Sanna GD, Nusdeo G, Piras MR et al (2019) Cardiac abnormali-
ties in Alzheimer disease: clinical relevance beyond pathophysi-
ological rationale and instrumental findings? JACC Heart Fail
7:121-128

Troncone L, Luciani M, Coggins M et al (2016) AP amyloid
pathology affects the hearts of patients with Alzheimer’s dis-
ease: mind the heart. J] Am Coll Cardiol 68:2395-2407
Mawuenyega KG, Sigurdson W, Ovod V et al (2010) Decreased
clearance of CNS beta-amyloid in Alzheimer’s disease. Science
330:1774

Sheppard O, Coleman M (2020) Alzheimer’s disease: etiology,
neuropathology and pathogenesis. In: Huang X (ed) Chapter 1:
Alzheimer’s disease: drug discovery. Exon Publications, Bris-
bane. Available from: https://www.ncbi.nlm.nih.gov/books/
NBKS566126/ https://doi.org/10.36255/exonpublications.alzhe
imersdisease.2020.ch1

Lewis J, Dickson DW, Lin WL et al (2001) Enhanced neurofi-
brillary degeneration in transgenic mice expressing mutant tau
and APP. Science 293:1487-1491

Gotz J, Chen F, van Dorpe J, Nitsch RM (2001) Formation of
neurofibrillary tangles in P3011 tau transgenic mice induced by
Abeta 42 fibrils. Science 293:1491-1495

Ma C, Hong F, Yang S. (2022) Amyloidosis in Alzheimer's
disease: pathogeny, etiology, and related therapeutic directions.
Molecules 27

Tarasoff-Conway JM, Carare RO, Osorio RS et al (2015) Clear-
ance systems in the brain-implications for Alzheimer disease.
Nat Rev Neurol 11:457-470

Wisniewski T, Castano E, Ghiso J, Frangione B (1993) Cerebro-
spinal fluid inhibits Alzheimer beta-amyloid fibril formation
in vitro. Ann Neurol 34:631-633

Schwarzman AL, Gregori L, Vitek MP et al (1994) Transthyre-
tin sequesters amyloid beta protein and prevents amyloid forma-
tion. Proc Nat Acad Sci USA 91:8368-8372

Shibata M, Yamada S, Kumar SR et al (2000) Clearance of Alz-
heimer’s amyloid-ss(1-40) peptide from brain by LDL recep-
tor-related protein-1 at the blood-brain barrier. J Clin Invest
106:1489-1499

@ Springer


https://doi.org/10.1038/cdd.2016.64
https://www.ncbi.nlm.nih.gov/books/NBK566126/
https://www.ncbi.nlm.nih.gov/books/NBK566126/
https://doi.org/10.36255/exonpublications.alzheimersdisease.2020.ch1
https://doi.org/10.36255/exonpublications.alzheimersdisease.2020.ch1

Molecular Neurobiology

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

Alemi M, Gaiteiro C, Ribeiro CA et al (2016) Transthyretin par-
ticipates in beta-amyloid transport from the brain to the liver—
involvement of the low-density lipoprotein receptor-related
protein 1? Sci Rep 6:20164

Costa R, Gongalves A, Saraiva MJ, Cardoso I (2008) Tran-
sthyretin binding to A-Beta peptide—impact on A-Beta fibrillo-
genesis and toxicity. FEBS Lett 582:936-942

Garai K, Posey AE, Li X, Buxbaum JN, Pappu RV (2018) Inhi-
bition of amyloid beta fibril formation by monomeric human
transthyretin. Prot Sci 27:1252-1261

Du J, Murphy RM (2010) Characterization of the interaction
of f-amyloid with transthyretin monomers and tetramers. Bio-
chemistry 49:8276-8289

Sekijima Y, Tokuda T, Kametani F et al (2001) Serum tran-
sthyretin monomer in patients with familial amyloid polyneu-
ropathy. Amyloid 8:257-262

Du J, Cho PY, Yang DT, Murphy RM (2012) Identification of
beta-amyloid-binding sites on transthyretin. Prot Engin Des Sel
25:337-345

Li X, Zhang X, Ladiwala AR et al (2013) Mechanisms of tran-
sthyretin inhibition of B-amyloid aggregation in vitro. J Neuro-
sci 33:19423-19433

Costa R, Ferreira-da-Silva F, Saraiva MJ, Cardoso I (2008)
Transthyretin protects against A-beta peptide toxicity by pro-
teolytic cleavage of the peptide: a mechanism sensitive to the
Kunitz protease inhibitor. PLoS ONE 3:e2899

Li X, Song Y, Sanders CR, Buxbaum JN (2016) Transthyretin
suppresses amyloid-f secretion by interfering with processing of
the amyloid-p protein precursor. J Alzh Dis 52:1263-1275
Schwarzman AL, Tsiper M, Wente H et al (2004) Amyloidogenic
and anti-amyloidogenic properties of recombinant transthyretin
variants. Amyloid 11:1-9

Alemi M, Gaiteiro C, Ribeiro CA et al (2016) Transthyre-
tin participates in beta-amyloid transport from the brain to the

@ Springer

85.

86.

87.

88.

89.

90

liver—involvement of the low-density lipoprotein receptor-related
protein 1? Sci Rep 6:20164

Ribeiro CA, Santana I, Oliveira C et al (2012) Transthyre-
tin decrease in plasma of MCI and AD patients: investigation
of mechanisms for disease modulation. Curr Alzheimer Res
9:881-889

Wang Y, Liu W, Sun Y, Dong X (2024) Transthyretin-penetratin:
a potent fusion protein inhibitor against Alzheimer’s amyloid-f
fibrillogenesis with high blood brain barrier crossing capability.
Bioconjug Chem 35:419-431

Cotrina EY, Gimeno A, Llop J et al (2020) Calorimetric studies of
binary and ternary molecular interactions between transthyretin,
af peptides, and small-molecule chaperones toward an alterna-
tive strategy for alzheimer’s disease drug discovery. ] Med Chem
63:3205-3214

Ribeiro CA, Saraiva MJ, Cardoso I (2012) Stability of the tran-
sthyretin molecule as a key factor in the interaction with a-beta
peptide-relevance in Alzheimer’s disease. PLoS ONE 7:e45368

Ribeiro CA, Oliveira SM, Guido LF et al (2014) Transthyretin
stabilization by iododiflunisal promotes amyloid-f peptide clear-
ance, decreases its deposition, and ameliorates cognitive deficits
in an Alzheimer’s disease mouse model. J Alzh Dis 39:357-370

Coelho T, Maia LF, Martins da Silva A et al (2012) Tafamidis
for transthyretin familial amyloid polyneuropathy: a randomized,
controlled trial. Neurology 79:785-92

Publisher's Note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.



	Tetrameric Transthyretin as a Protective Factor Against Alzheimer’s Disease
	Abstract
	Transthyretin: Molecular Structure and Stability
	Synthesis and Catabolism
	Physiological Roles of TTR: Thyroxine and Retinol Carrier and Proteolytic Activity
	TTR as a Neuroprotective Factor
	Central Nervous System Involvement in ATTR Amyloidosis and Alzheimer’s Disease
	Anti-amyloidogenic Activity of Transthyretin in Alzheimer’s Disease
	Therapeutic Potential of Transthyretin in Alzheimer’s Disease
	Conclusions
	References


