
Vol.:(0123456789)1 3

Cellular and Molecular Life Sciences (2021) 78:6105–6117 
https://doi.org/10.1007/s00018-021-03899-3

REVIEW

The role of transthyretin in cell biology: impact on human 
pathophysiology

Joana Magalhães1  · Jessica Eira1,2 · Márcia Almeida Liz1 

Received: 23 February 2021 / Revised: 8 June 2021 / Accepted: 9 July 2021 / Published online: 23 July 2021 
© The Author(s), under exclusive licence to Springer Nature Switzerland AG 2021

Abstract
Transthyretin (TTR) is an extracellular protein mainly produced in the liver and choroid plexus, with a well-stablished role 
in the transport of thyroxin and retinol throughout the body and brain. TTR is prone to aggregation, as both wild-type and 
mutated forms of the protein can lead to the accumulation of amyloid deposits, resulting in a disease called TTR amyloi-
dosis. Recently, novel activities for TTR in cell biology have emerged, ranging from neuronal health preservation in both 
central and peripheral nervous systems, to cellular fate determination, regulation of proliferation and metabolism. Here, we 
review the novel literature regarding TTR new cellular effects. We pinpoint TTR as major player on brain health and nerve 
biology, activities that might impact on nervous systems pathologies, and assign a new link between TTR and angiogenesis 
and cancer. We also explore the molecular mechanisms underlying TTR activities at the cellular level, and suggest that these 
might go beyond its most acknowledged carrier functions and include interaction with receptors and activation of intracel-
lular signaling pathways.
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Introduction

Transthyretin (TTR) is a highly conserved homotetrameric 
protein which in humans has a molecular mass of 55 kDa, 
with each monomer being composed by 127 amino acids 
which correspond to approximately 14 kDa [1]. The TTR 
tetramer forms a narrow cylindrical hydrophobic channel 
running through the center of the molecule which carries 
two symmetrical binding sites [2, 3], being able to accom-
modate two molecules of thyroxine  (T4), one of the major 
TTR physiological ligands (Fig. 1A). Besides  T4, TTR is 
also the main carrier of retinol (vitamin A), by establishing 
a 1:1 molar complex with retinol binding protein (RBP), 

with binding being limited to a maximum of two RBP mol-
ecules per TTR tetramer [4] (Fig. 1B). Accordingly, the main 
acknowledged physiological function of TTR is the transport 
of the thyroid hormone (TH) thyroxine and retinol within 
the body and brain, what is reflected in the name of the pro-
tein. The prime sites for TTR synthesis are the liver, from 
where TTR is released to the blood, and the choroid plexus, 
which is the origin of cerebrospinal fluid (CSF) TTR [5]. In 
addition, TTR is also expressed in the endothelial cells of 
Islets of Langerhans [6], ciliary pigment epithelia [7], retinal 
pigment epithelium [8, 9], intestine [10], visceral yolk sac 
[11], and, in fairly minor amounts, stomach, heart, skeletal 
muscle and spleen [5]. One study also reported expression of 
TTR in the meninges [12] and, more recently, TTR synthesis 
has been demonstrated in the human placenta [13]. Impor-
tantly, TTR expression has also been suggested to occur in 
Schwann cells [14] and oligodendrocytes [15], as well as 
in different neuronal types namely dorsal root ganglia [16], 
hippocampal neurons [17], motor neurons [18] and cerebel-
lar granule cells [19].

TTR, additionally to the carrier activities, is well rec-
ognized due to its association to amyloidosis (ATTR amy-
loidosis). ATTR amyloidosis might be either sporadic, 
characterized by the accumulation of wild-type (WT) TTR 
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amyloid deposits (ATTRwt), occurring mainly in cardiac 
tissue in the elderly [20], or hereditary, caused by TTR vari-
ants (ATTRv). ATTRv amyloidosis, for which more than 
100 mutations in the TTR  gene have been described [21], 
include TTR-cardiac amyloidosis (ATTR-CM), formerly 
designated Familial Amyloid Cardiomyopathy (FAC), and 
ATTR polyneuropathy (ATTR-PN), previously recognized 
as Familial Amyloid Polyneuropathy (FAP). In ATTR-CM, 
TTR deposits are present mainly in the heart, leading to car-
diomyopathy [22], while in ATTR-PN, deposition initially 
starts in peripheral nerves, culminating in polyneuropathy 
[23]. Besides amyloidosis, TTR has been associated to 
behavior, memory and learning deficits, nerve regeneration 
and neurodegeneration [24].

The multiple TTR expression sites, the discovery of addi-
tional TTR ligands, the impact on the biology of different 
cell types, and the reported associations to disease, boosted 
intensive research on unveiling new pathophysiological roles 
for this protein. In the following sections, we will discuss the 
established and novel activities ascribed to TTR, focusing 
on the impact on cell biology, which pinpoint TTR as an 
admirable study case in health and disease.

Well‑known TTR biological functions

An impact of TTR in cell biology has been increasingly 
addressed in the literature, which might derive from novel 
TTR activities, or related to its established role as an extra-
cellular transporter protein. In the next section we will revisit 
the well-known physiological functions of TTR.

Carrier of thyroxine and retinol

As mentioned above, the most recognized physiological role 
for TTR is the distribution in of  T4 and retinol, in the lat-
ter case by association with RBP. Although TTR is highly 
concentrated in human plasma, it has an intermediate affinity 
for  T4 and carries only about 15% of the hormone [25]. In 

contrast, in the human CSF, TTR is the major  T4 distribu-
tor, carrying 80% of the hormone [26]. Retinol circulates in 
the plasma bound to RBP. RBP is synthesized and secreted 
primarily by hepatocytes and is the sole specific transport 
protein for retinol in the circulation. In the plasma, RBP-
retinol is found in a complex with TTR, which is responsible 
for the binding of almost all RBP (95%). This association 
is proposed to facilitate RBP release from its site of syn-
thesis in the endoplasmic reticulum and to prevent its renal 
filtration [27, 28]. In accordance, with the function of TTR 
as a distributor, adult TTR knockout (KO) mice exhibited 
decreased plasma levels of both  T4 and retinol [29]. Never-
theless, in the absence of TTR, the levels of  T4 were unal-
tered in tissues, and the TH function appeared normal [30]. 
Furthermore, TTR KO mice presented unaltered levels of 
retinol in tissues and did not display any symptoms of vita-
min A deficiency [29, 31]. The studies with TTR KO adult 
mice questioned the relevance of TTR as a distributor of 
 T4 and RBP-bound retinol. Nevertheless, studies with TTR 
KO mice demonstrating reduced TH bioavailability to neural 
stem cells in the subventricular zone (SVZ), and delayed 
bone growth, CNS maturation, and intestine and muscle 
development at postnatal stage, processes controlled by THs, 
reinforced the importance of TTR as  T4 distributor [32, 33]. 
In the case of RBP, the relevance of the TTR-RBP-retinol 
complex is still not clear and awaits further investigation. In 
terms of the effect of TTR at the cellular level, which is the 
main focus of this review, the established role of both  T4 and 
retinol on cell biology needs to be taken into account when 
analysing novel TTR functions, as they might be related to 
an indirect effect via its ligands.

TTR additional ligands and proteolytic substrates

New roles for TTR were found with the discovery of addi-
tional ligands besides  T4 and RBP (Table 1). In 2004, further 
investigation of TTR binding to apolipoprotein A-I (ApoA-I) 
[34] revealed that TTR has proteolytic activity, being able to 
cleave the C-terminus of ApoA-I [35], reducing its ability 

Fig.1  Structure of human 
transthyretin (TTR) tetramer 
in complex with two thyroxine 
 (T4) molecules (stick models) 
bound in the central hydropho-
bic channel (A), and with two 
molecules of retinol-binding 
protein (RBP) bound to the 
external surface (green and 
yellow) (B). Structural data 
obtained from pdb files (2ROX 
and 1QAB)



6107The role of transthyretin in cell biology: impact on human pathophysiology  

1 3

to promote cholesterol efflux and increasing its amyloido-
genic potential [36], and, as such, having an impact on the 
development of atherosclerosis. Later, TTR was defined as 
a zinc-dependent metalloprotease [37] and additional sub-
strates in the nervous system were described, namely the 
neuropeptide Y (NPY) [38] and the amyloid β peptide (Aβ) 
[39], as well as other unidentified nervous system substrates 
that were suggested to mediate TTR neuritogenic activity 
[38], as will be further discussed. Concerning NPY, the 
physiologic relevance of its proteolytic cleavage by TTR was 
not addressed, however, TTR KO mice present increased 
NPY levels, supporting a role for TTR in the regulation 
of the levels of this neuropeptide. In respect to Aβ, which 
accumulation is a crucial hallmark of Alzheimer’s disease 
(AD), TTR was described as one of the major Aβ-binding 
proteins [40]. Moreover, TTR was shown to cleave Aβ, not 
only its soluble form, but also aggregated Aβ forms in vitro 
[39], diminishing its fibrillogenesis and toxicity [40] and 
promoting neuroprotection in vitro [41]. TTR binding and 
cleavage of Aβ was suggested to underly the reported neu-
roprotective TTR effect on AD [41]. Additionally, TTR was 
show to impact on Aβ clearance [42] by facilitating the Aβ 
efflux from the brain and its internalization by the liver via 
the Lipoprotein-related receptor 1 (LRP-1) [42].

Additional molecules were described to interact with 
TTR, namely, norepinephrine (NE) oxidation products, 
the yellow compounds lutein and pterin, perlecan, lyso-
some‐associated membrane protein (LAMP‐1), and met-
allothionein 2 (MT2) [43]. Nevertheless, the physiologic 
relevance of TTR interaction with the reported ligands is 
still undiscovered. In addition to the referred TTR endog-
enous ligands, several exogenous molecules were shown to 
bind TTR affecting tetrameric stability and the ability to 
bind  T4 and RBP-retinol. These molecules are designated 
endocrine-disrupting chemicals (EDCs), and were reviewed 
in [24]. EDCs might enter the human organism in the food, 
water or aerosols and by affecting TTR distributor activities 
impact on human health. Some examples of EDCs include 
Ibuprofen, heparin, 1,4-Tetrachlorophenol, and 2,3-Dichlo-
rophenol, among others.

TTR role on neuronal cell biology

The reported neuroprotective effects of TTR on both periph-
eral and central neurons were the first evidence of an impact 
of the protein in cell biology (Fig. 2A) [44–47]. Next, we 
will describe the established and the novel roles assigned for 
TTR in neuronal cell biology.

Impact on the pathophysiology of peripheral 
neurons

Research on identifying a TTR function in the PNS was trig-
gered by its association with ATTR-PN, a neurodegenerative 
disorder where aggregated TTR accumulates in peripheral 
nerves causing axon degeneration [48, 49]. In physiological 
conditions, TTR is also present in the PNS. Originally, it was 
found in the nerve endoneurial fluid, and was proposed to 
gain access to the PNS through the peripheral blood, cross-
ing the blood-nerve barrier (BNB) [49]. Another suggested 
potential source of TTR to the PNS was the choroid plexus, 
due to the communication between the subarachnoid and 

Table 1  Transthyretin known ligands and proteolytic substrates

Carrier Thyroid hormones
Retinol-binding protein

Proteolysis Apolipoprotein A-I
Amyloid β peptide
Neuropeptide Y

Other functions Norepinephrine oxidation products
Lutein
Pterin
Perlecan
Lysosome‐associated membrane protein
Metallothionein 2
Endocrine-disrupting chemicals:  

Diflunisal, Ibuprofen, Heparin, ect

Fig. 2  Transthyretin (TTR) 
role on neuronal cell biology. 
A TTR neuroprotective role. 
Extracellular TTR controls 
neuronal health, outgrowth and 
function via receptors (megalin, 
 GABAA-R and IGF1-R). B 
Extracellular TTR aggregates 
(agTTR) cause neurotoxicity 
via the receptor RAGE. Other 
unknown receptors might 
be involved in the pathways 
impacted by extracellular TTR 
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endoneurial spaces [49]. Besides assess to the PNS, local 
expression of TTR by the dorsal root ganglia (DRG) was 
also reported, nevertheless this is a controversial topic, 
as Sousa et al. showed that TTR is not expressed in DRG 
[50], while Murakami et al. reported that TTR is expressed 
in the glia satellite cells of the DRG [16] and in Schwann 
cells [14]. Regardless of its local or systemic origin, TTR 
was described as neuroprotective in the PNS, as TTR KO 
mice were shown to display sensorimotor impairment, and 
decreased ability to regenerate after sciatic nerve crush [44]. 
TTR impact on nerve regeneration was linked to a neuri-
togenic activity in DRG neurons [44], via interaction with 
the endocytic receptor megalin resulting on TTR internali-
zation [51], and to a role of TTR on axonal transport, as 
TTR KO DRG neurons showed compromised retrograde 
transport [51]. These observations unraveled a novel role 
for TTR on the biology of peripheral neurons, which was 
suggested to be independent of its transporter function, as 
a TTR variant with diminished ability to bind  T4 and reti-
nol conserved neuritogenic activity [51]. The mechanism 
underlying TTR impact on neurite outgrowth and axonal 
transport is still unclear, but some hypothesis can be raised: 
i) the fact that neuritogenic activity requires TTR internali-
zation might indicate a novel intracellular function in PNS; 
ii) TTR proteolytic activity might be related, as a proteolyti-
cally inactive form of TTR was described to be unable to 
increase neurite outgrowth of DRG neurons [38], and iii) 
TTR interaction with megalin might activate an intracellular 
signaling pathway.

Neuroprotective role on the central nervous system

In the brain, besides being expressed in the epithelial cells 
of the choroid plexus, TTR was also shown to be expressed 
in neurons and oligodendrocytes [17–19]. In addition to the 
function as a TH distributor in the brain, TTR has also been 
shown to have other roles, namely neuritogenic activity in 
hippocampal neurons and a neuroprotective role in patho-
logical conditions, such as cerebral ischemia [47, 52] and 
AD [41, 45, 46]. Moreover, TTR was found diminished in 
the CSF of schizophrenia and amyotrophic lateral sclerosis 
(ALS) patients, and in the degenerating ALS motor neurons 
[53]. All these observations point to TTR as a neuroprotector 
in the CNS.

The molecular mechanisms by which TTR exerts its 
neuroprotective effects in CNS are not yet fully under-
stood; however, new reports elucidating these mecha-
nisms are emerging. TTR was found to be determinant 
for hippocampal neuronal survival and neurite outgrowth 
and preservation, in in vitro excitotoxic conditions, and 
in a mouse model of permanent middle cerebral artery 
occlusion (pMCAO), a model of cerebral ischemia [47]. In 
support of this, in hippocampal neurons, TTR was found 

to enhance neurite survival and outgrowth by interact-
ing with the receptor megalin and activating extracellular 
signal-regulated protein kinase (ERK), protein kinase B 
(AKT), and tyrosine-protein kinase Src (Src), ultimately 
leading to the upregulation of the CREB transcription fac-
tor, favoring the expression of anti-apoptotic Bcl2 protein 
family members [47]. TTR was also shown to increase 
intracellular calcium through NMDA receptors, in a Src/
megalin-dependent manner, what could explain the ability 
of TTR to enhance neurite outgrowth [47]. Besides inter-
acting with megalin, TTR was also shown to upregulate 
the expression of this receptor [54]. Interestingly, megalin 
was shown to impact on neurite outgrowth of hippocampal 
neurons and on synaptic plasticity [54]. As such, we might 
hypothesize that TTR-megalin interaction underlies TTR 
impact on CNS.

Besides megalin, TTR also was also shown to bind and 
positively regulate the expression of insulin-like growth 
factor 1 receptor (IGF1-R) in hippocampal neurons [55]. 
TTR, via a synergistic effect with insulin-like growth fac-
tor 1 (IGF1), was shown to induce the activation of the 
IGF1-R-AKT signaling pathway [56]. Similarly to TTR, 
IGF1 was shown to act as neuroprotector in brain ischemia 
and AD [57, 58]. Moreover, the IGF1-R signaling pathway 
was shown to control neuronal plasticity, synaptic activity 
and neurite outgrowth [59–61]. As such, TTR regulation of 
IGF1-R may, in part, explain the neuritogenic and neuropro-
tective effects described for TTR.

Recently, another important receptor in the CNS, the 
GABA (γ-aminobutyric acid) A receptor  (GABAA-R), was 
described to be regulated by TTR [20]. GABA receptors 
play a critical role in mediating neural network activity, 
in particular, in inhibiting neural activity [58]. Deficits in 
 GABAA-R-mediated neurotransmission are involved in epi-
lepsy, anxiety, depression, schizophrenia, and autism [59]. 
Using yeast two hybrid screening, TTR was identified as an 
interacting partner of  GABAA R´ δ subunit (δ-GABAA-R). 
More importantly, TTR was found to interact with 
δ-GABAA-R in primary cerebellar granule neurons, in pri-
mary cortical neurons, and in mouse cerebellum extracts. In 
the same study, TTR was described to regulate δ-GABAA-R, 
as TTR knockdown in cultured cerebellar granule neurons 
significantly decreased the receptor expression, whereas 
overexpressing TTR in cortical neurons increased it. In vivo 
analysis using TTR knockdown mice revealed a significant 
decrease in surface expression of δ-GABAA-R in cerebellar 
granule neurons, confirming TTR as a regulator of these 
receptors in the brain [20]. This study uncovered the pos-
sible role of TTR in mediating neuronal activity through 
δ-GABAA-R, which can also contribute to the role of TTR 
on neuronal health.

In summary, in neurons (TTR regulates the expression 
and interacts with megalin [47], IGF1-R [55], and  GABAA-R 
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[19], critical molecules involved in neuronal plasticity, syn-
aptic activity, neurite outgrowth [54, 59] and neuronal activ-
ity [62]. Interestingly, in TTR KO mice, the absence of TTR 
accelerates memory deficits usually associated with ageing 
[63], and aged memory-impaired rats present decreased TTR 
expression [64]. The hippocampus plays a crucial role in 
the formation of memories, and the fact that TTR absence 
is linked to memory impairment and that TTR can bind to 
receptors, in hippocampal neurons, that regulate neuronal 
function, makes TTR a molecule potentially crucial for dis-
eases that involve memory decline, such as AD and other 
types of dementia. Moreover, focusing on AD, the described 
impact of TTR on hippocampal neuronal health points to a 
novel mechanism of neuroprotection independent on TTR 
binding to Aβ.

Novel roles for TTR on cell biology

New roles for TTR, besides the distribution of  T4 and RBP-
retinol, were mainly studied in the nervous system and asso-
ciated with neurologic diseases, as addressed in the previous 
section. Nevertheless, studies in additional scenarios, such 
as cancer, revealed novel roles for TTR related to cell fate, 
proliferation and metabolism (Fig. 3).

Impact on cell fate, proliferation and immune 
regulation

An impact of TTR on cell fate and proliferation was initially 
supported by studies in the SVZ. The SVZ, which covers the 
ventricular walls, is a stem cell niche that sustains lifelong de 
novo generation of neurons and oligodendrocytes, and is in 
close contact with CSF, where TTR is highly concentrated. 
As such, a new role for TTR in neural differentiation in the 
SVZ region was hypothesized. Brain of TTR KO mice was 
analysed, and it was shown that the absence of TTR ham-
pers the neuronal differentiation in the SVZ region, result-
ing in a shift towards oligodendrogenesis at the expense of 
neurogenesis [15, 65], with an increase in oligodendrocyte 
number and proliferation leading to hypermyelination of the 
TTR KO mouse brain [65]. Oligodendroglial cell prolifera-
tion, survival, and differentiation rely on the coordinated 
transduction of phosphatidylinositol 3-kinase (PI3K)/AKT 
and extracellular signal-regulated protein kinases 1 and 2 
(ERK1/2), processes that are essential to CNS myelina-
tion [66, 67]. In transgenic mice overexpressing the PI3K/
AKT signaling pathway, myelin thickness is increased [68], 
whereas disruption of the ERK1/2 expression in oligoden-
drocytes reduces myelin thickness and induces an overall 
degradation of axonal integrity [69]. How TTR regulates 
oligodendrocyte maturation and proliferation remains to be 
elucidated; however, TTR absence was shown to potenti-
ate AKT phosphorylation in oligodendroglial lineage cells, 
regulating oligodendrogenesis (Fig. 3A), and consequently 
myelination [15]. Interestingly, TTR was also shown to 

Fig. 3  Transthyretin (TTR) novel roles in: A cell fate, with TTR absence inducing oligodendrogenesis; B stimulation if cell proliferation via 
AKT; C immune regulation, by controlling myeloid cell differentiation; and D cell metabolism, via AKT, in difference cell types
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regulate the levels of 14-3-3 and TTR KO mice presented 
low levels of this protein [70], which is crucial for neuro-
genesis [71].

Even though in the SVZ TTR absence potentiates AKT 
phosphorylation and oligodendrogenesis [15], TTR was 
shown to bind and positively regulates the IGF1-R/AKT 
signaling pathway in hippocampal neurons [55], what sug-
gests that TTR may have different roles in different CNS 
cell types. An important note is that, THs, carried by TTR, 
were shown to be essential for oligodendrocyte health and 
CNS myelination [72], what could contradict the observa-
tion that TTR absence potentiates oligodendrogenesis [15]. 
Nevertheless, TTR KO mice were shown to be euthyroid 
[30]. Additionally, since TTR KO mice present delayed CNS 
development [33], memory impairment [63, 64], and infe-
rior cognitive performance [73], it would be interesting to 
understand how hypermyelination in the absence of TTR 
[15] relates to those phenotypic alterations.

An additional role for TTR on cell proliferation (Fig. 3B) 
was related to its impact on the regulation of angiogenesis 
[74, 75], the process of formation of new blood vessels. 
Angiogenesis is a normal process during growth, devel-
opment, and wound healing; however, it is also a funda-
mental step in tumor progression to malignancy [76]. TTR 
was shown to increase proliferation of lung tumor cells 
both in vitro and in vivo, by stimulating the formation 
of capillary-like tubes and increasing the proliferation of 
endothelial cells, via AKT [75]. Additionally, another study 
revealed that incubating endothelial cells with recombinant 
TTRV30M, a prone to aggregate variant [77], induced the 
down-regulation of several pro-angiogenic genes, such as 
VEGFR1, VEGFR2, FGF2, TGFB2, and ANGPT2, which 
are involved in endothelial proliferation, survival, and migra-
tion, negatively modulating angiogenesis when comparing 
to WT TTR [74]. The authors of this study suggested that 
TTR regulates angiogenesis through the direct regulation of 
endothelial gene expression [74]. The fact that TTRV30M 
was not able to induce proliferation and angiogenesis, simi-
larly to WT TTR, and knowing that the TTRV30M variant 
is less stable that the WT protein [77], suggests that the 
stability of TTR might be important for its role in regulating 
angiogenesis.

TTR was also shown to regulate tumor environment and 
control immune cell function by modulating myeloid cell 
differentiation [75]. The myeloid lineage cells are the precur-
sors of the granulocytes, macrophages, dendritic cells, and 
mast cells of the immune system [78]. Hence, it is interest-
ing that the injection of recombinant TTR in mice led to an 
increase in cell differentiation in the myeloid compartment 
of the bone marrow [75], suggesting a potential role of TTR 
in immune system regulation (Fig. 3C).

Overall, TTR has been described as having a role in 
tumor progression through regulation of proliferation of 

both endothelial cells and the immune cells surrounding the 
tumor. In accordance, TTR has been recently described as a 
biomarker for lung [79] and ovary [80] cancers, as its levels 
were shown to be elevated in the serum of patients. The bio-
logical connection between these types of cancer and TTR 
is not yet understood, as it is not clear whether the changes 
in TTR levels are a cause or simply a consequence of the 
cancer itself. In this respect, lung cancer cells are reported to 
express TTR, in contrast to normal lung cells [81]. Neverthe-
less, TTR has been extensively used as a biomarker for mal-
nutrition, health status in the elderly and for a broad array 
of diseases comprising metabolic, inflammatory and septic 
disorders, as gene expression in the liver was shown to be 
decreased in those conditions [82, 83]. These observations 
demonstrate a different response in terms of TTR expression 
in cases of disease.

In summary, reports are slowly depicting TTR new links 
to cell fate, in particular neurogenesis and oligodendrogen-
esis, which for sure impact on brain biology. At the same 
time, roles in cell proliferation and immune regulation are 
also emerging relating TTR to angiogenesis and cancer.

Controlling cell metabolism

The same study that presented TTR as a regulator of mye-
loid cells differentiation and proliferation also showed that 
TTR was able to induce changes in the metabolism of those 
cells [75]. Besides activating AKT pathway, ERK, p38, and 
NF-κB and p65 molecules, TTR enhanced the production of 
reactive oxygen species (ROS), enabling the cells to become 
functional myeloid-derived suppressive cells, highly effec-
tive in suppressing T-cell response. Thus, the authors sug-
gested an undescribed role for TTR: the control of the meta-
bolic reprogramming of myeloid lineage cells, via AKT [75].

Recently, Zawiślak et al. found that neuron-derived TTR 
stimulates astrocyte metabolism, in vitro, in a process inde-
pendent of TTR ligands, as only the hormone-free TTR 
acted as an activator of glycolysis in astrocytes, and the sat-
uration of TTR with  T4 or retinol abolished the glycolytic 
stimulatory effect of the protein. Moreover, TTR was shown 
to induce the expression of glycolysis regulators in astro-
cytes, namely phosphofructokinase P (PFKP) and pyruvate 
kinase M1/M2 isoforms (PKM1/2), increasing ATP synthe-
sis [84]. TTR effect was restricted to glycolysis, not affecting 
glucose uptake, as TTR did not affect enzymes of that path-
way, such as hexokinase 1 (HK1) [84]. Interestingly, in this 
scenario, TTR was described to have an antagonistic effect 
on the PI3K/AKT pathway [84], which is associated with 
glucose uptake, whereas in neurons PI3K/AKT pathway was 
described to be stimulated by TTR [55]. This novel report by 
Zawiślak et al., implicated TTR in astrocytic energy metabo-
lism, and by consequence in brain energetics, glia-neuron 
interactions, and even in neuronal plasticity.
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When considering TTR and cellular metabolism, it is 
of importance to refer the IGF1-R pathway, which is well 
known for regulating cell proliferation and differentiation, as 
well as controlling metabolic activities, being linked, among 
others, to cancer, neurodegenerative disorders, and meta-
bolic disorders [85]. The IGF1-R controls the activation of 
two downstream pathways, the MAPK/ERK and PI3K/AKT/
mTor pathways, which control various cellular responses, 
such as differentiation, proliferation, and protection from 
apoptosis [86]. As described in a previous section, Vieira 
et. al. revealed TTR as an inducer of the IGF1-R pathway 
in the CNS. [55]. These observations reinforce the notion 
that TTR, possibly via IGF1-R, may have pivotal roles in 
metabolic regulation in different cell types and in maintain-
ing cellular health and function (Fig. 3D). Additionally, the 
novel reports indicating that TTR stimulates glycolysis in 
astrocytes, regulating astrocyte metabolism and energy pro-
duction [84], and the notion that astrocytic degradation of 
glycogen is a prerequisite for neuron plasticity and memory 
formation [87], give further support to classify TTR as an 
important molecule for neuronal function/plasticity and 
memory formation.

TTR aggregation and cellular toxicity

Additionally to the activity as a carrier protein and to the 
roles that emerged recently, TTR is also well known due to 
its involvement in ATTR amyloidosis, a systemic disorder 
that can result in polyneuropathy, autonomic neuropathy, 
or cardiomyopathy, and often in a mixture of these clinical 
manifestations [48]. TTR destabilization due to single amino 
acid variations precipitates misfolding and aggregation, 
which leads to TTR extracellular amyloid deposition and 
tissue dysfunction [48]. Ageing is associated with increased 
protein aggregation [88], and TTR is no exception to this 
rule: WT TTR can also be destabilized and aggregate, par-
ticularly in the elderly, causing non-familial cases of ATTR 
amyloidosis [20].

Aggregated TTR has vastly been associated with cyto-
toxicity and cellular degeneration [48]. The mechanism by 
which extracellular TTR modulates intracellular molecular 
pathways is not yet fully understood, although some puta-
tive mechanisms were described. In ATTR-PN, aggregated 
TTR preferentially deposits in the peripheral nervous sys-
tem (PNS), leading to cytotoxicity and axonal loss (Fig. 2B). 
TTR aggregates bind to the receptor for Advanced Glycation 
End Products (RAGE) [89], and possibly to yet unidenti-
fied receptors, and activate intracellular pathways, such as 
endoplasmatic reticulum stress [90], proteosome dysfunction 
[91], apoptosis [92], inflammation [93, 94] and oxidative 
stress [95–97].

ATTR-PN is characterized by a dying-back axonal 
degeneration, what might suggest a disturbance of the distal 
cytoskeleton as consequence of the TTR deposition. Interest-
ingly, a study using an ATTR-PN Drosophila model express-
ing the amyloidogenic variant TTRV30M in the fly retina, 
reported a novel genetic interaction between TTRV30M and 
members of the Rho GTPase family, well-known regula-
tors of the actin cytoskeleton. The authors have shown that 
downregulation of Rac1/2, Cdc42, Pak and LIMK suppress 
TTRV30M-induced axonal defects on the retina of the flies 
[98]. All these proteins are major players in actin dynamics 
and implicated in several other neurodegenerative disorders 
[99], what raised the possibility that Rho GTPases and the 
actin cytoskeleton are involved in ATTR-PN pathology. The 
actin cytoskeleton is closely associated with endocytosis, 
with actin dynamics being critical to remodel the cell sur-
face and vesicular movement [100]. Noticeably, aggregated 
TTR was found to disrupt the endocytic transport within 
the cell, as the presence of aggregated TTR decreases trans-
ferrin endocytosis in human carcinoma cells and primary 
liver cells [101]. This observation also supports the idea of 
a possible link between TTR aggregation and disturbance 
in the actin cytoskeleton. The question of whether TTR 
aggregates induce disturbances in neuronal actin regulators 
and in cytoskeleton dynamics in the distal peripheral axons 
of ATTR-PN patients is still unanswered. Nevertheless, as 
cytoskeleton disturbances could be an early event that pre-
ceding axonal degeneration, this would be a new pathologi-
cal pathway with great potential to be a therapeutic target 
for ATTR-PN.

The deregulation of calcium homeostasis has also been 
associated to ATTR-PN pathology, as the amyloidogenic 
variant TTRL55P was shown to induce calcium influx into 
the growth cones of DRG neurons, in a process involving 
 Nav1.8 voltage-gated sodium channels and transient recep-
tor potential (TRP) M8 channels, whereas WT TTR had 
no significant effect [102]. In another study, performed in 
cardiomyocytes, aggregated WT TTR was shown to cause 
cytotoxicity by deregulating cytoplasmic  Ca2+ levels, mod-
ifying mitochondrial potential and increasing oxidative 
stress, leading to the prolongation of the action potential, 
which may contribute to the development of cellular arrhyth-
mias and conduction alterations often seen in patients with 
ATTR-CM [103]. The TTR-induced alterations of calcium 
levels within cells and consequent cytotoxicity may also be 
a major contributor to the pathophysiology associated with 
TTR aggregates.

The role of Schwann cells, the PNS glia cells, in ATTR-
PN has been the focus of recent studies. In different neuro-
degenerative disorders, the glia, has been described to have 
a role in inflammation and in the clearance of aggregates. 
Thus, in ATTR-PN, where extracellular TTR aggregates 
cause pathology and inflammation, is reasonable to propose 
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that glia may also have role in the disease. In this respect, the 
impact of TTR aggregates was analysed in Schwannoma cell 
lines, and TTR was found to stimulate ROS production and 
to decrease the levels of endogenous antioxidants, decreas-
ing the overall cellular antioxidant capacity [95]. Addition-
ally, PNS glia (satellite cells and Schwann cells) have been 
reported to uptake and clear extracellular TTR aggregates, 
via lysosomal degradation, in a ATTR-PN mouse model and 
in PNS human tissue [104]. Corroborating this idea, TTR 
aggregates were found in the cytoplasm of Schwann cells 
and satellite cells of transgenic mice carrying the human 
TTR  gene bearing the V30M mutation (hTTRV30M mice) 
[14]. The effect of TTR in Schwann cells health and function 
surely also have an impact on neuronal health and survival, 
as glia cells support neurons and maintain their environment. 
Accordingly, conditioned media from Schwann cells from 
hTTRV30M mice was shown to inhibit neurite outgrowth 
of DRG neurons [14], suggesting that Schwann cells have 
a critical role in the neurodegeneration of sensory neurons. 
Moreover, sural nerve biopsy specimens from patients 
with ATTR-PN (TTRV30M variant) were shown to have 
disrupted blood-nerve barrier, with loss of the tight junc-
tions and the fenestration of endothelial cells and atrophy of 
Schwann cells [105]. Together, the accumulation of aggre-
gated TTR in Schwann cells, the disruption of clearance 
mechanisms, and the cytotoxicity triggered in Schwann cells 
are probably major contributors to the neurodegeneration 
of sensory neurons observed in ATTR-PN, as neuron-glia 
interactions are critical for maintaining neuronal function. 
It is probably the combination of both the direct damage to 
the peripheral neurons [48] and the damage to the peripheral 
glia [14], and the consequent impact in glia-neuron interac-
tions, the drivers for the aggregated TTR-associated pathol-
ogy in the PNS.

Conclusions and future directions

This review sheds light on the evidences of novel roles for 
TTR in cell biology, which range from neuronal health pres-
ervation in both PNS and CNS, to cellular fate determina-
tion, and regulation of cell proliferation and metabolism. 
The overall conclusion of this literature revision is that the 
physiological functions of TTR are yet to be fully under-
stood and deserve further investigation due to the increasing 
scenarios where TTR is being shown to be involved. A criti-
cal missing point in this subject is to clarify the molecular 
mechanisms underlying TTR effects on cell biology which, 
as showed in this review, probably go beyond the distribu-
tion of  T4 and retinol.

One of the molecules that stands out is megalin, which 
was shown to mediate an established and solid role for 
TTR on neuronal cell biology both in the CNS and PNS, 

as highlighted in this review [47, 51, 54]. In the case of 
the CNS, TTR was suggested to activate different signaling 
pathways, crucial in cell biology, in a megalin-dependent 
way, namely upregulation of intracellular calcium and a Src/
ERK/AKT/CREB pathway [47, 54]. TTR was also shown 
to regulate the receptors IGF1-R [55], in this case leading 
to activation of an IGF1-R/AKT signaling pathway, and 
 GABAA-R [19], what we suggest that might mediate TTR 
neuroprotection in the CNS. Besides the impact on neuronal 
cell biology, novel and less established roles for TTR include 
the involvement of TTR in cellular fate determination of 
oligodendrocytes [15], and the regulation of astrocytes 
metabolism [84],which can directly and importantly affect 
brain function (Fig. 3A,D). Interestingly, AKT was shown 
to be involved in those TTR activities [15, 84]. Overall the 
referred studies support a role for TTR on the biology of 
the CNS and pinpoints some of the underlying molecular 
mechanisms, from which megalin and AKT seem to act as 
key players. Future work should focus on analysing TTR-
brain-related activities, as well as, modulation of the medi-
ating molecules, in contexts were TTR was shown to be 
involved, namely ageing and AD.

In the case of peripheral neurons, the detailed underlying 
molecular mechanism downstream of TTR-megalin interac-
tion is still unclear and deserves additional research as it 
could impact on ATTR-PN. In this disease, the mechanism 
underlying neuronal loss induced by TTR aggregates is still 
poorly described, but since TTR has a role in neurite out-
growth and axonal transport in peripheral neurons [44, 51], 
is possible that mutated and unstable TTR, undergoes loss of 
function, affecting neuronal function and contributing for the 
pathology observed in ATTR-PN. In this respect, it would be 
also important to study whether neuronal function, namely 
axonal transport, which is usually impaired in peripheral 
neuropathies [106], is affected in peripheral neurons of an 
ATTR-PN mouse model. Additionally, we refer novel stud-
ies, associating actin cytoskeleton alterations to ATTR-PN 
[98], which constitutes a new concept linking TTR aggrega-
tion and cytoskeleton destabilization (Fig. 2B), which could 
explain axonal loss seen in this pathology.

Here, we also discuss literature pointing to a role of TTR 
on the proliferation of endothelial cells and on myeloid cell 
differentiation what links TTR to angiogenesis and cancer 
(Fig. 3B,C), a subject that also deserves more investigation. 
In respect to the molecular mechanisms that underly these 
novel TTR roles, AKT is a molecule that again stands out 
and as such, we might propose AKT as main mediator of 
TTR activities.

In summary, this review supports the vision of TTR as 
a multifaced protein. Currently, it is still unclear how TTR 
is inducing effects on cells, however there are some pos-
sibilities: 1) the classic one, supporting that TTR effect 
is due to its binding and distributor activities, 2) a less 
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explored possibility, TTR proteolytic activity and cleavage 
of substrates with critical roles on cell biology, and 3–4) 
the ones suggested by recent literature occurring through 
protein–protein interaction, 3) extracellular TTR binds to 
receptors inducing critical intracellular pathways, or 4) intra-
cellular TTR (uptaken or expressed) has a direct effect in 
intracellular pathways (Fig. 4). Most probably, a combina-
tion of these possibilities is on the basis of TTR-reported 
activities in cell biology. Clarifying the mechanisms under-
lying TTR novel reported activities will be crucial to define 
whether those activities represent novel TTR physiological 
functions. Assigning new functions to TTR is also impor-
tant concerning the fact that therapies targeting TTR include 
stabilization or reduction of the protein. Interestingly, long-
term studies of the effects of the referred therapies might 
contribute to a clearer understanding of the biological role 
of TTR in humans. Overall, we consider research on TTR a 
significant subject as although there are no humans without 
the protein, alterations on TTR levels on disease context 
have been increasingly reported on the literature.
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