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Abstract Transthyretin (TTR) (formerly, thyroxine
binding prealbumin) is an evolutionarily conserved serum
and cerebrospinal fluid protein that transports holo-retinol-
binding protein and thyroxine. Its serum concentration has
been widely used to assess clinical nutritional status. It is
also well known that wild-type transthyretin and approxi-
mately 100 different mutants give rise to a variety of forms
of systemic amyloid deposition. It has been suspected and
recently established that TTR can suppress the Alzheimer’s
disease phenotype in transgenic animal models of cerebral
Ap deposition. Thus, while TTR is a systemic amyloid
precursor, in the brain it seems to have an anti-amyloido-
genic effect. TTR is found in other organs as a result of
local synthesis or transport, suggesting that it may have
other, as yet undiscovered, functions. It is possible that its
capacity to bind many classes of compounds allows it to
serve as an endogenous detoxifier of molecules with
potential pathologic effects.
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Introduction

Transthyretin (TTR) is a homotetrameric protein of 55 kDa
found mainly in plasma and cerebrospinal fluid and pre-
viously thought to be synthesized only in liver, choroid
plexus, retinal pigment epithelium, and pancreas [1-3]. In
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1981, the International Union of Biochemists adopted the
name “transthyretin” for the molecule previously desig-
nated as “thyroxine binding prealbumin” [4]. The
implication of the action was that the physiologic role(s) of
the protein was (were) sufficiently well known (transporter
of thyroxine and retinol) to change the prior descriptive
term to the more preferable functional nomenclature. It
now appears that the assumption that the biology of TTR
was completely understood was premature and may have
led the scientific community to infer that further investi-
gation was not necessary. Semantic clarity leading to
undeserved observational certainty is a constant risk when
trying to rationalize scientific nomenclature.

Until recently, TTR had its established clinical signifi-
cance in two settings. TTR serum concentration has been
utilized as a marker of nutritional/inflammatory status in a
variety of conditions [5, 6]. More importantly, as an etio-
logic agent, TTR is one of the ~30 human proteins
associated with the amyloidoses, a group of disorders
originally defined pathologically by the formation and
aggregation of misfolded proteins which result in extra-
cellular deposits that impair organ function [7]. The
clinical syndromes associated with TTR aggregation are
senile systemic amyloidosis (SSA), a late onset disease in
which the wild-type protein deposits primarily in the heart,
but also in the gut and carpal tunnel [8-10], and the
familial amyloidotic polyneuropathies (FAP) and cardio-
myopathies (FAC) in which point mutations in the gene
encoding the protein result in deposition of aggregates in
peripheral and autonomic nerves and heart, respectively
[11]. FAP and FAC usually have an earlier onset than SSA
presumably due to the decreased stability of variant TTR
with respect to the wild-type protein, with the most
aggressive variants depositing as early as the second
decade of life [12].
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In vitro studies have demonstrated that TTR forms
amyloid fibrils through a process that involves tetramer
dissociation followed by misfolding of the released
monomers into an aggregation-prone conformation by
which oligomers, soluble aggregates, insoluble amorphous
aggregates, and amyloid fibrils are formed in a downhill
polymerization process [13]. Whether the insoluble amor-
phous aggregates described first in transgenic animals [14]
and then in humans [15] are in on- or off-pathway towards
the amyloidogenic structure is still a matter of debate.

Tissue culture studies using cell lines derived from tis-
sues that are targets of TTR deposition have shown that
TTR monomers or small oligomers are cytotoxic to the
cells, whereas the native tetramer, large soluble aggregates
(>100 kDa), and amyloid fibrils are not. Furthermore,
amyloidogenic TTR variants were toxic to the cells
whereas non-amyloidogenic TTR was not [16]. These
results support the notion that cell death in the protein
misfolding diseases is caused not by amyloid fibrils, which
are the end product of the aggregation process, but rather
by the intermediate oligomers that are formed during that
process. The results of earlier studies, in which either
highly amyloidogenic mutant forms of TTR which did not
occur in nature or tissue cultured cells which did not rep-
resent the disease associated in vivo targets were used,
were in general agreement with such findings [15, 17].

Recently, we and others have reported that TTR has a
protective role in transgenic murine models of Alzheimer’s
disease (AD) [18, 19] and that the absence of the TTR
protein leads to a discrete behavioral phenotype, even in
the absence of a pathologic Aff gene, which has not been
fully characterized [20]. The relationship of these obser-
vations to human AD has not yet been established.

In the course of studies directed at finding small mole-
cules that could stabilize the native tetrameric TTR
conformation to prevent amyloid formation, it has become
apparent that TTR has the capacity to bind a variety of
structures in its thyroxine (T,4) binding pocket. It is possible
that evolution has maintained such versatility in order to
allow TTR to perform a multiplicity of biologic functions.
Here, we will explore such a possibility.

Transthyretin in the brain

The notion that our knowledge of TTR function was
incomplete was suggested in 1982 in a report showing that
the characteristic plaques from brains of AD patients were
reactive with an anti-TTR antibody [21]. Although that
observation could not be confirmed in larger series of AD
brains, the seed had been sown. A subsequent study
indicated that some TTR alleles could inhibit Af fibril
formation in vitro, but the mechanism was not defined

[22, 23]. The finding was consistent with contemporaneous
independent experiments showing that wild-type TTR
could alleviate the pathologic impact of Af expression in
muscle cells in transgenic C. elegans expressing both
human TTR and Af genes [24]. However, despite clear
evidence of the effect, these studies did not demonstrate an
in vivo molecular interaction. A later analysis of brain
RNA from mice expressing a human AD transgene showed
increased cerebral transcription of the TTR gene, cerebral
staining with an anti-TTR antibody, and an increase in AD
pathology in the ipsilateral hemibrains of mice injected
intraventricularly with an anti-TTR antibody [25]. How-
ever, none of the papers reporting these observations
speculated on the possibility that TTR was synthesized
anywhere but the choroid plexus. A recent report reiterated
the long-standing view that TTR was only synthesized in
the choroid plexus, largely based on a failure to demon-
strate TTR mRNA transcription from material obtained
from normal and AD model murine brains by laser-capture
dissection, and the authors suggested that contamination
with choroid plexus was responsible for findings from other
laboratories [26]. However, several of the conflicting
studies showed TTR transcripts in different regions of the
brain that had been carefully dissected free of choroid
plexus [27].

Using a combination of genetic and biochemical tech-
niques, our laboratory has definitively shown that the TTR—
Ap interaction suggested by the earlier studies is both real
and relevant. In animals transgenic for wild-type human
TTR, the behavioral and neuropathologic effects of a
simultaneously expressed human AD gene are almost fully
suppressed. In those animals, the residual Af plaques and
the bulk of cortical and hippocampal neurons stained with
an antibody to TTR. Similarly, human AD brains showed
both intraneuronal and vascular TTR staining [18]. While it
was possible that the staining reflected neuronal uptake of
choroid plexus-synthesized TTR, subsequent studies of
primary cultured neurons from such animals showed both
TTR transcription by quantitative PCR and intracellular
TTR demonstrated by immunofluorescence confirming
neuronal synthesis of the molecule (Li and Buxbaum,
unpublished). Consistent with TTR’s salutary effect on
pathogenesis in the Af transgenic mice, the absence of
TTR in the Af transgenics results in acceleration of the
pathologic phenotype in a gene dose-dependent manner
[18, 19].

It has also become clear in data from several laborato-
ries that mice in which the endogenous TTR gene has been
silenced have a discrete behavioral deficit accompanied by
neuropathologic changes [18, 28]. Dorsal ganglia from
such animals appear to be deficient in the neuronal
response to injury, and their developing brains show vari-
ation from normal in the representation of proliferating and
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apoptotic neuronal populations in the subventricular zone
of the brain [29, 30]. While it is still uncertain exactly how
TTR operates in normal neurons, these data suggest that its
function goes beyond its systemic role as a carrier of Ty
and retinol. It should be noted, however, that some of the
defects in learning found in the TTR knockout mice appear
to be overcome by the administration of retinoic acid [31].

Data from our laboratory suggest that at least one of the
functions of TTR is to reduce the toxicity of the Af oligo-
mers or decrease their formation, perhaps having a generic
chaperone-like function within neurons as well as in the
extracellular space of the brain. Several studies, although
not all those reported, have found decreased CSF TTR
levels in patients with AD [32, 33]. The mechanism
underlying this phenomenon and its relevance to clinical
AD is unclear. Experiments investigating the response of
choroid plexus TTR synthesis to the inflammatory agent
LPS suggest that TTR produced in the choroid does not
behave as a negative acute phase reactant [34]. Neuronal
regulation of TTR synthesis has not yet been thoroughly
explored. If it is more like that in the liver than in the
choroid (i.e., if it behaves as a negative acute phase reac-
tant), it is plausible that the observed decrease of TTR in
CSF is due to the inflammatory process related to AD.
Alternatively, a decrease in TTR transcription might con-
tribute to the onset of AD because the amount of TTR
available is not sufficient to bind enough Ap, either intra-
or extra-cellularly to prevent the formation of, or to
sequester, toxic Af oligomers.

In vitro studies have suggested that TTR can bind
Afi_40 and Af|_4, monomers, aggregates smaller than
100 kDa, and fibrils, although the relative affinities of the
smaller and larger aggregates have not been established
[18, 35]. Binding of the aggregates is better than that of
monomers and it is better at 37°C than at 25°C. Murine
TTR binds better than the human homolog for reasons that
are still unclear. It also appears that the affinity of TTR is
greater for Af_4, than for Af_4. In any case, while the
mechanism is still not definitively known, present data
show that TTR excess suppresses the AD phenotype pre-
sumably via a direct interaction with Af, whereas the
absence of TTR accelerates its development.

Transthyretin in the plasma

TTR in plasma is synthesized and secreted by the liver. It is
known to transport about 15% of the total T, (100 nM;
65% being transported by thyroxine binding globulin and
20% by albumin [36]) and retinol through the formation of
a complex with retinol binding protein (RBP). The ratio
RBP:TTR in plasma is around 0.3 in healthy individuals
[37, 38] indicating that most of the circulating TTR

(0.15-0.3 mg/ml; 3-6 uM) remains free of ligand, thus
without an apparent function.

Extensive in vitro studies have established that small
molecules of a diverse variety of scaffolds (stilbenes,
flavones, benzoxazoles, tetrahydroquinolines, dihydropyri-
dines, benzodiazepines, and phenoxazines), which are able
to bind TTR in the T4 binding pocket, kinetically stabilize
the native quaternary structure and preclude TTR dis-
assembly, misfolding, and aggregation [39-43]. Consistent
with the in vitro effect, tissue culture studies have dem-
onstrated that such compounds inhibit amyloidogenic
TTR-induced cytotoxicity in cells derived from targets of
TTR deposition in vivo [16, 44]. These small molecules are
typically composed of two differentially substituted aro-
matic rings connected by linkers of variable chemical
composition. They usually have polar substituents on their
aryl rings, which interact with carboxyl or hydroxyl groups
located in the T, binding site [42]. Why would a cavity
accepting so many structures exist? It is possible that
natural products with similar chemical characteristics are
present in the circulation as a result of dietary intake or
other environmental exposure. They may also be generated
as catabolic products of naturally occurring secondary
metabolites. We hypothesize that TTR in the plasma may
bind such molecules which are then transported to hepa-
tocytes and catabolized or to the kidneys where they can be
excreted. In fact, TTR amyloid deposition in the kidney
(where transcription is negligible) has been reported in
individuals having certain unstable TTR variants (e.g.,
V30M TTR). This observation is consistent with the notion
that TTR is stabilized by its ligands and would be most
prone to disassembly and amyloid formation at the moment
it releases its ligands to the target organs [45].

A detoxifying function has also been suggested for
albumin, which is the most abundant protein in the plasma
(35-50 mg/ml) and contains four hydrophobic binding
regions, which are able to bind metal ions, fatty acids,
drugs, and hormones, and to trap or prevent free radical
formation [46]. There are many similarities between
serum albumin and TTR including molecular weight
(~60,000 Da), low isoelectric point (<5.0), the ability to
bind aromatic (hydrophobic) compounds, high stability,
etc. It is possible that TTR and albumin are functionally
similar in removing potentially toxic dietary substances or
by-products of metabolism. Their differences in secondary
structures, albumin being mainly o«-helix whereas TTR
being predominantly f-sheet, might provide a spectrum of
complementary affinities for a variety of compounds of
many different structures that require detoxification and
excretion. A recent review based on crystallographic data
reports six different binding sites in human serum albumin,
two in each of its three domains [47]. Several compounds
known to bind TTR in its T4 pocket also bind albumin,
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among them T, itself, non-steroidal anti-inflammatory
drugs like indomethacin, diflunisal, or ibuprofen, or agents
like bromophenol blue, salicylates, and furosemide, among
others [39, 47-50]. It appears that albumin has relative low
affinity for all its ligands, and its biologic effectiveness
comes from its abundance, whereas TTR displays higher
affinity for its ligands than albumin but is less abundant in
serum. Excluding RBP, which has contacts in three of the
TTR subunits, all the known interactions of TTR with other
molecules take place via the T, binding site. It is not yet
known whether the interaction of TTR with Af occurs in
that pocket, although unpublished data from our laboratory
suggest that this is not the case. Thus, an unknown site of
TTR might be available for further interactions.

Transthyretin in the eye

TTR is highly transcribed and translated in retinal pigment
epithelium (RPE), a monolayer of cells with tight junctions
that serves as blood barrier for the retina [51]. RPE is
important to maintain many functions of the retina
including phagocytosis of the outer segment of photore-
ceptor cells, ion homeostasis, and the visual cycle
transforming all-trans-retinol into 11-cis-retinal. 11-cis-
retinal is shuttled from RPE to the rod cell through the
interphotoreceptor matrix (IPM), where it binds to the
protein opsin to form the visual pigment, rhodopsin.
Absorption of a photon of light catalyzes the isomerization
of 1l1-cis-retinal to all-trans-retinal and results in its
release. The isomerization triggers a cascade of events
leading to the generation of an electrical signal, which is
ultimately interpreted as vision by the visual cortex. Once
released, all-trans-retinal is converted to all-trans-retinol,
which can be transported across the IPM to the RPE to
complete the visual cycle. The source of all-trans-retinol in
RPE is ultimately the liver which secretes retinol bound to
the TTR-RBP complex. In RPE, free retinol uptake seems
to be mediated by STRAG6, a retinol-RBP cell membrane
receptor which is highly expressed in the basolateral side of
these cells [52].

In the eye, TTR and RBP mRNAs are only found in
RPE cells, where the proteins are synthesized and secreted
together from the apical side of the cell layer, i.e., the IPM
[1]. These proteins, however, have also been found in other
cells of the retina. It has been speculated that TTR-RBP in
the IPM might serve as transporters of retinol to other cells,
like retinal amacrine and Muller cells, which contain
cellular retinoic acid binding protein [53] and presumably
require all-frans-retinol as a precursor. In vitro, the
TTR:RBP secretion ratio of RPE to the IPM is 50:1 [54]. If
the same ratio exists in vivo it implies that there is an
excess of TTR in the IPM. Some authors suggest TTR

might also function as a carrier of T, during the develop-
ment of the eye [54].

Deposition of amyloid TTR in the vitreous is found in
individuals with FAP and apparently in at least one indi-
vidual without a mutation, although the latter study did not
definitively identify the vitreous amyloid as being reactive
with an anti-TTR antibody [55]. Variant TTR deposition in
the eye is found even after liver transplantation (which
replaces a variant TTR-producing liver with a wild-type
TTR liver [56]. It is also known that the metabolic
exchange and equilibration between the systemic circula-
tion and the vitreous humor is very slow, thus the source of
variant TTR deposition in the vitreous is probably the RPE.
It is possible that the glycosaminoglycan (GAG) hyaluronic
acid in the vitreous promotes mutant TTR deposition as
some GAGs do for other amyloidogenic proteins, e.g.,
gelsolin [57]. As yet, the role of TTR in the vitreous has not
been explained.

TTR is a minor component of Drusen, extracellular
deposits of material found in the Bruch’s membrane, which
make contact with RPE and the choroid of the eye and are
increased in age-related macular degeneration (AMD) [58].
It is possible that in this case the source of TTR is the
systemic circulation rather than the RPE. Circulating RBP-
charged TTR may be predisposed to dissociation at the
time of delivery of retinol to the RPE with the subsequent
generation of monomeric TTR, the aggregate precursor.
Alternatively, TTR may be behaving as it appears to
function in neurons, i.e., by binding protein aggregates, and
it is trapped in the Drusen when its concentration is lower
than that required to prevent Drusen formation or enhance
their clearance.

Transthyretin in the pancreas

TTR is produced in the islets of Langerhans; its mRNA has
been detected in the glucagon-producing alpha cells. The
protein is found to a lesser extent in the insulin- and
amylin-producing beta-cells, perhaps as a result of endo-
cytosis [3, 59]. TTR is stored in secretory vesicles in the
alpha cells and perhaps released together with glucagon. It
has been suggested that TTR may affect the processing of
glucagon [60]. Non-fibrillar TTR immunostaining is
increased in the beta cells of type 2 diabetes patients that
have high amylin IAPP) amyloid load. Interestingly, IAPP
amyloid in the presence of TTR has different immuno-
reactivity than in the absence of TTR, suggesting that TTR
might have a role in the formation or processing of these
fibrils or the inhibition of those processes. Conversely,
TTR amyloid has not been detected inside alpha cells or
beta islets even in patients with familial TTR amyloid, nor
in patients with IAPP amyloid. In FAP patients, TTR
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deposition was found only in the pancreatic exocrine
parenchyma and surrounding connective tissue [61, 62].

There are some reports suggesting TTR may play a role
in the pathogenesis of type 1 and type 2 diabetes, although
the data are still difficult to interpret. In type 1 diabetes,
related to the autoimmune destruction of beta cells, it
seems that plasma TTR levels are lower than in controls,
perhaps reflecting the inflammatory process producing the
pathology [63, 64]. In type 2 diabetes where there is a
reduced beta cell number and function, there are contra-
dictory reports on the plasma TTR levels compared to
controls. Some studies (with very small patient numbers)
indicate that they are increased, while others suggest that
they are decreased [65-67] (Buxbaum, unpublished). More
studies with larger cohorts are necessary first to establish
the facts and then to interpret them.

Transthyretin deposition

TTR deposition has been reported in heart, peripheral and
autonomic nerve, kidney, vitreous, blood vessels, skin, gut,
and other viscera, where TTR is not synthesized [11].
However, deposition in the liver, the main site of synthesis,
apart from hepatic vessels, has not been described. It is
possible that upon delivery of its cargo (retinol and Tj4)
TTR is at its more vulnerable quaternary structure, i.e., the
free tetramer which can disassemble into its monomers
which can in turn misfold and aggregate. This notion would
not be consistent with the fact that TTR circulates mainly
as a free tetramer, unless there is a local increase in TTR
concentration in the extracellular matrix (ECM) of these
tissues and thus more monomeric TTR available for mis-
folding and aggregation. The effect of the ECM and its
components on TTR aggregation and amyloid formation is
a subject that has not received sufficient experimental
attention although it has been studied intensively with
respect to AA amyloid formation, deposition, and potential
therapeutics [68, 69].

Summary

At this stage of our knowledge, it is certainly not appro-
priate to state that we know all there is to know about the
biologic functions of TTR. The mechanism of its impact on
normal neuronal function is not clear. While it may be
independent of its function as a retinol carrier, sufficient
data are not yet available to show that this is truly the case.
The protein plays a role in pancreatic and retinal epithelial
function. Whether it is critical in disease states affecting
these organs is currently unknown, the available data being
too fragmentary to draw definitive conclusions. What is

quite striking is that TTR can be either an amyloid pre-
cursor or a defense against tissue amyloid fibrillogenesis
depending on the cell of expression. The general mecha-
nism of amyloid formation from either wild-type or mutant
TTR precursor appears to be clear. The detailed or even
general understanding of its functions in other organs is not
yet in hand. Does it “chaperone” Af or pancreatic amy-
loidogenic precursors intra- or extracellularly? If so, what
are the structural features that are responsible for those
functions? It has often been said that the differences
between law breakers and law enforcers is a very fine line;
is the same true for amyloid precursors and molecules that
are in fact anti-amyloidogenic?
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