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Transthyretin (TTR) is a tetrameric protein synthe-
sized mainly by the liver and the choroid plexus,
from where it is secreted into the plasma and the
cerebrospinal fluid, respectively. Some forms of poly-
neuropathy, vitreopathy, and cardiomyopathy are
caused by the deposition of normal and/or mutant
TTR molecules in the form of amyloid fibrils. Familial
amyloidotic polyneuropathy is the most common
form of TTR amyloidosis related to the V30M variant.
It is still unclear the process by which soluble pro-
teins deposit as amyloid. The treatment of amyloid-
related disorders might attempt the stabilization of
the soluble protein precursor to retard or inhibit its
deposition as amyloid; or aim at the resorption of the
deposited amyloid. The anthracycline 4*-iodo-4*-de-
oxydoxorubicin (I-DOX) has been shown to reduce
the amyloid load in immunoglobulin light-chain amy-
loidosis. We investigated 1) whether I-DOX has affin-
ity for TTR amyloid in tissues, 2) determined the
I-DOX binding constants to TTR synthetic fibrils, and
3) determined the nature of the effect of I-DOX on TTR
fibrils. We report that 1) I-DOX co-localizes with amy-
loid deposits in tissue sections of patients with famil-
ial amyloidotic polyneuropathy; 2) I-DOX strongly
interacts with TTR amyloid fibrils and presents two
binding sites with kd of 1.5 3 10211 mol/L and 5.6 3
10210 mol/L, respectively; and 3) I-DOX disrupts the
fibrillar structure of TTR amyloid into amorphous
material, as assessed by electron microscopy but does
not solubilize the fibrils as confirmed by filter assays.
These data support the hypothesis that I-DOX and less
toxic derivatives can prove efficient in the treatment
of TTR-related amyloidosis. (Am J Pathol 2000,
156:1919–1925)

Transthyretin (TTR), a tetrameric protein that binds thy-
roxine and retinol, is synthesized mainly by the liver and
the choroid plexus, from where it is secreted into the
plasma and the cerebrospinal fluid, respectively.1 Nor-
mal and mutated TTR variants are associated with the
deposition of amyloid fibrils in several tissues, causing
predominantly polyneuropathy and/or cardiomyopathy.
The process that leads to the deposition of soluble TTR
into an amyloid fibril is still unknown. It is hypothesized
that an amyloidogenic intermediate should be initially
formed and prompt the protein to deposit. It is also pos-
sible that some tissue-specific factor enables a particular
protein to deposit and this may vary in the different types
of amyloidosis.2 In familial amyloidotic polyneuropathy
(FAP) associated with a V30M mutation, the amyloid
fibrils deposit primarily in the peripheral nerve. During the
course of the disease, FAP patients may suffer from
vitreous opacities caused by the presence of TTR fibrils,
which can be easily removed and represent an excellent
native fibrillar material for analysis. The only therapy avail-
able for FAP is liver transplant, where the amyloidogenic
precursor protein is eliminated from the blood. Some
patients improve in autonomic function. Serum amyloid P
component scintigraphy analysis has shown regression
of visceral amyloid after liver transplantation.3 One pa-
tient has also been described where regeneration of the
peripheral nerve was observed without a decrease in the
amyloid load.4 Although it is general agreement that liver
transplantation arrests the progression of the disease to
some extent, it is a drastic therapy and the clinical im-
provement is not observed in all instances. In addition,
the choroid plexus continues to synthesize the mutated
protein, and it is unknown whether the cerebrospinal fluid
constitutes a route for TTR access to the nerve. There-
fore, potential alternative therapies could aim either at the
inhibition of amyloid deposition and/or at the resorption of
already formed amyloid. Several compounds are being
tested with such purposes in FAP and in other amyloid-
oses.5,6

The anthracycline 49-iodo-49-deoxydoxorubicin (I-
DOX) may be such a drug. I-DOX strongly binds in vitro to
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various natural amyloid fibrils composed of immunoglob-
ulin light chains, amyloid A, TTR (V30M), b-protein, and
b2-microglobulin7,8 and leads to amyloid resorption in
patients with light-chain amyloidosis.9 In addition, I-DOX
delays the appearance of experimental prion disease in
hamsters prolonging the survival time.10 The metabolic
active I-DOX metabolite, 13-dihydro-I-DOX (I-DOXOL),
can reach the cerebrospinal fluid.9 This feature may be
relevant for diseases where cerebrospinal fluid bathes
the site of amyloid deposition.

The application of I-DOX in the treatment of TTR-re-
lated amyloidosis needs investigation at the tissue and
molecular levels. We investigated binding of I-DOX in situ
on FAP tissues and in vitro on native and synthetic TTR
fibrils by morphological and biochemical analysis, to de-
termine the nature of the interaction and the effect on TTR
fibrils on binding.

Materials and Methods

Anthracyclines

I-DOX, I-DOXOL, and DOX (doxorubicin) were kindly pro-
vided by Pharmacia and Upjohn, Nerviano, Italy.

TTR Fibrils

Native TTR amyloid vitreous fibrils were obtained from
a FAP patient with V30M TTR subjected to vitreoctomy,
whereas kidney fibrils were extracted, postmortem,
from another FAP patient using water extractions as
previously described.11 Both the kidney and vitreous
fibrils showed the characteristic apple birefringence
under polarized light after Congo red binding. Recom-
binant TTR proteins were isolated from the periplasmic
space of Escherichia coli after osmotic shock, and pu-
rified by ion-exchange chromatography and prepara-
tive electrophoresis.12 Wild-type or V30M-TTR syn-
thetic amyloid fibrils were prepared from acidification
of 2-mg/ml recombinant TTR solutions and assessed
by thioflavin T fluorescence assay.13,14 Shortly, excita-
tion spectra were recorded on a Jasco FP-770 spec-
trofluorometer (Jasco International, Tokyo, Japan) at
25°C with 30 mmol/L thioflavin T in 50 mmol/L of gly-
cine-NaOH buffer, pH 9.0, in 1-ml assay volume. Prep-
arations showing the characteristic novel excitation
maxima at 450 nm on thioflavin T binding were used in
the experiments.

Figure 1. Congo red staining of FAP skin (A), FAP nerve (E); TTR immuno-
reactivity of FAP skin (B), FAP nerve (F); I-DOX binding to FAP skin (C), FAP
nerve (G) and normal nerve (I); ethanol binding to FAP skin (D), FAP nerve
(H) and normal nerve (J). Magnification: 330 (A–H); 310 (I and J).
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Tissue Sections

Deparaffinized tissue sections of nerve and skin biopsies
from FAP patients were incubated for 20 minutes with
80% ethanol saturated with NaCl followed by 0.5%
Congo red in 80% alkaline ethanol saturated with NaCl,
and analyzed under polarized light.15,16 Amyloid was
identified by the characteristic green birefringence. Im-
munohistochemistry using polyclonal anti-TTR antibodies
(DAKO, Glostrup, Denmark) following standard proce-
dures, and developed with 3,39-diaminobenzidine con-
firmed the TTR nature of the amyloid deposits.

Anthracycline Binding

Fluorescence and Confocal Microscopy

Deparaffinized tissue sections were incubated for 20
minutes with 1025 mol/L I-DOX or I-DOXOL in 80% eth-
anol saturated with NaCl. Control samples were incu-
bated with 80% ethanol saturated with NaCl. Anthracy-
cline fluorescence was determined with a Leica DMLB
microscope (Wetzlar, Germany; excitation filter 585 nm,
emission filter 615 nm). Kidney-extracted TTR fibrils were
treated in the same way but observed under a Bio-Rad
MRC 600 confocal microscope (Bio-Rad, Hercules, CA)
using a 568 nm excitation filter.

Quantitative Methods

For the Scatchard analysis a fixed amount of fibrils
(TTR or insulin) was incubated for 2 hours at 20°C with
solutions of I-DOX in water ranging from 1027 mol/L to
7.5 3 1025 mol/L. The samples were centrifuged at
15,000 3 g for 10 minutes at 4°C and fibril pellets were
washed three times with 1 ml of water. Bound com-
pounds were extracted by adding 200 ml of HCl 0.6
N/EtOH (1:1) and vigorously shaken for 20 minutes. Then
the samples were spun at 15,000 3 g and supernatants
were injected into high performance liquid chromatogra-

phy. RP-high performance liquid chromatography analy-
sis was performed using the following instrumental con-
ditions: Waters (Milford, MA) equipment comprising 717
Autosampler, 474 spectrofluorometer, and 510 pump.
Column was C8 (Waters WAT 054270 4.6 3 250 mm) with
precolumn C8 WATO 54250 Sentry. Samples were run at

Figure 2. I-DOX (A), ethanol (B), and Congo red (C) staining of extracted FAP kidney fibrils.

Figure 3. Titration curves of TTR synthetic amyloid fibrils with I-DOX.
Insets: Scatchard plots of the titration data. Determination of high and low
affinities are documented in the top and bottom panels, respectively.
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0.8 ml/min and detected at 479 nm excitation/593 nm
emission wavelengths. The mobile phase was 0.05 mol/L
KH2PO4/CH3CN (70:30), pH 3.0, with H3PO4. To com-
pare the binding to amyloid fibrils of I-DOX, I-DOXOL,
and DOX, synthetic fibrils (100 mg) were incubated for 2
hours at room temperature with these anthracyclines (5 3
1025 mol/L) in water. The bound compound was deter-
mined as described above.

Electron Microscopy
An equal amount of I-DOX, dissolved in saline, was

added freshly everyday, for 7 days, to the same solution
containing ;50 mg of vitreous V30M TTR native amyloid
fibrils to reach a final concentration of 7 3 1026 mol/L. As
control, in a similar vitreous amyloid preparation, the
same procedure was performed with additions of saline
alone. At the end of the 7 days, the samples were ana-

Figure 4. Negative-staining electron microscopy analysis of the FAP vitreous amyloid fibrils without (A) and with (B) I-DOX treatment. Magnification: 330,000.
1 cm corresponds to 0.15 mm.
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lyzed by electron microscopy after negative staining with
2% uranyl acetate. Briefly, 30 ml of fibril suspension were
deposited on the grid and let dry. Then the grid was
incubated with 2% uranyl acetate solution for 5 minutes
and the solution in excess was gently removed from one
side of the grid by filter paper. The grid was let to dry at
room temperature for 10 minutes before examination by
electron microscopy.

Filter Assays

To investigate whether I-DOX was able to dissolve
amyloid fibrils, 100 mg of V30M TTR synthetic fibrils (ob-
tained by acidification) or soluble 100 mg V30M TTR were
incubated with 1 3 1026 or 1 3 1025 mol/L in 0.9% NaCl
for 0, 3, 6, 12, and 24 hours, or with 1 3 1026 or 1 3 1025

mol/L I-DOX added freshly everyday for 7 days, at room

Figure 4 (Continued)
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temperature in the dark. The samples were applied to
SPINE-X (Costar, Cambridge, MS) centrifuge filter units,
centrifuged, and washed with 0.9% NaCl. The protein
concentration of the filtered material was determined us-
ing the Bio-Rad Protein Assay (Bio-Rad) and albumin as
standard.

Results

I-DOX Binding in Situ

As seen in Figure 1, the intense fluorescence of I-DOX (C
and G) co-localizes with Congophilic fibrils (A and E)
immunoreactive for TTR (B and F), both in skin and nerve
from FAP patients. Because I-DOX is dissolved in 80%
ethanol, the negative control for each section corre-
sponds to the use of 80% ethanol alone (D and H), which
represents the endogenous fluorescence of the tissue.
I-DOX does not bind nerve from normal individuals (I)
that, as expected, shows no Congo red birefringence nor
TTR immunoreactivity (not shown), and presents similar
endogenous fluorescence (J) as the FAP nerve. The
same holds true for normal skin (data not shown).

Detailed analysis of Figure 1 indicates that IDOX binds
solely to TTR-immunoreactive regions that are also Con-
gophilic.

I-DOX Binding in Vitro

To further demonstrate the specificity of the I-DOX bind-
ing to TTR amyloid fibrils observed in FAP tissues, we
analyzed the binding of I-DOX to kidney-extracted amy-
loid fibrils from a patient with FAP. Figure 2 shows that
I-DOX binds strongly to the fibrils (A), above the endog-
enous fluorescence (B). The amyloidogenic nature of the
fibrils was confirmed by the Congo red-green birefrin-
gence under polarized light (C). Synthetic fibrils obtained
by acidification of recombinant V30M or wild-type TTR
also show binding by I-DOX (data not shown). This result
prompted us to determine the affinity of I-DOX to the
fibrils. To assure that the I-DOX binding was specific to
TTR rather than to any other component of the amyloid
fibrils, we decided to use for this experiment synthetic
fibrils obtained by acidification of TTR solutions. Scat-
chard analysis reveals the presence of at least two bind-
ing sites with kd in the 1021 nmol/L range of 1.5 3 10211

mol/L and 5.6 3 10210 mol/L, respectively (Figure 3).
I-DOXOL (63 ng/100 mg fibrils) and DOX (44 ng/100 mg
fibrils) presented less binding capacities than I-DOX (171
ng/100 mg fibrils) for the synthetic fibrils. Insulin fibrils run
in parallel originated identical kd values as previously
published,7 which validated the experiment.

I-DOX Effect on TTR Fibrils

Since earlier reports have suggested resorption of amy-
loid in patients with AL- and AA-amyloidosis after treat-
ment with I-DOX, we investigated the action of I-DOX on
TTR fibrils. Because clean fibrils can be obtained directly
by vitreoctomy without any further treatment, we incu-

bated with I-DOX vitreous amyloid from a patient with the
V30M TTR mutation. Electron microscopy analysis of the
fibrils incubated with I-DOX or with saline (control)
showed the presence of fibrils in all mesh in the control
sample (Figure 4A) and no fibril in any mesh in the
sample incubated with the drug (Figure 4B); I-DOX treat-
ment clearly shows that, in the presence of I-DOX, the
fibrillar structure of the material is lost into an amorphous
precipitate. In control experiments, when we incubated
uranyl acetate and I-DOX under the same conditions but
without fibrils no amorphous precipitates were observed.

This experiment was not informative of whether I-DOX
was able to partially solubilize the amyloid into soluble
TTR. Therefore, we next investigated the effect of I-DOX
on synthetic V30M fibrils by incubation for periods of time
up to 7 days, and checked for the presence of soluble
TTR after filtration. Soluble TTR (in the absence or pres-
ence of I-DOX) is filtered, whereas TTR fibrils or amor-
phous precipitate are completely retained (not filtered)
when applied on SPIN-X centrifuge filter units. I-DOX
does not interfere with soluble TTR on the filtration assay.
If I-DOX were able to dissolve TTR fibrils, it would be ex-
pected that the solubilized TTR would be filtered and mea-
sured by regular protein assays. Because no protein was
detected in the filtrate of all incubations, I-DOX does not
seem able to dissolve the synthetic fibrils into soluble TTR.

Discussion

Pharmaceuticals able to cure amyloidosis may be
thought of on the basis of prevention or treatment. In this
way, drugs should either stabilize their soluble precursor
to avoid further tissue deposition or destroy preformed
fibrils. For the latter situation, drugs must display specific
affinity for amyloid. The data presented in this study clearly
show that I-DOX binds specifically to TTR amyloid fibrils in
tissues from patients with FAP. I-DOX staining does co-
localize with TTR amyloid as assessed by the characteristic
green birefringence observed under polarized light of
Congo red-stained sections and confirmed by immunohis-
tochemistry. Interestingly, I-DOX does not bind to tissue
sections that are TTR-positive by immunostaining but that
do not stain with Congo red. I-DOX binding was also seen
for natural-extracted and synthetic TTR fibrils.

Because normal nonmutated TTR itself is an amyloido-
genic protein that deposits in the heart in 80% of the
individuals more than 80 years of age, in the so-called
senile systemic amyloidosis,17 we investigated the affinity
of I-DOX to synthetic wild-type TTR fibrils. Scatchard
analysis indicates the presence of two high-affinity bind-
ing sites for I-DOX, with kd in the order of 1.5 3 10211

mol/L and 5.6 3 10210 mol/L. The higher affinity binding
site is similar to the one observed for synthetic insulin
fibrils (kd 5 5.9 3 10211 mol/L) whereas the lower affinity
binding site is approximately 10 times higher.7 In the
particular case of TTR, thioflavin T measurements of the
fibrils obtained from acidification of the soluble protein (us-
ing insulin fibrils as standards), revealed that part of the
preparation consisted of protein aggregates rather than
pure fibrils. This could account for the unspecific binding of
I-DOX which was observed using very high concentration of
the drug (in the range of mmol/L; data not shown). There-
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fore, to diminish the possible interference of amorphous
precipitate, we used a narrow range of IDOX concentra-
tions. It should also be noted that the kd of thioflavin binding
to different types of amyloid fibrils is diverse.18

Because I-DOX has been described to reduce amyloid
deposits composed of AA and AL fibrils,8,9 we analyzed
the effect of I-DOX on native vitreous TTR fibrils. We show
that I-DOX is able to disrupt the fibrillar structure of the
native fibrils into amorphous material. In addition, studies
on synthetic fibrils showed that I-DOX does not solubilize
the fibrils into soluble TTR or bind to soluble TTR (data not
shown). Together, these data indicate the ability of I-DOX
to alter the final conformation of the amyloid fibrils. It is
interesting to note that I-DOX is also able to intercalate
into DNA molecules.19 We hypothesize that the mecha-
nism by which I-DOX leads to the resorption of amyloid in
patients with AA and AL amyloid and eventually in other
forms of amyloid, involves the alteration of the fibrillar
structure into an intermediate that may make it more
readily available for enzymatic degradation. Further stud-
ies on the interaction of I-DOX with TTR amyloid should
take advantage of the recent finding on the structure of
the L55P TTR variant. X-ray data analysis of the L55P TTR
has revealed a possible pathway for TTR polymerization
into amyloid fibrils. The crystal packing has a tubular
structure that has been suggested to be similar to the
structure of the TTR amyloid fibril.20

All forms of amyloidosis are characterized by the extra-
cellular deposition of fibrillar material of protein origin. De-
spite the fact that in each case the precursor protein is
different, the amyloid fibrils share a structural identical
b-pleated sheet conformation.15,16 Because I-DOX is able
to bind to all forms of amyloid tested so far it is possible that
it has the same effect as observed for the TTR amyloid
fibrils. If disruption of the characteristic fibrillar structure by
I-DOX proves to be correct, it may be a useful tool for the
treatment of all forms of noncerebral amyloid. I-DOXOL, a
metabolite of I-DOX formed in vivo also co-localizes with TTR
amyloid in tissues from FAP patients (data not shown). In
addition, I-DOXOL binds to synthetic fibrils but has lower
binding capacity than I-DOX. Because I-DOXOL can cross
the blood-brain barrier9 and reach the brain, it may be
useful for diseases where the brain is the predominant site
of amyloid deposition.
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