
Disease Markers 25 (2008) 37–47 37
IOS Press

Extracellular matrix markers for disease
progression and follow-up of therapies in
familial amyloid polyneuropathy V30M
TTR-related
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Abstract. Familial Amyloidotic Polyneuropathy (FAP) is a disorder characterized by the extracellular deposition of fibrillar
Transthyretin (TTR) amyloid, with a special involvement of the peripheral nerve. Several extracellular matrix proteins have been
found elevated in tissues from FAP patients, namely metalloproteinase-9 (MMP-9), neutrophil gelatinase associated lipocalin
(NGAL) and biglycan. In this work we assessed the levels of MMP-9, tissue inhibitor of metalloproteinase 1 (TIMP-1), NGAL,
biglycan and chondroitin sulphate (CSPG) in an FAP V30M TTR-related transgenic mouse model at different stages of TTR
deposition and after two different treatment approaches to remove fibrillar deposits. Immunohistochemistry or RT-PCR analysis
showed that biglycan was already increased in animals presenting TTR deposited in a non-fibrillar state, whereas MMP-9,
TIMP-1, NGAL and CSPG were elevated only in mice with TTR amyloid deposits. Mice treated with doxycycline, a TTR fibril
disrupter, presented lower levels of MMP-9, TIMP-1 and NGAL, suggestive of matrix recovery. Mice immunized with TTR
Y78F to remove TTR deposition showed significantly lower levels of all the five tested markers, suggesting removal of fibrillar
and non-fibrillar deposits. Cellular studies using oligomeric TTR showed induction of MMP-9 when compared to soluble TTR,
large aggregates or fibrils. Furthermore, this induction was neutralized by an anti-receptor for advanced glycation end products
(RAGE) antibody, indicating RAGE engagement in this process. Further studies in a larger number of tissue samples will indicate
the application of these ECM markers in parallel with Congo Red staining in tissue characterization of pre-clinical and clinical
stages in FAP and other amyloidoses.
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1. Introduction

Familial amyloid polyneuropathy (FAP) is an auto-
somal dominant disorder characterized by the extracel-
lular deposition of mutated Transthyretin (TTR) amy-
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loid fibrils. It is a systemic disease which affects pref-
erentially the peripheral nervous system and results in
death in about ten years after the beginning of symp-
toms. FAP is characterized by early impairment of tem-
perature and pain sensation in the feet, and autonom-
ic dysfunction leading to paresis, malabsorption and
emaciation. Amyloid deposits can occur in any part of
the peripheral nervous system, including nerve trunks,
plexus and sensory and autonomic ganglia.

Amyloid deposits show special tinctorial properties
such as green birefringence under polarized light af-
ter staining with Congo red (CR), or staining with
thioflavin S and T producing a yellow-green fluores-
cence. Ultrastructurally, amyloid fibrils appear as bun-
dles of non-branched straight or coiled fibrils, 7–10 nm
wide and variable length [11]; in most cases fibrils seem
to be helically twisted. Non-fibrillar TTR has been
identified bothin vitro [6] andin vivo [27]; it was shown
that asymptomatic carriers presented non-fibrillar TTR
deposited in tissues for several years preceding disease.
Moreover, these non-fibrillar deposits were associated
with toxicity as assessed in a Schwannoma cell line by
the presence of increased levels of caspase-3, oxidative
stress and inflammatory markers.

In vivo amyloid formation may suffer the influence
of other factors in addition to amyloidogenic structural
determinants. In fact, amyloid deposits are not entirely
composed of the amyloid precursor protein and several
components have been found in fibrils. These include:
serum amyloid P component (SAP) [21], sulphonat-
ed glycosaminoglycans (GAGs) [24], apolipoprotein
E [10] and J [7],α1-antichymiotrypsin [1], several
basement membrane components such as fibronectin,
laminin and collagen type IV [23], complement pro-
teins [22], and metal ions [3]. SAP, a decameric plasma
glycoprotein, is foundassociated to all types of amyloid
deposits [14] to which binds in a calcium-dependent
manner. SAP contributes to amyloidogenesis, prob-
ably by stabilizing amyloid fibrils and retarding their
clearance [20].

It has recently been shown that the ECM compo-
nents metalloproteinase-9 (MMP-9), neutrophil gelati-
nase associated lipocalin (NGAL) and biglycan are dif-
ferentially increased in tissues from V30M TTR-FAP
patients [25]. MMP-9 and NGAL were found elevated
in nerve and salivary gland biopsies presenting amyloid
deposits but not in tissues presenting only non-fibrillar
deposited TTR (FAP0 stage). In contrast, biglycan
was increased earlier in disease development and thus,
FAP0 tissues showed higher levels of this ECM related
component. Furthermore, doxycycline was shown to

act directly as a TTR fibril disrupterin vitro [5]. We
also reported that doxycycline was able to disaggregate
TTR amyloid depositsin vivo in transgenic mice carry-
ing the most prevalent TTR mutation (TTR V30M) [4].
These mice recapitulate the human situation as only
mice with amyloid deposits displayed increased levels
and activity of MMP-9 as compared to younger ani-
mals with non-fibrillar deposits. Moreover, after doxy-
cycline treatment, tissue MMP-9 expression and activ-
ity were decreased to levels comparable to those found
in animals without TTR deposition. Other amyloid-
related components, namely SAP were also decreased,
indicating fibril removal, rulling out a major effect of
doxycycline on MMP-9 gene expression.

In the field of therapeutics it is important to define
disease markers, not only to characterize the pathology
but also to follow-up and evaluate therapeutic protocols.
In this work we aimed at establishing a group of ECM-
related V30M TTR -FAP disease markers using a FAP
V30M TTR-related transgenic mouse model, before
and after treatments that remove amyloid deposition,
namely doxycycline treatment and immunization.

2. Material and methods

2.1. Animals

TTR-V30M mice in a TTR null background (TTR-
V30M X TTR-KO), kindly provided by Professor
Suichiro Maeda from Yamanashi University, were kept
and used strictly in accordance with National and Eu-
ropean Union guidelines for the care and handling of
laboratory animals. These animals were previously an-
alyzed in our laboratory and∼60% of the animals over
1 year of age were found to have deposition as amy-
loid, i.e., with Congo red (CR) -positive material [26],
having non-fibrillar TTR deposits at younger ages. An-
imals treated with doxycycline or immunized with mu-
tant Y78F TTR, as well as the respective control groups,
were previously described ([4,31], respectively) and
their ages varied from 23–28 months. Animals were
killed after anesthesia with ketamine/xylazine. Esoph-
agus, stomach, small and large intestines were imme-
diately excised and processed. For light microscopy,
tissues were fixed in 4% neutral buffered formalin and
embedded in paraffin.
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2.2. Immunohistochemistry

5 µm-thick sections were deparafinated in xylol and
dehydrated in a descendent alcohol series. Endoge-
nous peroxidase activity was inhibited with 3% hy-
drogen peroxide/100% methanol and sections were
blocked in 4% bovine serum and 1% bovine serum al-
bumin in phosphate buffered solution (PBS). Prima-
ry antibodies used were rabbit polyclonal anti-MMP-9
(Chemicon, 1:1000), rabbit polyclonal anti-tissue in-
hibitor of metalloproteinase 1 (TIMP-1) (Santa Cruz
Biotecnhology, 1:50), rabbit polyclonal anti-biglycan
(a kind gift from Dr P. Roughley, Shriners Hospitals,
McGill University, Montreal, Canada, 1:500), rabbit
polyclonal anti-CD14 (Santa Cruz, 1:20) and mouse
monoclonal anti-chondroitinsulphate (Sigma, 1:1000),
which were diluted in blocking solution and incubated
overnight at 4◦C. Antigen visualization was performed
with the biotin-extravidin-peroxidase kit (Sigma), us-
ing 3-amino-9-ethyl carbazole (Sigma) or diaminoben-
zidine as substrates. Semiquantitative immunohisto-
chemistry (SQ-IHC) analysis was done with the Uni-
versal Imaging system (NIH, Bethesda, MD, USA),
which performs automated particle analysis in a mea-
sured area; that is, the area occupied by pixels corre-
sponding to the immunohistochemical substrate’s color
is counted and normalized relatively to the total area.
In each group, 3–6 animals were analyzed and each
slide used in SQ-IHC was quantified in five different
selected areas. Results shown represent % occupied
area± SD.

2.3. RT-PCR

Total RNA was isolated from stomach (n = 2 for
each treatment and controls) using Trizol (Gibco) and
subjected to RT-PCR with the Superscript II kit (Invit-
rogen) following the manufacturer’s instructions. PCR
was performed for 30 cycles of denaturation at 95◦C
for 30 s, annealing at 59◦C for 45 s, and polymeriza-
tion at 72◦C for 1 min 30 s. PCR primers specific to
the genes of interest were used for amplification which
were designed using the PRIMER3 software (available
at www.genome.wi.mit.edu) and using the sequence
data from the National Centre for Biotechnology In-
formation database; for NGAL, the sense primer was
5’-ATGTCACCTCCATCCTGGTC -3’, and the anti-
sense was 5’- CACACTCACCACCCATTCAG-3’; for
HPRT, the sense primer was 5’-GTAATGATCAGTCA
ACGGGGGAC-3’, and the antisense was 5’-CCAGCA
AGCTTGCAACCTTAACCA-3’ (used to normalize

the amplifications); PCR products were quantified from
1% agarose gels by densitometry using the ImageQuant
5.1 software (Molecular Dynamics). Density values of
PCR products were normalized with HPRT PCR prod-
uct. Results are presented as normalized density±
SD.

2.4. TTR production and purification

Recombinant wild type TTR was produced in a
bacterial expression system usingEscherichia coli
BL21 [9] and purified as previously described [2]. Pro-
tein concentration was determined using the Lowry
method [17].

2.5. Production of TTR oligomers and fibrils

To produce TTR oligomers, the protein was dia-
lyzed against water, pH 7.0, and stirred for 7 days (at
0.25 mg/ml) at room temperature [30]. For the genera-
tion of fibrils, TTR at 2 mg/ml was acidified in 0.05 M
sodium acetate pH 3.6, for 72 hours at room temper-
ature. Samples were then centrifuged at 15,000 g for
30 minutes at 4◦C, the pellet washed and resuspended
in PBS and then incubated at 37◦C for 15 days. The
presence of oligomers and fibrils was confirmed by Th
T binding and transmission electron microscopy.

2.6. Cell culture and caspase-3 measurement

RN22 cells (rat Schwannoma cell line) were prop-
agated in 25 cm2 flasks and maintained at 37◦C in a
humidified atmosphere of 95% and 5% CO2. Cells
were grown in Dulbecco’s minimal essential medium
(DMEM) supplemented with 10% fetal bovine serum
(FBS) (Life Technologies, Gaithersburg, MD, USA).
80% confluent RN22 cells in DMEM in 1% fetal bovine
serum (FBS) were exposed for 24 hours to 2µM
oligomeric TTR; alternatively, cells were previously
incubated with 30µg/ml of goat polyclonal anti-RAGE
(receptor for advanced glycation end products) anti-
body (Santa Cruz) or goat non-immune IgGs (Sig-
ma) for 3–5 hrs. Then, cells were treated with 2µM
oligomeric TTR for 24 hrs; non-treated cells were used
as controls. Subsequently, each flask was trypsinized
and the cell pellet was lysed in 100µL hypotonic lysis
buffer (Sigma) by five cycles of freeze/thawing; 40µL
of each cell lysate was used in duplicate to determine
caspase-3 activation (Fluorometric caspase 3 assay kit,
Sigma) following the manufacturer’s instructions. The
remaining cell lysate was used to measure total cellu-
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lar protein concentration using the BIO-RAD protein
assay kit (Bio-Rad), using BSA as standard. Values
shown are the mean of duplicates and the experiment
was performed twice.

2.7. SDS-PAGE zymography

10% SDS polyacrylamide gels containing gelatin
(NovexZymogram gels, Invitrogen) were used to iden-
tify MMP-9. Conditioned media (20µl) from RN22
cells incubated as described above was analyzed. Fol-
lowing electrophoresis, gels were incubated in Novex
Zymogram renaturing buffer for 30 min and then
overnight at 37◦C in NovexZymogram development
buffer. Gels were then stained with 0.5% Coomassie
blue in 40% methanol, 10% acetic acid for 2 h, and
destained in 40% methanol, 10% acetic acid for 1 h.
MMP-9 was identified based on molecular weight and
well-established running profile on SDS-PAGE zymog-
raphy.

2.8. Statistical analyses

All data examined were expressed as mean± S.E.
Comparison between groups was made using the Stu-
dent’s t test. A p value of less than 0.05 was considered
statistically significant.

3. Results

In a previous work we assessed the levels of MMP-9
in stomach from TTR-V30M mice [4]; only animals
with TTR amyloid deposits (Congo Red (CR) posi-
tive) (+/+) revealed increased amounts of MMP-9 as
compared to animals presenting only non-fibrillar TTR
(+/−) or no deposition at all (−/−). MMP-9 stained
intensely in stomachs from (+/+) mice, particularly
at sites of amyloid deposition although co-localization
was not observable most of the times. In this work, we
further characterized the animal model by determining
the levels of other extracellular matrix (ECM) compo-
nents, such as tissue inhibitor of metalloproteinase type
1 (TIMP-1), biglycan, NGAL and CSPG, in animals
with or without TTR amyloid deposition and in old ani-
mals after doxycycline treatment or immunization with
TTR Y78F [31].

3.1. MMP-9 and TIMP-1 levels

We evaluated by IHC the levels of TIMP-1 in (−/−),
(+/−) and (+/+) mice. Our results indicated that the
levels of TIMP-1 followed the trend found for MMP-
9, as (+/+) mice with amyloid deposition showed in-
creased amounts of this inhibitor when compared to
(+/−) and (−/−) animals (not shown).

Figure 1 shows the results obtained for MMP-9 and
TIMP-1 before and after doxycycline or immunization
treatment of mice. In both cases, it is clear that MMP-9
and TIMP-1 levels are negligible when compared to
non-treated animals. The metalloproteinase was locat-
ed intracellularly and staining was mainly observed in
the glandular part of the stomach, although it was also
possible to visualize MMP-9 in muscular areas. Since
staining was either present (control mice) or absent
(treated animals), we did not proceed to quantitative
analysis. While MMP-9 was easily visualized by con-
siderable intensity and distribution closely to amyloid
deposits, the latter were comparatively confined to very
small areas.

3.2. Absence of inflammatory cells

It is known that the matrix degrading enzyme MMP-
9 is highly expressed at sites of inflammation and con-
tributes to the pathogenesis of various chronic inflam-
matory diseases. In asthma MMP-9 is upregulated and
involved in remodeling processes [15,16,33]. MMP-9
also facilitates recruitment of inflammatory cells such
as eosinophils and neutrophils across basement mem-
branes [16] and in fact, inflammatory cells are a good
source of MMP-9. Because doxycycline could inhibit
inflammatory cell recruitment to the stomach and thus
MMP-9, we investigated inflammatory cell infiltration
in both control and treated mice, using an anti-CD14
antibody, a marker for macrophages and neutrophils.
Inflammatorycell infiltration was not observed in either
case (not shown).

3.3. Biglycan levels

Levels of biglycan were assessed by SQ-IHC in
slides representative of (−/−), (+/−) and (+/+) mice
as well as of doxycycline-treated and immunized an-
imals, and results are depicted in Fig. 2. Biglycan
was found overexpressed in earlier stages of deposi-
tion; thus, mice with non-fibrillar deposits (+/−) pre-
sented elevated amounts of biglycan when compared
to control animals (−/−). Expression of biglycan
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Fig. 1. Analysis of MMP-9 and TIMP-1 levels. Immunohistochemistry analysis of MMP-9 and TIMP-1 in stomach of TTR V30M mice
immunized with TTR Y78F and animals that received Freud’s adjuvant (FA only) (upper panels), scale bar= 200µm; and in non-treated and
doxycycline treated (doxy-treated) animals (lower panels), scale bar= 400 µm. Both immunization and doxycycline treatments resulted in
negligible levels of both proteins suggesting ECM recovery. Table indicates the number of animals in each group (left column) and the number
of positive cases for each ECM marker (middle and right columns).

was observed in the cytoplasm, not co-localizing with
amyloid. Similar results were previously found in hu-
man V30M TTR-FAP tissues either in salivary gland
and nerve biopsies. In respect to treated mice, only
immunized mice showed decreased levels of biglycan
(Fig. 2), indicating the treatment was efficient in re-
moving TTR amyloid and non-fibrillar forms. By con-
trast, since doxycycline acts as a TTR fibril disrupter,

non-fibrillar forms of TTR which are also observable in
(+/+) mice, persisted in tissues and thus, no changes
in biglycan levels were detected in mice treated with
this drug.

3.4. Levels of CSPG

We also compared levels of CSPG by SQ-IHC in
animals of different ages, with various degrees of TTR
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Table 1
Panel of ECM markers evaluated in the V30M TTR- FAP transgenic
mouse model, at different stages of disease progression, as well as the
response to two different therapies. “Normal”, indicates values compa-
rable to (−/−) mice and “increased” reveals levels above the (−/−)
animals

Markers Disease stage Response to treatment
(+/−) (+/+) Immunization Doxycycline

MMP-9 increased normal normal
TIMP-1 increased normal normal
Biglycan increased increased normal increased
CSPG increased normal increased
NGAL increased normal normal

Fig. 2. Analysis of biglycan levels. A- Immunohistochemistry analysis of biglycan in stomach of TTR-V30M mice at different stages of TTR
deposition (−/−), (+/−) and (+/+) and B- of immunized and doxycycline treated animals. Biglycan is already present in significant levels in
(+/−) (upper middle panel) and (+/+) animals (upper right panel) when compared to control (−/−) animals (upper left panel); immunization
produces changes to negligible levels (lower left panel). However, doxycycline treatment resulted in biglycan levels unchanged (lower right
panel). Scale bar= 400µm. C- Histogram: quantification of biglycan staining in animals referred to in A and B.∗p < 0.05.

deposition and in mice subjected to the two above de-
scribed treatments. Like MMP-9 and TIMP-1, this
ECM-related component was only significantly elevat-
ed in advanced stages of deposition, i.e., in mice with
amyloid deposition (+/+), whereas animals showing
only non-fibrillar accumulation (+/−) or no deposition
(−/−) showed negligible amounts of CSGP (Fig. 3).
These results are in agreement with the observations
performed in human tissues from V30M TTR-FAP pa-
tients [19] which found CSPG significantly increased
in salivary glands from V30M TTR-FAP patients in ad-
vanced stages of disease. Again, staining was cytoplas-
matic and analysis of mice treated with doxycycline or
by immunization revealed that only the later procedure

resulted in decreased load of CSPG as compared to
control non-treated animals.

3.5. NGAL expression

NGAL expression was investigated by RT-PCR fol-
lowed by semi-quantitative PCR (Fig. 4). The results
demonstrated that NGAL was elevated only in mice
with amyloid deposits and thus corroborates the obser-
vations reported for human tissues [25]. Both treat-
ments, doxycycline administration and immunization
with TTR Y78F, were able to lower NGAL to normal
levels as compared to non-treated controls.
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Fig. 3. Analysis of CSPG levels. A- Immunohistochemistry analysis of CSPG in stomach of TTR-V30M mice presenting different degrees of
TTR deposition (−/−), (+/−) and (+/+), and B- immunized or doxycycline treated old mice. CSPG appears in negligible levels in animals
without TTR deposition (−/−) (upper left panel) and in mice with non-fibrillar TTR (+/−) (upper middle panel); in contrast, (+/+) mice
showed high levels of CSPG (upper right panel). While immunization returned CSPG to normal levels (lower left panel), doxycycline did not
produce a significant effect (lower right panel). Scale bar= 400µm. C- Histogram: quantification of CSPG staining in animals referred to in A
and B.∗p < 0.05.

3.6. MMP-9 induction via the receptor for advanced
glycation end products (RAGE)

We further investigated possible pathways for the
activation of these selected ECM-components, in par-
ticular of MMP-9. We started by determining which
TTR species trigger MMP-9 activationin vitro. Amy-
loid deposits in peripheral nerves occur especially in
the endoneurium, where they appear close to Schwann
cells and collagen fibrils [8]. We had previously es-
tablished a RN22 (rat Schwann cell line) cellular assay
for apoptosis assessment of TTR amyloidogenic toxic
species in which apoptosis was abrogated by RAGE
neutralization [28]. We used the same cellular assay to
investigate MMP-9 activation by soluble, oligomeric,
and fibrillar TTR; only oligomeric TTR, the very early
intermediate species was able to significantly induce
MMP-9 expression when compared to non-treated cells
or cells treated with soluble or fibrillar TTR, as assessed
by gel zymography (not shown). RAGE displays in-
creased expression in V30M TTR-FAP tissues and its
binding to TTR amyloidogenic species triggers nuclear
factor (NF)-κB expression [29]. RAGE is increased
in neurons, vascular endothelium, and Schwann cells;
because RAGE is also increased in the gastrointestinal
tract of FAP patients [18], we used the RN22 assay

to test the hypothesis of RAGE involvement in MMP-
9 induction by TTR oligomers as it occurs in other
pathologies, such as diabetes [32]. Following block-
age of the RAGE receptor, MMP-9 returned to normal
levels (Fig. 5A). In parallel, caspase-3 was measured
as a marker for apoptosis (Fig. 5B), revealing that the
oligomeric toxic species produced caspase-3 activation
which was blocked by RAGE with concomitant MMP-
9 decrease.

4. Discussion

The process that converts a soluble protein into amy-
loid is complex and not fully understood. In the lit-
erature, TTR amyloid deposits were for a long time
assigned as the causative agent of FAP. However, the
finding that asymptomatic individuals carrying the TTR
V30M mutation show a positive reaction for inflam-
matory markers and present non-fibrillar TTR deposits
in the nerve raised the possibility that other species
besides mature fibrils could be involved in the dis-
ease [27]. Thus, the search and identification of disease
markers at different stages of the disease is of great
importance when evaluating and characterizing disease
progression and also the follow-up of therapeutic ap-
proaches.
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Fig. 4. Analysis of NGAL levels. RT- PCR analysis of RNA extracted from stomach of TTR-V30M mice in different stages of TTR deposition
(−/−), (+/−), and (+/+); immunized and doxycycline treated animals. A- electrophoresis in agarose gel showing significant amplification
of NGAL only for (+/+) mice whereas (+/−), (−/−), immunized and doxycycline treated old mice presented similar negligible levels of the
NGAL gene expression. B- densitometry of NGAL/HPRT RT-PCR amplifications of animals referred to in A, revealing that NGAL is above
normal levels only in (+/+) mice and that both immunization and doxycycline treatment resulted in a decrease of NGAL to levels comparable
to (−/−) and (+/−) animals.∗p < 0.05.

NGAL and biglycan were found to be elevated in
biopsies of salivary glands from FAP patients compared
to normal controls as assessed by microarrays analy-
sis and semi-quantitative histochemistry [25]. MMP-9,
which exists as a complex with NGAL, was also in-
creased in FAP. Biglycan was elevated in asymptomat-
ic individuals presenting non-fibrillar TTR deposits,
whereas NGAL and MMP-9 were only increased in the
presence of TTR amyloid deposits. Increased levels of
CSPG were found in salivary glands from FAP patients
as compared to controls [19].

Animal models represent a powerful tool to study
the mechanisms underlying the pathological observa-
tions and to test therapeutic approaches. In this context,
an FAP transgenic mice model was characterized [26]
and found to mimic several FAP features: the presence
of non-fibrillar TTR deposits (+/− animals) which
evolved to amyloid deposition (+/+ animals) with ag-
ing and the association with stress markers such as ni-
trotyrosine [26]; MMP-9 was increased only in mice
with amyloid deposition(+/−) and not in animals pre-

senting solely non-fibrillar deposits (+/−) or no de-
position (−/−); SAP was also associated with amy-
loid deposits [4]. In the present evaluation, we fur-
ther characterized the animal model by studying oth-
er ECM components. We found that TIMP-1, NGAL
and CSPG were overexpressed only in mice with amy-
loid deposition, whereas biglycan was found elevated
already in animals with non-fibrillar deposits. These
observations are in agreement with the humanex vivo
results. TIMP-1 was not assessed in human samples
but since MMP-9 was overexpressed, it is likely that its
inhibitor is also above normal levels.

The conclusions were corroborated by tissue analy-
sis in mice treated to remove amyloid either by doxy-
cycline or immunization protocols [4,31]; the results
obtained in immunized mice indicated a decrease of all
five markers under study, whereas doxycycline treated
animals showed improvement only in MMP-9, TIMP-1
and NGAL, as levels of biglycan and CSPG remained
unaltered. We could not detect any inflammatory cell
infiltration in control animals (a common feature to
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Fig. 5. Assessment of RAGE involvement in MMP-9 activation. A: zymogram of conditioned media from non-treated or cells treated with TTR
different species: soluble, oligomeric, or pre-incubated with an anti-RAGE specific antibody. Histogram: densitometry of MMP-9 activity in
cells treated as described above, showing activation of MMP-9 by oligomeric TTR but not by the soluble counterpart or in non-treated cells;
Blockage of the RAGE receptor abolished MMP-9 activation.∗p < 0.06. B: Activation of caspase-3 in RN22 cells exposed for 24 hours to 1µM
of the different TTR species referred to in A. Significant caspase-3 activation was observed in the presence of TTR oligomeric species; toxicity
of TTR oligomers was prevented by pre-incubating the cells with anti-RAGE antibody.∗p < 0.05.

FAP patients) and thus, decreased MMP-9 and TIMP-1
levels in doxycycline-treated mice were not due to in-
hibition of inflammation by doxycycline. Furthermore,
at leastin vitro, doxycycline acts directly on TTR amy-
loid fibrils, disaggregating them [5]. The decrease in
MMP-9 related to amyloid removal and not a conse-
quence of inhibition by doxycycline is also supported
by our findings in tissues from mice subjected to an

immunization protocol: MMP-9 was also negligible in
the later procedure.

Since biglycan is elevated in the presence of non-
fibrillar TTR deposits and doxycycline is a TTR fibril
disrupter and not an inhibitor, elevated biglycan levels
can be attributed to non-fibrillar aggregates present in
tissues of doxycycline treated mice.

As for CSPG, since immunization leads to the com-
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plete removal of TTR deposits (both fibrillar and non-
fibrillar) whereas doxycycline administration only dis-
aggregates fibrillar deposits, TTR aggregates deriving
from fibril disruption could account for the presence
of CSPG, as this component is part of amyloid fibrils
as previously described by Inoue and colleagues [13].
In contrast, MMP-9, TIMP-1 and NGAL are not part
of the fibril, but their expression responds to the pres-
ence of fibrillar material. Under the conditions of the
study, we can also conclude that immunization is more
efficient than doxycycline treatment in removing TTR
deposition.

In summary, we characterized the distribution of sev-
eral ECM markers in our animal model; we suggest
MMP-9 and CSPG as complementary to CR evaluation
to determine the presence of amyloid,since MMP-9 and
CSPG staining are easily assessed in opposition to con-
gophilic material which might be scarce and not easily
identified in samples (human or from animal models).
Further studies in a larger number of tissue samples
will indicate the application of these ECM markers in
parallel with Congo Red staining in tissue characteriza-
tion of pre-clinical and clinical stages in FAP and other
amyloidoses.

Zymographic analysis of MMP-9 indicated that in
a cellular system, only oligomeric TTR is capable of
inducing significant MMP-9 activation. The increase
was at both protein and gene expression (not shown)
levels. MMP-9 activity was decreased when RAGE
was blocked, suggesting RAGE engagement in MMP-
9 activation in FAP. The relation RAGE/MMP-9 has
been previously suggested in other diseases such as
diabetes [32] and atherosclerosis [12].

The fact that in the cellular system MMP-9 increased
in the presence of TTR oligomeric species whereasin
vivo significant levels of this metalloproteinase are only
visible in amyloid laden tissues is indicative that other
factors play a rolein vivo. It is possible that:

1. Other molecules involved in the mechanism of
amyloid formation and/or ECM regulation inhibit
MMP-9 up-regulation in the early disease stages

2. As the disease evolves and the system collapses,
with concomitant amyloid deposition, deregula-
tion occurs and MMP-9 is overexpressed.

3. Other components of amyloid in FAP tissues not
presentin vitro, directly or indirectly, are respon-
sible for the observed MMP-9 up-regulation in
amyloid laden tissues.

Taken together, the ECM components we have stud-
ied adequately correlate with amyloid deposition and
future studies should address the molecular bases of
such correlation.
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