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Abstract

Objectives—Amyloid deposits are prevalent in osteoarthritis (OA)-affected joints. This study 

defined the dominant precursor and determined if the deposits affect chondrocyte functions.

Methods—Amyloid deposition in normal and OA human knee cartilage was determined by 

Congo red staining. Transthyretin (TTR) in cartilage and synovial fluid was analyzed by 

immunohistochemistry and western blotting. The effects of recombinant amyloidogenic and non-

amyloidogenic TTR variants were tested in human chondrocyte cultures.

Results—Normal cartilage from young donors did not contain detectable amyloid deposits but 

58% (7/12) of aged normal cartilage and 100% (12/12) of OA cartilage samples showed Congo 

red staining with green birefringence under polarized light. TTR, located predominantly at the 

cartilage surfaces, was detected in all OA and a majority of aged, but not young normal cartilage. 

Chondrocytes and synoviocytes did not contain significant amounts of TTR mRNA. Synovial 

fluid TTR levels were similar in normal and OA knees. In cultured chondrocytes, only an 

amyloidogenic TTR variant induced cell death, the expression of proinflammatory cytokines, and 

extracellular matrix degrading enzymes. The effects of amyloidogenic TTR on gene expression 

were mediated by in part by Toll-like receptor-4, Receptor for advanced glycation endproducts 

and p38 MAP kinase. TTR-induced cytotoxicity was inhibited by resveratrol, a plant polyphenol 

that stabilizes the native tetrameric structure of TTR.
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Conclusions—The findings are the first to suggest that TTR amyloid deposition contributes to 

cell and extracellular matrix damage in articular cartilage in human OA and that therapies 

designed to reduce TTR amyloid formation might be useful.
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INTRODUCTION

Aging is a major risk factor for the development of many diseases including osteoarthritis 

(OA) (1) and various forms of amyloidosis (2). In OA, the disease process affects all joint 

tissues (3) but aging-related changes in articular cartilage appear to occur early, and trigger 

the tissue remodeling process that is manifested as OA (4). In the amyloidoses, the 

generation of misfolded proteins or peptides from their soluble precursors, their aggregation 

and ultimate tissue deposition cause abnormal gene expression, cell death, and organ 

dysfunction (5). Amyloid arthropathy has been reported in the long-term dialysis-related 

amyloidosis (6) and associated with multiple myeloma (7).

Approximately 30 human proteins that can form amyloid in vivo have been identified (2). 

Amyloid deposits bind the dye Congo red resulting in green birefringence under polarized 

light, and fluoresce with Thioflavin-T and S dyes (8). The presence of Congo red positive 

deposits in OA-affected articular cartilage is common even in the absence of generalized 

systemic amyloidosis (9–13).

Transthyretin (TTR) is one of a small number of human amyloid precursors found in OA 

cartilage (14) and OA synovial fluid (15), the others being immunoglobulin light chains, 

Apolipoprotein A-I and Apolipoprotein A-II. TTR containing amyloid has also been found 

in a small number of RA joints (14). TTR is a homotetrameric protein synthesized mainly in 

the liver and in the choroid plexus of the brain, and it circulates in plasma and cerebrospinal 

fluid. Wild-type TTR is associated with the syndrome known as senile systemic amyloidosis 

(SSA), an age-related disease characterized by cardiac TTR deposition (16, 17). There are 

more than 111 amyloidogenic point mutations in the TTR gene that are the cause of familial 

amyloid cardiomyopathy (FAC), characterized by primarily cardiac TTR deposition, and 

familial amyloidotic polyneuropathy (FAP), characterized by TTR deposition in peripheral 

nerve and heart (18). The variants Val122Ile (V122I) and Val30Met (V30M) are the most 

common TTR mutations related to FAC and FAP, respectively (19). TTR amyloidogenesis 

requires the rate-limiting dissociation of the native tetramer into its corresponding 

monomers. The monomers misfold and initiate the aggregation and amyloidosis cascade in a 

downhill polymerization process (20).

The prevalence and types of TTR amyloid in aging and OA-affected cartilage have not been 

established and there is no published information on the source and effects of TTR on 

cartilage tissue and cells.
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MATERIALS AND METHODS

Tissue and cell isolation from human knee joints

Human knee joints from individuals ages 16–94 were obtained at autopsy under approval by 

the Scripps Human Subjects Committee. Young normal knee joints were harvested at 

autopsy from 12 donors (age 16 to 48 years, mean ± SD = 31.0 ± 9.1, OA grade 1). Aged 

normal knee joints were also obtained from 12 donors having no history of joint diseases or 

overt OA as determined on macroscopic assessment of all joint cartilage surfaces (age 68 to 

94, mean ± SD = 75.9 ± 6.3, OA grade 1–2). OA joints were harvested from 12 donors (age 

from 49 to 90, mean ± SD = 75.6 ± 13.1, OA grade 3–4). Gross morphological grading was 

performed as described (21). Osteochondral slabs were collected from the weight-bearing 

area of the femoral condyles for histological analysis.

The remaining cartilage tissue was resected from the subchondral bone for cell and protein 

isolation (21).

Synovial fluid was collected from each knee through a superolateral approach. The synovial 

fluid was centrifuged at 14,000×g for 20 minutes, and the supernate was treated with a final 

concentration of 0.2 mg/mL of hyaluronidase (Sigma) at 37°C for 1 h. Bicinchoninic acid 

(BCA) protein assay (Pierce) was conducted on protein lysates of cartilage and synovial 

fluid and samples were diluted with PBS to obtain uniform protein concentrations.

Congo red staining and immunohistochemistry

Each femoral osteochondral slab was fixed in 10% zinc-buffered formalin for 2 days, 

decalcified in a formic acid decalcifier ‘To Be Decalcified’ (TBD, Thermo Scientific) for 7 

days, followed by paraffin embedding. Serial sections (9 µm each) were cut and stained with 

Congo red (Amyloid Special Stain Kit, Leica). The sections were examined using polarizing 

light microscopy that reveals apple green birefringence of amyloid (8).

For immunohistochemistry staining of human TTR, sections (4 µm each) were blocked with 

10% goat serum for 30 minutes at room temperature. Anti-human TTR (1:400 dilution) from 

Dako (A0002) was applied with 0.1% Tween 20 and incubated overnight at 4°C. After 

washing with PBS, the sections were incubated with biotinylated goat anti-rabbit secondary 

antibody for 30 minutes at room temperature, and then incubated using the Vectastain ABC-

AP kit (Vector Laboratories) for 30 minutes. Slides were washed, and sections were 

incubated with 3,3-diaminobenzidine tetrahydrochloride (DAB) substrate for 5–10 minutes. 

Specificity controls were obtained by replacing the primary antibody with nonimmune rabbit 

IgG (1 µg/mL). Staining was absent under these conditions.

Quantitative Western blotting

Western blotting was performed using the LiCor system as described (21) using primary 

antibodies for human TTR (Dako), phospho-p38, phospho-ERK, phospho-JNK, phospho-c-

Jun, and GAPDH (Cell Signaling). Protein of interest integrated intensity values were 

normalized to those of GAPDH.
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Preparation of recombinant TTRs and endotoxin removal

Two recombinant forms of TTR, T119M (non-amyloidogenic) and V122I (amyloidogenic), 

were prepared and purified as described earlier (22). Endotoxin was removed with Detoxi-

Gel Endotoxin Removing Columns (Pierce). LAL Chromogenic Endotoxin Quantitation Kit 

(Pierce) revealed an endotoxin level in 4 µM TTR preparations below to 0.001 ng/mL. In 

addition, recombinant TTRs were treated with Polymyxin B (10 µg/mL) for further 

neutralization of endotoxin, and we confirmed that Polymyxin B completely inhibited the 

effects of LPS (0.5 ng/mL) on the inflammatory gene expression, but did not inhibit any 

effect of TTRs.

Chondrocyte isolation and culture

Chondrocytes were isolated and cultured as described previously (23). First passage cells 

were used in the experiments and cultured (1.0×105 cells/well in 24 well plates) in the 

presence of 1% calf serum and stimulated with TTR in concentrations ranging from 0.2 to 4 

µM. These doses were chosen based on the 3.4–5 µM plasma concentrations of TTR (24).

MAP kinase inhibitors (EMD-Millipore) were used at the following concentrations: 10 µM 

of SB203580, and 20 µM of PD98059 following pretreatment with these inhibitors for 1 h. 

Blocking antibodies RAGE (Abcam) was used at a concentration of 10 µg/mL and the TLR 

inhibitor CLI95 (InvivoGen) was used at a concentration of 1 µg/mL.

TTR cytotoxicity assessment

Resazurin assay is used to measure metabolic activity and cell viability (25). Human 

chondrocytes were cultured in the presence of recombinant human TTR variants (0.2 to 4 

µM) for 24 hours, and resazurin assay was performed to assess cell viability. In this assay, 

the substrate resazurin is reduced to the soluble and highly fluorescent resorufin formazan 

by metabolically active cells (26).

Human chondrocytes were treated with recombinant TTRs. After 24 h incubation, 10 µL of 

resazurin solution (500 µM in PBS) was added, and the cells were incubated for 2.5 h at 

37°C. The fluorescence resulting from the reduction of resazurin to resorufin was measured 

using a multiwall spectrofluorimeter with excitation and emission wavelengths of 530 and 

590 nm, respectively (Tecan Safire2, Austria).

Cell death detection

Human chondrocytes were seeded in 96-well plates at a density of 3.0 ×103 cells/well and 

treated with recombinant TTRs at final concentrations of 4 µM in Opti-MEM with 1% CS. 

After 72 h incubation, cytoplasmic histone-associated DNA fragments were measured using 

Cell Death Detection ELISAPLUS Kit (Roche). Cell metabolic activity and apoptotic cell 

death were expressed as the ratio of the value of TTR-treated cells with respect to the cells 

treated with vehicle only.

Quantitative real-time PCR

Total RNA was reversed transcribed to complementary DNA using TaqMan® Reverse 

Transcription Reagents (Applied Biosystems). Quantitative Real-time PCR was carried out 
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using LightCycler 480 Probes Master (Roche). Predesigned primers for human TTR, IL6, 

iNOS, ADAMTS4, MMP13, and GAPDH were obtained from Applied Biosystems. Results 

were obtained using LightCycler® 480 Instrument II (Roche).

Statistical analysis

Statistically significant differences in histological analysis were determined using Fisher's 

exact test. A repeated-measures ANOVA was used for statistical analysis in other 

experiments. When a significant difference was observed, we used the Bonferroni test to 

determine significant differences compared to the control condition. The results are reported 

as mean ± S.D. P values less than 0.05 were considered significant.

RESULTS

Amyloid and TTR deposition in human articular cartilage

We compared amyloid and TTR deposition between young normal, aged normal and OA 

human knee cartilage. The results showed that there were significant differences in amyloid 

deposition as detected by Congo red staining among the 3 groups (Table 1). There was no 

amyloid deposition in young normal cartilage. In contrast, 58% (7/12) of aged normal 

cartilage and 100% (12/12) of OA cartilage samples had Congo red staining with green 

birefringence under polarized light. Similarly, aged normal and OA cartilage showed 

significantly higher rates of TTR deposition compared to young normal cartilage (Table 1), 

whereas there was no difference between aged normal and OA cartilage. Amyloid and TTR 

deposition in aged normal cartilage was observed only in the superficial zone (Figure 1). OA 

cartilage showed larger areas stained with Congo red and TTR antibody compared to aged 

normal cartilage, predominantly in areas with fibrillation.

TTR in human cartilage and synovial fluid

Protein extracts from cartilage and synovial fluid were analyzed using western blotting to 

compare the levels of TTR between normal and OA joints. TTR protein content in OA 

cartilage was significantly higher compared to normal tissue (Figure 2A). There was no 

difference in TTR protein levels in synovial fluid between normal and OA donors (Figure 

2B). TTR gene expression in chondrocytes and synoviocytes was very low compared to 

HepG2 cells derived from the liver, which is the major site of TTR synthesis in humans (27, 

28) (Figure 2C). There was no significant difference in TTR mRNA levels between normal 

and OA chondrocytes.

Amyloidogenic TTR reduces cell metabolic activity and induces apoptosis in human 
chondrocytes

Human chondrocytes were cultured in the presence of recombinant human TTR variants (0.2 

to 4 µM) for 24 hours after which the resazurin assay was performed to assess metabolic 

activity. We used two different forms of recombinant TTR; V122I (amyloidogenic) and 

T119M (non-amyloidogenic). V122I TTR significantly reduced metabolic activity in a dose 

dependent manner (Figure 3A). This effect of V122I TTR incubation for 24 h was reversible 

upon removal of TTR and culture in fresh medium without TTR (data not shown). Culture 

of chondrocytes with the amyloidogenic TTR variant V122I TTR for 72 h significantly 
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increased apoptotic cell death, while T119M TTR did not (Figure 3B). V122I TTR-induced 

cytotoxicity was inhibited by co-incubating the protein with resveratrol, a small molecule 

known to stabilize the native tetrameric structure of TTR and prevent its aggregation and 

amyloid fibril formation (22) (Figure 3C).

Amyloidogenic TTR induces inflammatory gene expression in human chondrocytes

To determine whether TTRs stimulate the production of mediators of inflammation and 

cartilage degradation, we treated chondrocytes with the recombinant TTR variants and 

analyzed changes in gene expression using quantitative PCR. Expression of IL6, iNOS and 

ADAMTS4, but not that of MMP13, were significantly induced by V122I TTR (Figure 4A). 

The non-amyloidogenic TTR variant T119M did not induce significant changes in any of the 

genes analyzed. The IL-1β-mediated increase in IL6 and ADAMTS4 expression were 

significantly augmented in the presence of the amyloidogenic V122I TTR variant (Figure 

4B).

TLR4, RAGE and p38 MAPK are involved in TTR stimulation of gene expression

To examine signaling mechanisms involved in amyloidogenic TTR induced gene 

expression, we measured changes in mitogen-activated protein kinase (MAPK) signaling 

and tested the effect of inhibitors of MAPK, Toll-like receptor 4 (TLR4) and Receptor for 

Advanced Glycation End-products (RAGE). The data show that treatment of cells with the 

amyloidogenic V122I TTR resulted in significant increases in phosphorylation of p38 and 

ERK, but not JNK and c-Jun (Figure 5A and B). V122I TTR-induced gene expression of 

IL6, iNOS and ADAMTS4 were significantly inhibited by p38 MAPK inhibitor (SB203580) 

(Figure 5C). RAGE blocking antibody significantly inhibited iNOS gene expression induced 

by V122I TTR. On the other hand, the TLR4 inhibitor CLI-95 reduced ADAMTS4 gene 

expression stimulated by V122I TTR.

DISCUSSION

All human advanced OA cartilage samples were positive for Congo red staining and for 

TTR. We also analyzed cartilage from a set of elderly donors that did not have a diagnosis 

of OA or macroscopic evidence of OA-like cartilage damage. Approximately 60% of these 

samples were positive for Congo red and about 90% were positive for TTR. This finding 

suggests the possibility that in a fashion similar to that seen in mice transgenic for wild type-

human TTR (29), small TTR aggregates deposit before they evolve into fibrillary amyloid 

structures that become Congo red positive. Other studies have suggested that the prevalence 

of amyloid deposits in the synovium of OA-affected joints is lower than in our series of 

cartilage samples (21, 30–32). In a study of patients with carpal tunnel syndrome (CTS), 

34% were positive for amyloid and 100% were positive for TTR (33). CTS is a common 

clinical accompaniment of SSA (34, 35). Our data are consistent with these studies in other 

tissues, showing a higher percentage of samples that are positive for TTR than for Congo 

red. It also appears that the prevalence of amyloid and TTR deposition in cartilage is among 

the highest, and even higher than in CTS where the deposits have been implicated in 

pathogenesis. Based on this highly prevalent age-dependent TTR deposition, articular 

cartilage should be included in the tissues that are affected in the SSA syndrome.
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The TTR deposits in aged cartilage were exclusively located at the articular cartilage surface 

or superficial zone (SZ). The earliest aging and OA-related changes in articular cartilage 

occur at the SZ and include substantial loss of proteoglycans and enzymatic cleavage of type 

II collagen (36). As the SZ is critical to cartilage and joint homeostasis, TTR deposits could 

play an important role in initiating the cascade of events that ultimately manifests as OA.

TTR aggregate formation by both, wild type and mutant TTR requires dissociation of the 

native tetramer into its constituent monomers. A conformational change within the monomer 

(misfolding) enables the formation of soluble aggregates, which become insoluble as they 

grow (protofilaments) (37, 38). The insoluble aggregates eventually become amyloid fibrils 

by the lateral assembly of four protofilaments. Other forms of TTR aggregates can be 

amorphous and do not bind Congo red. Formation of TTR aggregates can be facilitated by 

age-related oxidation (39) and nitric oxide-induced modification of TTR (40). Chondrocytes 

in aged and OA-affected cartilage produce increased levels of oxidants (4). TTR deposition 

is also accelerated by the presence of certain sulfated glycosaminoglycans (41, 42). The 

relative levels of glycosaminoglycans, for example the ratio of keratin sulfate to chondroitin 

sulfate and the sulfation patterns of heparan sulfate, are altered in OA cartilage (43, 44). In 

addition, age-related oxidation of long-lived cartilage extracellular matrix proteins, such as 

type II collagen (45) which has a half-life of 117 years may also facilitate TTR aggregate 

formation (46). Thus, the aged and OA cartilage extracellular matrix is characterized by 

several modifications that can promote TTR deposition.

Interestingly, an N-terminal truncated form of TTR was detected in sera from OA patients 

and was among a small number of serum biomarkers that distinguished OA progressors 

from non-progressors (47). This raises the possibility that proteolytic enzymes that are 

overproduced in OA and aged joints may facilitate TTR aggregation through this 

mechanism.

We investigated potential cellular sources of the TTR deposits in aged and OA cartilage. 

Very low levels of TTR protein were detectable in normal articular cartilage and in cultured 

chondrocytes and there were no differences in the abundance of TTR mRNA in normal and 

OA cartilage. These observations suggest that the TTR in aged and OA cartilage originates 

from extrinsic sources. TTR was detected in synovial fluid but there were no differences in 

TTR content of normal and OA synovial fluids. In proteomic analyses of human synovial 

fluid Gobezie et al (48) and Sohn et al (15) identified TTR but there was no apparent 

difference in levels between OA and normal. The observations that TTR deposits were 

present in cartilage but chondrocytes do not appear to be a source of TTR, are consistent the 

deposition of extracellular congophilic material at sites distant from their synthesizing 

organs that defines the systemic amyloidoses. Collectively, these observations suggest that 

TTR deposits in cartilage are most likely formed from liver-secreted protein, the major site 

of TTR synthesis (27, 28), and that it is not differences in the systemic or local TTR levels, 

but changes in the local tissue environment, that promote TTR aggregation and deposition.

The present study is the first to examine potential functional consequences of TTR 

deposition in cartilage. Our in vitro model used primary normal human articular 

chondrocytes that were treated with recombinant amyloidogenic V122I or non-
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amyloidogenic T119M (49). Recombinant WT TTR was not used because previous studies 

showed that the purification conditions of WT TTR change its behavior in tissue culture, 

probably because more than one tetramer conformer can exist in solution (22, 50, 51). 

Amyloidogenic V122I induced a dose-dependent decrease in cell viability measured by 

resazurin reduction and caspase activation assays, whereas the naturally occurring stable and 

non-amyloidogenic T119M TTR variant did not. The type of cell death induced by 

amyloidogenic TTR was apoptotic and it was attenuated by resveratrol. In our experimental 

setting, resveratrol was first pre-incubated with V122I TTR to allow it to bind to the protein, 

before addition of this mixture onto the cells. Thus, the protective effect of resveratrol is 

most likely related to its ability to stabilize the native tetrameric structure of TTR (22), 

although it could also be due to its capacity to protect against apoptosis induced by oxidants 

(52). In chondrocytes, amyloidogenic V122I TTR, but not non-amyloidogenic TTR also led 

to a dose-dependent increase in the expression of IL6, iNOS and ADAMTS4 mRNAs, while 

other genes implicated in OA pathogenesis, such as MMP13, were not induced. We also 

observed a synergistic effect of amyloidogenic V122I TTR with IL-1, a prototypic 

proinflammatory and catabolic cytokine in cartilage (53). These results demonstrate, for the 

first time, that amyloidogenic TTR affects chondrocyte survival and gene expression, and 

may thus contribute to aging-related changes in articular cartilage that provide a major risk 

factor for the development of OA. Studies of human biopsies of TTR mutant carriers, and in 

transgenic mice overexpressing human wild type or mutant TTR variants, suggest that cell 

death and production of inflammatory mediators occurs much earlier than the deposition of 

amyloid fibrils (54–56).

To further elucidate specificity and mechanisms of TTR effects on chondrocytes, we 

analyzed cell surface receptors and intracellular signaling pathways. RAGE blocking 

antibody inhibited the V122I TTR-induced expression of iNOS but not IL6 or ADAMTS4. 

The TLR4 inhibitor CLI-95 reduced ADAMTS4 expression but neither agent prevented all 

V122I TTR-induced gene expression changes. RAGE is expressed by chondrocytes and is 

increased in OA cartilage (57) and mediates the production of metalloproteinases, 

inflammatory mediators and chondrocyte hypertrophy (58–60). A role for RAGE in 

mediating the effect of TTR fibrils on neuron-like, Schwann, and endothelial cells has been 

reported (61, 62). TLR4 is known to be expressed on chondrocytes and can bind several 

ligands, including advanced glycation end products (63), alarmins (64) and extracellular 

matrix fragments (65). Our findings that these two receptors may be at least in part 

mediating the TTR effect on chondrocytes are consistent with their expression and role in 

signaling in response to other ligands but a role for other receptors can not be excluded. 

Why the TTR-mediated induction of some of these genes is dependent on one or the other of 

these receptors requires further analysis. P38 MAP kinase was phosphorylated in response to 

V122I TTR and a pharmacologic inhibitor of p38 suppressed the V122I TTR induced gene 

expression, suggesting a prominent role for p38 in mediating the effects of V122I TTR.

Limitations of the present study include that it is correlative in the comparison of the TTR 

deposition with age and OA status. The in vitro studies are also presenting TTR in a form 

and context that is not replicating the TTR amyloid fibrils within the cartilage extracellular 

matrix. Although the in vitro concentrations of TTR used are similar to plasma 

concentrations, the concentration of TTR aggregates in cartilage tissue is unknown. The 
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present study only tested effects of TTR on chondrocyte function. Other amyloid precursors, 

such as ApoA, light chains, fibrinogen, gelosin are present in synovial fluid and cartilage 

(15, 48). It will be important to determine whether these proteins from amyloid and have 

effects on chondrocytes. In addition to having effects on chondrocyte survival and gene 

expression, it is also possible that the TTR amyloid deposits in cartilage affect its 

biomechanical properties. Biomechanical changes in the heart are a mechanisms involved in 

TTR-amyloid deposition in patients with TTR mutations and cardiomyopathy (66).

CONCLUSION

Collectively, these findings implicate TTR deposition in articular cartilage as a novel 

mechanism in OA pathogenesis. Recent advances in the development of drug therapies for 

familial TTR amyloidoses (67–69) may provide new therapeutic options for OA.
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Figure 1. Amyloid and TTR deposition in human young normal, aged normal and OA cartilage
Representative images of Congo red staining and Immunohistochemistry for human TTR in 

young normal, aged normal, and OA cartilage. Arrows indicate green staining of amyloid 

under polarized light. Images are 10× magnification.
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Figure 2. Comparison of TTR in human cartilage and synovial fluid between young normal and 
OA donors
(A) Protein extracts from articular cartilage were normalized by protein content and 

analyzed by western blotting using antibodies to human TTR. Image and graph show the 

result of TTR quantification in 6 young normal and 6 OA cartilage samples. * P < 0.05 

versus young normal (B) Synovial fluid samples at the same total protein concentration were 

analyzed by western blotting using antibodies to human TTR. Image and graph show the 

result of TTR quantification in 5 young normal and 5 OA donors. (C) Human TTR gene 

expression in chondrocytes from 8 young normal and 8 OA donors and synoviocytes from 2 

OA donors was analyzed by real-time PCR. Graph shows chondrocyte TTR gene expression 

levels relative to TTR gene expression in the hepatoma cell line HepG2.
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Figure 3. Effects of recombinant TTR variants on cell viability in human chondrocytes
(A) Chondrocytes were treated with 3 different concentrations of recombinant V122I or 

T119M TTR (0.2, 1, and 4 µM) for 24 h and cell metabolic activity was assessed by 

resazurin assay. Graph shows the results from 6 independent experiments using cells from of 

a total of 6 different normal donors. Values are the mean and SD as the ratio of TTR treated 

cells to control cells not treated with TTR. *P < 0.05 versus vehicle control. & = P < 0.05 

between T119M and V122I. (B) Graph shows the results of a total of 4 donors for apoptosis 

detection in human chondrocytes treated with 4 µM of TTRs for 72 h. Values are the mean 

and SD as the ratio of TTR-treated cells to control cells not treated with TTR. * = P < 0.05 

versus vehicle control. (C) Chondrocytes were treated with V122I TTR (4 µM) with or 

without resveratrol for 24 h and cell metabolic activity was assessed by Resazurin assay. 

Graph shows the results of a total of 5 donors. Values are the mean and SD as the ratio of 

TTR treated cells to vehicle control cells.
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Figure 4. Effects of TTRs on gene expression in human chondrocytes
(A) Chondrocytes were treated with 3 different concentrations of TTRs (0.2, 1, and 4 µM) 

for 24 h and gene expression was assessed by real-time PCR. Graph shows the results of a 

total of 3 donors. * = P < 0.05 versus vehicle control. *P < 0.05 versus vehicle control. (B) 

Chondrocytes treated with 4 µM of V122I were simultaneously stimulated with IL-1β (0.05 

ng/mL) for 24 h. Graph shows the results of a total of 3 donors. Values are the mean and 

SD. *P < 0.05 in V122I + IL-1β versus IL-1β alone.
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Figure 5. Kinases and receptors mediating TTR effects on human chondrocytes
(A) Representative images of western blotting for phosphorylated MAPK in chondrocytes 

treated with TTRs. (B) Graph shows the quantification of phosphorylated MAPK in 3 

human chondrocyte preparations treated with 4 µM of TTRs for 24 h. Values are the mean 

and SD as the ratio of TTRs treated cells to vehicle-only treated cells. * = P < 0.05 versus 

Control. (C) Chondrocytes co-treated with 4 µM of V122I and antibody to RAGE, CLI95, 

SB203580 and PD98059 for 24 h. Graph shows the changes in gene expression of 3 donors. 

Values are the mean and SD. *P < 0.05 versus V122I TTR.

Akasaki et al. Page 18

Arthritis Rheumatol. Author manuscript; available in PMC 2016 May 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Akasaki et al. Page 19

T
A

B
L

E
 1

A
m

yl
oi

d 
an

d 
T

T
R

 d
ep

os
iti

on
 in

 h
um

an
 y

ou
ng

 n
or

m
al

, a
ge

d 
no

rm
al

 a
nd

 O
A

 c
ar

til
ag

e.

G
ro

up
A

ge
Se

x
O

A
 g

ra
de

C
on

go
 r

ed
T

T
R

  Y
ou

ng
 N

or
m

al
16

M
1

−
−

22
F

1
−

−

23
F

1
−

−

24
M

1
−

−

24
M

1
−

+

29
M

1
−

−

33
M

1
−

−

36
M

1
−

−

36
F

1
−

−

40
M

1
−

−

41
M

1
−

−

48
F

1
−

−

A
ge

d 
N

or
m

al
68

F
1

−
+

70
M

2
−

+

70
F

1
−

−

74
M

1
−

+

74
F

2
+

+

75
F

1
+

−

76
M

1
+

+

76
F

1
−

+

77
M

1
+

+

78
F

2
+

+

79
F

1
+

+

94
F

1
+

+

O
st

eo
ar

th
ri

tis
49

F
3

+
+

59
F

4
+

+

62
F

3
+

+

Arthritis Rheumatol. Author manuscript; available in PMC 2016 May 01.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Akasaki et al. Page 20

G
ro

up
A

ge
Se

x
O

A
 g

ra
de

C
on

go
 r

ed
T

T
R

64
M

3
+

+

77
F

3
+

+

80
M

3
+

+

82
M

4
+

+

84
M

3
+

+

84
F

4
+

+

88
F

3
+

+

89
F

4
+

+

90
F

4
+

+

C
ar

til
ag

e 
se

ct
io

ns
 f

ro
m

 1
2 

yo
un

g 
no

rm
al

, 1
2 

ag
ed

 n
or

m
al

, a
nd

 1
2 

O
A

 d
on

or
s 

w
er

e 
st

ai
ne

d 
w

ith
 C

on
go

 r
ed

 a
nd

 a
nt

ib
od

ie
s 

to
 h

um
an

 T
T

R
.

T
he

 p
re

se
nc

e 
of

 s
ta

in
in

g 
is

 m
ar

ke
d 

as
 (

+
).

Arthritis Rheumatol. Author manuscript; available in PMC 2016 May 01.


