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RESUMO 

A cartilagem articular é um tecido com baixo potencial de 

regeneração e as lesões desse tecido apresentam alta 

prevalência. Em estágios iniciais, a suplementação dietética 

com glucosamina, um monossacarídeo presente na própria 

matriz cartilaginosa, é frequentemente prescrita. A 

Glucosamina, metabolizada nas vias de biossíntese de 

hexosamina, pode ser usada para a síntese de proteoglicanos da 

matriz extracelular. Em estágios avançados da lesão, as 

técnicas de engenharia de cartilagem tem sido aplicadas. 

Destas técnicas, a mais recente, chamada de implante autólogo 

de condrócitos assistido por matriz, consiste em semear os 

condrócitos em uma matriz tridimensional (3D) com o objetivo 

de estimular a proliferação celular e a síntese de matriz 

extracelular em uma fase in vitro antes do implante no local da 

lesão. Para estimular o desenvolvimento cartilaginoso, fatores 

de crescimento (GF) e estimulos mecânicos têm sido 

utilizados. No entanto, a influência da suplementação de 

glucosamina acoplada a GF e estímulos mecânicos ainda é 

incerta. A hipótese é que a glucosamina, assim como a 

hiperglicemia, pode inibir a ação da GF. Por outro lado, a 

aplicação de estímulos mecânicos pode aumentar o 

metabolismo e a necessidade de nutrientes como a glucosamina 

para sobrevivência e síntese da matriz extracelular. O objetivo 

principal deste trabalho foi avaliar a influência do cloridrato de 

glucosamina (GlcN.HCl) e N-acetilglucosamina (GlcNAc) na 

resposta de condrócitos bovinos cultivados em uma estrutura 

de quitosana submetida à estimulação do fator transformador 

de crescimento beta 3 (TGF-β3 ) e fator de crescimento 

semelhante à insulina um (IGF-I) e compressão mecânica 

dinâmica. Primeiro, realizou-se um experimento em 

monocamada para avaliar a influência de GlcN.HCl e GlcNAc 

no TGF-3 / IGF-I em cultura de curta duração. Os resultados 



mostraram que a adição de 1 mM de GlcN.HCl inibiu a 

proliferação de condrócitos em cultura em monocamada, 

enquanto que a GlcNAc estimulou o metabolismo de 

condrócitos. Em 30 dias de cultura 3D sem carga compressiva 

dinâmica e GF, GlcN.HCl e GlcNAc não melhoraram a 

proliferação celular e a síntese de proteoglicanos. Quando o GF 

foi adicionado, ambas as glucosaminas melhoram a 

proliferação celular e a síntese de matriz em comparação com o 

GF sozinho. Este efeito, no entanto, foi mais pronunciado com 

a suplementação de GlcNAc. A adição de carga inibiu 

significativamente o efeito estimulatório do GF. A 

suplementação com GlcN.HCl e GlcNAc mais GF reverteu o 

efeito deletério da carga de compressão. Portanto, GlcN.HCl e 

GlcNAc são um aliado crítico para estimular a condrogênese e 

devem ser adicionados à fase in vitro da engenharia de tecidos. 

Dentre as moléculas, o GlcNAc é uma opção melhor. 

Palavras-chave: condrogênese, cloridrato de glucosamina, N-

acetilglucosamina, fatores de crescimento, carga compressiva 

dinâmica 
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RESUMO EXPANDIDO 

 

Introdução 

A cartilagem articular é um tecido com baixo potencial de regeneração e 

as lesões deste tecido têm uma alta prevalência. Em estágios iniciais, a 

suplementação dietética com glucosamina, um monosacárido presente na 

própria matriz cartilaginosa, é muitas vezes prescrita. A glucosamina 

quando metabolizada nas vias de biosíntese da hexosamina pode ser 

utilizada como substrato para a síntese de proteoglicanos da matriz 

extracelular. Em estágios avançados da lesão, técnicas de Engenharia de 

Tecidos têm sido aplicadas. Dentre as técnicas, a mais recente, chamada 

Implante de Condrócitos Autólogos Matriz Assistida, consistem em 

implantar condrócitos em uma matriz tridimensional (3D) para estimular 

a proliferação celular e a síntese de matriz extracelular em uma fase in 

vitro antes da implantação no local da lesão. Para estimular o 

desenvolvimento cartilaginoso, fatores de crescimento (FC) e estímulo 

mecânicos têm sido utilizados nesta fase. Os principais fatores de 

crescimento para os condrócitos são o fator de crescimento de 

transformação da familia beta (TGF-β) e o fator de crescimetno tipo 

insulina (IGF). Ambos tem a função de estimular a proliferação e 

diferenciação celular, e estimular a síntese de proteoglicanos e colageno 

tipo 2 (COL2). 

No entanto, o efeito da suplementação de glucosamina juntamente com 

FC e estimulos mecânicos ainda é incerto. Baseado em estudos in vitro 

que têm observado uma diminuição da viabilidade celular (TERRY et al., 

2007; VARGHESE, S. et al., 2007a), formulou-se a hipótese de que a 

glucosamina, assim como a hiperglicemia, pode inibir a ação dos FG. 

Esse efeito pode ocorrer via rota de biosintese da hexosamina. Por outro 

lado, a aplicação de estimulos mecânicos pode aumentar o metabolismo 

e a necessidade de nutrientes como a glucosamina para a sobrevivência e 

síntese da matriz extracelular. Dois tipos de derivados da glucosamina são 

frequentemente prescritos para o tratamento da osteoartrose, a 

glucosamina hidroclorada (GlcN.HCl) e a N-acetilglucosamina 

(GlcNAc). Estes derivados são diferentemente metabolizados pelas 

células podendo resultar em diferentes efeitos, seja inibitório ou 

estimulatório. Têm-se demonstrado que a GlcN.HCl pode alterar a 
entrada celular de glicose e diminuir a produção de energia e sintese de 

matriz (SHIKHMAN et al., 2009). Assim sendo, o objetivo do presente 

estudo é responder às seguintes questões: GlcN.HCl e GlcNAc 

contribuem para a engenharia da cartilagem? A associação de ambas 



 
 

 
 

as glucosaminas aos fatores de crescimento tipo TGF-β3 e os fatores 

de crescimento de IGF-I, e o carregamento compressivo dinâmico 

melhoram o condrogênese? Há diferença entre GlcN.HCl e GlcNAc 

no metabolismo celular? Primeiramente, contudo, avaliou-se a 

expressão da proteína de transporte de glicose tipo 2 (GLUT2) que possui 

alta afinidade por glucosamina, o efeito da concentração de glucosamina 

sobre a viabilidade celular e a interação entre glucosamina e FC em 

cultura bidimensional de curto prazo      

Objetivo geral 

Avaliar a influência de GlcN.HCl e GlcNAc na engenharia de cartilagem 

e elucidar se ambos os derivados da glucosamina, quando associados a 

FG e/ou carregamento compressivo dinâmico, melhoram a biossíntese e 

proliferação de condrócitos bovinos cultivados em arcabouços 

tridimensionais (3D). 

Objetivos Específicos  

Objetivo 1. Avaliar se os condrócitos bovinos primários expressam a 

proteína de membrana GLUT2. 

Objetivo 2. Avaliar o efeito das concentrações de GlcN.HCl e GlcNAc na 

proliferação e metabolismo de condrócitos. 

Objetivo 3. Avaliar o efeito de GlcN.HCl e GlcNAc, e a interação dessas 

substâncias com TGF-β3 e IGF-I na proliferação de condrócitos bovinos 

em cultura em monocamada. 

Objetivo 4. Avaliar o efeito de GlcN.HCl e GlcNAc, e a interação dessas 

substâncias com TGF-β3 e IGF-I na síntese e proliferação de matriz de 

condrócitos bovinos cultivados em cultura 3D. 

Objetivo 5. Avaliar o efeito de GlcN.HCl e GlcNAc, e a interação dessas 

substâncias com TGF-β3 e IGF-I, e estimulação compressiva dinâmica 

sobre a proliferação de condrócitos bovinos e síntese de matriz. 

Objetivo 6. Determinar qual tipo de derivado GlcN é melhor para a 

condrogênese. 

Método 

Os condrócitos foram obtidos a partir da cartilagem articular da pata de 

animais bovinos e cultivados dentre passagem 4 a 9 para todos os 

experimentos. A expressão de GLUT2 foi avaliada por 

imunohistoquimica cultivando os condrócitos em placas por 48h. O efeito 

da concentração de GlcN.HCl e GlcNAc sobre a proliferação e 
matabolismo celular foi avaliado adicionando 0 µM (controle), 1 µM, 0,5 

mM, 1 mM, 5 mM e 10 mM à 50 103 células implantadas e cultivadas em 

meio de cultura com soro fetal bovino (SFB) (proliferativo) e sem SFB. 

Para a avaliação da proliferação e metabolismo celular utilizou-se 



 
 

 
 

picogreen para quantificação do DNA, resazurina para avaliaçao do 

metabolism mitocondrial e sintese de lactato. Dentre estas concentrações, 

a que produziu o melhor efeito foi utilizada para analise do efeito da 

glucosamina sobre a proliferação e metabolismo celular com a adição de 

TGF-β3 (5 ng/mL) e IGF-I (10 ng/mL). 

Na sequência, avaliou-se o efeito da interação entre a glucosamina, FC e 

carregamento compressivo dinâmico na sintese e proliferação de matriz 

extracelular em cultura 3D.  Desenvolveu-se uma matriz esponjosa de 

quitosana de 4 mm de altura e 14 mm de diâmetro. Hum milhão de 

condrócitos foram implantados na matriz e cultivados em bioreatores por 

30 dias. Seis grupos foram avaliados de acordo com a suplementação do 

meio de cultura sem SFB: a) controle, b) GlcN.HCl, c) GlcNAc, d) FC, 

e) FC/GlcN.HCl, e f) FC/GlcNAc. O mesmo design experimental foi 

utilizado com a adição do fator carregamento compressivo dinâmico: a) 

compressão, b) GlcN.HCl/compressão, c) GlcNAc/compressão, d) 

FC/compressão, e) FC/GlcN.HCl/compressão, e f) 

FC/GlcNAc/compressão. Os contructos de células/quitosana foram 

submetidos a uma compressão de 10% da altura da matriz, a uma 

frequência de 1 Hz, por ciclos de 1 hora intercalados com 1 hora sem 

compressão. Estes ciclos foram executados por 3 vezes seguido por um 

período de 7 horas sem compressão. 

Resultados e discussões  

Os condrócitos bovinos expressam a proteina GLUT2. A adição de 

GlcN.HCl a uma concentração maior que 5 mM inibiu a proliferação e 

metabolismo celular em meio com SFB, e 10 mM inibiu a proliferação e 

metabolismo celular em meio sem SFB. Mesmo a adição das maiores 

concentrações de GlcNAc não alteraram a proliferação em meio com e 

sem SFB. Pelo contrário, 1 mM GlcNAc estimulou o metabolismo dos 

condrócitos. Esses resultados indicam que a GlcN.HCl pode inibir o efeito 

anabólico dos FC e em virtude do estímulo, a concentração de 1 mM foi 

utilizado nos demais experimentos. Em 30 dias da cultura 3D sem 

carregamento compressivo dinâmico e sem FC, tanto a GlcN.HCl e como 

a GlcNAc não melhoraram a proliferação celular e a síntese de 

proteoglicanos. Quando adicionados os FC, no entanto, ambas as 

glicosaminas melhoraram a proliferação celular e a síntese matricial em 

comparação com FC isoladamente. Esse efeito, foi mais pronunciado com 
a suplementação de GlcNAc. A presença em ambos os grupos de 

colágeno tipo 2 comprovou principalmente que a GlcN.HCl não inibe o 

efeito dos FC, como sugerido nos experimentos iniciais. A adição do 

carregamento mecânico inibiu significativamente o efeito estimulatório 



 
 

 
 

dos FC. Porém, a suplementação com GlcN.HCl ou GlcNAc somados aos 

FC reverteu o efeito deletério do carregamento compressivo. Observou-

se uma significativa concentração celular e sintese de matrix, ainda que 

em menor escala do que na ausência de compressão.  

Conclusão 

O presente estudo conclui que a GlcN.HCl e a GlcNAc são aliados 

importantes para estimular a condrogênese e devem ser adicionados à fase 

in vitro das técnicas de Engenharia de Tecidos. Dentre as duas derivações, 

contudo, a GlcNAc demonstrou ser a melhor opção.  

Palavras-chave: condrogênese, glucosamina hidroclorada, N-

acetilglucosamina, fatores de crescimento, carregamento compressivo 

dinâmico

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 
 

 
 

 

ABSTRACT 

 

The articular cartilage is a tissue with low regeneration potential and the 

lesions of this tissue have a high prevalence. In initial stages, dietary 

supplementation with glucosamine, a monosacarid present in the 

cartilaginous matrix itself, is often prescribed. Glucosamine when 

metabolized in the biosynthesis pathways of hexosamine can be used for 

the synthesis of proteoglycan of the extracellular matrix. In advanced 

stages of the lesion, cartilage engineering techniques have been applied. 

The most recent technique, called matrix-assisted autologous 

chondrocyte implant, consist in seed chondrocytes in a three-dimentional 

(3D) scaffold to stimulate cell proliferation and matrix synthesis in an in 
vitro phase before implantation in the lesion site. To stimulate 

cartilaginous development, growth factors (GF) and mechanical 

stimulants have been used in these phase. However, the influence of 

glucosamine supplementation coupled with GF and mechanic stimuls is 

still uncertain. The hypothesis is that glucosamine, as well as 

hyperglycemia, can inhibit the action of GF. On the other hand, the 

application of mechanical stimulates can increase metabolism and the 

need for nutrients such as glucosamine for survival and synthesis of 

extracellular matrix. The main objective of this work was to evaluate the 

influence of glucosamine Hydrochlorate (GlcN.HCl) and N-

acetylglucosamine (GlcNAc) in the response of bovine chondrocytes 

cultivated in a chitosan scaffold submitted to stimulation of transforming 

growth factor beta 3 (TGF-β3) and insulin-like growth factor one (IGF-I) 

and dynamic mechanical compression. First, a monolayer experiment was 

performed to assess the influence of GlcN.HCl and GlcNAc on TGF-

β3/IGF-I in short-time culture. The results showed that the addition of 1 

mM GlcN.HCl inhibited the proliferation of chondrocytres in monolayer 

culture, while GlcNAc stimulated the metabolism of chondrocytes. In 30 

days of 3D culture without dynamic compressive loading and GF, 

GlcN.HCl and GlcNAc did not improve the cell proliferation and 

proteoglycan synthesis. When GF were added, both glucosamines 

improve the cell proliferation and matrix synthesis compared to GF alone. 

This effect, however, was more pronounced with GlcNAc 
supplementation. The addition of loading significantly inhibited the 

stimulatory effect of GF. The supplementation with  GlcN.HCl and 

GlcNAc plus GF reverted the deleterious effect of compression loading. 

Therefore, GlcN.HCl and GlcNAc are a critical ally to stimulate 



 
 

 
 

chondrogenesis and should be added to in vitro phase of tissue 

engineering. Between them, GlcNAc is a better option.  

Keywords: chondrogenesis, glucosamine hydrochloride, N-

acetylglucosamine, growth factors, dynamic compressive loading
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CHAPTER 1 
 

1.1 Introduction 

Articular cartilage is a hyaline connective tissue composed mainly of 

specialized cells with sparse distribution in an extracellular matrix rich in 

water, collagen and proteoglycans (BUCKWALTER, 1971). These 

components absorb compressive and shearing forces applied to the joint, 

allowing joint movement without friction. The extracellular matrix is 

avascular, and chondrocytes are consequently exposed to restricted access 

of nutrients and oxygen. For these reasons, the turnover rate of the 

extracellular matrix is very low. While chondrocytes are able to maintain, 

under normal conditions, an equilibrium between anabolic and catabolic 

activity, called homeostasis, the ability to adjust to an increase in anabolic 

demand such as natural aging process, minor trauma, or osteoarthritis is 

very limited (FOLDAGER, CASPER BINDZUS, 2013). The 

consequence is wound deterioration and loss of joint function.  

The current available treatment for osteoarthritis, which the 

estimated prevalence will increase to 9.3% of the world population till 

2030 (HOOTMAN; HELMICK, 2006), is still unsuccessful. The early 

stage of osteoarthritis is characterized by the establishment of an 

inflammatory process, chondrocyte metabolism changing, and 

asymptomatic degradation of cartilage matrix (MOBASHERI, ALI et al., 

2017). Unfortunately, the treatment is introduced only at the beginning of 

symptoms, when the matrix lost is high. The first adopted strategy at early 

osteoarthritis stages is the supplementation with chondroprotectors. 

Glucosamine (GlcN – general abbreviation) and its derivatives N-acetyl-

d-glucosamine (GlcNAc), glucosamine hydrochloride (GlcN.HCl), and 

glucosamine sulphate (GlcN.S) are the most widely supplement 

prescribed in the world, despite dubious effectiveness (BOTTEGONI et 
al., 2014; TOWHEED et al., 2009) mainly due to the in situ low 

concentration (~ 1 𝜇𝑀)  after the metabolism process. Using 

concentrations 100 times higher than that observed into the joint after oral 
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consumption, in vitro studies have shown that GlcN assist the healing 

process through the inhibition of pro-inflammatory cytokines agents 

(CHAN et al., 2005; IMAGAWA et al., 2011; SCOTTO D’ABUSCO et 

al., 2010), and suppresses the degradation of matrix by blocking proteases 

(RATCLIFFE; HARDINGHAM, 1983) and aggrecanases (FENTON et 
al., 2000; SANDY et al., 1998). However, the stimulation on chondrocyte 

proliferation and restoration of matrix is not clear (BASSLEER; 

ROVATI; FRANCHIMONT, 1998; DODGE; JIMENEZ, 2003; 

IGARASHI et al., 2011; JEON et al., 2013; WANG, L.; DETAMORE, 

2009b).  

When the lesion is extensive reaching the subchondral bone, tissue 

engineering techniques have been introduced to promote articular 

cartilage regeneration in an attempting to avoid the substitution of the 

total joint for an artificial one. The oldest and most applied technique up 

until now is the Bone Marrow Mesenchymal Stem Cell (BMSC) 

Stimulation. The performance microfracture, abrasion chondroplasty and 

subchondral perforation stimulate the stem cells to produce the cartilage 

matrix; however, the number of stem cell stimulated is not enough to 

produce a consistent matrix (FOLDAGER, C. B. et al., 2012; LEE, K. B. 

L. et al., 2012). The in vitro proliferation of autologous chondrocyte 

before implantation into the lesion site has been an alternative process to 

increase the number of cells able to synthesize cartilage. The cells are 

implanted, and the defect is covered with periosteal flap or a collagen 

membrane. However, the lack of support to the chondrocytes promote 

phenotype loss in a process known as dedifferentiation (BARLIC et al., 

2008). The chondrocytes became a fibroblast synthesizing collagen type 

I (COL1), which is absent or present in a very low concentration in 

articular cartilage, instead of main collagen, type II (COL2). The resulting 

tissue is a fibrocartilage, which has inferior biochemical and mechanical 

properties when compared to hyaline cartilage (BAE; YOON; SONG, 

2006). 

In the last two decades, promising new scaffold-based and cell-based 

strategies have emerged. The porous 3D scaffold introduced serves as a 

temporary structure to permit cell adhesion and guide the tissue growth. 

A mesh composed of COL1 and COL3 is sutured or bounded in the defect 

site (> 2 cm2) after bone marrow stem cell stimulation techniques. This 
Autologous Matrix-Induced Chondrogenesis (AMIC) technique have 

shown satisfactory results, with a defect filling of 66% at resonance after 

7 years follow-up (SCHIAVONE et al., 2018).   
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Nevertheless, cell-based engineering approaches are recently gaining 

more attention all around the world due to the indicative results of an 

improved tissue quality. The first cell-based technique used scaffolds to 

directly delivery autologous chondrocytes into the lesion site in a two-

stages procedure called Matrix-assisted Autologous Chondrocyte 

Implantation (MACI) (MAKRIS et al., 2014; PHULL et al., 2016) 

(Figure 1). First, healthy cells are obtained by biopsy, proliferated, and 

seeded into the scaffold. The cell-scaffold construct is cultivated in 

bioreactors under joint-like hypoxic conditions. The resulting product is 

a proteoglycan and glycosaminoglycan (GAG) rich, viable, and dynamic 

tissue-like implant (CRAWFORD et al., 2009). The results indicate a 

normal or nearly normal cartilage filling evaluated by resonance in 70 % 

of cases after 12 years follow-up (KREUZ et al., 2018). In experimental 

models, MACI improved the cell proliferation, COL2 synthesis, and the 

compressive properties of the resultant tissue compared to AMIC 

technique without BMSC stimulation (GRIFFIN, D. J. et al., 2015). The 

newest generation techniques have proposed the use of other cells with 

differentiation capacity, such as bone marrow and adipose-derived stem-

cells. The BMSC can be obtained from iliac crest and would eliminate the 

surgical procedure for chondrocyte uptake. Furthermore, chondrocytes 

cannot differentiate in osteoblast which would impair this technique to be 

applied to osteochondral defects. 

 
Figure 1. Matrix-assisted autologous chondrocyte implantation procedure.    

 
Source: http://www.histogenics.com/products-platform/neocart 

http://www.histogenics.com/products-platform/neocart
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The major challenges of cell-based approaches include selection of 

the cell source, dedifferentiation and expansion procedures, how long it 

would be suitable to expand the chondrocytes before implantation, and 

the range of the chondrocyte quantities against lesion volume in triggering 

the instinctive-like cartilage tissue formation (PHULL et al., 2016). Two 

fundamental strategies are being followed to overcome dedifferentiation 

and stimulate cell proliferation and tissue growth: chemical signaling 

through growth factors (GF) and the application of mechanical loading. 

Growth factors controls a wide array of cellular process involved in 

chondrogenesis. Among of them, transforming growth factors beta (TGF-

β) family and insulin-like growth factors (IGF) are critical to induce the 

cartilage engineering from primary chondrocytes or even from 

undifferentiated stem cells. Both GF have specific signaling pathways, 

but additive effect on the anabolism. TGF-β stimulates the expression and 

increases the stability of transcription factors responsible to produce 

COL2 and sulphate proteoglycans present in natural cartilage such as 

aggrecan (AGC) through smad and non-smad pathways. TGF-β binds to 

type II receptor (TGF-rII) and recruits type I receptor (TGF-rI), also 

called activin-like kinase (ALK) 1-7 (GRIMAUD; HEYMANN; 

RÉDINI, 2002). The activation of ALK5 downstream the smad2/3 

complex, which stimulates the transcription factor SOX9 to produce 

COL2  and AGC (CORICOR; SERRA, 2016). The same results is 

produced through non-smad pathways, involving the cascade of several 

kinases including MEK-ERK1/2-ELK1/2 (LI, C.; WANG; WANG, 

2014; MIYAZAKI et al., 2000), PI3K-AKT-mTOR (LI, C.; WANG; 

WANG, 2014; LI, J. et al., 2010), and PKC-p38 (ZHANG, Y. E., 2009) 

pathways. On the other hand, IGF-1 binds to the receptor and 

phosphorylate insulin receptor-1 (IRS-1). IRS-1 downstream the Akt-

mTOR and MEK-ERK1/2 pathways. The first one stimulates cell 

survivor, and COL2 (ZHANG, M. et al., 2009) and AGC synthesis 

(STARKMAN et al., 2005), while the second pathway stimulates cell 

proliferation (TAHIMIC; WANG; BIKLE, 2013).  

The cartilage is submitted to static and dynamic mechanical loading 

during joint movement. The stress is responsible to modulate the cell fate 

and metabolism. The cells sense the extracellular matrix strain and 
translate it into internal electrochemical activity to control matrix 

synthesis or depletion (HUMPHREY; DUFRESNE; SCHWARTZ, 

2014). Therefore, due to the importance of this stimuli for tissue 

homeostasis, the application of loading has been widely studied. 
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Compressive dynamic loading is usually applied and clearly stimulates 

chondrocytes to produce COL2 and AGC in the absence of GF when 

compared to control samples (VILLANUEVA et al., 2010). However, 

this anabolic effect was minimal, transitory and lower than those observed 

with GF stimulation (LI, Z. et al., 2010). The results are contradictory 

when loading was applied together with growth factors. Most studies 

observed an additive effect of loading on matrix synthesis with significant 

COL2 and AGC synthesis (CAMPBELL; LEE; BADER, 2006; HUANG, 

A. H. et al., 2012; HUANG, C.-Y. C. et al., 2004), suggesting that the 

presence of GF dictates the cell response to loading. Furthermore, loading 

stimulates the expression of TGF-β. Nevertheless, no effect has been 

observed mainly when loading is applying immediately after cell seeding 

(THORPE et al., 2010).         

The cell density and matrix concentrations inside the implant during 

in vitro phase could be favorably improved by GlcN supplementation. 

GlcN enters the cell by glucose transporter proteins (GLUTs) 

(MOBASHERI, A. et al., 2002; WINDHABER; WILKINS; 

MEREDITH, 2003) and it is metabolized in uridine-diphosphate-N-

acetylglucosamine (UDP-N-GlcNAc) (HUANG, J.-B.; CLARK; 

PETTY, 2007) through the hexosamine biosynthesis pathway (HBP) 

(CHEN et al., 2015). UDP-N-GlcNAc is directly used as substrate for 

GAG synthesis (MROZ; SILBERT, 2004) or as a substrate for O-linked-

N-acetylglucosamine transferase enzyme (OGT), which promotes the O-

linked GlcNAcylation of serine/threonine residues of many 

nucleocytoplasmic proteins, kinases, and transcription factors (ALI et al., 

2011; HART; HOUSLEY; SLAWSON, 2007; SLAWSON; 

COPELAND; HART, 2010). This post-translational modification 

modulates the function and fate of these proteins, regulating many cellular 

process such as the signaling dynamics and gene expression (HART; 

HOUSLEY; SLAWSON, 2007). The beneficial effect of exogenous 

GlcN might be related to the increase of O-GlcNAcylation. Low dose of 

GlcN increase O-GlcNAcylation of hyaluronan synthase enzyme (HAS) 

(VIGETTI et al., 2012). It protects HAS from proteases improving the 

stability and stimulates the synthesis of hyaluronan, which is an important 

proteoglycan of articular cartilage. Additionally, GlcN increase the O-

GlcNAcylation of Sp1 transcription factor upregulating the expression of 
transforming growth factor beta (TGF-β) type I  (ALI et al., 2011). 

However, the nutritional unbalance created by GlcN 

supplementation may have a similar effect of hyperglycemia, which is 

one of the many factors responsible for chondrocyte hypertrophy and the 
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development of osteoarthritis, and could explain the inhibition of cell 

proliferation and matrix synthesis in in vitro studies (DE MATTEI et al., 
2002; SHIKHMAN et al., 2009; UITTERLINDEN et al., 2007). High 

concentrations of glucose (20-30 mM) stimulates O-GlcNAcylation of 

several kinases, including PKC (TSAI; MANNER; LI, 2013). This 

modification inhibits the phosphorylation and activity of PKC, down-

regulating the expression TGF-rII (TSAI; MANNER; LI, 2013). This 

pathological mechanism may explain the decreased TGF-rII expression 

and TGF-β activity in osteoarthritic chondrocytes (DEHNE et al., 2009), 

although the enhancement of TGF-β expression in osteoarthritis 

(POMBO-SUAREZ et al., 2009). On the other hand, opposed results have 

been shown in smooth muscle cells (YASUDA et al., 2001) and dental 

pulp stem cells (CHEN et al., 2015). The proliferation induced by high 

glucose was related to an overexpression of TGF-rII stimulated by PKC 

(YASUDA et al., 2001), and GlcN and GlcNAc stimulates the expression 

of TGF-rI. The IGF-I signaling is also tightly modulated by post-

translational modification of IGF-Ir and IRS-1. The Exogenous GlcN 

increases the O-GlcNAcylation of serine/threonine residues of IRS-1 

(KLEIN et al., 2009) and IGF-Ir (SONG et al., 2014). This modification 

inhibits the phosphorylation of IRS-1 and the Akt downstream 

(VOSSELLER et al., 2002). These inhibitions result ina insulin 

resistance, decreased glucose uptake (VOSSELLER et al., 2002), and 

proliferation inhibition (SONG et al., 2014). 

The main substrate for chondrocyte metabolism and matrix synthesis 

is glucose. The alteration of glucose uptake and metabolization is also 

another possible drawback of GlcN supplementation. The addition of 

GlcN.HCl depletes the adenosine triphosphate (ATP) production through 

glycolysis pathway. With low ATP, the expression of GLUT is 

downregulated, the glucose uptake decreased, and the synthesis of matrix 

impaired. Furthermore, GlcN.HCl compete for enzymes responsible for 

glucose metabolism (SHIKHMAN et al., 2009). However, the same 

effect has not been observed when GlcNAc is used. GlcNAc did not 

inhibit GLUT expression and also did not compete against glucose for 

enzymes (SHIKHMAN et al., 2009). Thus, the influence on glucose 

metabolization is different according the GlcN derivative type. 

The effect of GlcN on cells under compressive loading is unknow. 
When submitted to mechanical stress, the cells increase GLUT transport 

and HBP leading to an acute and transient increase in O-GlcNAc levels. 

It is associated with increased tolerance to stress and improves cell 

survival through the increased activity of several transcription factors 
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(Sp1, P53, and NF-kβ), and kinases (MAPK)(CHATHAM et al., 2007). 

Based in these facts, stressed chondrocytes may recruit more GlcN for 

biosynthesis and protection (LIPPIELLO, 2003).  

The reported association between the nutritional state, and the TGF-

rII expression inhibition and IGF-I pathway downregulation, as well as 

the impairment of glucose metabolism give rise to the hypothesis that 

GlcN supplementation have a deleterious effect on chondrogenesis. This 

effect might be related to GlcN type, since GlcN.HCl and GlcNAc have 

shown differential biological activities (SHIKHMAN et al., 2009). 

However, the anabolic state created by dynamic compressive loading may 

request more substrates for matrix synthesis and GlcN supplementation 

might have a positive and significant contribution. Therefore, the purpose 

of the present study is answering the following questions: GlcN.HCl and 

GlcNAc contribute to cartilage engineering? The association of both 

GlcN to TGF-β3 and IGF-I growth factors, and dynamic compressive 

loading improve the chondrogenesis? There is a different effect 

between GlcN.HCl and GlcNAc on cell metabolism?       

1.2 Objectives  

1.2.1 General Objective 

To evaluate the influence of GlcN.HCl and GlcNAc on cartilage 

engineering and elucidate whether both GlcN derivatives, when 

associated to GF and/or dynamic compressive loading, improve the 

biosynthesis and proliferation of bovine chondrocytes cultivated in 3D 

scaffolds.   

1.2.2 Specific Objectives 

Objective 1. To assess whether primary bovine chondrocyte express 

GLUT2 membrane protein and the influence of glucose concentration. 

Objective 2. To evaluate the effect of GlcN.HCl and GlcNAc 

concentrations on chondrocyte proliferation and metabolism. 

Objective 3. To assess the effect of GlcN.HCl and GlcNAc, and the 

interaction of these substances with TGF-β3 and IGF-I on proliferation of 

bovine chondrocytes in monolayer culture.   

Objective 4. To evaluate the effect of GlcN.HCl and GlcNAc, and the 

interaction of these substances with TGF-β3 and IGF-I on matrix 
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synthesis and proliferation of bovine chondrocytes cultivated in 3D 

culture. 

Objective 5. To evaluate the effect of GlcN.HCl and GlcNAc, and the 

interaction of these substances with TGF-β3 and IGF-I, and dynamic 

compressive stimulation on bovine chondrocyte proliferation and matrix 

synthesis in 3D culture. 

Objective 6. To determine which GlcN derivative type is better for 

chondrogenesis.  

1.3 Thesis description 

 

The present thesis is organized as follows: it begins with a detailed 

literature review in chapter 2 about natural hyaline cartilage structure and 

composition, the role of GF on chondrogenesis, the effect of glucosamine 

supplementation on cartilage engineering, the application of mechanical 

loading on cell/scaffold construct, and lastly the chitosan scaffolds 

applied to cartilage engineering. After this, the study will be presented 

followed by two chapters. The chapter 3 will provide experiments 

performed to detect the expression of GLUT2, which is responsible for 

GlcN uptake, the effect of GlcN.HCl and GlcNAc concentration on cell 

proliferation and metabolism in monolayer culture, and the crosstalk of 

GlcN.HCl, GlcNAc and GF on proliferation and metabolism in a short-

time monolayer experiment. The chapter 4 will describe the effect of 

GlcN.HCl, GlcNAc and growth factors, and GlcN.HCl, GlcNAc, GF plus 

compressive loading on 3D scaffold chondrogenesis.       

1.4 Prior publication 

 

The experiments described in chapter 3 and 4 without compressive 

loading was published in Tissue Engineering and Regenerative Medicine 

magazine in 2018 with the title “Glucosamine hydrochloride and N-

acetylglucosamine influence the response of bovine chondrocytes to 

TGF-Β and IGF in monolayer and 3D tissue culture”. 
( https://doi.org/10.1007/s13770-018-0150-x) 

 

 

 

https://doi.org/10.1007/s13770-018-0150-x
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1.5 Literature review 

 

The literature review will focus on the themes approached in the 

present study. First, the structure and composition of articular cartilage 

are described, providing the knowledge of the main molecules that should 

be present in engineered cartilage. The second topic report the effects and 

main signaling pathways of TGF and IGF growth factors on 

chondrocytes. Following, the influence of GlcN derivatives on cells 

metabolism and the consequence of supplementation for cartilage 

engineering. The forth topic discuss the protocols and results obtained 

with in vitro mechanical stimulation of cells seeded in scaffolds, and the 

physiology behind the cell response under such stimuli, as well. The last 

topic describes the main concepts of scaffolds used for cell delivery 

cartilage engineering approach, and the use of chitosan for cell growth.   

1.5.1 Articular cartilage  

 

Articular cartilage is a highly specialized hyaline connective tissue 

composed of a dense matrix (95% of total volume) of collagens, 

proteoglycans, non-collagen proteins and water. The remaining volume 

is composed of chondrocytes, which are cells derived from mesenchymal 

progenitors cells to synthesize and maintain this matrix (GOLDRING et 

al., 2011). This high volume and matrix structure and composition are 

important to support and distribute the loading as well as to provide a low-

friction surface for joint movement. The dense matrix, combined with the 

lack of vascularization, results in low support of nutrients and oxygen, 

which result in a low anabolic capacity. On the other hand, the cell-matrix 

interaction is critical to modulate the chondrocyte metabolism through 

mechanical loading transfer and growth factor storage. 

The extracellular matrix of articular cartilage is composed of both a 

solid and a fluid phase. Water is the major component of matrix (68% to 

85% of total mass weight). Collagen is the most abundant molecule in the 
solid phase (60% of dry weight). The COL2 represents 90% of the 

collagen in matrix. Sulfated proteoglycans compose 3% to 10% of matrix. 

Aggrecan is the main molecule, represents 80% to 90% of 

proteoglycans(HARDINGHAM, T., 2006). Non-sulfated proteoglycans 
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and non-collagenous proteins represent 5% of wet weight. 

Notwithstanding this low concentration, the structure and organization of 

matrix as well the metabolism of chondrocytes are regulated by these 

proteins and secondary proteoglycans. Electrolytes (Na+, K+, e Cl- ) 

compound the remaining of matrix (BUCKWALTER; MANKIN, 1998). 

The Figure 2 shows the main components of extracellular matrix. 

 
Figure 2. The different molecular organization of pericellular (close to cells) 

and extracellular (distant from cells) matrix 

  
Source: (HEINEGRD; LORENZO; SAXNE, 2006). 

 

Collagen Family 

The term “collagen” is used as a generic term for proteins forming a 

triple helix structure of three polypeptides chains. Each polypeptide 

contains several domain sequences of three amino acids (G-X-Y) 

(GELSE; PÖSCHL; AIGNER, 2003). The G amino acid is glycine. The 

X and Y may be any amino acid. However, X is proline and Y is 

hydroxyproline amino acid in 10% of peptide 

composition(BUCKWALTER; MANKIN, 1998). The NH of glycine is 

linked to carbonyl (C=O) group of adjacent peptide by hydrogen bond, 

holding α chains together. The angle of C-N bonds enables each α chain 

to fold into helix geometry such that α chains can twist together to form 

the tropocollagen fibrils (BUCKWALTER; MANKIN, 1998) (Figure 3). 
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Covalent bonds link tropocollagen chains to form collagen fiber in a 

micrometric scale (BUCKWALTER; MANKIN, 1998). This 

conformation is critical for interaction with transmembrane integrins. 
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Figure 3. Collagen biosynthesis and general structure 

 

 
Source:http://www.nature.com/nrm/journal/v15/n12/fig_tab/nrm3902_F1.ht

ml 

 
There are 26 types of genetically distinct collagens (MAYNE; 

BREWTON, 1993). Ten types are present in articular cartilage. The 

COL2 is the major component (10-20% weight mass). The types VI, IX, 

X, XI, XII, XIII, XIV, XVI are present in lower quantity(GELSE; 

http://www.nature.com/nrm/journal/v15/n12/fig_tab/nrm3902_F1.html
http://www.nature.com/nrm/journal/v15/n12/fig_tab/nrm3902_F1.html
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PÖSCHL; AIGNER, 2003). The COL1 is not present in hyaline tissues 

(GELSE; PÖSCHL; AIGNER, 2003) but has been shown in 

fibrocartilage tissues as the result of healing process  produced by 

fibroblasts (BAE; YOON; SONG, 2006). The strength of type I and II is 

similar (BRUCKNER; VAN DER REST, 1994). The difference is that α1 

chain of COL2 has higher content of hydroxylysine as well as glucosyl 

and galactosyl residues, which mediate the interaction with proteoglycans 

(GELSE; PÖSCHL; AIGNER, 2003). Collagen type I, on the other hand, 

has a poor interaction with proteoglycans and consequently results in a 

weak cartilage. Therefore, these molecules have been used as markers to 

discriminate the cell phenotype during healing and to evaluate the quality 

of tissue. The discrimination between COL1 or COL2 is made out by gene 

expression analysis of α chains. Beyond the biomechanical and assembly 

matrix role, collagens store, and provide GF and cytokines (GELSE; 

PÖSCHL; AIGNER, 2003).       

 

Proteoglycans 

Proteoglycans are molecules with high molecular weight made by a 

core protein with branched glycosaminoglycans chains 

(HARDINGHAM, T E et al., 1986). Two proteoglycans are present in 

cartilage, aggrecan and perlecan. The major proteoglycan present in 

articular cartilage is the aggrecan. The proteoglycans may or may not be 

linked to hyaluronan chain through core protein making an aggregate 

network. These molecules provide compressive strength to the cartilage, 

attach chondrocytes to the matrix and regulate their metabolism. The 

Figure 4 shows the proteoglycan aggrecan (AGC) configuration. 
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Figure 4. Aggrecan structure and core protein - chondroitin sulfate 

connection 

 
Legend: Hyaluronan glycosaminoglycan binds to core protein by link protein 

through G1 domain. Between G2 and G3 domain are Keratan sulfate (KS) 

and chondroitin sulfate (CS) domain. The chemical binding of CS and core 

protein is shown in detail above.  Source: modified from (HEINEGRD; 

LORENZO; SAXNE, 2006). 

 

Hyaluronan is a GAG molecule composed of the repetition of the 

disaccharides glucuronic acid (GlcUA) and N-acetylglucosamine 

(GlcNAc) with a molecular weight up to 10 MDa (HARDINGHAM, T., 

2006; LIANG; JIANG; NOBLE, 2011). Hyaluronan binds to plasma 

membrane receptors CD44 (ARUFFO et al., 1990), binding chondrocytes 

to extracellular matrix (HARDINGHAM; MUIR, 1972); thus, it has a 

plethora of effects that include the control of the cell growth, migration, 

and survival, as well as the regulation of developmental and inflammatory 

process (VIGETTI et al., 2012). Hyaluronan is synthesized by three 

different isoenzymes hyaluronase 1-3 (HAS 1-3) located in the plasma 

membrane, whereas HA degradation is mediated by a series of 

hyaluronidases that produce hyaluronan fragments that can modulate 

inflammation and immune responses (LIANG; JIANG; NOBLE, 2011). 

Hyaluronases polymerize activated sugars onto the reducing end of the 

hyaluronan chain and directly extrude the growing GAG chain into the 

extracellular matrix. Hyaluronase 2 is the most abundant hyaluronan 
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synthetic enzyme in adult tissues and its specific presence is critical for 

the development and matrix maintenance (CAMENISCH et al., 2000; 

VIGETTI et al., 2012). 

Core protein of aggrecan is composed by three globular domain and 

two extended domains for glycosaminoglycan fixation 

(HARDINGHAM, T., 2006). The role of globular domains is to interact 

with other molecules giving rise to aggregates(RATCLIFFE; 

HARDINGHAM, 1983). The globular N-terminal domain (G1) is 

composed of three binding sites. The immunoglobulin fold (A site) has 

the role to bind to the immunoglobulin of link protein. The other two sites 

are proteoglycan tandem repeat (B and B’ sites) with role to bind to 

hyaluronan acid originating aggregates (HARDINGHAM, TIMOTHY 

E., 1979; WATANABE, H; YAMADA; KIMATA, 1998). The G2 

domain has two sites of proteoglycan tandem repeat similar to G1 domain, 

but it lacks an Ig-fold (HARDINGHAM, T., 2006). The role of G2 is 

related to aggrecan synthesis. Without it, the core protein cannot be 

modified to glycosaminoglycan linking (KIANI et al., 2001; 

WATANABE, HIDETO et al., 1997). The globular C-terminal domain 

(G3) has two epidermal growth factor-like domains, a C-lectin domain 

(CLD), and a complement regulatory (CRP) domain (ASPBERG, 2012). 

The CLD binds to tenascin protein (DAY et al., 2004). Tenascin has more 

than one domain for CLD link. It allows to cross link more than one 

aggrecan originating a network (DAY et al., 2004; LUNDELL et al., 
2004). EGF and CRP are related to secretion of aggrecan to the 

extracellular matrix. 

Chondroitin sulfate is a GAG with D-N-acetylglucosamine β1-4 D-

glucuronate in β1-3 linked units (HARDINGHAM, T., 2006). The D-N-

acetylglucosamine may be sulfated on the 4 or 6 position (OSAGO et al., 
2014). The xylose-galactose-galactose sequence of chondroitin sulfate 

binds to serine amino acid of core protein (HARDINGHAM, T., 2006).  

The chondroitin sulfate can be modified at cytoplasm originating the 

Dermatan Sulfate GAG (HARDINGHAM, T., 2006). The position of 

carboxyl group in carbon 5 is changed. The result is an alteration of their 

conformation and properties (HARDINGHAM, T., 2006). Keratan 

sulfate and heparan sulfate are the other GAGs present in cartilage. 

Keratan sulfate disaccharides is D-galactose,  β1-3  D-N-
acetylglucosamine, in β1-4-linked units (BHAVANANDAN; MEYER, 

1966; POMIN, 2015). The galactose and some N-acetylglucosamine 

residues are sulfated at carbon 6. The keratan is linked to core protein by 

two types of protein linkage, the O-linked to threonine and N-linked to 
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asparagine (FUNDERBURGH, 2002). Heparan sulfate, however, is 

composed by D-glucuronate, N-sulfate-glucosamine disaccharides, in α1-

3-linked units(GALLAGHER; LYON; STEWARD, 1986). The chain in 

linked to core protein by O-linked to Serine (GALLAGHER; LYON; 

STEWARD, 1986).  

The proteoglycans are concentrated in deep layers of cartilage. The 

role of aggrecan in articular cartilage is mainly biomechanical. The large 

number of sulfated glycosaminoglycans chains in aggrecan results in a 

molecule with high negative charge. This polarity originates an osmotic 

pressure, which attracts water molecules to the matrix. When the cartilage 

is loaded, the resistance of the fluid flow made by aggrecan provides 

compressive strength to the cartilage (SEIBEL; ROBINS; BILEZIKIAN, 

2006).      

Perlecan is a high-molecular-weight proteoglycan widely 

concentrated at pericellular matrix(WILUSZ; DEFRATE; GUILAK, 

2012). The core protein has five to seven domains (Figure 

5)(HARDINGHAM, T., 2006). The first and fifth domains have heparan 

sulfate or chondroitin sulfate attached. The number of these chains, 

however, is low. It shows that perlecan has not a hydration role to provide 

compressive strength to the matrix. The main role is to sequester a number 

of GF pericellularly (TGF-β (LYON; RUSHTON; GALLAGHER, 1997), 

FGF  (KNOX et al., 2002), CTGF (MELROSE et al., 2008) and others 

(MELROSE et al., 2008)) and through these promotes cell signaling, cell 

proliferation and differentiation (MELROSE et al., 2008). The addiction 

of perlecan to cell culture promotes chondrocyte redifferentiation 

(FRENCH et al., 1999). The other function is to stabilize and organize 

the matrix binding heparan sulfate with link proteins as collagen XIII, 

fibronectin, integrin(WILUSZ; DEFRATE; GUILAK, 2012) and 

proline/arginine and Leucine rich protein (PRELP) (IOZZO, RENATO 

V, 2005). Since perlecan composes this network, it is also related to 

mechanotransduction of cell signaling (MELROSE et al., 2008; 

WILUSZ; DEFRATE; GUILAK, 2012).  
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 Figure 5. Perlecan structure and glycosaminoglycan chain 

 

 
Source: (WILUSZ; DEFRATE; GUILAK, 2012). 
 

Other proteoglycans are present in cartilage matrix such as Small 

Leucine-rich proteoglycans family, including decorin, biglycan, asporin, 

fibromodulin, PRELP and chondroadherin. They have specific roles in 

cartilage that will not be described here. A deep discussion about them 

can be found in (HARDINGHAM, T., 2006; IOZZO, R V, 1998). 

 

 

1.5.2 The role of growth factors on chondrogenesis  

 

Growth factors are critical for the formation and maintenance of 

cartilage matrix through the control of several cellular processes 

including proliferation, differentiation, migration and apoptosis as well as 

the production of extracellular matrix. These roles have supporting their 

use during the in vitro phase of tissue engineering techniques. Several GF 

have potential to stimulate the chondrogenesis, including bone 

morphogenetic proteins (BMPs), TGFs, fibroblast growth factors (FGFs), 

IGFs, and Wnts. However, among them, TGF and IGF growth factors are 

essential for chondrocyte phenotype maintenance.         

The TGF-β family is composed of more than 30 members, including 

TGF-βs, activins, and BMPs (WU; HILL, 2009). The isoforms TGF-β1, 

-β2, and -β3 are the most important for cartilage, and share significant 

sequence (71-79% identity) and structural similarity  (MITTL et al., 

1996). This structural difference is responsible for receptor recognition 

and they might account for specific cell response (MITTL et al., 1996). 

The subtypes 2 and 3 have been more effective when applied to cartilage 

formation, leading to higher levels of glycosaminoglycans and mRNAs 
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coding for type II procollagen (MEHLHORN et al., 2006). The TGF-β 

signaling route occurs through specific membrane receptor complex 

(domain I and II). The receptor II is active and recruits the receptor I after 

TGF-β binding. There are seven type-I receptors, also known as activin 

receptor-like kinases (ALK). Binding to ALK1 or ALK5, the TGF-β 

signaling might have different results. The activation of TGF-β can also 

be mediated by integrins, in addition (ANNES; MUNGER; RIFKIN, 

2003). It means that the mechanical stimulation when cells are adhered 

modulates the cell metabolism activating the TGF-β.  

The TGF-β pathways involved in cartilage are described in Figure 6. 

The activation of ALK5 elicit the considered main TGF related pathway, 

which involve the smad proteins. The sub-types smad2 and smad3 

proteins are directly activated and binds to the mediator smad4, forming 

a complex. This complex translocates to the nuclei and upregulates the 

transcription of target genes such as Runt-related transcription factor 

(RUNx) and SOX9. These transcription factors are responsible for cell 

differentiation, and up-regulates the expression of COL2 (MARIANI; 

PULSATELLI; FACCHINI, 2014; VARGHESE, S. et al., 2007a) and 

GAG (FURUMATSU; OZAKI; ASAHARA, 2009; GRIMAUD; 

HEYMANN; RÉDINI, 2002; MARIANI; PULSATELLI; FACCHINI, 

2014; MEHRA; WRANA, 2002). On the other hand, the phosphorylation 

of ALK1 have an inhibitory effect that balance the activation of ALK5. 

The activation of ALK1 downstream the smad1/smad5 pathway, which 

inhibit the expression of COL2 (FINNSON et al., 2008).    

Although smad pathways are central in mediating most TGF-β 

responses, the non-smad are also important pathways responsible to 

stimulate COL2 and GAG synthesis. The non-smad pathways include 

various branches of mitogen activated protein kinase (MAPK). All the 

MAPK pathways are organized into cascades. The cascade originates 

with phosphorylation of MAP-kinase-kinase-kinase (MAP3K), which 

phosphorylates the MAP-kinase-kinase (MAP2K). This family activates 

the MAP-kinase (MAPK), which is often accompanied to the 

translocation to the nucleus and activation of transcription factors 

(STANTON; UNDERHILL; BEIER, 2003).  The three major MAPK 

include ERK1/2, p38, and Akt molecules.  

Binding of TGF-β to their receptor tyrosine kinase (RTK) induces 
the dimerization and activation of RTK, resulting in auto- and trans-

phosphorylation of multiple tyrosine residues in the cytoplasmic domain 

of RTK (LEMMON; SCHLESSINGER, 2010). Once phosphorylated, 

these tyrosine residues serve as docking sites for numerous signaling 



51 
 

 
 

molecules with Src homology 2 (SH2) or phospho-tyrosine binding 

(PTB) domains, such as Src and growth factor receptor binding protein 

(Grb2) (ZHANG, Y. E., 2009). Grb2 is an adaptor protein that is bound 

to Sos in the cytoplasm in the absence of ligand stimulation. Upon RTK 

activation, Grb2/Sos complex is recruited to the RTK. Thus, Sos activates 

Ras at plasma membrane by catalyzing the transformation of guanine tri-

phosphate (GTP) in guanine di-phosphate (GDP). In this state, Ras binds 

to Raf and activate MAP3K-MEK-ERK1/2 cascade. ERK1/2 activates 

the growth-arrest-specific proteins (Gas), that is the effector for 

cytoskeletal organization, cell growth and differentiation (CHANG et al., 
2008), and ELK1/2 transcription factor responsible for AGC synthesis 

(WATANABE, HIDETO; DE CAESTECKER; YAMADA, 2001). 

The activation of p38 MAPK through TGF signaling has a critical 

anabolic and catabolic regulation of cartilage metabolism. The activation 

of Wnt-5a phosphorylates the protein kinase C alpha sub-type (PKCα), 

which activates p38 MAPK. P38 MAPK moves to the nuclei and 

phosphorylates the activated transcription factor 2 (ATF2), which is 

related to the inhibition of chondrocyte hypertrophy (JIN et al., 2006). 

Therefore, this signaling is responsible to keep chondrocytes proliferating 

and producing COL2 instead of growth and producing COL10 for bone 

formation. The signaling by p38 has also been related to the  synthesis of 

proteoglycans (HANAFUSA et al., 1999). On the other hand, TGF-β 

activates the TGF activated kinase (TAK1) as an inhibitory pathway. The 

elicited cascade TAK1- MKK6- p38 MAPK is related to the inhibition of 

COL2 synthesis and SOX9 expression (ROSENZWEIG; OU; QUINN, 

2013).  

The phosphorylation TGF-βrII also activates phosphatidyl-inositol-

3-kinase PI3K, which phosphorylates the downstream effector Akt 

(ROKUTANDA et al., 2009). Akt activate the mammalian target of 

rapamycin (mTOR), which is a key regulator of protein synthesis via 

phosphorylation of P70 S6 kinase (S6K) and eukaryotic initiation factor 

4E-bonding protein 1 (LI, C.; WANG; WANG, 2014; PROUD, 2009). 

These molecules up-regulates COL2 [69,73] and AGC expression (LI, C.; 

WANG; WANG, 2014; LI, J. et al., 2010), as well as stimulates the 

differentiation (CHANG et al., 2008).        

TGF-β also controls the cytoskeletal organization and gene 
expression through a variety of effectors. The activation of Rho family 

GTPase, including RhoA, Rac1, and Cdc42, activates ROCK protein. 

ROCK stimulates the expression of SOX9, which indirectly upregulates 

COL2 and AGC (MATSUMOTO et al., 2012), but also prompt the 
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rearrangement of cytoskeletal molecules related to cell stiffness, cell 

spreading, and cell growth regulation (HORBELT; DENKIS; KNAUS, 

2012).  

 
Figure 6. Main TGF-β signaling pathways in chondrocytes and cartilage 

 
Source: modified from (GRIMAUD; HEYMANN; RÉDINI, 2002).    

 

The Insulin-like growth factors (IGF) has specific anabolic effects 

on cartilage, which are additive to TGF-β’s effects but independent 23,24. 

IGF stimulates cell proliferation, regulates the apoptosis, and increases 

the synthesis of large aggregating proteoglycans and COL2. The 
pathways of IGF-1 involved in cartilage are described in Figure 7. IGF-1 

binds to the α subunit of IGF-1 receptor (IGF-Ir) and phosphorylates the 

β subunit. This autophosphorylation and conformational changes permits 

the association and phosphorylation of insulin receptor-1 (IRS-1) 
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(TAHIMIC; WANG; BIKLE, 2013). IGF-1 can also directly stimulate 

IRS-1 due to its homology to insulin. The phosphorylation of IRS-1 

permits the association of PI3K, which downstream Akt-mTOR pathway, 

and the association of growth-factor-receptor bound protein 2 (Grb2), 

which downstream the ras-raf-MEK-ERK1/2 pathway (GIRNITA et al., 
2014). IRS-1-PI3K-Akt-mTOR pathway stimulates p70S6 kinase and 

glycogen synthase kinase 3β (GSK-3β). P70S6 stimulates proteoglycans 

synthesis, whereas GSK-3β upregulates the expression of proteins 

responsible for apoptosis blockage such as pro-dead protein Bad, 

stimulating cell survival (STARKMAN et al., 2005). P70S6 also stabilize 

β-catenin to enhance the proliferation (PLAYFORD et al., 2000). IGF-I 

also upregulates the expression of COL2 mRNA, and this effect might be 

related to PI3K-Akt pathway (ZHANG, M. et al., 2009).  

Additionally, the activation of Grb2 stimulates the formation of 

Grb2-Sos complex. The complex activates ras-raf kinase to 

phosphorylates the MAP2K MEK, which in turns activates ERK1/2 via 

serine-threonine phosphorylation. ERK1/2 translocates to the nucleus 

leading to the upregulates the expression of Cyclin D transcription factor, 

and downregulates the expression of p21 and p27 proteins facilitating cell 

proliferation (TAHIMIC; WANG; BIKLE, 2013).  
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Figure 7. Summary of IGF-I signaling pathways in chondrocytes 

  
Source: modified from (LONGOBARDI et al., 2006).    

 

 

 

1.5.3 The effects and applications of glucosamine in tissue 

engineering  

 

Glucosamine is an amino monosaccharide crucial for biosynthesis of 

proteoglycans. It can serve as a substrate for N-acetylgalactosamine 

residues formation, which is the building block of GAG (SILBERT; 

SUGUMARAN, 2002). Therefore, the GAG metabolic pathway and the 

concept that GlcN could be absorbed as substrates for the synthesis of 

new cartilage are the rationale for using it to treat osteoarthritis 

(HENROTIN; LAMBERT, 2013) and for cartilage engineering. The first 

use as topical medication for treating osteoarthritis pain was in Germany 
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in the late 1960s. Subsequently, GlcN was developed as an oral 

preparation available on prescription in Europe. Nowadays, it has been 

widely available in the USA as a dietary supplement for pain and 

inflammation relief in osteoarthritis and as a prophylactic agent against 

joint damage (BRUYÈRE et al., 2008; HENROTIN et al., 2013). 

Millions of people in the world have self-administered one of the five 

forms of GlcN commercially available: D-glucosamine (D-GlcN), 

glucosamine hydrochloride (GlcN-HCl), glucosamine sulfate salt (GlcN-

S), glucosamine sulfates (GlcN-SO4) and N-acetyl-D-glucosamine 

(GlcNAc).  

The use of GlcN supplementation for the treatment of osteoarthritis 

and in vitro phase of tissue engineering techniques might be supported by 

the anti-inflammatory effect and changes of aberrant expression of 

various catabolic genes responsible for extracellular matrix degradation. 

The  inhibition of matrix renewal in osteoarthritic joint begins with 

chondrocyte expression of IL1β (IMAGAWA et al., 2011). IL1β inhibits 

glucosamine acetyltransferase activities, which is critical for biosynthesis 

of GAG, and induces inflammatory mediators such nitric oxide (NO), 

prostaglandin E2 (PGE2), and matrix metalloprotease 3 (MMP-3). The 

addition of 2 mM GlcNAc  as chondroprotector prevented demethylation 

of IL1β through the blockage of NF-kβ translocation toward the nuclei 

(IMAGAWA et al., 2011). The inhibition of NF-kβ and p38 down-

regulates the MMP-3 and substantially explain the partial inhibition of 

COX-2 and NO expression as well as PGE2 (LIN et al., 2008). 

Furthermore, 1 mM GlcNAc directly down-regulated IL-8 expression in 

human synoviocytes (HUA et al., 2007). D-GlcN also showed an anti-

inflammatory effect.  GlcN (0.23 mM) decrease MMP-13 expression 

[82], and GlcN-HCl and GlcN-S (5 mM each) inhibited the expression of 

aggrecanases 4 and 5 in OA cartilage explants.  

However, the evidences of positive effects with GlcN 

supplementation on cell proliferation, differentiation and extracellular 

matrix production are still contradictory. The addition of 0,28 to 1,67 mM 

D-GlcN increased the chondrocyte proliferation in monolayer culture 

(MA et al., 2018). The study showed that D-GlcN accelerated G1/S 

transition during progression of the cell cycle and promoted the 

expression of cell cycle regulatory proteins, including cyclin D1, 
cyclin‑dependent kinase 4 (CDK4) and CDK6 through the upregulation 

of Wnt growth factor expression and increase do β-catenin nuclei 

diffusion. On the other side, 1, 2, 5, and 10 mM GlcN-HCl 

supplementation inhibited healthy human chondrocytes proliferation after 
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11 days also in monolayer culture (VARGHESE, S. et al., 2007b). This 

inhibition was observed when GlcN.HCl was added immediately after 

and 3 days after cell seeding, indicating that GlcN.HCl might be toxic 

when added before and few days after cell adhesion. Interestingly, 1 mM 

did not alter the cell proliferation when added 6 days after seeding 

(VARGHESE, S. et al., 2007a). The same inhibitory effect was observed 

in chondrocytes encapsulated in 3D PEGDA hydrogel supplemented with 

1 mM GlcN.HCl during 6 weeks (VARGHESE, S. et al., 2007a). The 

viability was also affected by 116 mM GlcN.HCl applied to bovine 

chondrocytes encapsulated in alginate (DE MATTEI et al., 2002). In the 

same study, any effect was observed with 11 mM. The toxicity observed 

with GlcN, however, was not demonstrated with GlcNAc 

supplementation. The proliferation of bovine chondrocytes cultivated in 

high glucose medium with FBS was not changed after 0.5 mM GlcNAc 

supplementation (TERRY et al., 2007). Even with high concentration (10 

mM), GlcNAc did not inhibit the proliferation of human chondrocytes 

(SHIKHMAN et al., 2009).  

The inhibitory effect of high GlcN.HCl concentration was also 

observed when the GAG and proteoglycan synthesis were analyzed. 

Applied to bovine chondrocytes cultivated in monolayer culture, the 

concentrations of 5 mM, 10 mM (QU et al., 2006; SHIKHMAN et al., 

2009) and 15 mM (VARGHESE, S. et al., 2007a) GlcN.HCl inhibited 

GAG synthesis. The 11 mM and 116 mM GlcN-HCl inhibited the 

proteoglycan and lactate synthesis (DE MATTEI et al., 2002). The 

decrease of lactate synthesis is related to decrease of cell viability but also 

shows the inhibition of metabolism and energy production through 

glycolysis process. Opposed results were observed when GlcNAc was 

applied. The concentration of 10 mM GlcNAc upregulated the expression 

of hyaluronan synthase and in fact increased hyaluronan synthesis when 

applied to monolayer chondrocyte culture (SHIKHMAN et al., 2009). 

When applied to osteoarthritic chondrocyte, half concentration (5 mM) 

GlcNAc was enough to increase the expression of GAG when 

supplemented for 14 days (UITTERLINDEN et al., 2006a). Therefore, 

the results show an inhibitory effect of high GlcN.HCl concentration and 

an increase of matrix synthesis with high GlcNAc concentration. 

Nevertheless, the inconsistence of the results is observed when low GlcN 
concentrations were applied.  

Six studies reported a positive effect whereas 3 studies reported a 

negative effect.  The addition of 1 mM D-GlcN (MROZ; SILBERT, 

2004) and 2 mM GlcN.HCl (VARGHESE, S. et al., 2007a) to healthy 
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chondrocytes, and 1 mM GlcN.HCl (STOPPOLONI et al., 2015) and 1.86 

mM GlcN.HCl (LIPPIELLO, 2003) applied to osteoarthritic 

chondrocytes cultivated in monolayer culture improved the GAG 

synthesis. The last study cited above reported that not just the synthesis 

of GAG was significantly improved, but also the expression of biglycan, 

lumican, decorin, and CD44 cell receptor, which are molecules 

responsible by extracellular matrix assembly and cell-matrix interaction, 

were also upregulated (STOPPOLONI et al., 2015). Other studies showed 

that even lower concentrations than that mentioned herein had positive 

effects when applied to osteoarthritic chondrocytes. The application of 

0.386 mM D-GlcN enhanced the GAG synthesis by chondrocytes from 

ankle’s hog in 2D culture (WANG, L.; DETAMORE, 2009a), and 100 

and 150 μM GlcN-S added bovine chondrocytes from osteoarthritic joint 

upregulated AGC mRNA expression and increased 120% the synthesis of 

AGC (DODGE; JIMENEZ, 2003). On the other side, 0.5 mM GlcN-HCl 

supplementation inhibited GAG synthesis  bovine chondrocytes 

proliferation in high glucose monolayer culture (TERRY et al., 2007; 

UITTERLINDEN et al., 2007; VARGHESE, S. et al., 2007a). This effect 

was reversed by the addition of 2.5 mM Inosine indicating that the 

inhibition might be associated to inadequate energy source (TERRY et 
al., 2007).  

In summary, the studies reported herein showed that high 

concentrations GlcN.HCl have a deleterious effect on cell proliferation 

and GAG synthesis, whereas GlcNAc did not have the same effect. The 

cell entrance and metabolization process might explains the different 

results observed with GlcN.HCl and GlcNAc. GlcN are uptaken by the 

cells trough glucose transporter transmembrane proteins (GLUTs). 

Among the 12 types of GLUTs, the type 1, 3, and 9 are expressed in 

mature human cartilage. Those types have high affinity for glucose 

(MOBASHERI, A. et al., 2002). The affinity of receptor for the substrate 

is measured by the kinetic of uptake. The constant km is the parameter that 

measures the velocity of uptake. The lower the km, the higher the affinity 

and velocity of uptake. The km of GLUT1, GLUT3, and GLUT9 is 1.7 

mM, 2.8 mM and 0.61 mM respectively. This low km shows a high 

affinity for glucose although also have affinity for GlcN. However, 

GLUT2 has the unique characteristic among glucose transporter that have 
low affinity for glucose and high affinity for GlcN. The km for glucose is 

20 mM while for GlcN is 0.8 mM (ULDRY et al., 2002). Thus, GLUT2 

has 20 times higher affinity toward GlcN than glucose and might be the 

main responsible for cell entrance. Since the cartilage has low glucose 
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and almost any GlcN concentration, the GLUT2 is not commonly 

expressed by chondrocytes (MOBASHERI, A. et al., 2002). GLUT2 is 

highly expressed in pancreas and kidney, where the glucose concentration 

is high (MOBASHERI, A. et al., 2002). However, when chondrocytes are 

cultivated in high glucose medium, they express GLUT2 and it might 

guarantee the GlcN uptake.  

After cell entrance, GlcN and glucose are metabolized through the 

hexosamine biosynthesis pathway (HBP) (Figure 8). The hexosamine 

kinase enzyme phosphorylates glucose or GlcN at carbon 6 toward the 

formation of glucose-6-P or GlcN-6-P. Glucose-6-P is then transformed 

in fructose-6-P. This molecule is metabolized for adenosine tri-phosphate 

(ATP) synthesis through glycolysis metabolism or transformed in GlcN-

6-P. GlcN-6-P is acetylated, and in the sequence uridine-triphosphate 

reacts with GlcNAc-1-P, resulting in uridine-diphosphate-N-

acetylglucosamine (UDP-N-GlcNAc). The enzyme UDP-N-GlcNA-4-

epimerase enzyme (also known as O-Linked β-N-GlcNAc transferase - 

OGT) promotes the inversion of hydroxyl group resulting in UDP-N-

Acetylgalactosamine (UDP-N-GalNAc), which is the building block 

molecule for GAG synthesis at Golgi structures. The effective 

participation of GlcN supplementation in this process has been evaluated. 

After the addition of 1 mM GlcN in monolayer human chondrocytes, 30% 

of total galactosamine used for GAG synthesis was derived from GlcN 

supplementation (MROZ; SILBERT, 2004). 

Nevertheless, the nutritional imbalance promoted by GlcN 

supplementation might alter the glucose uptaken and metabolism, which 

could explain the negative results obtained in some studies. The presence 

of GlcN might decrease the affinity of GLUT for glucose. The bovine 

chondrocytes uptake glucose with Km of 0.35 mM (WINDHABER; 

WILKINS; MEREDITH, 2003). The addition of 2.5 mM GlcN inhibits 

glucose uptake increasing the Km to 1.6 mM, mainly when low 

concentrations of glucose (< 2 mM) is offered. With small glucose 

entrance the synthesis of ATP was depleted and the expression of 

GLUT1, GLUT3, and GLUT6 inhibited (HENROTIN et al., 2013; 

MROZ; SILBERT, 2004; SHIKHMAN et al., 2009). The other effect of 

low glucose entrance is the depletion of GAG synthesis, since glucose is 

the main substrate for HBP, as demonstrated in Figure 8.  
The level of glucose entrance inhibition might be directly related to 

the GlcN concentration. When high concentrations of GlcN are used the 

inhibition might deplete the GAG production. However, if the 

concentration of GlcN is not higher than the glucose concentration, the 
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GAG and the predominantly anaerobic metabolism of chondrocytes is 

preserved because the formation of glucose-6-P by hexosamine kinase is 

more efficient than the formation of GlcN-6-P to produce GAG 

(KARKHANEH et al., 2014). The non-deleterious effect observed with 

GlcNAc supplementation might be related to non-interfere in glucose 

metabolism. GlcNAc did not inhibit GLUT1 and GLUT3 expression, 

increased glucosamine uptake (SHIKHMAN et al., 2009), and did not 

compete with glucose for hexosamine kinase, since it enters the HBP after 

acylation reaction (Figure 8).      

The other role of HBP is to promote the reversible post-translational 

modification of proteins and enzymes from glucose or GlcN. This process 

occurs by the balance of two enzymes: UDP-GlcNAc:polypeptide β-N-

acetylglucosaminyltransferase (OTG) and O-GlcNAc hydrolase (OGA). 

OTG promotes the O linkage of UDP-N-GlcNAc to hydroxyl residues of 

hydroxylysine, serine and threonine amino acids present in proteins. The 

opposed route promoted by OGA removes UDP-N-GlcNAc (BUSE, 

2006; VIGETTI et al., 2012). Through the O-GlcNAcylation of proteins, 

the cells modulate many functions, including signaling, gene expression, 

degradation and trafficking (HART; HOUSLEY; SLAWSON, 2007). 

The HBP pathway is described in Figure 8. 

The GlcN supplementation enhances the levels of UDP-GlcNAc 

which increase the OTG activity (VIGETTI et al., 2012). The OTG 

promote the O-GlcNAcylation of hyaluronan synthase (HAS2), 

improving the enzyme stability and increasing the hyaluronan synthesis. 

Furthermore, since the medium has high glucose concentration, the 

inhibition of GFAT enzyme responsible to obtain GlcN-6-P from glucose 

showed that even without glucose the increased hyaluronan synthesis was 

maintained by GlcN supplementation. It means that GlcN can regulate 

hyaluronan synthetic activity (VIGETTI et al., 2012). On the other hand, 

the IGF-I signaling also appears to be tightly modulated by post-

translational modification of IGF-Ir and IRS-1. Exogenous GlcN 

increases the O-GlcNAcylation of serine/threonine residues of IRS-1 [38] 

and IGF-Ir [39]. This modification inhibited the phosphorylation of IRS-

1 and the Akt downstream [40], resulting in insulin resistance, decreased 

glucose uptake [40], and inhibition of proliferation [39]. 
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Figure 8. Simplified diagram of the hexosamine pathway and its proposed 

role in controlling cellular ECM production via UDP-GlcNAc, and the 

autocrine and paracrine effects of TGF-β 

 
Source: modified from [49]. 

 

GlcN is not directly used for cells as substrate for protein synthesis; 

however, despite conflicting results, GlcN influence on COL2 synthesis 

might be related to the increase of O-GlcNAcylation and growth factors 

as described in Figure 9. The addition of 2 mM GlcN.HCl to bovine 

chondrocytes in monolayer culture increased the synthesis of COL2 and 

might had occurred by the up-regulation of TGF-β1 gene expression 

(VARGHESE, S. et al., 2007a). GlcN increases the level of UDP-N-

GlcNAc and activates Sp1 (green arrows pathway) and PKCβ 

transcription factors (orange arrows pathway) (ALI et al., 2011). Sp1 

leads to induction of collagen II and TGF-β1 synthesis; while PKCβ 

induces the phosphorylation of p38-MAPK pathways increasing TGF-β1 
transduction.  

On the other hand, studies have not shown any alteration or inhibition 

of COL2 expression after addition of low and moderate GlcN 

concentrations. The use of 1 mg/mL (~ 5 mM) D-GlcN to ATDC5 cells 
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did not change the expression of COL2 (NAKATANI et al., 2007), 

whereas 0.2 µM and 5 mM D-GlcN or GlcN-HCl  added to osteoarthritic 

and healthy human chondrocytes respectively inhibited the COL2 

expression (DODGE; JIMENEZ, 2003; UITTERLINDEN et al., 2006b) 

. This adverse effect might be related to the TGF-β pathway inhibition 

due to the downregulation of smad2 and smad4 expression (NAKATANI 

et al., 2007). Moreover, the effect of HBP on growth factor activity was 

also observed with high glucose (20-30 mM) supplementation. The 

activity of PKC was decreased, thus down-regulating TGF-βRII 

expression (PUJOL et al., 2008; SUN et al., 2016) (Figure 9). The 

reduced TGF-βR2 expression results in decreased TGF-β signaling 

further leading to reduced chondrogenesis. GlcN also upregulated the 

IGF-1 expression, nevertheless the expression and synthesis of COL2 was 

not changed (STOPPOLONI et al., 2015). The IGF-I signaling is also 

tightly modulated by post-translational modification of IGF-Ir and IRS-

1. The Exogenous GlcN increases the O-GlcNAcylation of 

serine/threonine residues of IRS-1 (KLEIN et al., 2009) and IGF-Ir 

(SONG et al., 2014). This modification inhibits the phosphorylation of 

IRS-1 and the Akt downstream (VOSSELLER et al., 2002). The results 

is insulin resistance, decreased glucose uptake (VOSSELLER et al., 
2002), and proliferation inhibition (SONG et al., 2014). 
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Figure 9. Mechanism of TGF-β and IGF inhibition through HBP pathway 

 
Source: modified from (PUJOL et al., 2008; SONG et al., 2014; SUN et al., 

2016; VOSSELLER et al., 2002). 

     

1.5.4 Mechanical and growth factors stimuli on engineered 

articular cartilage  

 

During normal daily activities, the cartilage is submitted to cyclic 

bouts of mechanical stress consisting of both static and dynamic 

compression and shear. As mechanosensitive cells, chondrocytes 

perceive the mechanical stress and respond triggering several intracellular 

signals responsible to keep the balance between matrix synthesis and 

degradation. A loss of this functional balance is associated with changes 

in their phenotypic characteristics. The mechanical stress can stimulate 

stem cells to become a chondrocyte or stimulate a chondrocyte to 

synthesize a specific cartilage matrix consisting of COL2 and AGC. On 

the other hand, the excessive mechanical stress is responsible for 
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degenerative osteoarthritis. The eventual loading destroys the matrix and 

changes the cell response. The chondrocytes become hypertrophic 

producing a disordered matrix rich in COL1 and COL10, instead of COL2 

(LORENZ; RICHTER, 2006; MIOSGE et al., 2004; MOBASHERI, ALI 

et al., 2017). The COL10 production is the first step for matrix 

mineralization. 

The in vitro application of mechanical loading has become a current 

technique to stimulate matrix synthesis. However, many factors such as 

load intensity, frequency, loading rate, and time on – time off are still 

undefined. Thus, this session will first report the results obtained with the 

use of mechanical loading with bioreactors in vitro studies. After, the 

physiology and how the cells sense and react to loading will be briefly 

discussed. 

Effect of in vitro mechanical loading on cell proliferation and matrix 

synthesis  

The mechanical stimulation has been applied during in vitro phase 

of cartilage engineering techniques in an attempting to stimulate cell 

proliferation, differentiation, phenotype maintenance, and extracellular 

matrix biosynthesis. Nevertheless, there is not a standard procedure due 

to the influence of several factors on cell response such as type loading, 

frequency, magnitude, and period of loading. The intention of the 

introduction of loading is to mimic the same stimuli that cells are 

submitted in natural environment.  

The in vitro application of static loading alone promote significant 

suppression of AGC (TRAN; COOLEY; ELDER, 2011) and COL2 

synthesis (LEE, C. R.; GRODZINSKY; SPECTOR, 2003), while 

dynamic loading have shown a positive effect when compared to control 

(LEE, C. R.; GRODZINSKY; SPECTOR, 2003; TRAN; COOLEY; 

ELDER, 2011) (results and protocols summarized in Table 1). 

Compression is the most common loading type applied. However, the 

addition of a second stimuli such as shear (SCHÄTTI et al., 2011) or fluid 

flow loading has been shown to be superior to single-factor approaching 

at inducing matrix biosynthesis. The expression of chondrogenic markers 

such as COL2, AGC, and SOX9 mRNA was higher in hBMSC submitted 

to 10-20% strain compression plus 25° ball rotation to apply shear stress 

than in groups submitted only with compression loading (SCHÄTTI et 

al., 2011). Most of studies have applied loading at 1 Hz frequency, which 

is the normal step frequency during gait, although frequencies above 0.01 

Hz may be considered a threshold to stimulate AGC synthesis in cartilage 
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explant (GRIFFIN, T. M.; GUILAK, 2005). The maximum strain that has 

been applied is 20% of cell-scaffold construct.   

The studies are unanimous to report an increment on matrix synthesis 

with compressive loading compared to unloaded control. This effect is 

immediate and remains for hours. Six hours of 15% compressive strain at 

0.3 Hz on bovine chondrocytes cultured in polyethylene glycol combined 

or not with chondroitin sulfate (20 and 40 % w/v) increased GAG and 

COL synthesis 12 hours after loading (VILLANUEVA et al., 2010). The 

increased biosynthesis of GAG in calves BMSC remained for 23 days 

after 5 days of compressive loading compared to control (MAUCK et al., 
2007). Chondrocytes when submitted to the same protocol were also able 

to maintain the phenotype and synthesize GAG, suggesting a similar 

mechanism of mechanotransduction (O’CONOR; CASE; GUILAK, 

2013). When 10-20% dynamic compressive strain, 1Hz, 1 h/day, plus 

shear stress applied with 25° ball rotation at 1 Hz was applied during 7 

days, the total GAG production was improved, as well as the expression 

of COL2 and AGC (LI, Z. et al., 2010). This effect might be modulated 

by TGF-β1 and TGF-β3 pathways, since both were also upregulated. 

However, the expression of COL1, COL10, and alkaline phosphatase 

(ALP) increased too, suggesting that loading also stimulate chondrocytes 

hypertrophy. 

The application of long-time loading protocol has also shown to 

increase COL2 and GAG biosynthesis compared to control. An alternated 

dynamic compression protocol applying 5% strain for 45 min loading, 4 

times per day, with 1 day rest, during 39 days increased GAG synthesis 

in bovine chondrocytes (KISIDAY et al., 2004). A protocol of dynamic 

compressive strain with shear stress run for 2 hours and 2 hours rest time, 

applied for 2 days followed by a rest period of 2 days, during 21 days on 

isolated porcine chondrocytes seeded in alginate hydrogels increased 1.9 

times GAG production (SCHULZ et al., 2008). Petrou and co-workers 

(PETROU et al., 2013) (2013) improved GAG synthesis and upregulated 

COL2 and SOX-9 gene expression applying 10-20% compressive strain 

at 1Hz plus shear stress to BMSC for 1 h per day, alternating 1 day loading 

and 1 day rest during 14 days. However, COL1, COL10, and ALP gene 

expressions were also upregulated. Although Huang and co-

workers(HUANG, C.-Y. C. et al., 2004) (2004) did not observe a BMSC 
proliferation applying 10% strain, 1 Hz, for 4 hours per day, during 14 

days, the expression of COL2 and AGC was upregulated showing an 

increase of cell metabolism. This effect might be related to the stimulation 

of TGF-β1 expression.  
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Nevertheless, the mechanically-induced biosynthesis was lower than 

those promoted by TGF-β3 alone in a unloading culture (MAUCK et al., 
2007), or minimal and transient (O’CONOR; CASE; GUILAK, 2013), 

which suggests that dynamic compressive loading alone is insufficient to 

induce appreciable differentiation in BMSC in the absence of TGF-β. The 

expression of COL2 was not changed when hBMSCs encapsulated in 

Poly(ethylene glycol) dimethacrylate was submitted to 10 % compressive 

strain, 1 Hz, 5 %.s-1, or 5 % compressive strain, 0.3 Hz, 3 % s-1 during 14 

days when compared to control samples cued with 2.5 ng.mg-1 of TGF-

β3 (AISENBREY; BRYANT, 2016). A positive effect was that the 

expression of COL10 and synthesis of RUNX2 was inhibited with low 

strain rate. Thus, low loading may maintain the chondrocytic phenotype 

inhibiting hypertrophy and this effect may be strain rate dependent. 

Compared to the application of TGF and IGF stimuli together, the 

protocol applied by Petrou and co-workers (PETROU et al., 2013) 

increased the proteoglycan 4 expression, but decreased the expression of 

COL2 and AGC, and did not change the hypertrophy markers COL1, 

COL10 and ALP expression.   

Since the effect of loading alone is limited, the next studies evaluated 

whether the application loading associated to GF was potentiated. Petrou 

and co-workers showed that the addition of TGF-β1 to loading group 

improved COL2, AGG, and SOX9 expression and GAG synthesis 

compared to loading group alone(PETROU et al., 2013). However, the 

gene expression of these genes as well as COL1, COL10, and ALP were 

not different compared to TGF-β1 alone (LI, Z. et al., 2010; PETROU et 

al., 2013). Applying 10 % compressive strain, 1 Hz, during 1h per day, 5 

days per week, during 42 days with 10 ng.mL-1 TGF-β on BMSC 

encapsulated in agarose decreased GAG and COL2 synthesis compared 

to sample with TGF-β without loading (THORPE et al., 2010). 

Nonetheless, the GAG and collagen synthesis was not inhibited compared 

to unloading control applying this loading protocol after a preculture 

period of 21 days in TGF-β. These results agrees with the study of Huang 

and co-workers (HUANG, A. H. et al., 2012) (2012) who showed that 

TGF-β3 up-regulates AGC and COL2 gene expression of bovine BMSC 

encapsulated in agarose hydrogel, but dynamic loading decrease TGF-β3 

stimuli when applied soon after encapsulation, and failed to induce 
chondrogenesis in the absence of TGF-β3. When 10% strain compressive 

loading was applied 24 hours after the beginning of TGF-β1, the 

expression of COL2 and the synthesis of GAG and COL2 were 

significantly higher for loading + TGF-β1 group than for TGF-β1 alone 
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after 14 days (HUANG, C.-Y. C. et al., 2004). Interestingly, the 

expression was not different comparing loading + TGF-β1 to loading 

alone. Mouw and co-workers (MOUW et al., 2006) (2006) observed an 

improvement of COL2 and COL1 gene expression by bovine BMSC 

under 10% ±3% dynamic compressive strain after 16 days of  TGF-β1 

pre-treatment. However, AGG expression was not different. Thorpe and 

co-workers (THORPE et al., 2010) observed a reduction of GAG and 

COL when 10% compressive loading at 1 Hz, 1 hour per day, 5 days per 

week, during 42 days was applied at the same time that TGF-β3 was 

added to culture medium when compared to TGF-β3 alone. The same 

inhibition was observed when loading was applied after previous 16 days 

of TGF-β3 stimuli. 

In summary, the main findings have pointed out that 1) multifactorial 

stimulation such as compression plus shear loading further enhance the 

mechanically-induced chondrogenesis; 2) growth factors are a more 

potent stimulus than mechanical loading; 3) a period of predifferentiation 

in a chondrogenic medium with GF to stimulate differentiation and matrix 

synthesis is needed; and 4) the cell response appears to persist over time 

toward matrix remodeling, and maintenance of stable chondrogenic 

phenotype. 

 

 

 

TABLE 1. Mechanical loading protocols applied to cell-laden 3D scaffolds  

Ref. Mechanica

l protocol 

Cell type/ 

Scaffold 

Precultu

re 

GF Results 

(VILLANUE

VA et al., 

2010) 

15 % 

amplitude 

cyclic 

compressiv

e strain 

0.3 Hz for 6 

h in one 

session. 

Bovine 

chondrocyte 

in PEG 

hydrogel 

No No Decrease 

cell 

viability; 

Increase 

GAG and 

COL II 

synthesis 

12h after 

loading 

(SCHULZ et 

al., 2008) 

15 % 

amplitude 

cyclic 

compressiv

e strain, 1 

Hz, and 0.5 

ml/min 

Porcine 

chondrocyte 

No No  Cell 

viability 

stable; 

Increase 

GAG 

synthesis 
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perfusion 

for 2 h, 

followed by 

rest time 2 

h. Applied 

for 2 days 

and 2 days 

rested.    

(KISIDAY et 

al., 2004) 

5-7.5 % 

strain, 1Hz, 

during 45 

min., with 

5h and 

15min of 

control, 6 

cycle per 

day 

alternated 

with 1 day 

rest during 

39 days.  

Bovine 

chondrocytes 

in peptide 

hydrogel 

No No

* 

Increase 

GAG 

synthesis 

accumulate

d inside the 

scaffold 

(SCHÄTTI et 

al., 2011) 

10-20 % 

compressiv

e strain 

with 25° 

shear, 1Hz, 

1h/day, 5 

days/week, 

during 3 

weeks.  

hBMSC in 

polyethylene  

1 week No Increase 

GAG 

synthesis 

related to 

control, as 

well as 

increase 

COL2, 

AGG, 

SOX9 gene 

expression. 

(AISENBRE

Y; BRYANT, 

2016) 

10 % strain 

(5 % 

amplitude), 

0.3 Hz, 3 

%.s-1 

during 14 

days or 5 % 

strain (2.5 

% 

amplitude), 

1 Hz, 5 %.s-

1 

hBMSC in 

PEGDM/ChS

(1 %w/v 

)/RGD(1mM

)  

1 week Ye

s 

Inhibition of 

COL10 

expression, 

and RUNX2 

synthesis. 

COL2 

expression 

was not 

changed 
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(MOUW et 

al., 2006) 

7-13% 

dynamic 

compressiv

e strain, 

1Hz, for 3 

h.  

Bovine 

BMSC in 

agarose 

16 days No Increase 

COL2 and 

COL1 gene 

expression 

(MAUCK et 

al., 2007) 

10% strain, 

1 Hz, 3h, 

during 5 

days 

Calves 

BMSC in 

agarose 

- No Increase 

GAG 

synthesis in 

a period of 

23 days 

after loading 

compared to 

control 

(LI, Z. et al., 

2010) 

10-20% 

cyclic 

compressiv

e strain, 

1Hz, 1 

h/day, 

during 7 

days. Shear 

stress 

applied 

with 25° 

ball 

rotation at 1 

Hz.  

hBMSC in 

polyurethane 

No No Increase 

COL2, 

AGC, 

COL10, 

Sp7, TGF-

β1, and 

TGF-β3 

gene 

expression 

compared to 

control  

   No Ye

s 

Increase 

COL2, 

AGC, 

COL10, 

Sp7, TGF-

β1, and 

TGF-β3 

gene 

expression 

compared to 

control but 

did not alter 

compared to 

TGF-β 

alone 

(PETROU et 

al., 2013) 

10-20% 

cyclic 

compressiv

e strain 

hBMSC in 

polyurethane 

- No Increase 

GAG 

synthesis 

and COL2 
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with shear 

stress, 1 Hz, 

for 1 h, for 

1 day 

followed by 

1 day rest 

time during 

14 days 

compared to 

control  

 

    Ye

s 

Up-regulate 

COL2, 

AGC and 

SOX9 

compared to 

loading 

alone.   

Did not 

change 

COL2, 

AGC, and 

SOX9 

expression 

compared to 

GF alone 

(LI, JUAN et 

al., 2009) 

Hydrostatic 

13-35 kPa 

at 0.25 Hz 

for 1 h, 

during 7 

days 

intermittent

ly 

Rat BMSC in 

alginate 

- Ye

s  

Up-regulate 

COL2, 

AGC, 

RUNx2, 

Ihh, and 

SOX9 

expression 

(HUANG, C.-

Y. C. et al., 

2004) 

5-10% 

cyclic 

compressiv

e strain at 1 

Hz for 4 h 

during 14 

days 

intermittent

ly  

RabBMSC in 

agarose 

- No Up-regulate 

COL2, 

AGC, and 

TGF-β 

expression 

    Ye

s  

Up-regulate 

AGC and 

TGF-β 

expression 

compared to 

control 
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Up-regulate 

COL2 

compared to 

TGF-β 

group 

(HUANG, A. 

H. et al., 2012) 

2-10% 

unconfined 

compressiv

e strain, 1 

Hz, 4 h per 

day, 5 days 

per week 

during 3 

weeks 

bBMSC in 

agarose 

- Ye

s 

Decrease 

COL2 and 

AGC 

expression, 

as well 

mechanical 

properties 

when 

applied 

immediately 

after 

encapsulatio

n; 

Increase 

mechanical 

properties 

when 

applied after 

3 weeks of 

TGFβ3 

stimuli 

(CAMPBELL

; LEE; 

BADER, 

2006) 

15 % 

compressiv

e strain, 1 

Hz during 8 

days 

hBMSC - No Up-regulate 

COL2, 

AGC, and 

SOX9 

expression  

    Ye

s 
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Mechanotransduction – the physiology of cell response to loading 

The cell response to mechanical loading occurs through the 

transduction of this stimulus into internal electrochemical activity. The 

strain of scaffold or extracellular matrix is transmitted to the cell 

membrane and changes the activity of several sensitive structures called 

focal adhesion complex. The focal adhesion complex is composed of 

integrin family and integrin linker proteins such as vinculin, paxillin, and 

talin. The integrins α1β1 connect cells to collagen fibrils and α5β1 

integrins binds to fibromodulin of extracellular matrix (KADLER; HILL; 

CANTY-LAIRD, 2008). The linker proteins bind to actin filaments of 

cytoskeleton and these connections are responsible for a fast cell 

response. The adhesion complex is also composed of several focal kinases 

that are responsible for a slow response to loading.   

The integrin-actin connection is responsible to yield cell shape and 

stiffness promoting a pre-stress state that has the roles to promptly react 

to the external mechanical stimulus applying a reaction force on matrix 

(INGBER, 2003). This continuous adjust of internal cell stiffness occurs 

by the activation of focal adhesion kinase (FAK) - Rho and Rho-

associated protein kinase cascade. This pathway controls the 

polymerization and depolymerization of actin fibrils modulating the cell 

spread and shape. 

Other role of the modulation of internal stiffness is permit the 

reaction to high velocity strains.  This process is described in Figure 10. 

The actin filaments are connected to the nucleus membrane transmitting 

the strains directly to the nucleus in a fast track. The mechanical 

propagation time toward the nucleus is approximately 5 μs (NA et al., 

2008). Nuclear strain may activate nucleoplasm structural proteins such 

as lamins, that binds to the DNA modulating the chromatin modification 

and mRNA processing (DECHAT et al., 2008). This new organization of 

chromatin could lead to differential accessibility or binding of 

transcription factors involved in differentiation process and matrix 

synthesis. For example, RunX, which is a chromatin-structure-modifying 

protein crucial for osteogenesis and a nuclear scaffolding protein, that 
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links different regions of chromosomes thereby facilitating the control of 

gene transcription, may be stimulated by this process (DURST; 

HIEBERT, 2004). Nuclear pores may also be activated by forces, 

increasing the transport of factors to the nucleus or influencing post-

transcriptional control of gene expression through altering mRNA 

transport (LANGE et al., 2005). 

 

   

 

 
Figure 10. The pathways of mechanical stress toward the nucleus via 

cytoskeleton molecules 

 

 
Source: (WANG, N.; TYTELL; INGBER, 2009). 

     

In addition to fast way, the establishment of focal adhesion complex 

and active organization of actin cytoskeleton modulate chondrogenesis in 

a slow way through chemical signals. When the extracellular matrix 

becomes stiffer, gelsolin-like actin binding protein (also known as 

scinderin) is up-regulated increasing actin cytoskeleton organization 

(NURMINSKY et al., 2007). This event up-regulates PKC activity, 

which stimulates the differentiation and the increase of COL2 synthesis. 

Furthermore, it down-regulates ERK1/2 activity inhibiting the expression 

of COL1 and COL3. The actin organization also stimulates the 



73 
 

 
 

phosphorylation of p38 MAPK kinase and increases cell adhesion 

molecules synthesis (MATTA; MOBASHERI, 2014).  

The activation of α5β1 integrin has also a direct action on PKC. The 

integrin activates stretched-activation ion channels (SACs), and tyrosine 

kinases hyperpolarize plasma membrane, releasing interleukin-4 (IL-4). 

IL-4 then acts through an autocrine/paracrine loop to activate 

phospholipase C/PKC pathways, which in turn lead to the activation of 

calcium-activated potassium channels (MILLWARD-SADLER et al., 

1999). The downstream of this pathway inhibits metalloprotease-3 

mRNA and increase proteoglycan mRNA synthesis (MILLWARD-

SADLER et al., 2000). It indicates that mechanical loading in adequate 

levels can selectively regulate the synthesis and depletion of matrix. The 

stimulation of these receptors also activates the phosphorylation of p38 

MAPK pathways increasing the expression of SOX9, Runx2 and Ihh 

transcription factors (LI, JUAN et al., 2009).  

Nevertheless, the action of other transduction pathways has become 

clear since that the gene expression was increased by loading even with 

enzymatic p38 MAPK inhibition. Adenylate cyclase (AC) is activated and 

leads to the accumulation of adenosine monophosphate cyclase 

(cAMP)(JUHÁSZ et al., 2014). cAMP stimulates the protein kinase A 

(PKA) to phosphorylate the cAMP element binds protein (CREB). 

Activated-CREB binds to CRE bind site of SOX-9 and modifies the 

protein structure, permitting the phosphorylation of SOX-9. Activated-

SOX-9 translocates to the nucleus and stimulates proteoglycan synthesis 

and differentiation (Figure 11). The cascade of CREB-SOX9 is also 

stimulated by the inhibition of PP2A activity promoted by loading. The 

inhibition of PP2A enhances the expression and translation of PKA, 

which might facilitate the downstream of CREB-SOX9 cascade. 
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Figure 11. Influence of compressive loading to TFG-β upregulation and 

phosphorylation of SOX9  

 
Source:  modified from (JUHÁSZ et al., 2014).  

 

The improvement of cell proliferation as consequence of loading has 

been related to the stimulation of cell cycle regulation molecules. The 

activation of FAK activates BMP. BMP increase the expression of Ihh, 

which upregulates Cyclin D1 (WANG, Y. et al., 2013). Cyclin D1 

accelerates the progression of G1 phase (cell cycle mitosis) through the 

formation of complexes with cyclin dependent kinase 4 and 6 (CDKs 4/6) 

(BEIER et al., 2001; MININA et al., 2002).   

The interactions between TGF-β signaling and mechanical 

stimulation has been shown to be a vicious cycle with auto alimentation 
and could occur due to one or more of a wide range of potential 

mechanisms. Stimulation of the TGF-β signaling pathway could modulate 

mechanotransduction either directly or indirectly by increasing the 

sensitivity of cells to loading. For example, TGF-β signaling may lead to 
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pSmad activation of mechanosensitive proteins, such as FAK and 

paxillin, which might therefore directly increase the mechanosensitivity 

of the cells (WANG, S. E. et al., 2005). In addition, mechanical loading 

is responsible to modulate the TGF-β-induced cell response. Dynamic 

loading increases TGF-β1 and TGF-β3 expression (LI, Z. et al., 2010) or 

its receptor synthesis, up-regulating the ALK5-Smad2/3 cascade 

(MADEJ et al., 2014) and inhibiting the BMP/GDP/Smad1/5/8 pathway 

related to hypertrophic changes (ZHANG, T. et al., 2015). The inhibition 

of ALK5 receptor suppressed the effect of mechanical loading in hBMSC, 

down-regulating COL2 and AGC, and up-regulating MMP13, ALP, and 

RUNX2 through Smad1/5/8 phosphorylation increasing (ZHANG, T. et 

al., 2015). Dynamic loading also decreased FAK phosphorylation and 

Integrin β1 expression to inhibit hypertrophy process. This effect was 

partially eliminated when ALK5 inhibitor was added. Integrin β1 

expression and FAK-MAPK/ERK via were increased when ALK5 was 

inhibited together with loading. Thus, TGF-β and dynamic loading acts 

inhibiting hypertrophy decreasing integrin β1-ERK, BMP-Smad1/5/8, 

and increasing Smad2/3.  Other TGF-β pathways that might be modulated 

by loading are ROCK protein and its effect to increase actin 

polymerization tuning the cell stiffness, and the Smad cascade increasing 

AGC synthesis (CAMPBELL; LEE; BADER, 2006).     

On the other hand, there is a tenuous line between a positive and 

negative cell response under mechanical loading stimulation. The cell 

viability decreased applying 15% strain, 0.3 Hz, for 6 hours 

(VILLANUEVA et al., 2010), and 24% ±12% strain at 0.5 Hz for 16 

hours (HUSA et al., 2013). This effect might be related to the stimulation 

of apoptosis. The excess of loading activates C/EBP binding proteins 

(CHOP) and GRP78. Both inhibits the phosphorylation of AMP Kinase, 

which unbalance the inhibition of IL1β. Increasing IL1β levels increases 

the oxidative stress, the expression of metalloproteases, and stimulates 

apoptosis (HUSA et al., 2013). 

     

1.5.5 Scaffolds in cartilage engineering 

 

The main roles of scaffolds in tissue engineering are to create a 

controllable environment providing support for cells and guide the tissue 

growth. The cell-scaffold interaction modulates the cell behavior in a 

similar way to extracellular matrix controls it during chondrogenesis. 

Properties such as material chemistry, stiffness, porosity, pore size, pore 



76 
 

 
 

interconnectivity, and geometry strongly influence how cells sense and 

react to the scaffold. For this reason, scaffolds must have similar 

properties to cartilage matrix to induce cell proliferation, differentiation, 

and phenotype maintenance. There are four main concepts of scaffolds: 

foam, sponges, meshes, and hydrogels. Photopolymerizable hydrogels 

has been preferred because it allows cells encapsulation and delivery, fills 

the defect, has similar water contents to the extracellular matrix that aids 

for efficient nutrient transport, and contributes to biocompatibility by 

reducing mechanical irritation to the surrounding tissue (AMSDEN et al., 

2007). However, the drawback of hydrogels is that it needs to be 

polymerized at the moment of implantation, which unfeasible in vitro 

phase for cell proliferation previous to the implantation. Therefore, the 

other concepts have been used when the scaffolds are applied for MACI.  

A great number of synthetic and natural polymers have been employed 

for scaffold preparation. The material chemistry must be non-

immunogenic, non-toxic, biocompatible, and biodegradable. Moreover, 

materials must be charged to stimulate cell adhesion (SOUSA et al., 2014; 

XU; SIEDLECKI, 2007), swelling, and permit the incorporation of 

chondrogenic GF (HUNT et al., 2014). Synthetic polymers have good 

thermal stability, predictable and reproducible physical, chemical and 

degradation properties that can be modified. Nevertheless, products of 

degradation and impurities may be toxic. Natural polymers, on the other 

hand, such as collagen, chitosan, alginate, hyaluronic acid, and others 

fulfill the biocompatibility requirements. The disadvantages are the low 

thermal stability to be used in scaffold manufacture techniques with 

heating, low mechanical properties, and the degradation rates are difficult 

to control. Other important property of material is the degradation kinetic 

which must be balanced with tissue growth rate. Slow degradation rate 

may impair the biosynthesis. Fast rates, otherwise, may overload cells 

having the same inhibitory effect (LAM et al., 2008).  

Chitosan possess a number of peculiar properties that make it a good 

biomaterial applied to cartilage regeneration. Chitosan is a linear cationic 

polysaccharide composed of glucosamine and N-acetylglucosamine units 

linked in a β(1-4) manner derived from crustacean shells by partial 

deacetylation of natural chitin (HUNT et al., 2014). Chitosan is insoluble 

in water, alkaline solutions, and in organic solvents. However, it can be 
dissolved in acid solutions with pH < 6.0, because amino groups of 

glucosamine are protonated and enable the solubility of the molecule 

(PILLAI; PAUL; SHARMA, 2009). The degree of deacetylation has 

often been cited as an important parameter that determines many 

https://www.sciencedirect.com/topics/chemistry/organic-solvents
https://www.sciencedirect.com/topics/chemistry/amino-groups
https://www.sciencedirect.com/topics/chemistry/glucosamine
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physicochemical and biological properties of chitosan such as 

crystallinity, hydrophilicity, degradation and cell response (FREIER et 
al., 2005; XIA et al., 2004). Degrees between 60 % and 80 % have shown 

mass loss higher than 40 % in 7 days of culture with lysozyme. Degrees 

below 32 % and above 99 % show the lowest mass losses (FREIER et al., 
2005).  

The physiological depolymerization of chitosan results in 

glucosamine oligomers. Thus, the cell reaction is minimal with absence 

of inflammatory response and fibrous encapsulation. The hydrophilic 

surface of chitosan promotes cell adhesion, proliferation, differentiation 

(CHOI et al., 2014, 2015), and chondrocytic phenotype maintenance 

(MUZZARELLI et al., 2012), as well as inactivates matrix 

metaloproteinases (LIU, S. Q. et al., 2005) and has specific interaction 

with GF and extracellular molecules. Moreover, chitosan offers the 

possibility to be sterilized (MUZZARELLI et al., 2012). However, the 

limitations are that unmodified chitosan is insoluble at neutral pH due to 

its strong intermolecular hydrogen bonds.  

For scaffold development, the polymer must be crosslinked to raise 

its stability. Chitosan can be crosslinked either ionically or covalently. As 

ionic crosslinkers polyanions are used like, triphosphate (HSIEH et al., 
2007) and citrate (SHU; ZHU, 2002). In this connection the polyanion 

can interact with chitosan via electrostatic forces to form an ionic 

crosslinked network. The other possibility is the formation of a covalently 

network. The amino and hydroxy-groups of chitosan can react with 

functional groups of crosslinker molecules. Covalently crosslinked 

networks can be formed by di- or polyaldehydes (glutaraldehyde, 

oxidized starch, and oxidized cyclodextrin) (HOFFMANN et al., 2009). 

Also, to date, diisocyinates (LIN-GIBSON et al., 2003), silanes (LIU, Y.-

L.; SU; LAI, 2004), and 1,4 butanediol diglycidyl ether 

(SUBRAMANIAN; LIN, 2005) are compounds used up to date as 

covalent crosslinker. 

The crosslinking reaction with dialdehydes occur at room 

temperature in aqueous media without requiring another chemical 

compound to activate the reaction. After mixing both solutions, a gel is 

formed while the crosslinking reaction took place. By final freezing and 

lyophilization a porous structure can be formed easily (HOFFMANN et 
al., 2009). The absolute porosity obtained with this process is around 

96%, and the pore size range from 100 µm to 350 µm (HOFFMANN et 

al., 2009) (Figure 12). The mechanical properties are better when chitosan 

is crosslinked with glutaraldehyde than with triphosphate (HSIEH et al., 
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2007). Also, the shorter size of glutaraldehyde compared to oxidized high 

aldehyde groups resulted in higher stiffness (HOFFMANN et al., 2009). 

The biological tests showed the proliferation of chondrocytes and matrix 

synthesis in scaffolds composed of 1% chitosan / 1.5 % glutaraldehyde.   

 

  
Figure 12. Matrix and cell proliferation in 1 % Chitosan scaffold crosslinked 

with 1.5 % glutaraldehyde. The white arrow shows cell and matrix clusters 

with 14 days culture 

 
Source: Modified from (HOFFMANN et al., 2009). 
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CHAPTER 2 

2.1 Introduction  

This chapter describes three experiments performed in monolayer 

cultures. The first experiment evaluated the expression of GLUT2 in 

bovine chondrocytes. The GLUT2 has higher affinity for GlcN than for 

glucose (ULDRY et al., 2002). Thus, the expression of GLUT2 might 

suggests the GlcN uptake. However, the GLUT2 is not expressed in 

human chondrocytes (MOBASHERI, A. et al., 2002), since the 

concentration of glucose and GlcN in cartilage is respectively low and 

practically inexistent. The GLUT2 is commonly expressed in tissues with 

high glucose concentration, such as pancreas. Therefore, the expression 

in low glucose and high glucose was evaluated. The hypothesis for this 

experiment was that when cultivated in high glucose environment the 

bovine chondrocytes would adapt to this environment and begins to 

express GLUT2 or the expression occurs in low glucose medium such as 

observed inside joint.  

The second experiment aimed to evaluate the dose-dependent effect 

of GlcN. High concentrations of GlcN.HCl had decreased cell viability 

whereas low concentrations have not shown any effect (QU et al., 2006; 

SHIKHMAN et al., 2009). On the other side, high and low GlcNAc 

concentration had not changed the cell quantity and metabolism 

(SHIKHMAN et al., 2009). Taking it into account, the second experiment 

evaluated the effect of GlcN.HCl and GlcNAc concentrations on 

chondrocyte proliferation and metabolism intending to prove the 

deleterious effect of high concentrations and to define the best 

concentration to be used in the next experiments. For this experiment, two 

types of medium were used, proliferative medium containing anabolic 

substances contained in FBS, serum free-medium containing just GlcN.  

The third experiment evaluated the best concentration of GlcN.HCl 

and GlcNAc on proliferation of cells stimulated by GF. The studies 

described above suggested that the deleterious effect of GlcN.HCl 

occurred by an inhibition of the glucose metabolism. However, a medium 

containing bovine serum was used and serum contains GF and other 

molecules that stimulate cell proliferation. Thus, the hypothesis is that 

GlcN.HCl might inhibited GF, while GlcNAc might have no effect.      
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2.2 Method 

2.2.1 Materials 

 

The materials used for the culture medium composition were: 

DMEM/F12 high (25 mM) and low (5 mM) glucose medium (Sigma 

Aldrich, Germany), AlbuMax (Thermo Scientific, Germany), 

penicillin/streptomycin (GE Health care), dexamethasone (Sigma 

Aldrich, Germany), transferrin-selenite (Fisher Scientific, Germany), 

ascorbate 2-phosphate (Sigma Aldrich, Germany), collagenase IV 

(Invitrogen, UK), fetal bovine serum (FBS) (Sigma Aldrich, Germany), 

GlcN.HCl (Sigma Aldrich, Germany; MW 215,31 g.mol-1 ) and GlcNAc 

(Sigma Aldrich, Germany, MW: 221,21 g.mol-1), TGF-β3 (RnD Systems, 

Germany), and IGF-I (PetroTech, Germany).  

Immunohistochemistry was evaluated with anti-GLUT2 antibody 

(Abcam 111117, Germany), secondary polyclonal antibody Goat Anti-

rabbit IgG H&L (Biotin) (Thermo Scientific, Germany) secondary 

polyclonal antibody anti-goat/sheep IgG B3148 (Sigma Aldrich, 

Germany), diaminobenzidine (DAB) (Thermo Scientific, Germany), and 

Harris modified hematoxylin (Thermo Scientific, Germany). The material 

used for immunohistochemistry preparation were: pierce peroxidase 

immunohistochemistry detection kit (Thermo Scientific, Germany), 4% 

formaldehyde (Histofix; Carl Roth, Germany), thermo hier buffer H 

(Thermo Scientific, Germany), tris-buffered saline, tween-20 detergent, 

streptavidin-poly-horseradish peroxidase (Thermo Scientific, Germany), 

and Bluing Buffer (Thermo Scientific, Germany).   

The evaluation of proliferation was performed with Quanti-iT 

PicoGreen dsDNA assay kit (Thermo fisher, Germany) and resazurin Kit 

(Sigma Aldrich, Germany). The absorbance and fluorescence were 

analyzed in Polar Star Optima spectrophotometer (BMG LabTech GmbH, 

Germany). The lactate production was measured in Labtrend (BST, 

Germany). 

2.2.2 Primary cell isolation and cultivation 

 
Primary bovine chondrocytes were isolated from carpal joints. The 

paw was obtained in a slaughter house. The soft tissue was dissected, and 

the joint capsule cutted off, exposing the articular surface. Small pieces 

of articular cartilage were obtained and cultivated in 6 well plate with 3 

mL DMEM/F12 low glucose medium supplemented with 1% 
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Penicillin/Streptomycin and 1 mg.mL-1 Collagenase IV (160 U.L-1) for 

24h, at 37°C, and 5% CO2. After cultivation, the suspension was 

centrifuged at 200 g for 5 minutes. The supernatant was removed and 

dissolved again in a plate with the tissue remained. The pellet was 

resuspended in 1 mL medium, aliquoted in two tubes with 0.5 mL each, 

and centrifuged at 200 g for 5 minutes. One pellet was resuspended in 8 

mL of DMEM/F12 high glucose and 8 mL DMEM/F12 low glucose. Both 

medium were supplemented with 10% FBS, 0.1% AlbuMax, 1.14 % v/v 

Penicillin/streptomycin, and 1 % v/v Transferrin-Selenite.  

2.2.3 Evaluation of GLUT2 expression 

 

The chondrocytes in low and high glucose medium cultivated for 7 

days till passage 3, and human breast adenocarcinoma human (MCF7) 

cell line (passage 6) as positive control were used to evaluate the GLUT2 

expression. All cells were cultivated at 37°C, 5% CO2, and normoxia 

condition. The protocol used for immunohistochemistry was 

recommended by the antibody manufacturer. Ten thousand cells per well 

were resuspended in 1 mL of each medium, seeded in chamber slides, and 

cultivated for 24 hours at 37°C, 5% CO2. The medium was aspirated, the 

cells washed with PBS and fixed with 4% formaldehyde for 2 hours. The 

epitope retrieval was performed with Thermo Hier buffer H at 37°C, and 

100 µL per well of anti-GLUT2 antibody diluted 1:200 in solution of 1% 

FBS in PBS added and incubated for 1 hour at room temperature. The 

samples were washed in TBS with 0.05% Tween-20 detergent 3 times for 

3 minutes each time. One hundred microliters per well of anti-goat/sheep 

B3148 diluted 1:1000 in 1% FBS in PBS as secondary antibody were 

added and incubated for 1 hour at room temperature. To stain and bound 

to the antibodies, 100 µL per well of Streptavidin-poly-Horseradish 

Peroxidase at 1:250 dilution in 1% FBS/PBS solution were added and 

incubated for 30 minutes at room temperature, and 100 µL per well of 

DAB substrate solubilized in peroxidase buffer at a concentration of 100 

µL.mL-1 were added and incubated for 15 minutes at room temperature to 

detect the chromogen agent of horseradish peroxidase. The samples were 

washed with deionized water 3 times for 3 minutes each time. The 

counterstaining was done adding 2 drops of Harris modified hematoxylin 

for 1 minute. The pH was neutralized with Bluing Buffer for 10 minutes, 

and the samples were rinsed with deionized water 1 time.  

The images of samples were obtained in a polarized light microscope 

(Axioplan 2®, Zeiss, Germany) and analyzed in ImageJ software, 
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according Varghese and col. (VARGHESE, F. et al., 2014). The 

digitalized image was deconvoluted in 3 images according the red, blue 

and green (RBG) system 16 bits. Red color was the primary antibody 

staining, blue color was the nuclei of cells stained by hematoxylin, and 

green was the background staining. For the image of antibody, the 

automatic option was used to cut-off the pixels out of the cell area. The 

histogram of pixels containing the cells was created according color 

intensity of pixels in a range of 0 to 255. Zero was the darker color and 

255 was the lighter color. All the image processing protocol can be found 

in appendix A.  A vector of frequency of pixels was created and treated 

in Excel software, dividing this range in four sessions: a) highly positive 

(+++) staining comprised from 0 to 63; b) positive staining (++) 

comprised between 64 and 127; c) low positive staining comprised 

between 128 and 191; and d) negative zone (-) comprised between 192 

and 255, which is the same range observed in background area. The 

percentage of pixels frequency for each zone was obtained.  

2.2.4 Evaluation of cell proliferation and viability  

 

The cell proliferation was evaluated through the quantification of 

double strand DNA using the Quanti-iT PicoGreen dsDNA assay kit. 

PicoGreen has high capacity to binds to small quantities (0.9 ngDNA.ml-

1 of PicoGreen) of dsDNA with insignificant unwanted staining of single 

brand nucleic acids. The quantification was performed comparing the 

absorbance of samples with the absorbance of dsDNA standard solution. 

The samples were evaluated in spectrophotometer with wave length 

excitation of 480 nm and emission of 520 nm.      

The cell viability was evaluated through measurement of metabolic 

activity of live cells using Resazurin Kit and quantification of lactate 

production. Resazurin is a substance reduced by NADPH or NADH 

cofactors mainly at mitochondria in resorufin, which is a fluorescent 

substance. Therefore, it measures any biochemical reactions that result in 

the production of NADPH and NADH. The fluorescence was measured 

in plate reader fluorometer with wave length excitation of 560 nm and 

emission of 590 nm. The lactate results from the action of lactate 

dehydrogenase enzyme, which converts the pyruvate from the glycolytic 

cycle in lactate. All the experiments were performed in duplicate, except 

for measurement of lactate synthesis in GlcN.HCl and GlcNAc 

concentration experiment that one plate was used.  
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To perform those tests the chondrocytes were cultivated in a flask for 

10-20 days (passage 4-8) at 37°C, 5% CO2, and normoxia condition. The 

cells were trypsinized and the cell quantity per milliliter counted in a 

hemocytometer. The volume of medium to obtain enough cells for each 

experiment aliquoted, centrifuged at 200 g for 5 minutes to obtain the cell 

pellet, and resuspended in a volume of medium that allowed to seed 5 x 

103 bovine chondrocytes in 100 µL per well in 96-well plate. The cells 

were incubated at 37°C, 5% CO2, and normoxia condition for 3 hours for 

adhesion. The medium was aspirated, the wells refilled with 250 µL 

medium used to each experimental design, and the cells were incubated 

for 48h in 37°C, 5% CO2, in normoxia condition. 

To test the effect of different concentration of GlcN.HCl and 

GlcNAc, two types of medium were used. One used as a proliferative 

medium was composed of DMEM/F12 high glucose supplemented with 

1% penicillin/streptavidin, 1% transferrin selenite, and 10% FBS. The 

other was a non-proliferative serum free medium containing DMEM/F12 

high glucose medium supplemented with 0.1% AlbuMax, 1% 

penicillin/streptomycin, 170 µL dexamethasone at concentration of 2 

mg.mL-1, 1% transferrin-selenite, and 0,01% ascorbate 2-phosphate. Each 

medium was supplemented separately with GlcN.HCl and GlcNAc. The 

final concentration of GlcN evaluated were 0, 1 µM, 0.5 mM, 1 mM, 5 

mM, and 10 mM.  

Each medium containing GlcN.HCl were prepared solubilizing 10 

mM (0,0215 g) in 10 mL. The medium containing GlcNAc were prepared 

solubilizing 10 mM (0,0221 g) in 10 mL of proliferative medium and 10 

mM in 10 mL of non-proliferative medium. All mediums were sterile 

filtrated with 0.22 µm membrane. To obtain the small concentrations, the 

following dilution steps were performed: 1.5 mL of 10 mM solution was 

diluted in 1.5 mL of medium to obtain 5 mM concentration; 0.3 mL of 10 

mM solution was diluted in 2.7 mL of medium to obtain 1 mM 

concentration; 0.15 mL of 10 mM solution was diluted in 2.85 mL of 

medium to obtain 0.5 mM concentration. 0.003 mL of 1 mM solution was 

diluted in 2.997 mL of medium to obtain 1 µM concentration. The 

medium was well mixed before the dilution.  

Before and after the incubation period, 50 µL of medium were 

aliquoted for lactate measurement. The production of lactate was 
measured aliquoting 20 µL of sample medium from each well and diluting 

it to obtain 1 mL of measuring system solution. The remaining medium 

after the incubation was aspirated, the cells washed with 100 µL PBS per 

well, the PBS solution aspirated, and medium containing the substance 
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for evaluation added. Resazurin solution was diluted in 10 mL of each 

medium at concentration of 20 µL.mL-1. The volume of 200 µL per well 

were added and the cells were incubated for 2h at 37°C, 5% CO2, in 

normoxia condition. The incubation time was enough to change the color 

of medium from violet to orange, which indicated the transformation of 

resazurin in resorufin. One hundred microliters of medium were aliquoted 

in 96-well plate for the fluorescence measurement. Blanc control was 

performed measuring the fluorescence of each type of medium without 

cells.     

The plate containing the cells were used for measurement of cell 

proliferation using PicoGreen kit. The remained medium was aspirated 

and 100 µL per well of PicoGreen lysis solution were added and incubated 

for 30 minutes to promote the DNA exposure. The PicoGreen work 

solution was prepared diluting 125 µL of PicoGreen solution in 25 mL 

TE buffer solution to obtain a concentration of 5 µL.mL-1. TE buffer is a 

solution containing 200 mM Tris-HCl (2-Amino-2-(hydroxymethyl)-1,3-

propanediol hydrochloride) and 20 mM EDTA (Ethylenediamine tetra 

acetic acid) pH 7.5. Eighty microliters per well of PicoGreen lysis 

solution containing DNA was aliquoted in a 96 well plate and mixed to 

20 µL of PicoGreen work solution and 100 µL of TE buffer to perform 

the measurement. The standard curve was made diluting dsDNA standard 

solution at concentration of 100 µg.mL-1 1:50 in TE Buffer solution to 

create stock solution with a final concentration of 2 µg.mL-1. This solution 

was diluted in 1:10, and 1:100 in TE buffer to obtain a final concentration 

of 0.2 µg.mL-1 and 0.02 µg.mL-1. The concentration of 0 2 µg.mL-1 

dsDNA was done adding just TE buffer.  

To test the effect of GlcN.HCl, GlcNAc, and GF on cell proliferation, 

the serum-free medium was supplemented with TGF-β3 at concentration 

of 5 ng/mL and IGF-I at 10 ng/mL. The best concentration of GlcN.HCl 

and GlcNAc observed in the dose experiment described above were added 

to the medium. The seeding, cultivation and evaluation protocol described 

above was also used in this experiment. Six groups were evaluated: 

serum-free medium without GlcN as control, GlcN.HCl, GlcNAc, GF, 

GF/GlcN.HCl, and GF/GlcNAc. 

For DNA quantification, the absorbance of standard dsDNA samples 

was measured, and a linear curve obtained. The intercept and slope values 
were used to obtain the DNA concentration for the absorbance measured 

(appendix B). 

The values of resorufin fluorescence were obtained through the Polar 

Star Optima software and saved in excel software. The raw data was 



85 
 

 
 

divided by 2 to normalize for 1 hour of incubation, and the hour-

normalized data was decreased for the value of fluorescence measured in 

samples containing medium without cells for medium normalization. The 

fluorescence of proliferation medium was 5672 and serum-free medium 

was 6812. 

2.2.5 Statistical analysis  

 

Since the aim of the experiment was not to compare the results 

between GlcN.HCl and GlcNAc, but the difference between the 

concentrations of each glucosamine, the concentration factor with six 

levels was considered: 1) 0 mM, 2) 1 µM, 3) 0.5 mM, 4) 1 mM, 5) 5 mM, 

and 6) 10 mM. The study of the crosstalk between GlcN.HCl, GlcNAc, 

and GF also have one factor, that is the supplement medium. Therefore, 

the one factor analysis of variance (ANOVA) was performed. The 

homogeneity of variance was checked through Levene’s test and the 

linear distribution of standardized residuals. The logarithmic 

transformation of data was carried out when the variance was not 

homogeneous. The pairwise Tukey’s test was used when the P was below 

5%, which was the significance level set. For all analysis, the bicaudal 

test was used.    

 

2.3 Results  

2.3.1 Expression of GLUT2 

 

The MCF7 is a well-known GLUT2 expression cell thus usually used 

as positive control to guarantee that the staining protocol used was 

successful. As can be observed in Table 2, there was a very clear 

difference between negative and positive staining meaning that the 

immunocytochemistry method applied was successful. Seventy-six dot 

five percent of pixels were observed in positive and highly positive 

staining range, and none was observed in negative staining range. The 

negative control showed 65% of pixels in negative staining area, which is 

the same area of background. These numbers confirm that the frequency 

of the pixels in darker colors was high in positive sample than in negative, 

which showed the most of pixels in background color. The frequency 
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observed in positive sample cannot be used to compare against 

chondrocyte cells because of the difference of cells shape. Since 

chondrocytes are spread, the intensity of color will not be the same of a 

round MCF7 shape.  

The chondrocytes cultivated in low (5 mM) and high (25 mM) 

glucose medium expressed GLUT2 protein. The focus was to compare 

the positive staining and negative control for each medium type. There 

was a clear difference of staning in both positive and negative samples 

when cultivated in both mediums. Seventy-nine dot seven percent of 

pixels from the membrane area selected had the intensity in low positive 

(+) classification and 4.25 % in positive (++) range staining for samples 

cultivated in low glucose medium, while 100 % of pixels had intensity in 

negative (-) range for negative control, which means similar to 

background. Similar pattern was observed in chondrocytes cultivated in 

high glucose medium. Around 79% of pixels had intensity in low positive 

(+) range, 7% in positive (++) range and 24.67 in negative (-) range. The 

negative control samples showed 10,13% in low positive (+) range and 

89.87% in negative (-) classification. 

 

TABLE 2. GLUT2 expression 

Positive control (MCF7 cells) 

Positive Negative  

  

 +++ ++ + -  +++ ++ + - 

Pixels 268

5 

6377

5 

168

99 

0 Pixels 0 17 252

84 

47398 

% of 

total 

3.23 76.5

0 

20.2

7 

0 % of 

total 

0 0.

02 

34.7

8 

65.20 
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Bovine chondrocytes (low glucose medium) 

Positive  Negative  

  

 +++ ++ + -  +++ ++ + - 

Pixels 0 8978 166

912 

2738

8 

Pixels 0 0 0 27388 

% of 

total 

0 4.25 79.0

7 

16.6

7 

% of 

total 

0 0 0 100 

Bovine chondrocytes (high glucose medium) 

Positive  Negative  

  

 +++ ++ + -  +++ +

+ 

+ - 

Pixels 0 1414

3 

132

112 

4790

3 

Pixels 0 0 172

5 

15293 

% of 

total 

0 7.28 68.0

4 

24.6

7 

% of 

total 

0 0 10.1

3 

89.87 
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Legend: the GLUT2 expression is reported through brown staining in the 

cells membrane. The frequency of pixels in each range is shown. The 

range was divided in: +++ (highly positive; pixels from 0 to 63); ++ 

(positive; pixels from 64 to 127); + (low positive; pixels from 128 to 191); 

and - (negative; pixels > 192).  

2.3.2 Effect of GlcN.HCl and GlcNAc concentrations on cell 

proliferation and metabolism 

 

The 3 parameters used to evaluate cell proliferation and viability 

showed that high dose (5 and 10 mM) GlcN.HCl in proliferation medium 

had consistent inhibitory effect (Figure 13). The dsDNA concentration, 

resazurin redox and lactate synthesis were significantly decreased when 

compared to control (0 µM), 1 µM, and 1 mM (P < 0.001). The 

concentration of 5 mM decreased the dsDNA concentration compared to 

control (P < 0.01), confirmed also by resazurin redox compared to control 

and 1 mM (P < 0.05), and by lactate synthesis compared to control, 1 µM, 

and 1 mM (P < 0.001). The dsDNA concentration was reduced in 0.5 mM 

compared to control (P < 0.01), however it was not observed in the other 

parameters. Opposed effect was observed with GlcNAc supplementation. 

There was no difference in all parameters without and with all GlcNAc 

concentrations. The exception was that lactate was increased in 10 mM 

GlcNAc group compared to 1 µM and 1 mM (P < 0.05).  All statistic data 

are described in appendix C.  
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Figure 13. Effect of GlcN.HCl and GlcNAc concentration in proliferation 

medium 

 
Legend: (A) dsDNA concentration (F statistic P < 0.001). Legend: * = P < 

0.001, compared to 0 mM, 1 µM, and 1 mM. # = P < 0.05, compared to 5 

mM. § = P < 0.01, compared to 0 mM. ** = P < 0.05, compared to 0 mM. 
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(B) Resazurin metabolization (F statistic P < 0.001). Legend: * = P < 0.001, 

compared to 0 mM, 1 µM, and 1 mM. § = P < 0.05, compared to 0 mM and 

1 mM. (C) Lactate synthesis (GlcN.HCl F statistic P < 0.001; GlcNAc 

Kruskall-Wallis test P < 0.01) * = P < 0.001 compared to 0 µ M, 1 µM, 0.5 

mM. # = P < 0.05, compared to 1 mM. ** = P < 0.001, compared to 0 µM, 

1 µM, 0.5 mM, and 1 mM. § = P < 0.001, compared to 1 µM and P < 0.05 

compared to 1 mM.  

 

The data of GlcN.HCl and GlcNAc concentrations in serum-free medium 

is summarized in Table 3 to 5. The statistical data can be found in 

Appendix C-E. 

 

 

 

 

 

 

 

The inhibitory effect of high GlcN.HCl was also observed in serum-

free medium (Figure 14). Despite there was no effect on resazurin 

metabolization, the dsDNA concentration was lower in 10 mM GlcN.HCl 

compared to 0.5 mM (P < 0.05), and lower in lactate synthesis compared 

TABLE 3. Mean and standard deviation of dsDNA concentration in proliferation medium  

 0 µM 1 µM 0.5 mM 1 mM 5 mM 10 mM 

GlcN.HCl       

Mean 1.123 0.953 0.779 0.979 0.855 0.546 

Std. Dev.  0.309 0.288 0.200 0.266 0.298 0.167 

GlcNAc       

Mean 0.854 0.776 0.884 0.757 0.684 0.714 

Std. Dev.  0.194 0.173 0.150 0.209 0.258 0.208 

TABLE 4. Mean and standard deviation of resazurin metabolism in proliferation medium  

 0 µM 1 µM 0.5 mM 1 mM 5 mM 10 mM 

GlcN.HCl       

Mean 17984.594 17601.563 17614.938 18086.719 15289.594 12280.594 

Std. Dev.  2661.530 2803.247 2312.812 1827.000 1401.972 2775.335 

GlcNAc       

Mean 18934.031 18424.719 19211.281 19725.781 19444.063 20065.188 

Std. Dev.  4097.345 4005.124 3906.238 4531.842 3774.611 2950.245 

TABLE 5. Mean and standard deviation of lactate concentration in proliferation medium  

 0 µM 1 µM 0.5 mM 1 mM 5 mM 10 mM 

GlcN.HCl       

Mean 2.500 2.389 2.479 2.100 1.515 1.454 

Std. Dev.  0.242 0.278 0.241 0.580 0.295 0.239 

GlcNAc       

Mean 2.505 1.975 2.431 2.170 2.589 2.866 

Std. Dev.  0.315 0.226 0.328 0.284 0.423 0.648 
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to control, 1 µM, 0.5 mM (P < 0.01), and 5 mM (P < 0.05). Once more, 

GlcNAc did not reduce the proliferation. The dsDNA concentration was 

higher in 10 mM GlcNAc compared to control; while 1 mM showed 

higher lactate synthesis than control, 1 µM, 0.5 mM (P < 0.05), 5 mM 

and 10 mM (P < 0.001). 
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Figure 14. Effect of GlcN.HCl and GlcNAc concentration in serum-free 

medium 

 

 
Legend: (A) dsDNA quantification (F statistic P < 0.001).  * - P < 0.05, 

GlcN.HCl 10 mM compared to 0.5 mM.  ** - P < 0.001, compared to 1 mM 

and 10 mM.  # - P < 0.05, compared to 0 mM. (B) Effect of GlcN.HCl (F 

statistic, P = 0.24) and GlcNAc (F statistic, P = 0.69) on NADPH/NADH2 
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synthesis. (C) Lactate synthesis, (F statistic P < 0.001). * - P < 0.01, compared 

to 0, 1 µM, and 0.5 mM. # - P < 0.05, compared to 5 mM. § - P < 0.05, 

compared to control, 1 µM, and 0.5 mM. ƚ – P < 0.001, compared to 5 mM 

and 10 mM. 

 

The data of GlcN.HCl and GlcNAc concentrations in serum-free medium 

is summarized in Table 6 to 8. The statistical data can be found in 

Appendix C-E. 

 

 

 

 

Based on the results of 1 mM GlcNAc stimulation, the non-inhibitory 

effect of low GlcN.HCl concentrations and considering that the km of 

GLUT2 for GlcN uptake is 0.8 mM, the concentration of 1 mM was 

selected to evaluate the effect of both GlcN added to a medium with 

growth factors, without other molecules, to evaluate the proliferation and 

metabolism in the next experiment.   

 

TABLE 6. Mean and standard deviation of dsDNA concentration in serum-free medium 

 0 µM 1 µM 0.5 mM 1 mM 5 mM 10 mM 

GlcN.HCl        

Mean 0.215 0.229 0.241 0.221 0.214 0.146 

Std. Dev.  0.050 0.082 0.060 0.067 0.063 0.071 

GlcNAc       

Mean 0.242 0.149 0.263 0.301 0.276 0.318 

Std. Dev.  0.066 0.053 0.065 0.092 0.071 0.007 

TABLE 7. Mean and standard deviation of resazurin metabolism in serum-free medium  

 0 µM 1 µM 0.5 mM 1 mM 5 mM 10 mM 

GlcN.HCl       

Mean 12760.188 12798.594 14018.375 12406.875 12079.281 10869.219 

Std. Dev.  3404.506 3274.139 3505.238 3695.037 4116.911 3563.951 

GlcNAc       

Mean 15072.938 13611.156 14278.438 14373.063 13992.250 14615.000 

Std. Dev.  3421.825 3068.005 3462.061 3386.576 2705.292 2439.258 

TABLE 8. Mean and standard deviation of lactate concentration in serum-free medium  

 0 µM 1 µM 0.5 mM 1 mM 5 mM 10 mM 

GlcN.HCl       

Mean 1.094 1.064 1.080 1.035 0.958 0.718 

Std. Dev.  0.116 0.056 0.176 0.057 0.121 0.117 

GlcNAc       

Mean 1.079 1.097 1.111 1.239 1.057 1.055 

Std. Dev.  0.037 0.053 0.085 0.061 0.141 0.057 
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2.3.3 Effect of GlcN.HCl, GlcNAc and GF crosstalk on cell 

proliferation and viability in monolayer culture 

 

The three parameters evaluated showed a striking difference between 

the two GlcN on cell proliferation (Figure 15). The addition of GlcN.HCl 

alone did not change the proliferation compared to control for all 

parameters measured (P > 0.08). Interestingly, however, GlcN.HCl had a 

strong inhibitory effect in combination with GF, producing the lowest 

values for all parameters. The addition of GlcN.HCl to GF decreased all 

parameters compared to the values observed with GF and GF/GlcNAc 

supplementation (P < 0.001). The values of dsDNA concentration and 

resazurin metabolization were similar when compare GF/GlcN.HCl to 

control (P > 0.869) and GlcN.HCl alone (P > 0.08). Nevertheless, the 

lactate synthesis was statistically smaller in GF/GlcN.HCl compared to 

control and GlcN.HCl (P < 0.001).  

On the other hand, the supplementation with GlcNAc agree with 

results above. Despite the dsDNA concentration and resazurin redox (P > 

0.75) were not different when compare GlcNAc to control and GlcN.HCl 

(P > 0.378), the synthesis of lactate was statistically higher (P < 0.01). 

Combined to GF, GlcNAc produced similar proliferation compared to GF 

(P > 0.127), but slightly higher lactate production (P < 0.05) again. All 

parameters were higher with GF/GlcNAc supplementation when 

compared to control and GlcN.HCl (P < 0.001). Comparing to GlcNAc, 

the resazurin redox and lactate were higher with GF/GlcNAc 

supplementation (P < 0.001), but the dsDNA concentration was not 

statistically different between them. 
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Figure 15. Effect of GlcN.HCl, GlcNAc and GF on bovine chondrocyte 

proliferation 

 

 
Legend: (A) dsDNA measurement, F statistic P < 0.001. * = P < 0.001 

compared to GF/GlcN.HCl. ** = P < 0.01 compared to GF/GlcN.HCl.  # = 

P < 0.05 compared to control. § = P < 0.01 compared to GF/GlcN.HCl. (B) 

NADPH/NADH synthesis, Kruskal Wallis Chi square statistic P < 0.001.  * 

and ** = P < 0.001 compared to control, GlcN.HCl, GlcNAc, and 

GF/GlcN.HCl. (C) Lactate synthesis, F statistic P < 0.001. * = P < 0.001, 

compared to control, GlcN.HCl, GlcNAc, GF, GF/GlcNAc.  # = P < 0.001, 

compared to control, GlcN.HCl, and GlcNAc. $ = P < 0.05, compared to GF. 

§ = P < 0.001, compared to control and GlcN.HCl. ** = P < 0.01, compared 

to control and GlcN.HCl. 
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The data of GF, GlcN.HCl and GlcNAc crosstalk in monolayer 

culture is summarized in Table 9. The statistical data can be found in 

Appendix F. 

 

2.4 Discussion 

 

The first experiment assessed the expression of GLUT2 in bovine 

chondrocytes and influence of glucose concentration on this expression. 

The results showed that bovine chondrocytes express GLUT2 and the 

concentration of glucose did not change the expression of GLUT2. The 

hypothesis was that the cells cultivated in high glucose would acquire a 

positive expression to adjust to high glucose concentration but not 

expressed in low glucose medium. Considering that the Km of GLUT2 

for glucose is around 17 mM, the expression in high glucose (25 mM) 

medium was expected and confirmed. However, the chondrocytes on top 

of cartilage are normally submitted to 4-6 mM glucose, while in deep 

layers the concentration of glucose is 1 mM or less (WINDHABER; 

WILKINS; MEREDITH, 2003). In these concentrations the expression 

of GLUT2 would not be critical due to its low affinity for glucose and the 

other GLUT types, such as 1 and 9 for example, are more efficient glucose 

transporter (ULDRY et al., 2002). However, the expression of GLUT2 in 

chondrocytes cultivated in low glucose (5 mM), a similar concentration 

to that one observed inside joint, was a surprise since any previous studies 

had not mentioned that. Therefore, GLUT2 is expressed in chondrocytes, 

which indicates that GlcN may be uptaken and used as a potential 

substrate for matrix production, and this expression seems not to be an 

adaptation of glucose concentration.      

TABLE 9. Mean and standard deviation of GF, GlcN.HCl and GlcNAc crosstalk in monolayer 

culture 

 Control GlcN.HCl GlcNAc GF GF/GlcN.HCl GF/GlcNAc 

dsDNA 

(µg/mL) 

      

Mean 0.208 0.221 0.301 0.361 0.129 0.334 

Std. Dev.  0.139 0.067 0.092 0.182 0.203 0.063 

Resazurin       

Mean 13916.781 12407.000 14373.188 20336.469 14442,250 21146.000 

Std. Dev.  3329.452 3695.037 3386.576 1911.950 1621.649 2158.924 

Lactate       

Mean 1.015 1.035 1.239 1.371 0.693 1.529 

Std. Dev.  0.124 0.057 0.061 0.087 0.051 0.177 
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The next experiment evaluated the effect of GlcN concentration on 

chondrocyte proliferation and metabolism. High concentrations (> 5mM) 

GlcN.HCl decreased the cell concentration measured by dsDNA 

quantification in both free-serum medium and proliferative medium. Low 

concentration (< 1mM) did not have effect on dsDNA in serum-free 

medium. The same result was observed in proliferation medium, except 

for 0.5 mM, which decreased dsDNA concentration compared to control. 

The decrease of dsDNA with high concentration was followed by a 

decrease of metabolism with inhibition of resazurin redox and lactate 

production in proliferation medium. This metabolism inhibition occurred 

by cell viability decrease. In serum-free medium, just lactate synthesis 

decreased with 10 mM supplementation. On the other hand, GlcNAc 

supplementation had a positive effect. In proliferative medium, 10 mM 

GlcNAc did not alter the dsDNA, but suggestively increased the lactate 

production. Low concentrations did not alter the dsDNA and metabolism. 

The dsDNA was increased in serum-free medium with high GlcNAc 

concentration. However, a suggestive increase of lactate production was 

observed with 1 mM addition.  

The deleterious effect of high GlcN.HCl concentration observed in 

serum-free medium and opposed results with GlcNAc supplementation 

indicate that they have differential metabolic effect and suggest that 

GlcN.HCl might be related to glucose metabolism changing, as suggested 

by previous studies. Varghese and col. (VARGHESE, S. et al., 2007a) 

(2007) showed that 10 and 15 mM GlcN.HCl induced chondrocyte death 

when immediately added after cell seeding, and inhibited cell 

proliferation when added 3 and 6 days after seeding. Uitterlinden and col. 

(UITTERLINDEN et al., 2006a) (2007) showed an inhibition of bovine 

chondrocytes proliferation with 5 mM GlcN.HCl in 14 days culture, while 

the same concentration of GlcNAc did not alter the proliferation. De 

Mattei and col. (DE MATTEI et al., 2002) (2002) described that 11 mM 

GlcN.HCl inhibited lactate synthesis and cell viability. Shikhman and col. 

(SHIKHMAN et al., 2009) showed that 10 mM GlcN.HCl decrease the 

GLUT1 expression and membrane incorporation, and ATP synthesis, but 

GlcNAc did not does it.  

Glucose is the main molecule used in glycolysis reactions for energy 

obtention. The decrease of glucose uptake results in lower lactate 
production, which is the final product of glycolysis pathway. In addition, 

after cell entrance GlcN.HCl is phosphorylated by hexosamine kinase 

competing with glucose (VAN SCHAFTIGEN, 1995). The depletion of 

available hexosamine kinase reduce the phosphorylation of glucose used 
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for glycolysis. On the other side, GlcNAc (1 and 5 mM) does not compete 

against glucose, which permits the normal function of GLUT 

(SHIKHMAN et al., 2009; UITTERLINDEN et al., 2007), and it has 

much lower affinity toward glucokinase when compared to glucose and 

GlcN (MIWA et al., [S.d.]). Additionally, GlcNAc undergoes 

phosphorylation by GlcNAc kinase and does not compete with glucose 

for phosphorylation (HINDERLICH et al., 2000). This product of 

GlcNAc phosphorylation enters the hexosamine pathway more distally 

than GlcN-6 phosphate and does not possess known negative allosteric 

effects toward glucokinase (MIWA et al., [S.d.]). The none interference 

on glucose by GlcNAc supplementation agrees with the increase of lactate 

production. 

The decrease of cell proliferation and metabolism with GlcN.HCl in 

proliferative medium also suggested that beyond the effect on glucose 

metabolism, a possible inhibition of GF contained in FBS could had 

occurred.  To study this effect, just TGF-β3 and IGF-I were added to the 

medium supplemented with GlcN. The inhibition of cell proliferation was 

evident adding 1 mM GlcN.HCl to GF. The dsDNA, resazurin redox and 

lactate production was significantly reduced compared to GF alone and 

sometimes even lower than GlcN.HCl alone. The nutritional imbalance 

created by GlcN.HCl supplementation might had the same effect of 

hyperglycemia. Hyperglycemia promote suppression of the chondrogenic 

effect of GF through the O-GlcNAcylation inhibition of TGF-βr 

expression (TSAI; MANNER; LI, 2013), and inhibition of IRS-1(KLEIN 

et al., 2009) and IGF(SONG et al., 2014) phosphorylation. One more 

time, GlcNAc showed a different effect compared to GlcN.HCl. The 

addition of GlcNAc to GF did not improve cell concentration but 

increased the lactate production. It means that chondrocyte metabolism 

was increased, and more ATP needed for matrix synthesis produced. Even 

without GF, GlcNAc resulted in higher lactate production compared to 

GlcN.HCl. 

In summary, the results showed that: I) bovine chondrocytes express 

GLUT2, II) GlcN.HCl inhibits the effect of GF on cell proliferation and 

metabolism, and III) GlcNAc stimulates the metabolism.      
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CHAPTER 3 

3.1 Introduction 

Glucosamine hydrochloride inhibited the chondrocyte proliferation 

and metabolism in short-time monolayer culture when combined with 

GF, whereas GlcNAc stimulated the metabolism. However, GlcN.HCl 

and GlcNAc were not evaluated in a long-time 3D culture. The 

experiments described in this chapter aims to evaluate both GlcN on 

cartilage matrix synthesis and their interaction with GF and dynamic 

compressive loading factors. According with previous results, the 

hypothesis is that GlcNAc is a better chondrogenic factor in the two 

scenarios: associated with GF and associated with GF and compressive 

loading when compared to GlcN.HCl.   

3.2 Method 

3.2.1 Materials 

 

The medium used in this experiment had the same substances 

described in session 3.2.1. To prepare the 3D scaffold, the chitosan 

powder (99% purity and deacetylation degree) purchased from Heppe 

Medical Chitosan GmbH (Germany) and glutaraldehyde solution 

purchased from Sigma Aldrich (Germany) were used.  

For histological evaluation were used hematoxylin, eosin, and alcian 

blue, all purchased from Sigma Aldrich (Germany). 

Immunohistochemistry was evaluated with rabbit polyclonal anti-

collagen I (Abcam AB34710, Germany), secondary polyclonal antibody 

Goat Anti-rabbit IgG H&L (Biotin) (Thermo Scientific, Germany), 

mouse polyclonal anti-collagen 2 (R&G systems, Germany), secondary 

polyclonal antibody anti-Goat/Sheep IgG (R&D systems), and Harris 

modified hematoxylin (Thermo Scientific, Germany). The material used 

for immunohistochemistry preparation: pierce peroxidase 

immunohistochemistry detection kit (Thermo Scientific, Germany), 4% 

formaldehyde (Histofix; Carl Roth, Germany), thermo hier buffer H 
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(Thermo Scientific, Germany), tris-buffered saline, tween-20 detergent, 

streptavidin-poly-horseradish peroxidase (Thermo Scientific, Germany), 

and Bluing Buffer (Thermo Scientific, Germany).   

 

3.2.2 Chitosan 3D scaffold synthesis 

 

Porous chitosan sponge scaffolds were produced as described before 

(HOFFMANN et al., 2009). One percent of Chitosan powder was 

solubilized in 100 mL of 2% 0.1 N HCl/deionized water solution at room 

temperature, for 12 hours under stirring.  The pH of the solution was 

adjusted to 5 adding 1N NaOH solution to permit the crosslink reaction. 

Chitosan was crosslinked adding 1% glutaraldehyde at 1:1 proportion for 

30 minutes under stirring at room temperature. For each scaffold, 1 mL 

of chitosan/glutaraldehyde gel was added to a mold with 4 mm height and 

14 mm diameter. The gel was frozen for 12 h at -25°C, and lyophilized 

(Alpha1-4®, Christ, Germany) for 12 h at -50°C and 40 bar pressure to 

obtain the sponge scaffold. The sterilization was performed with gamma 

irradiation.  The external and microstructure view of scaffold can be 

observed in Figure 16.     

 

 
Figure 16. External and microstructure view of chitosan scaffolds  

 
Legend: magnification 200x, scale bar 500 µm. 

 

3.2.3 Cell cultivation in 3D scaffold  

 

The first procedure for cell culture in bioreactors was to wash the 

scaffolds in DMEM/F12 medium to balance the pH to 7.4 before cell 
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seeding, since the acid remained from the synthesis process decrease the 

pH of scaffold and kill the cells. The scaffolds were deposited in wells of 

24 well plate and immersed into the medium for 30 minutes. The medium 

changed every time it became yellow, totalizing 3 times. In the last time 

the scaffolds were incubated for 12 hours.  

The chondrocytes used for this experiment were cultivated till 

passage 4 to 9. The cells were trypsinized for 5 minutes and trypsin 

blocked with addition of 5 mL serum medium. One milliliter of cell 

suspension was aliquoted for cell counting in hemocytometer. The 

volume of medium requested to obtain 7 x 106 cells were aliquoted in a 

tube and centrifuged at 200 g for 5 minutes. For each bioreactor setting, 

the cell pellet was resuspended in 700 µL of proliferation medium 

composed of DMEM/F12 high glucose supplemented with 10% FBS, 

0.1% AlbuMax, 1% penicillin/streptomycin, 1% transferrin-selenite.   

The medium used to wash the scaffolds was aspired, 1 x 10-6 bovine 

chondrocytes suspended in 100 µL medium homogeneously seeded on 

top of each quarter of scaffold, and incubated for 20 minutes at 37°C, 5% 

CO2 to allow cell adhesion. After adhesion, 1 mL of proliferation medium 

composed of DMEM/F12 high glucose supplemented with 10% FBS, 

0.1% AlbuMax, 1% penicillin/streptomycin, 1% transferrin-selenite was 

added to each well, and the samples were incubated for 24 hours at 37°C 

and 5% CO2 to stimulate cell proliferation. For each bioreactor setting, 6 

scaffolds were seeded, 2 remaining in 24 well plate as control, and 4 

transferred into the bioreactor.  

The bioreactor setting without compression can be observed in 

Figure 17.A. The chamber is composed of poly(ether ether ketone) with 

dimension of chambers of 17 mm diameter and 7 mm height. A pump is 

used make the medium flow. The medium perfuses the chamber through 

the upper part and leave by the inferior part. A inside view of the chamber 

is shown in Figure 17.C.  

The cell/scaffold construct was cultivated for 30 days in serum-free 

medium supplemented with GlcN.HCl, GlcNAc, GF, GF + GlcN.HCl, 

and GF + GlcNAc; pure serum-free medium served as control. The same 

concentration used chapter 3, 5 ng.mL-1 TGF-β3 and 10 ng.mL-1 IGF-I, 

was added in each group. The 1 mM GlcN.HCl and GlcNAc 

concentrations were defined in monolayer experiment described above. 
A total of 200 mL medium per bioreactor was used perfused at velocity 

of flow of 1 mL.min-1 adjusting the pump to 10 rpm. 

The compression bioreactor is shown in Figure 17.B. The same 

chamber is used for compression stimulation, except for a hole in the 
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upper part for the silicon cylinder occupy the chamber. The silicon is 

placed between the upper part of the chamber and the blue plate and has 

also the role to seal the chamber; The silicon cylinder is pushed toward 

the chamber by the displacement of the upper plate which provides the 

contact between the pin and the silicon. The protocol used for 

compressive loading was defined in previous study performed in Biomed-

center (unpublished data). The cell/scaffold construct was submitted to 3 

cycles of loading ON at 1Hz and strain of 0-10% of scaffold thickness 

(0.4 mm of scaffold height) for 1 hour, followed by 2 loading OFF resting 

cycle of 1 hour each and 1 cycle of 7 hours. The adjustment of 

compression was performed using a digital caliper. 

 
Figure 17. A) Bioreactor setup. B) Compression bioreactor. C) Inside 

chamber scaffold view 

 
 

3.2.4 Histology and immunohistochemistry  

 

The cell/scaffold samples were fixed in 4% formaldehyde for 12 

hours, cutted in half, and the half part was cutted. The half part and one 

quarter were used for histology and immunohistochemistry, the other 
quart part used for SEM analysis. The samples were disposed in cassettes 

and embedded in paraffin in an automated histoprocessing machine for 

36 hours, as follow: 50% alcohol for 4 hours, 75% alcohol for 3 hours, 

100% alcohol for 7:30 hours, xylene for 9 hours, and paraffin for 8 hours. 
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The samples were disposed in horizontal and transversal, blocked in 

paraffin, and cutted in 6 mm slices. The slices were stretched in water 

bath at 45 °C, and positioned on top of glass slides surface previously 

coated with poly-L-lysin. The slides were deparaffinized in xylene for 15 

min, hydrated in alcohol 100% for 10 min, 95% 5 min, 80% 5 min, 70% 

5 min, 50% 5 min, and 5 min in deionized water. 

Four staining method were used: Hematoxilin & Eosin and Giemsa 

for cell concentration, Alcian Blue 2.5 pH for proteoglycans, and Alcian 

Blue 1 pH for sulphated proteoglycans. After washed in deionized water, 

the samples were immersed in Hematoxilin Mayer for 15 min, rinsed in 

tapper water to neutralize the pH, immersed in bluing solution for 10 min, 

followed by Eosin 1 minute. The samples were rinsed again in deionized 

water, hydrated in 96% alcohol for 5 min, 100% alcohol for 5 min, and 

30 min in xylene. Giemsa staining was performed immersing for 1h, and 

the differentiation between nuclei and cytoplasm washing in 3% acid 

acetic solution. The slides were dehydrated in 96% and 100% alcohol for 

5 min each and clarified in xylene for 30 minutes. For the evaluation of 

proteoglycan synthesis, the samples were rinsed in 3% Acid Acetic for 3 

minutes, stained with Alcian Blue 2,5 pH staining for 45 minutes. For 

sulphated proteoglycans, the samples were rinsed one time in 0.1 N HCl 

and immersed in Alcian Blue 1 pH solution for 2 hours. All samples 

stained with Alcian Blue were washed 3 times in deionized water, 

dehydrated in 50%, 75%, 80%, 95% and 100% alcohol solution for 3 

minutes each, and clarified in xylene for 30 minutes. The slides were 

sealed with a coverslip on top.   

The synthesis of collagen 1 and collagen 2 was evaluated through 

immunohistochemistry. The peroxidase labeled streptavidin-biotin 

detection system was performed in a similar process described in GLUT-

2 preparation experiment. The slides were deparaffinized in xylene for 30 

minutes, and rehydrated in 100% alcohol for 10 minutes, and 96%, 80%, 

70%, 50% alcohol and distil water for 5 minutes each. The epitope was 

retrieved with Thermo Hier buffer H solution in a water bath at 100°C for 

40 minutes and cold for 15 minutes. The peroxidase enzyme was 

suppressed incubating the samples for 30 minutes at room temperature 

with blocking buffer solution. The samples were washed with Tris-

buffered saline with 0.05% Tween-20 detergent 3 times for 3 minutes 
each time. For collagen I staining, 100 µL per slide of primary antibody 

at 2 µg. mL-1 was solubilized in a solution containing 1% FBS in PBS and 

added to positive samples. For collagen II, 100 µL per slide at 5 µg. mL-

1 concentration of primary antibody solubilized in 1% FBS in PBS were 
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added. One hundred microliters of 1% FBS diluted in PBS solution were 

added to negative control samples. All samples were incubated at room 

temperature for 40 minutes.  

After primary antibody, the same washing procedure with Tris-

buffered solution was repeated, 100 µL per slide of secondary polyclonal 

antibody Goat/Rabbit IgG H&L (Biotin) at concentration of 2 µg. µL-1  

solubilized in 1% FBS / PBS solution were added for collagen I samples, 

and 100 µL per slide of secondary polyclonal antibody Anti-Goat/Sheep 

IgG (25 ug) at concentration of 2 µg. µL-1 solubilized in 1% FBS / PBS 

solution were added to collagen II samples. The samples with each 

antibody were incubated for 30 minutes at room temperature. The 

washing process repeated, and 100 µL per slide of Streptavidin-poly-

Horseradish Peroxidase at 1:250 dilution in 1% FBS/PBS solution were 

added and incubated for 30 minutes at room temperature. The washing 

process repeated again, and 100 µL per slide of DAB substrate solubilized 

in peroxidase buffer at a concentration of 100 µL.mL-1 was added and 

incubated for 15 minutes at room temperature to detect the chromogen 

agent of horseradish peroxidase. The samples were washed with 

deionized water 3 times for 3 minutes each time, counterstained with 

Harris modified hematoxylin for 1 minute, washed with deionized water 

3 times for 3 minutes each time, the pH was neutralized with Bluing 

Buffer (Thermo Scientific, Germany) for 10 minutes, and rinsed with 

deionized water one time. The slides were sealed with a coverslip on top.   

3.2.5 Image evaluation 

 

The sample images of samples submitted to supplementation without 

compression were obtained in BX41® light microscope (Olympus) while 

the images of samples submitted to compression were obtained in 

Axioplan 2® microscope (Zeiss, Germany). The images were evaluated 

in free Fiji ImageJ software. In each microscope the configuration used 

for image obtention was standardized. A plugin for each staining 

substance, available in the software, deconvoluted the images in blue, red 

and green colors. The blue images were related to cells and proteoglycans 

staining. The color threshold was applied to obtain the histogram of 

pixels. The pixels not related to the interest area were cutted of, and the 

relative remained area measured. The pixel cutoff or area selection was 

defined comparing the original and deconvoluted image. One image of 

each sample obtained in transversal plane of scaffold was used to quantify 

the relative area.      
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3.2.6 Scanning electron microscopy 

 

The quarter part of each sample used for electron microscopy 

evaluation were fixed in aqueous 0,2M sodium cacodylate trihydrate 

containing 1% glutaraldehyde, 2% formaldehyde and 5% sucrose solution 

for 4h, followed by an equal fixation period in 0.2 M sodium cacodylate 

trihydrate, 3% glutaraldehyde, and 3% formaldehyde solution. The 

samples were dehydrated in 50%, 75%, 80%, 90%, and 100% acetone for 

1 hour in each solution, dried in an overcritical process of CO2 (Drehzah 

Eletronic, Germany) and sputter-coated (LOT Quantum Design, 

Germany) with carbon and gold. The images were obtained applying 

beam of 15 kV in JEOL 6330 scanning electron microscope (Thermo 

Scientific, Germany).    

3.2.7 Statistical analysis  

 

The relative area of cells and proteoglycan synthesis among groups 

were compared applying one factor analysis of variance (ANOVA). The 

homogeneity of variance was checked through Levene’s test and the 

linear distribution of standardized residuals. The pairwise Tukey’s test 

was used when the P was below 5%, which was the significance level set. 

For comparisons between 2 means, a t student test was applied after 

checking the homoscedasticity of variance with F statistic test. The 

significance level was set at 5%. For all analysis, the bicaudal test was 

used.    

3.3 Results  

3.3.1 Effect of GlcN.HCl, GlcNAc and GF crosstalk on cell 

proliferation and matrix synthesis in static 3D scaffold 

culture 

 

Although the sample size of each group was set as 4, one chamber of 

the bioreactors of GF and GF/GlcN groups had the tube of perfusion 

system blocked by pieces of chitosan, resulting in low perfusion and no 

cell growth. Therefore, the samples number 4 of both groups were 

excluded for the analysis. 
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Evaluation of cell proliferation  

The increased concentration and metabolism obtained with 1 mM 

GlcNAc supplementation without GF compared to GlcN.HCl in 

monolayer culture were not observed in chondrocytes cultivated in 3D 

chitosan scaffolds for 30 days. The Figure 18 shows the Hematoxylin & 

Eosin stain of 4 samples of each group, control (A), GlcN.HCl (B), and 

GlcNAc (C). The cell growth was similar in scaffolds without 

supplementation (control) and supplemented with GlcN.HCl or GlcNAc. 

The images A.1, B.1 and B.2, and C.1 and C.2 show the formation of a 

similar thin cell layer on top of chitosan scaffold. The other samples of 

all groups showed a similar cell concentration compared to the scaffold 

evaluated with cells immediately seeded (cultured for 24h) (Figure 19).  

The quantification of relative area occupied by cells did not show 

difference between the groups. 
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Figure 18. Cell concentration evaluated with Hematoxylin & Eosin staining  

 
Legend: A = control, B = GlcN.HCl, and C = GlcNAc, purple dots indicated 

by black arrow show cells, and pink color shows chitosan fibers (transversal 

scaffold view, magnification 100x; scale bar: 300µm). 
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Figure 19. Cell concentration 24h after seeding process with Hematoxylin & 

Eosin staining 

 

 
 Legend: purple dots indicated by black arrow show cells, and pink color 

shows chitosan fibers (transversal scaffold view, magnification 100x; scale 

bar: 300µm). 

 

 

The cell growth with GF was clearly higher than those observed in 

groups without GF (P < 0.05). All samples supplemented with GF (D), 

GF/GlcN.HCl (E), and GF/GlcNAc (F) demonstrated a complete 

covering of superficial chitosan layers, with cells growing and spreading 

to deeper layers, excepting the samples D.4 and E.4 not submitted to 

medium perfusion (Figure 20). The inhibitory effect of GlcN.HCl on GF 

stimulation reported in monolayer experiments in chapter 3 was not 

observed in 3D culture. On the contrary, GlcN.HCl stimulated the cell 

proliferation compared to GF alone (P < 0.001), as observed in Figure 21. 

The cells in GF/GlcN.HCl were more homogenously spread into the inner 

of scaffold compared to GF samples, which demonstrated few clamps. 

Analyzing the GF/GlcNAc samples, the cell layer and distribution were 

distinctly higher compared to GF and GF/GlcN.HCl (P < 0.001). The 

addition of GlcNAc resulted in a thicker cell layer on top of scaffold was 

thicker and in layers immediately below the scaffold surface. The 

exception was sample 4 which resulted in significantly lower cell 

proliferation compared to samples 1 to 3. A probable reason to explain 

this lower cell proliferation is the decrease of perfusion by a partial but 

not completed tube blockage that was not detected or by a fail of the 

system to pump the medium of this chamber. A clip presses the tube 

against the roller to promote the medium flow toward each chamber. The 

pressure might be released decreasing the perfusion. Therefore, to 
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understand that it not represents the cell proliferation of the group, this 

sample was not included in statistical analysis.  

     
Figure 20. Cell concentration evaluated with Hematoxylin & Eosin        

staining 

  

 
Legend: purple dots indicated by black arrows show cell growth, and pink 

shows chitosan fibers. D = GF, E = GF/GlcN.HCl, and F = GF/GlcNAc. 

(transversal scaffold view, magnification 100x; scale bar: 300µm). 
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Figure 21. Quantification of cell proliferation 

 

 
Legend: F statistic, P < 0.001. * - P < 0.001, compared to all groups. ** - P < 

0.001, compared to GF, GlcNAc, GlcN.HCl, and control. # - P < 0.01, 

compared to control. § - P < 0.05, compared to GlcN.HCl and GlcNAc. 

 

 

The Table 10 summarize the data of Figure 21. The statistical data 

can be found in Appendix H. 

 
TABLE 10. Mean and standard deviation of relative cell area (%)  

 Control GlcN.HCl GlcNAc GF GF/GlcN.HCl GF/GlcNAc 

MEAN  0.204 0.329 0.642 2.407 5.309 9.463 

STD. 

DEV.  

0.228 0.203 0.527 0.264 1.064 0.753 

 

 

Evaluation of proteoglycan synthesis 

The low number of cells in samples cultivated without GF resulted 

in a low production of non-sulphated proteoglycans and therefore was not 

quantified (Figure 22). The images A.1, B.2, and C.1 show a proteoglycan 

production on top of scaffolds, which is the area with more cell 

concentration. The other samples did not show a significant staining, 

which made it impossible to quantify the area. 
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Figure 22. Synthesis of non-sulphated proteoglycans stained by alcian blue 

pH 2.5 

 
Legend: The black arrow indicates the proteoglycan layer on top of scaffolds.  

A = control, B = GlcN.HCl, and C = GlcNAc. (transversal scaffold view, 

magnification 100x; scale bar: 300µm). 

 

 

The samples submitted to GF showed an important non-sulphated 

proteoglycan synthesis, as observed in Figure 23. The addition of GlcNAc 

to GF (F.1 to F.3) resulted in the highest proteoglycan synthesis, with 

scaffold surface and deep layers completely stained as can be observed in 

images F.1 and F.2. It is possible to note a heterogeneity of sample within 

the GF/GlcNAc group. The sample F.2 showed the highest staining, while 

the sample F.4 showed the lowest staining. The GF samples (D.1 to D3) 
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also demonstrated a critical and homogenous staining, filling completely 

the scaffold surface and proteoglycan cluster in deeper layers. The 

GF/GlcN.HCl group showed a heterogeneous staining. Despite GlcN.HCl 

stimulate cell proliferation, the samples E.1 and E.2 did not show a strong 

staining, while the sample E.3 had a strong staining. The sample E.4 was 

not stained. Due to the heterogeneity, the relative staining area was 

similar among the groups (P = 0.174) (Figure 24). The addition of 

GlcNAc resulted in the highest production of proteoglycan, followed by 

GF and GF/GlcN.HCl. For the statistic, the sample 4 of all groups were 

discarded.        
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Figure 23. Synthesis of non-sulphated proteoglycans stained by alcian blue 

pH 2.5 

 
Legend: Blue color indicates non-sulphated proteoglycan matrix and brown 

color the chitosan scaffold fibers. D = GF, E = GF/GlcN.HCl, and F = 

GF/GlcNAc. (transversal scaffold view, magnification 100x; scale bar: 

300µm).  

 

 

 



114 
 

 
 

Figure 24. Quantification of non-sulphated proteoglycan synthesis 

  
Legend: F statistic = 0.174.  

 

 

The Table 11 summarizes the data of Figure 24. The statistical data can 

be found in Appendix H. 
TABLE 11. Mean and standard deviation of relative proteoglycan area (%) 

 GF GF/GlcN.HCl GF/GlcNAc 

MEAN  6.670 5.071 11.956 

STD. DEV.  2.261 4.191 5.842 

 

 

Similar to non-sulphated proteoglycans, the synthesis of 

sulphated proteoglycan could be observed just in sample A.1 of control, 

B.2 of GlcN.HCl, and C.1 of GlcNAc groups without GF (Figure 25). The 

staining was weak in those samples, being identified by a thin layer on 

scaffold surface (black arrows). The images of the other samples were 

omitted due to the absence of staining and irrelevance for the analysis, 

since the staining could not be quantified.   
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Figure 25. Synthesis of sulphated proteoglycans stained by alcian blue pH 1 

 
Legend: The black arrow indicates the proteoglycan layer on top of scaffolds. 

A = control, B = GlcN.HCl, and C = GlcNAc. (transversal scaffold view, 

magnification 100x; scale bar: 300µm). 

 

 

A clear staining of sulphated proteoglycans was observed in samples 

supplemented with GF (Figure 26, black arrows). However, it could not 

be quantified due to the pale staining, which makes the pixels of matrix 

similar to background. Over again, GlcNAc showed the most pronounced 

staining, followed by GF samples and GlcN.HCl. Sulphated 

proteoglycans are the most frequent type in cartilage. The samples 4 of 

all groups were not show because the pattern was already demonstrated 

in non-sulphated proteoglycan images.   
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Figure 26. Sulphated proteoglycan synthesis stained with alcian blue pH1 

 
Legend: The black arrow indicates the proteoglycan layer on top of scaffolds. 

D = GF, E = GF/GlcN.HCl, and F = GF/GlcNAc. (transversal scaffold view, 

magnification 100x; scale bar: 300µm). 

 

 

Evaluation of COL1 and COL2 synthesis  

Glucosamine molecules are not a substrate for protein synthesis. 

Nevertheless, the presence of COL1 could be observed in superficial 

layers of scaffolds in images B.1 and C.1 (Figure 27, Black arrow) of 

samples submitted to GlcN.HCl and GlcNAc. The cells of control (A.1) 

did not produce COL1. Thus, the supplementation seems to stimulate the 

COL1 synthesis. On the other hand, despite stimulate COL1, GlcN.HCl 

and GlcNAc did not stimulate COL2. The synthesis of COL2 was not 

observed in all samples without GF (Figure 28). In these sample, the 

medium used did not contain any molecule able to stimulate the synthesis 

of COL2, which is a marker of chondrocyte phenotype. The absence of 

COL2 means that GlcN.HCl and even GlcNAc are not a molecule able to 

stimulate cell differentiation. The images of negative control used to 
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check the staining quality can be observed in Appendix I. The samples 2, 

3, and 4 of all groups were not stained due to the low cell quantity. 

 
Figure 27. Collagen type I synthesis   

 
Legend:  A.1 = control, B.1 = GlcN.HCl and C.1 = GlcNAc sample. The 

black arrow indicates the COL1 layer on top of scaffolds. (transversal 

scaffold view, magnification 100x; scale bar: 300µm). 

 
Figure 28. Collagen type II synthesis 

 
Legend: The brown staining shows chitosan matrix. A.2 = control, B.1 = 

GlcN.HCl, and C.1 = GlcNAc. (transversal scaffold view, magnification 

100x; scale bar: 300µm).  

 

 

All the samples submitted to GF supplementation showed COL1 

synthesis around the cells, as indicated by black arrow in Figure 29. The 

also brown staining of chitosan (blue arrows) by immunohistochemistry 

process made it impossible to differentiate the pixels and quantify the 

matrix synthesis. However, the presence of COL1 indicates the existence 

of dedifferentiate cells. The images of negative control used to check the 

staining quality can be observed in Appendix I. The samples 4 of GF and 

GF/GlcN.HCl were not stained due to the absence of cells. 
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Figure 29. Collagen type I synthesis   

 
Legend: The black arrow shows COL1 staining and blue arrows shows 

chitosan matrix. D = GF, E = GF/GlcN.HCl, and F = GF/GlcNAc. 

(transversal scaffold view, magnification 100x; scale bar: 300µm). 

 

 

The presence of COL2 was also observed in all samples 

supplemented with GF, independently of GlcN.HCl and GlcNAc 

supplementation (Figure 30). It confirms the presence of chondrocytes in 

all samples, and in addition proves that the GF responsible for COL2 

production was not inhibited. The images of negative control used to 

check the staining quality can be observed in Appendix I. The samples 4 

of GF and GF/GlcN.HCl were not stained due to the absence of cells.  
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Figure 30. Collagen type II synthesis 

 
Legend: The black arrow shows COL2 staining and blue arrows shows 

chitosan matrix. D = GF, E = GF/GlcN.HCl, and F = GF/GlcNAc. 

(transversal scaffold view, magnification 100x; scale bar: 300µm). 

 

 

Scanning Electron Microscopy - SEM  

The images obtained with SEM technique confirmed the cell 

deposition and matrix synthesis production (yellow arrows) on top of 

chitosan fibers (black arrows) (Figure 31). The control (A), GlcN.HCl (B) 

and GlcNAc (C) did not fill the scaffold surface. Small cell and matrix 

clusters were observed on top of scaffold. Similar to the histological 

results, the cell growth and matrix production were higher in samples 

supplemented with GF (D). The cells and matrix filled almost all the 

scaffold surface, with porosity being observed such as in the 

GF/GlcN.HCl sample (E). Cells and matrix filled the scaffold surface and 

no porosity was observed in GF/GlcNAc group.        
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Figure 31. Scanning electron microscope images of control (A), GlcN.HCl 

(B), GlcNAc (C), GF (D), GF/GlcN.HCl (E) and GF/GlcNAc samples 

 
Legend: The yellow arrow shows cells and matrix, while black arrows shows 

chitosan fibers. (Upper view of scaffold, magnification 400x; scale bar: 

300µm). 

 

 

3.3.2 Effect of GlcN.HCl, GlcNAc and GF crosstalk on cell 

proliferation and matrix synthesis in 3D scaffold culture with 

compression loading  

The sample 2 of GF/GlcNAc/Load group had a perfusion blockage 

caused by chitosan pieces and was not considered for analysis. All the 

other groups did not have any problems; thus, 4 samples for each group 

were analyzed.  

 

Evaluation of cell proliferation  

The cell concentration of groups without GF supplementation are 
summarized in Figure 32. Cell clusters were evident in all control 

samples, being higher in sample A.1 The samples submitted to GlcN.HCl 

and GlcNAc supplementation showed some cluster of cells, which were 

more evident in GlcNAc group. In GlcN.HCl/Load group the cells were 

observed mainly in samples 1 and 3. Whereas it was possible to observe 
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the clusters in all samples in GlcNAc group. The cell concentration was 

to low that was not able to quantify them. 

  
Figure 32. Cell concentration evaluated with Hematoxylin & Eosin staining 

 
Legend: purple dots indicated by black arrow show cell cluster, and pink 

color shows chitosan fibers. B = GlcN.HCl/Load., C = GlcNAc/Load. 

(transversal scaffold view, magnification 100x; scale bar: 300µm). 

 

 

The samples submitted to GF/Load interestingly did not show a cell 

growth (Figure 33), which was similar to the samples without GF. The 

samples submitted to GF/GlcN.HCl/Load and GF/GlcNAc/Load showed 

higher cell concentration compared to samples submitted to loading 

without GF supplemented with GlcN.HCl or GlcNAc and compared to 

GF/Load. A cell layer on top of scaffold (black arrow) with cells 
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distributed in deep layers where observed in GF/GlcN.HCl/Load group. 

The sample E.1 and E.4 of GlcN.HCl showed a thicker cell layer 

compared to samples E.1 and E.4.  A pronounced cell layer was observed 

on top of GF/GlcNAc/Load group. However, the cells were well 

distributed inside the scaffolds. Comparing both groups, there was no 

difference in relative cell area (P = 0.362) (Figure 34).   
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Figure 33. Cell concentration evaluated with Hematoxylin & Eosin staining 

 
Legend: purple dots indicated by black arrow show cell cluster, and pink 

color shows chitosan fibers. D = GF, E = GF/GlcN.HCl/Load., and F = 

GF/GlcNAc/Load. (transversal scaffold view, magnification 100x; scale bar: 

300µm). 
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Figure 34. Quantification of cell proliferation 

 

 
Legend: F test for variance homogeneity P = 0.899; t test, P = 0.362.  

 

 

The Table 12 summarize the cell relative area data. 

 
TABLE 12. Mean and standard deviation of relative cell relative area (%) 

 GF/GlcN.HCl/Load GF/GlcNAc/Load 

MEAN  15.807 17.981 
STD. DEV.  3.003 2.573 

 

 

Evaluation of proteoglycan synthesis  

Due to the very low cell concentration in groups control, GlcN.HCl, 

and GlcNAc submitted to loading, and in GF/Load group, it was expected 

that the synthesis of matrix should be also very low. Thus, one sample of 

each group was selected to confirm the low matrix synthesis. The non-

sulphated proteoglycan was stained with alcian blue pH 2.5 because of 

more pronounced staining confirming the expected absence of matrix 

(Figure 35). Therefore, the absence of cells and non-sulphated 

proteoglycan synthesis discourage the evaluation of sulphated 

proteoglycan, COL1 and COL2 in these groups. 
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Figure 35. Synthesis of non-sulphated proteoglycans stained by alcian blue 

pH 2.5 

.  
Legend: Blue color and black arrow indicate non-sulphated proteoglycan 

matrix and brown color the chitosan scaffold fibers. A = Control/Load., B = 

GlcN.HCl/Load, C = GlcNAc/Load., and D = GF/Load. (transversal scaffold 

view, magnification 100x; scale bar: 300µm). 

 

The samples submitted to loading and supplemented with 

GF/GlcN.HCl and GF/GlcNAc showed a well-defined deposition of non-

sulphated proteoglycan on surface layer (Figure 36). It can be observed 

in samples E.1, E.2 and E.4 with GlcN.HCl supplementation as indicated 

by black arrow. The same strong staining was observed in samples F.1, 

F.3 and F.4 submitted to GlcNAc supplementation. No staining was 

observed in F.2 sample. The quantification of relative area confirmed a 

high non-sulphated proteoglycan synthesis with GlcNAc 

supplementation, however, it was not significant (P = 0.400) (Figure 37).      
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Figure 36. Synthesis of non-sulphated proteoglycans stained by alcian blue 

pH 2.5 

 
Legend: Blue color and black arrow indicate non-sulphated proteoglycan 

matrix and brown color the chitosan scaffold fibers. E = GF/GlcN.HCl/Load, 

and F = GF/GlcNAc/Load. (transversal scaffold view, magnification 100x; 

scale bar: 300µm). 
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Figure 37. Quantification of non-sulphated proteoglycan synthesis 

 

 
 Legend: F test for variance homogeneity, P = 0.178; t test, P = 0,596. 
 

 

The Table 13 summarize the non-sulphated proteoglycan relative area 

data. 

 
TABLE 13. Mean and standard deviation of relative non-sulphated proteoglycan area (%) 

 GF/GlcN.HCl/Load GF/GlcNAc/Load 

MEAN  4.564 5.414 

STD. DEV.  1.135 2.782 

 

 

The synthesis of sulphated proteoglycan is summarized in Figure 38. 

A visible deposition of sulphated proteoglycan on top of scaffold was 

observed in samples E.2, E.3 and E.4 of GF/GlcN/Load samples as 

indicated by black arrow. The layer was not strong in sample E.1. The 

proteoglycan layer was stronger in samples F.1, F.3 and F.4 samples of 

GF/GlcNAc/Load group.   
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Figure 38. Sulphated proteoglycan synthesis stained with alcian blue pH1 

 
Legend: The black arrow indicates the proteoglycan layer on top of scaffolds. 

E = GF/GlcN.HCl/Load, and F = GF/GlcNAc/Load. (transversal scaffold 

view, magnification 100x; scale bar: 300µm). 

 

 

Evaluation of COL1 and COL2 synthesis  

The synthesis of COL1 was observed in all samples of 

GF/GlcN.HCl/Load and GF/GlcNAc/Load groups, except for the sample 

F.2 of GlcNAc group (Figure 39). The formation of a thin COL1 layer on 
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top of scaffolds were observed in samples E.1 e E.4 of GlcN.HCl group 

and F.1 in GlcNAc group. The other samples showed a more spread 

COL1 fibers in deeper layers. Therefore, a clear difference between 

GlcN.HCl and GlcNAc supplementation on COL1 synthesis could not be 

determined. Negative staining can be observed in Appendix K.      
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Figure 39. Collagen type I synthesis 

 
Legend: The black arrow shows COL1 staining and blue arrows shows 

chitosan matrix. E = GF/GlcN.HCl/Load, and F = GF/GlcNAc/Load. 

(transversal scaffold view, magnification 100x; scale bar: 300µm). 

 

The COL2 staining was performed, but it was not able to observe any 

stain in GF/GlcN.HCl/Load and GF/GlcNAc/Load groups (Figure 40). 

Negative staining can be observed in Appendix K.      
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Figure 40. Collagen type II evaluation 

 
Legend: The black arrow shows what supposed should be COL2 fibers that 

were not brown due to the failure of the staining process. E = 

GF/GlcN.HCl/Load, and F = GF/GlcNAc/Load. (transversal scaffold view, 

magnification 100x; scale bar: 300µm). 

  

Scanning Electron Microscopy 

All samples are summarized in SEM images showing one sample of 

each group (Figure 41). The surface of control group showed few cells 

spaced one from each other (yellow arrow) and no matrix production. The 

black arrow indicates chitosan fibers. The same pattern was observed with 

GlcN.HCl supplementation and loading. The supplementation with 

GlcNAc showed the formation of cell clusters, with matrix production 

around the cluster. This image corroborates the images observed in HE 

staining. Opposed to the histological staining, the sample 2 of GF/Load 

group showed one cell cluster. The cell proliferation and matrix synthesis 

of GF/GlcN.HCl/Load and GF/GlcNAc/Load samples were confirmed.               
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Figure 41. Scanning electron microscope images of control/Load (A), 

GlcN.HCl/Load (B), GlcNAc/Load (C), GF/Load (D), GF/GlcN.HCl/Load 

(E) and GF/GlcNAc/Load samples 

 
Legend: The yellow arrow shows cells and eventually matrix, while black 

arrows shows chitosan fibers. (Upper view of scaffold, magnification of 

400x, scale bar 300 µm). 

 

3.4 Discussion 

 

The aim of this chapter was to evaluate the effect of GlcN.HCl and 

GlcNAc under and without the stimulation with GF and compressive 

loading. The results obtained with samples cultivated without 

compression and GF suggested that GlcN.HCl and GlcNAc had no a 

significant effect on cell proliferation and so in matrix synthesis compared 

to control group. The result was similar to that observed in monolayer 

culture, where there was no difference of cell quantity after 48h 

cultivation among the groups adding 1 mM. As expected, the cell 

proliferation and matrix production were strongly stimulated by GF 
compared to all the samples without GF. The inhibition of the stimulatory 

effect of GF on cell proliferation in monolayer cultures with addition of 

GlcN.HCl was not observed in 3D culture. Actually, the effect of 

GlcN.HCl was opposed to the expected. Glucosamine hydrochloride 
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significantly enhanced the cell concentration when added to GF compared 

to GF alone. The cell layer formation on top of chitosan scaffold was 

ticker and the cell distribution in deep layers more regular.  

Interestingly, this higher cell concentration was not traduced in 

higher proteoglycan synthesis, since there was no difference between GF 

and GF/GlcN.HCl. This suggests that GlcN.HCl was not used as a 

substrate for proteoglycan synthesis. The concentration of GlcN is very 

low in cartilage, and glucose is the main substrate for biosynthesis via 

HBP. Nevertheless, studies that have reported biosynthesis impairment, 

have suggested a modification of glucose metabolism with GlcN.HCl 

supplementation. GlcN increases the post-translational inhibition of IRS-

147 and IGF-Ir (SONG et al., 2014), which results in insulin resistance, 

decreased glucose uptake (VOSSELLER et al., 2002), and 

downregulation of the expression of GLUTs with higher affinity for 

glucose via depletion of the ATP and hexosamine pathways (HENROTIN 

et al., 2013; MROZ; SILBERT, 2004; SHIKHMAN et al., 2009). 

Furthermore, upon entering the cell, GlcN undergoes phosphorylation by 

glucokinase and competes with glucose for binding to glucokinase 

enzyme (UITTERLINDEN et al., 2007). Without enzyme available, the 

glucose metabolization is inhibited. 

Opposed to GlcN.HCl, an even stronger anabolic effect was 

observed with GlcNAc supplementation. The addition of GlcNAc to GF 

in the long-time culture strongly improved the cell growth and 

proteoglycan synthesis compared to GF/GlcN.HCl and GF alone. Once 

again, these results support the differential metabolic effect between 

GlcN.HCl and GlcNAc as observed in monolayer experiment and in 

previous studies (HINDERLICH et al., 2000; MIWA et al., [S.d.]; 

SHIKHMAN et al., 2009) Beyond not interfere in the use of glucose for 

matrix production, the cells might had recruited GlcNAc to improve the 

production proteoglycan.     

The natural cartilage matrix is mainly composed of COL2 with very 

small amounts or absence of COL1 (GELSE; PÖSCHL; AIGNER, 2003). 

The synthesis of COL2 during chondrogenesis is mediated by GF. The 

cells under the influence of GF, and GF supplemented with GlcN.HCl or 

GlcNAc without compression synthesized both COL1 and COL2. The 

presence of COL2 confirmed the maintenance of chondrocytic phenotype 
and reinforced the non-inhibitory effect of GlcN.HCl and GlcNAc on GF. 

However, the synthesis of COL1 indicated the existence of 

dedifferentiated cells. Without GF, GlcN.HCl and GlcNAc only slightly 

stimulated the synthesis of COL1. The absence of COL2 synthesis 
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indicates that the upregulation of TGF-β3 expression observed in 

previous studies  with GlcN.HCl supplementation (ALI et al., 2011) did 

not increase the COL2 biosynthesis in fact.  

The difference between GlcN.HCl and GlcNAc on cell growth and 

matrix synthesis has been reported in previous monolayer and 3D culture 

studies. Whereas small concentrations of GlcN.HCl (0.5 and 5 mM) 

inhibited cell growth (DE MATTEI et al., 2002; TERRY et al., 2007) and 

decreased lactate and glycosaminoglycan synthesis (DE MATTEI et al., 

2002; NAKATANI et al., 2007; UITTERLINDEN et al., 2007), GlcNAc 

did not alter the proliferation (NAKATANI et al., 2007; TERRY et al., 
2007) and proteoglycan synthesis (TERRY et al., 2007; 

UITTERLINDEN et al., 2006a, 2007). However, contradicting results 

with GlcN.HCl supplementation were also recorded. An improvement of 

COL2 and proteoglycan synthesis was observed with 2 mM GlcN.HCl 

supplementation (VARGHESE, S. et al., 2007b) and might be related to 

the upregulation of the TGF-β expression (ALI et al., 2011; VARGHESE, 

S. et al., 2007a). Conversely, the COL2 expression (NAKATANI et al., 

2007; STOPPOLONI et al., 2015) and synthesis (STOPPOLONI et al., 
2015) were not changed in other studies.  

After the experiments without compressive loading suggest the 

influence of GlcN.HCl and GlcNAc on cell response to GF, the 

expectation was that the introduction of compressive loading in a protocol 

simulating in vivo resting and loading time could increase the anabolic 

state and improve the cell proliferation and matrix production under GlcN 

and GF supplementation. The application of loading without any 

substance (control group) did not improve the cell proliferation and the 

small cell quantity was not enough to produce a quantifiable matrix. The 

addiction of GlcN.HCl and GlcNAc to loading samples did not change 

this scenario. Low cell concentration was also obtained with GlcN.HCl 

and GlcNAc supplementation and no difference among these groups was 

observed. Therefore, GlcN derivatives supplementation did not improve 

cell proliferation and matrix synthesis in compressive loading approach. 

On the other side, the factor loading had a significant negative effect. 

A clear difference of samples with and without compressive loading could 

be observed. All samples submitted to loading with GlcN.HCl and 

GlcNAc supplementation did not show the same cell layer on top of 
scaffolds such as it was observed in at least one sample of these groups 

without loading. Interestingly, the inhibitory effect was even stronger in 

samples submitted to GF. Without loading, the GF showed a power effect. 

The cell proliferation and matrix synthesis were higher in samples with 
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GF when compared to without GF. Nevertheless, no cells in histological 

images were observed in all samples of GF plus loading group, just a 

small cluster of cells was found in SEM image of one sample proving that 

the cells were not completely killed. Therefore, the result suggests that 

dynamic compressive loading protocol applied decreases the cell viability 

and is insufficient to stimulate matrix production when applied alone.  

Despite loading inhibited the GF effect, the addition of GlcN 

derivatives interestingly improved the cell viability. A significantly 

higher cell quantity was observed in groups stimulated with GF and GlcN 

derivatives compared to the other groups submitted to loading. A cell 

layer on top and in deeper layers of scaffold could be observed in 

histology and SEM images. With a relevant cell quantity, the 

proteoglycan and COL1 production were also observed. However, the 

difference in cell quantity demonstrated between GlcN.HCl and GlcNAc 

without loading was not observed with loading. The proteoglycan 

synthesis was also not different between GlcN.HCl and GlcNAc 

supplementation. The presence of COL1 indicates that this approach with 

GlcN, GF and compressive loading did not inhibit chondrocyte 

dedifferentiation.  

The deleterious effect of compressive loading in samples submitted 

to GF and GlcN cannot clearly be recognized when the groups with and 

without loading were compared due to the high cell quantity observed. 

However, it can be demonstrated in sulphated proteoglycan and SEM 

images for example of GF/GlcNAc/Load group (Figure 42). The scaffolds 

have a higher diameter than the silicon cylinder used to apply the 

compression. Thus, in the same sample, it was possible to assess areas 

submitted and not submitted to loading. The area not submitted to loading 

showed a dense cell layer and matrix deposition (black arrow), whereas 

the area submitted to loading showed a sparse matrix (blue arrow). In this 

portion, the chitosan fibers can be noted beneath fibers deposition. 
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Figure 42. Difference between compressed and uncompressed areas 

 
Legend: A) Non-sulphated proteoglycan synthesis in sample 4 of 

GF/GlcNAc/Load group. Black arrow indicates the unloading portion with 

thicker sulphated proteoglycan production compared to the loading portion 

indicated by blue arrow. (transversal scaffold view, magnification 100x; scale 

bar: 300µm). B) SEM image of sample 3 of GF/GlcNAc/Load group. Black 

arrow indicates the unloading portion with thicker matrix and cells layer, 

where is not able to see chitosan fibers. Blue arrow shows loading portion 

with thin matrix production and chitosan fibers (Upper view of scaffold, 

magnification 200x; scale bar: 500µm). 

 

 

Previous studies had shown conflicting results when compressive 

loading was applied without GF. Similar to the results observed herein, 

the loading reduced the viability of chondrocytes cultivated in PEG 

hydrogels (VILLANUEVA et al., 2010), and did not induce appreciable 

differentiation of BMSC (O’CONOR; CASE; GUILAK, 2013).  In 

opposed, an increase of GAG synthesis was observed applying 

compressive loading to chondrocytes seeded in hydrogels for 39 days 

(KISIDAY et al., 2004). Although any studies reported the same viability 

decrease, deleterious effect such as inhibition of COL2 and GAG 

expression was previously observed with addition of compressive loading 

to GF compared to GF stimulation alone (HUANG, A. H. et al., 2012). 

Other studies, however, showed an upregulation of those genes 
combining loading and GF (CAMPBELL; LEE; BADER, 2006; LI, Z. et 

al., 2010).    

The inhibitory effect could be explained by the protocol applied. 

Chondrocytes generally respond to physiological levels of dynamic 
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compressive loading through enhanced matrix synthesis (SAH et al., 

1989). The in vitro cell response depends on several factors. Some of 

them are the magnitude, frequency, and time on of loading. The 

magnitude applied was standardized as 10% of scaffold height. Even 

higher loading (20%) was applied before with success (CAMPBELL; 

LEE; BADER, 2006; LI, Z. et al., 2010; PETROU et al., 2013), The 

frequency was set as 1 Hz, which is the normal gait frequency, and it was 

used previously (CAMPBELL; LEE; BADER, 2006; HUANG, C.-Y. C. 

et al., 2004; LI, Z. et al., 2010; PETROU et al., 2013). Thus, magnitude 

and frequency were not the responsible for the negative effect. 

Nevertheless, a factor responsible for the negative effect could be the pre-

loading time incubation. Human chondrocytes cultivated in poly(ethylene 

glycol terephthalate) and poly(butylene terephthalate) scaffold produced 

more GAG when compressive loading was applied 17 days after seeding 

compared to 3 days after seeding (DÉMARTEAU et al., 2003). The GAG 

production was also higher in BMSC cultivated in agarose when 

submitted to loading 21 days after seeding compared to immediately after 

seeding (THORPE et al., 2010). These studies, therefore, suggested that 

some degree of matrix development is critical to stimulate matrix 

synthesis before loading stimuli. However, the cell proliferation was 

higher in loading after seeding group than in loading applied 21 days after 

seeding group (THORPE et al., 2010).  In the present study, the 

compressive loading was applied one day after cell seeding. The short-

time between seeding and loading was not enough for a significative 

stimulation of matrix production by GF. 

The protective effect of GlcN suggested herein was reported in 

previous study. Cartilage explants submitted to unconfined static 

compression of 0.5 MPa for 24 hours and pretreated with 150 μg.ml-1 of 

a mixture of GlcN.HCl and chondroitin sulphate  for 10 days increased 

the GAG synthesis (LIPPIELLO, 2003). To survive to the stress stimuli 

the cells increase the production of specific transcription factors and 

kinases associated to a transient increase in O-GlcNAc levels 

(CHATHAM et al., 2007). The enhance of HBP results in an increase of 

GAG synthesis. Thus, it is possible that under loading the cells recruited 

more GlcN to increase the O-GlcNAc levels and transcription factors 

production. Nevertheless, further studies are needed to prove this 
hypothesis and discover how GlcN could act and which transcription 

factors would possibly be stimulated to support the loading condition  

The present study has three main limitations. The first limitation was 

the impossibility to quantitatively compare the samples submitted and not 
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submitted to compressive loading. The images from histological 

evaluation were performed in different microscopes for each approach. 

Even though the magnitude was maintained in 100x, other parameters 

such as quality of lens and camera and brightness were different. This 

difference might explain why the cell and proteoglycan relative area was 

higher in loading group than without loading despite it is clear opposed 

when SEM images are analyzed. The second limitation was the 

impossibility to measure the COL1 and COL2 area by the staining of 

chitosan fibers. The plugins available in ImageJ software were not able to 

differentiate both molecules from chitosan. The third limitation was the 

absence of a positive control for COL2 staining in GF/GlcN.HCl/Load 

and GF/GlcNAc/Load groups. Without positive control it is not possible 

to affirm that absence of COL2 production occurred because of loading 

effect or because of the evaluation procedure. Therefore, any conclusion 

cannot be made until this analysis be performed in the future.  
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CHAPTER 4 

4.1 Conclusion 

The present study evaluated the expression of GLUT2, which is the 

main responsible for GlcN uptake, the effect of GlcN.HCl and GlcNAc 

with low and high concentrations on chondrocyte proliferation, and the 

effect of both GlcN and GF crosstalk on proliferation and metabolism in 

monolayer culture. In 3D chitosan scaffold, the effect of GlcN.HCl or 

GlcNAc associated or not to GF and compression loading on cell 

proliferation and matrix synthesis were evaluated. 

In summary, taking the results into account, bovine chondrocytes 

expressed GLUT2 in low and high glucose medium. High concentrations 

of GlcN.HCl inhibited the chondrocyte proliferation when added to 

proliferation medium and to medium composed just with GlcN.HCl. High 

concentrations of GlcNAc increased the cell proliferation and metabolism 

in both medium. Without other stimulating molecules, 1 mM GlcNAc 

improved the lactate production. Therefore, the best concentration of 

GlcNAc is 1 mM when it is used as stimulant substance alone. 

Furthermore, 1 mM is also the lowest concentration not responsible for 

inhibitory effect. The one millimolar GlcN.HCl decreased the cell 

proliferation and metabolism when added to GF to levels above the 

control and GlcN.HCl. On the other hand, 1 mM GlcNAc added to GF 

improved the lactate production compared to GF. Therefore, GlcN.HCl 

inhibits the effect of TGF-β3 and IGF-I monolayer short-time culture, 

while GlcNAc stimulate the chondrocyte metabolism.       

In 3D long-time culture, GlcN.HCl and GlcNAc without GF have no 

effect on cell growth and matrix synthesis. When added to GF, GlcN.HCl 

improved cell proliferation, but did not change the proteoglycan synthesis 

compared to GF alone. However, GlcNAc resulted in higher cell 

proliferation and synthesis of proteoglycan compared to GF and 

GF/GlcN.HCl. The presence of COL1 in all groups with GF indicates that 

neither GF, GlcN.HCl, and GlcNAc inhibits the chondrocyte 
dedifferentiation. The presence of COL2 confirmed that GlcN.HCl and 

GlcNAc do not inhibit the effect of GF at the concentration used. Thus, 

GlcN.HCl and GlcNAc positively influence the cell response to GF.   
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The influence of GlcN.HCl and GlcNAc added to GF was also 

clearly demonstrated when the compressive loading was applied. Both 

GlcN.HCl and GlcNAc alone did not improved the cell proliferation and 

matrix synthesis when the loading was applied. Moreover, the loading did 

not stimulate the metabolism and chondrogenesis. On the contrary, the 

protocol applied with GF supplementation decreased the cell viability 

blocking any stimulatory effect of GF. In this approach, the addition of 

GlcN.HCl and GlcNAc to GF significantly improved the cell viability and 

stimulated the matrix synthesis without significant difference between 

them. Therefore, both GlcN derivatives protects the chondrocytes against 

the excessive loading applied.         

In conclusion, GlcN.HCl and GlcNAc contribute for the in vitro 

chondrogenesis when associated to GF and compressive loading. 

Nevertheless, between them, GlcNAc is a better option and should be 

added to tissue engineering techniques.
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APPENDIX  

 Deconvolution of images of GLUT2 expression 

 

The process applied for cell area selection in GLUT2 expression 

experiment can be observed in Figure A.1. The GLUT2 stained image 

was deconvoluted in three colors: red, green, and blue. The red image 

shows the GLUT2 staining. The histogram of red image was obtained 

with a range from 0 to 255 pixels. Zero was the darker color and 255 was 

the lighter color. The GLUT2 area was selected applying an automated 

threshold and adjusted when necessary. The pixels from 83 to 201 were 

selected, which represents the red area. The red area is the same area 

observed in the original image. 

 
Figure  A.1. Process applied for GLUT2 area selection 
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 Standardization of picogreen absorbance 

 

The Table B.1 and Figure B.1 shows the standardization of picogreen 

absorbance and dsDNA quantification for proliferation medium and 

serum-free medium. 

 

 

 
TABLE B.1. Absorbance values of related to the standard concentration of dsDNA    

DNA CONTENT 

(µg/mL) 

Absorbance in proliferation 

medium 

Absorbance in serum-free 

medium 

2 58341 58808 

0,2 12296 11957 

0,02 7638 7471 

0 7049 6856 

SLOPE 25617 25970 

INTERCEPT  7114 6860 

 

 
Figure B.1 Linear regression of absorbance and dsDNA concentration for 

proliferation and serum-free medium. 
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 Statistical data of GlcN.HCl and GlcNAc 

concentrations on dsDNA concentration in proliferation and 

serum-free medium  

 

The statistical analysis reported in Table C.1 to C.3 shows the results of 

GlcN.HCl supplementation with concentrations of 0 µM, 1 µM, 0.5 mM, 

1 mM, 5 mM and 10 mM in proliferation medium. 

 
TABLE C.1.  Levene’s test for analysis of homogeneity of variance applied to GlcN.HCl 

supplementation in proliferation medium 

 Df F Pr (>F) 

Concentration 5 2.267 0.053 

Residuals 90   

 
TABLE C.2. One-way ANOVA GlcN.HCl – proliferation medium 

 Sum Square Df F Pr (>F) 

Concentration 3.139 5 9.275 <0.0001 

Residuals 6.092 90   

 
TABLE C.3. P-value of Tukey test applied to dsDNA measurement in cells cultivated in proliferation 

medium supplemented with GlcN.HCl 

GlcN.HCl  

 0 µM 1 µM 0.5 mM 1 mM 5 mM 10 mM 

0 µM       

1 µM 0.438      

0.5 mM 0.004 0.414     

1 mM 0.625 0.999 0.256    

5 mM 0.049 0.893 0.962 0.752   

10 mM < 0.001 < 0.001 0.128 < 0.001 0.014  

 

 

The statistical analysis reported in Table C.4 to C.6 shows the results of 

GlcNAc supplementation with concentrations of 0 µM, 1 µM, 0.5 mM, 1 

mM, 5 mM and 10 mM in proliferation medium 

 

 
TABLE C.4. Levene’s test for analysis of homogeneity of variance applied to GlcNAc 

supplementation in proliferation medium 

 Df F Pr (>F) 

Concentration 5 2.287 0.053 

Residuals 90   

 
TABLE C.5. One-way ANOVA GlcNAc – proliferation medium 

 Sum Square Df F Pr (>F) 

Concentration 0.483 5 2.378 0.0448 

Residuals 3.656 90   
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TABLE C.6. P-value of Tukey test applied to dsDNA measurement in cells cultivated in proliferation 

medium supplemented with GlcNAc 

GlcNAc  

 0 µM 1 µM 0.5 mM 1 mM 5 mM 10 mM 

0 µM       

1 µM 0.885      

0.5 mM 0.998 0.660     

1 mM 0.751 0.999 0.484    

5 mM 0.049 0.893 0.067 0.912   

10 mM 0.372 0.792 0.173 0.990 0.998  

 

 

 

The statistical analysis reported in Table C.7 to C.9 shows the results of 

GlcN.HCl supplementation with concentrations of 0 µM, 1 µM, 0.5 mM, 

1 mM, 5 mM and 10 mM in serum-free medium. 

  

 
TABLE C.7. Levene’s test for analysis of homogeneity of variance applied to GlcN.HCl 

supplementation in serum-free medium 

 Df F Pr (>F) 

Concentration 5 0.514 0.764 

Residuals 90   

 
TABLE C.8. One-way ANOVA GlcN.HCl – serum-free medium 

 Sum Square Df F Pr (>F) 

Concentration 0.0565 5 2.567 0.0322 

Residuals 0.396 90   

 
TABLE C.9. P-value of Tukey test applied to dsDNA measurement in cells cultivated in non-

proliferation medium supplemented with GlcN.HCl 

GlcNAc  

 0 µM 1 µM 0.5 mM 1 mM 5 mM 10 mM 

0 µM       

1 µM 0.990      

0.5 mM 0.871 0.996     

1 mM 0.999 0.999   0.952    

5 mM 1.000 0.987 0.858 0.999   

10 mM 0.259 0.069 0.0171* 0.159  0.274  

 

The statistical analysis reported in Table C.10 to C.12 shows the results 

of GlcNAc supplementation with concentrations of 0 µM, 1 µM, 0.5 mM, 

1 mM, 5 mM and 10 mM in serum-free medium. 

 
 
 

 
TABLE C.10. Levene’s test for analysis of homogeneity of variance applied to GlcNAc 

supplementation in serum-free medium 

 Df F Pr (>F) 
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Concentration 5 0.865 0.508 

Residuals 90   

 
TABLE C.11. One-way ANOVA GlcNAc – proliferative medium 

 Sum Square Df F Pr (>F) 

Concentration 0.138 5 5.569 < 0.001 

Residuals 0.446 90   

 
TABLE C.12. P-value of Tukey test applied to dsDNA measurement in cells cultivated in serum-free 

medium supplemented with GlcNAc 

GLCNAC  

 0 µM 1 µM 0.5 mM 1 mM 5 mM 10 mM 

0 µM       

1 µM 0.610      

0.5 mM 0.961 0.162     

1 mM 0.175 <0.002   0.633    

5 mM 0.763 0.9875   0. 996  0.049     

10 mM 0.035* <0.001  0.240 0.985   0.5302    
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 Statistical analysis of the effect of GlcN.HCl and 

GlcNAc concentrations on resazurin    

 

The statistical analysis reported in Table D.1 to D.3 shows the results of 

GlcN.HCl supplementation with concentrations of 0 µM, 1 µM, 0.5 mM, 

1 mM, 5 mM and 10 mM in proliferation medium. Although 

Homogeneity test indicates a non-homogeneous variance, the image of 

residuals vs fitted values were not altered.   

 
TABLE D.1. Levene’s test for analysis of homogeneity of variance applied to GlcN.HCl 

supplementation in proliferation medium 

 Df F Pr (>F) 

Concentration 5 2.750 0.023 

Residuals 90   

 
TABLE D.2. One-way ANOVA GlcN.HCl – proliferation medium 

 Sum Square Df F Pr (>F) 

Concentration 423084816 5 15.25 < 0.001 

Residuals 499454130 90   

 
TABLE D.3. P-value of Tukey test applied to resazurin metabolism in cells cultivated in proliferation 

medium supplemented with GlcN.HCl 

GlcN.HCl  

 0 µM 1 µM 0.5 mM 1 mM 5 mM 10 mM 

0 µM       

1 µM 0.997      

0.5 mM 0.998 1.000     

1 mM 1.000 0.992 0.993    

5 mM 0.020 0.071 0.068 0.014   

10 mM < 0.001 < 0.001 < 0.001 0.985 0.006  
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Figure  D.1. Lactate synthesis with GlcN.HCl supplementation in 

proliferation medium 

 
Legend: The residuals vs fitted values did not show a significant difference 

of variance, which was confirmed by a linear distribution of standardized 

residuals I normal Q-Q plot. 

 

 

The statistical analysis reported in Table D.4 to D.6 shows the results of 

GlcNAc supplementation with concentrations of 0 µM, 1 µM, 0.5 mM, 1 

mM, 5 mM and 10 mM in proliferation medium. 

 

 
TABLE D.4. Levene’s test for analysis of homogeneity of variance applied to GlcNAc 

supplementation in proliferation medium 

 Df F Pr (>F) 

Concentration 5 1.050 0.393 

Residuals 90   

 
TABLE D.5. One-way ANOVA GlcNAc – proliferation medium 

 Sum Square Df F Pr (>F) 

Concentration 27127041 5 0.355 0.877 

Residuals 1373649347 90   

 
TABLE D.6. P-value of Tukey test applied to resazurin metabolism in cells cultivated in 

proliferation medium supplemented with GlcNAc 

GlcNAc  

 0 µM 1 µM 0.5 mM 1 mM 5 mM 10 mM 

0 µM       

1 µM 0.999      

0.5 mM 1.000 0.993     

1 mM 0.993 0.934 0.999    

5 mM 0.999 0.977 1.000 1.000   

10 mM 0.963 0.842 0.989 0.985 0.998  

 

The statistical analysis reported in Table D.7 to D.9 shows the results of 

GlcN.HCl supplementation with concentrations of 0 µM, 1 µM, 0.5 mM, 

1 mM, 5 mM and 10 mM in serum-free medium. 
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TABLE D.7. Levene’s test for analysis of homogeneity of variance applied to GlcN.HCl 

supplementation in serum-medium 

 Df F Pr (>F) 

Concentration 5 1.174 0.328 

Residuals 90   

  
TABLE D.8. One-way ANOVA GlcN.HCl – serum-free medium 

 Sum Square Df F Pr (>F) 

Concentration 84909003 5 1.308 0.268 

Residuals 1168503525 90   

  
TABLE D.9. P-value of Tukey test applied to resazurin metabolism in cells cultivated in serum-free 

medium supplemented with GlcN.HCl 

GlcN.HCl  

 0 µM 1 µM 0.5 mM 1 mM 5 mM 10 mM 

0 µM       

1 µM 1.000      

0.5 mM 0.921 0.930     

1 mM 1.000 1.000 0.803    

5 mM 0.995 0.993 0.651 1.000   

10 mM 0.675 0.656 0.144 0.832 0.932  

 

The statistical analysis reported in Table D.10 to D.11 shows the results 

of GlcNAc supplementation with concentrations of 0 µM, 1 µM, 0.5 mM, 

1 mM, 5 mM and 10 mM in serum-free medium. 

 
TABLE D.10. Levene’s test for analysis of homogeneity of variance applied to GlcNAc 

supplementation in serum-free medium 

 Df F Pr (>F) 

Concentration 5 1.665 0.151 

Residuals 90   

 
TABLE D.11. One-way ANOVA GlcNAc – serum free medium 

 Sum Square Df F Pr (>F) 

Concentration 20294645 5 0.421 0.833 

Residuals 867682596 90   
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 Statistical analysis of the effect of GlcN.HCl and 

GlcNAc concentrations on lactate synthesis    

 

The statistical analysis reported in Table E.1 to E.3 shows the results 

of GlcN.HCl supplementation with concentrations of 0 µM, 1 µM, 0.5 

mM, 1 mM, 5 mM and 10 mM in proliferation medium. 

 
TABLE E.1– Levene’s test for analysis of homogeneity of variance applied to GlcN.HCl 

supplementation in proliferation medium 

 Df F Pr (>F) 

Concentration 5 1.011 0.423 

Residuals 42   

 
TABLE E.2. One-way ANOVA GlcN.HCl – proliferation medium 

 Sum Square Df F Pr (>F) 

Concentration 9.137 5 17.09 < 0.001 

Residuals 4.383 42   

 
TABLE E.3. P-value of Tukey test applied to lactate measurement in cells cultivated in proliferation 

medium supplemented with GlcN.HCl 

GlcN.HCl  

 0 µM 1 µM 0.5 mM 1 mM 5 mM 10 mM 

0 µM       

1 µM 0.983      

0.5 mM 0.999 0.999     

1 mM 0.193 0.535 0.968    

5 mM < 0.001 < 0.001 < 0.002 0.015   

10 mM < 0.001 < 0.001 < 0.001 < 0.01 0.999  

 

The statistical analysis reported in Table E.4 to E.6 and Figure E.1 

shows the results of GlcNAc supplementation with concentrations of 0 

µM, 1 µM, 0.5 mM, 1 mM, 5 mM and 10 mM in proliferation medium. 

The variance was not homogeneous according the residual vs fitted plot, 

which showed a funnel distribution and Levene’s test. Thus, the 

logarithmic transformation was applied to the data.  

 
TABLE E.4. Levene’s test for analysis of homogeneity of variance applied to GlcNAc 

supplementation in proliferation medium 

 Df F Pr (>F) 

Concentration 5 2.684 0.035 

Residuals 42   

 
TABLE E.5. One-way ANOVA GlcNAc – proliferation medium 

 Sum Square Df F Pr (>F) 

Concentration 3.872 5 5.445 < 0.001 

Residuals 6.305 40   

 
TABLE E.6. P-value of Tukey test applied to lactate measurement in cells cultivated in 

proliferation medium supplemented with GlcNAC 

GlcN.HCl  
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 0 µM 1 µM 0.5 mM 1 mM 5 mM 10 mM 

0 µM       

1 µM 0.039      

0.5 mM 0.999 0.100     

1 mM 0.464 0.850 0.709    

5 mM 0.999 0.02 0.972 0.375   

10 mM 0.622 < 0.001 0.372 0.021 0.858  

 
Figure  E.1 Lactate synthesis with GlcNAc supplementation in proliferation 

medium 

 
Legend: (A) Residual vs fitted graphic showing a non-homogeneous variance 

with a funnel form distribution. B) Logarithmic transformation of data 

showing a better distribution of residuals, with a not so pronounced funnel 

form. 

 

The statistical analysis reported in Table E.7 to E.9 shows the results 

of GlcN.HCl supplementation with concentrations of 0 µM, 1 µM, 0.5 

mM, 1 mM, 5 mM and 10 mM in serum-free medium. Despite Levene’s 

test showed a non-homogeneous variance, the residuals vs predicted plots 

showed a not so disturbed distribution (Figure E.2), which was confirmed 

by residual linear distribution in Q-Q plot.  

 

 

 

TABLE E.7. Levene’s test for analysis of homogeneity of variance applied to GlcN.HCl 

supplementation in serum-free medium 

 Df F Pr (>F) 

Concentration 5 2.507 0.046 

Residuals 42   

 
TABLE E.8. One-way ANOVA GlcN.HCl – serum-free medium 

 Sum Square Df F Pr (>F) 

Concentration 0.6538 5 9.925 < 0.001 

Residuals 0.5270 42   
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TABLE E.9. P-value of Tukey test applied to lactate measurement in cells cultivated in serum-free 

medium supplemented with GlcN.HCl 

GlcN.HCl  

 0 µM 1 µM 0.5 mM 1 mM 5 mM 10 mM 

0 µM       

1 µM 0.995      

0.5 mM 0.999 0.999     

1 mM 0.907 0.996 0.968    

5 mM 0.189 0.445 0.290 0.755   

10 mM < 0.001 < 0.001 < 0.001 < 0.001 0.005  

 
Figure  E.2. Lactate synthesis with GlcN.HCl supplementation in serum-free 

medium 

 
Legend: The residuals vs fitted values did not show a significant difference 

of variance, which was confirmed by a linear distribution of standardized 

residuals I normal Q-Q plot. 

 

The statistical analysis reported in table E.10 to E.12 shows the 

results of GlcNAc supplementation with concentrations of 0 µM, 1 µM, 

0.5 mM, 1 mM, 5 mM and 10 mM in serum-free medium. 

 
TABLE E.10. Levene’s test for analysis of homogeneity of variance applied to GlcNAc 

supplementation in serum-free medium 

 Df F Pr (>F) 

Concentration 5 0.823 0.541 

Residuals 42   

  
TABLE E.11. One-way ANOVA GlcNAc – serum-free medium 

 Sum Square Df F Pr (>F) 

Concentration 0.1851 5 6.055 < 0.001 

Residuals 0.2445 42   
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TABLE E.12. P-value of Tukey test applied to lactate measurement in cells cultivated in serum-free 

medium supplemented with GlcNAc 

GlcNAc  

 0 µM 1 µM 0.5 mM 1 mM 5 mM 10 mM 

0 µM       

1 µM 0.997      

0.5 mM 0.960 0.999     

1 mM 0.002 0.014 0.026    

5 mM 0.994 0.928 0.762 < 0.001   

10 mM 0.989 0.901 0.703 < 0.001 1.000  
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 Statistical analysis of the effect of GlcN.HCl, GlcNAc, 

GF, GF/GlcN.HCl, and GF/GlcNAc in monolayer culture  

 

The statistical analysis reported in Table F.1 to F.2 shows the results 

of dsDNA in groups control, GlcN.HCl, GlcNAc, GF, GF/GlcN.HCl, and 

GF/GlcNAc. The variance was not homogeneous according the Levene’s 

test, and the residuals distribution, which showed a funnel shape (Figure 

F.1 A). The logarithmic transformation was applied to the data, showing 

a better distribution of residuals (Figure F.1 B).  

 
TABLE F.1. Levene’s test for analysis of homogeneity of variance 

 Df F Pr (>F) 

Supplement 5 9.021 < 0.001 

Residuals 90   

 
Table F.2. One-way ANOVA – GF, GlcN.HCl, GlcNAc crosstalk  

 Sum Square Df F Pr (>F) 

Supplement 13.73 5 6.262 < 0.001 

Residuals 39.02 90   

 
TABLE F.3. P-value of Tukey test applied to dsDNA concentration in cells cultivated in serum-free 

medium (control), supplemented with GlcN.HCl, GlcNAc, GF, GF/GlcN.HCl, and GF/GlcNAc 

 Control GlcN.HCl GlcNAc GF GF/GlcN.HCl GF/GlcNAc 

Control       

GlcN.HCl 0.614      

GlcNAc 0.045 0.542     

GF 0.018 0.514 0.999    

GF/GlcN.HCl 0.869 0.084 < 0.01 < 

0.001 

  

GF/ GlcNAc 0.105 0.905 0.999 0.980 < 0.01  
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Figure  F.1 dsDNA concentration in control, GlcN.HCl, GlcNAc, GF, 

GF/GlcN.HCl, and GF/GlcNAc supplementation  

 
Legend: (A) Residual vs fitted graphic showing a non-homogeneous variance 

with a funnel form distribution. B) Logarithmic transformation of data 

showing a better distribution of residuals, with a not so pronounced funnel 

form. 

 

ANOVA was performed for resazurin metabolization in groups 

control, GlcN.HCl, GlcNAc, GF, GF/GlcN.HCl, and GF/GlcNAc.but the 

variance of residual was not homogeneous in original data (Figure F.2 A) 

and in logarithmic transformation data (Figure F.2 B). Therefore, the 

Kruskal-Wallis runk sum test with results demonstrated in Table C.4. The 

Nemeneyi post hoc test is described in Table C.5.  

 
Figure  F.2. Resazurin metabolization in control, GlcN.HCl, GlcNAc, GF, 

GF/GlcN.HCl, and GF/GlcNAc supplementation. 

 
Legend: A) residual vs fitted graphic showing a non-homogeneous variance 

with a funnel form distribution. B) Logarithmic transformation of data 

showing a non-homogeneous variance of residuals, with a pronounced funnel 

form. 
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TABLE F.4. Kruskal-Wallis rank sum test applied to resazurin metabolisms in serum-free medium   

 Chi square Df  Pr (>F) 

 63.394 5  < 0.001 

 
TABLE F.5. Value of Nemenyi post hoc test applied to resazurin metabolisms in cells cultivated in 

serum-free medium (control), supplemented with GlcN.HCl, GlcNAc, GF, GF/GlcN.HCl, and 

GF/GlcNAc 

 control GlcN.HCl GlcNAc GF GF/GlcN.HCl GF/GlcNAc 

Control       

GlcN.HCl 0.913      

GlcNAc 0.999 0.759     

GF < 0.001 < 0.001 < 0.001    

GF/GlcN.HCl 1.000  0.927 0.999 < 

0.001 

  

GF/ GlcNAc < 0.001 < 0.001 < 0.001 0.999 < 0.001  

 

 

The homogeneity of variance test demonstrated that variance was not 

homogeneous (Table F.6), confirmed also by residual vs fitted value of 

lactate synthesis in groups control, GlcN.HCl, GlcNAc, GF, 

GF/GlcN.HCl, and GF/GlcNAc (Figure F.2.) To obtain a homogenous 

variance among groups, the data was transformed applying logarithmic 

and ANOVA is reported in Table F.7 and F.8. 

 

 
TABLE F.6. Levene’s test for analysis of homogeneity of variance 

 Df F Pr (>F) 

Supplement 5 9.021 < 0.001 

Residuals 42   
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Figure  F.3. Lactate synthesis in control, GlcN.HCl, GlcNAc, GF, 

GF/GlcN.HCl, and GF/GlcNAc supplementation 

 
Legend: A) residual vs fitted graphic showing a non-homogeneous variance 

with a funnel form distribution. B) Logarithmic transformation of data 

showing a better distribution of residuals, with a not so pronounced funnel 

form. 

 

 

 

 
TABLE F.7. One-way ANOVA – GF, GlcN.HCl, GlcNAc crosstalk  

 Sum Square Df F Pr (>F) 

Supplement 3.152 5 85.32 < 0.001 

Residuals 0.310 42   

 

 
TABLE F.8. P-value of Tukey test applied to lactate synthesis in cells cultivated in serum-free 

medium (control), supplemented with GlcN.HCl, GlcNAc, GF, GF/GlcN.HCl, and GF/GlcNAc 

 control GlcN.HCl GlcNAc GF GF/GlcN.HCl GF/GlcNAc 

Control       

GlcN.HCl 0.991      

GlcNAc 0.001 < 0.01     

GF < 0.001 < 0.001 0.197    

GF/GlcN.HCl < 0.001 < 0.001 < 0.001 < 

0.001 

  

GF/ GlcNAc < 0.001 < 0.001 < 0.001 0.166 < 0.001  
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 Histological measurements in control, GlcN.HCl, 

GlcNAc, GF, GF/GlcN.HCl and GF/GlcNAc groups  

 

The Figures G.1 and G.2 show the area selected related to cells. The 

pixels threshold was selected comparing the original image stained with 

Hematoxylin and Eosin and blue deconvoluted image. The threshold 

applied, and the relative area are described in Table G.1.  

 
Figure  G.1. Area selected of cells stained with Hematoxylin & Eosin staining   

 
Legend: The read area was selected and measured. A = control, B = 

GlcN.HCl, and C = GlcNAc. (transversal scaffold view, magnification 100x; 

scale bar: 300µm). 
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Figure  G.2. Area selected of cells stained with Hematoxylin & Eosin 

staining 

 
Legend: The read area was selected and measured. D = GF, E = 

GF/GlcN.HCl, and F = GF/GlcNAc. (transversal scaffold view, 

magnification 100x; scale bar: 300µm). 
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TABLE G.1. Processing image data of control, GlcN.HCl, GlcNAc, GF, GF/GlcN.HCl and 

GF/GlcNAc in Hematoxylin and Eosin staining 

Sample Area (%) Pixel average Pixel minimum Pixel maximum 

Control I 0.086 90.252 36 106 

Control II 0.059 94.416 46 106 

Control III 0.466 107.650 43 126 

GlcN.HCl I 0.107 98.980 48 109 

GlcN.HCl II 0.373 99.413 46 114 

GlcN.HCl III 0.506 89.410 28 105 

GlcNAc I 1.238 118.719 42 142 

GlcNAc II 0.238 94.852 43 109 

GlcNAc III 0.449 98.965 43 116 

GF I 2.651 169.522 66 192 

GF II 2.44 169.837 95 190 

GF III 2.127 160.788 53 186 

GF/GlcN.HCl I 5.943 156.965 55 178 

GF/GlcN.HCl II 5.903 145.895 29 172 

GF/GlcN.HCl III 4.080 162.144 47 180 

GF/GlcNAc I 9.247 158.974 40 176 

GF/GlcNAc II 10.292 161.386 38 185 

GF/GlcNAc III 8.822 159.666 79 180 

 

The Figure G.3 show the area selected related to non-sulphated 

proteoglycan staining. The pixels threshold was selected comparing the 

original image stained with Alcian blue and blue deconvoluted image. 

The threshold applied, and the relative area are described in Table G.2.  
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Figure  G.3. Area selected of non-sulphated proteoglycans stained with 

Alcian Blue staining. 

 
Legend: The read area was selected and measured. D = GF, E = 

GF/GlcN.HCl, and F = GF/GlcNAc. (transversal scaffold view, 

magnification 100x; scale bar: 300µm). 
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TABLE G.2. Processing image data of GF/GlcN.HCl/Load and GF/GlcNAc/Load in Alcian Blue 

staining 

Sample Area (%) Pixel average Pixel minimum  Pixel maximum 

GF I 8.88 160.087 48 186 

GF II 4.36 123.481 17 166 

GF III 6.78 151.506 19 185 

GF/GlcN.HCl/Load I 5.00 171.756 50 188 

GF/GlcN.HCl/Load II 8.27 112.478 26 168 

GF/GlcN.HCl/Load III 1.95 163.569 36 169 

GF/GlcNAc/Load I 8.27 152.838 11 150 

GF/GlcN.HCl/Load II 18.69 117.616 15 156 

GF/GlcN.HCl/Load III 8.91 113.951 4 193 
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  Statistical analysis of histological measurement in 3D 

scaffold culture supplemented with control, GlcN.HCl, GlcNAc, 

GF, GF/GlcN.HCl and GF/GlcNAc 

 

The homogeneity of variance test applied to HE staining 

demonstrated that variance was homogeneous (Table H.1), confirmed 

also by residual vs fitted value and Q-Q plot of cell proliferation in groups 

control, GlcN.HCl, GlcNAc, GF, GF/GlcN.HCl, and GF/GlcNAc (Figure 

H.1.). ANOVA is reported in Table H.2 and D.3. 

 
TABLE H.1. Levene’s test for analysis of homogeneity of variance 

 Df F Pr (>F) 

Supplement 5 0.472 0.790 

Residuals 12   

 

 

TABLE H.2. One-way ANOVA – GF, GlcN.HCl, GlcNAc crosstalk  

 Sum Square Df F Pr (>F) 

Supplement 203.83 5 114.3 < 0.001 

Residuals 4.28 12   

 

 

TABLE H.3. P-value of Tukey test applied to cell proliferation in cells cultivated in serum-free 

medium (control), supplemented with GlcN.HCl, GlcNAc, GF, GF/GlcN.HCl, and GF/GlcNAc 

 control GlcN.HCl GlcNAc GF GF/GlcN.HCl GF/GlcNAc 

Control       

GlcN.HCl 0.999      

GlcNAc 0.940 0.985     

GF < 0.01 0.010 0.032    

GF/GlcN.HCl < 0.001 < 0.001 < 0.001 < 

0.001 

  

GF/ GlcNAc < 0.001 < 0.001 < 0.001 < 

0.001 

< 0.001  
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Figure  H.1. Cell proliferation in control, GlcN.HCl, GlcNAc, GF, 

GF/GlcN.HCl, and GF/GlcNAc supplementation 

 
Legend: (A) Residual vs fitted graphic showing a homogeneous variance 

although data 6 outliner, but a linear distribution of residuals is shown in 

Normal Q-Q plot (B). 

 

The homogeneity of variance test demonstrated that variance was 

homogeneous H.4, confirmed also by residual vs fitted value and Q-Q 

plot of proteoglycan synthesis in groups control, GlcN.HCl, GlcNAc, GF, 

GF/GlcN.HCl, and GF/GlcNAc (Figure H.2). ANOVA is reported in 

Table H.5. 

 
TABLE H.4. Levene’s test for analysis of homogeneity of variance 

 Df F Pr (>F) 

Supplement 2 0.261 0.778 

Residuals 6   

 
TABLE H.5. One-way ANOVA – GF, GlcN.HCl, GlcNAc crosstalk  

 Sum Square Df F Pr (>F) 

Supplement 77.85 2 2.373 0.174 

Residuals 99.42 6   
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Figure  H.2. Non-sulphated proteoglycan synthesis in GF, GF/GlcN.HCl, and 

GF/GlcNAc supplementation 

 
Legend: (A) Residual vs fitted graphic showing a homogeneous variance 

although data 6 outliner, but the linear distribution of residuals is not 

significantly affected as shown in Normal Q-Q plot (B). 
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 Negative immunostaining of COL1 and COL2 in GF, 

GF/GlcN.HCl and GF/GlcNAc groups  

 

The negative immunostaining of COL1 and COL2 in GF, 

GF/GlcN.HCl and GF/GlcNAc groups is shown in Figure I.1 and I.2, 

respectively. The absence of brown color indicates the successful of 

staining process since no primary antibody was used.   

 
Figure  I.1. COL1 negative in GF (D.2), GF/GlcN.HCl (E.3), and GF/GlcNAc 

(F.2) groups 

 
Legend: Black arrow shows the cells and matrix (blue color). No brown 

staining is observed indicating COL1 staining except chitosan matrix. 

(transversal scaffold view, magnification 100x; scale bar: 300µm). 

 

Figure  I.2. COL2 negative in GF (D.1), GF/GlcN.HCl (E.3), and GF/GlcNAc 

(F.2) groups 

 
Legend: Black arrow shows the cells and matrix (blue color). No brown 

staining is observed indicating COL2 staining except chitosan matrix. 

(transversal scaffold view, magnification 100x; scale bar: 300µm). 
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 Histological measurement in in GF/GlcN.HCl/Load 

and GF/GlcNAc/Load groups  

 

The Figures J.1 show the area selected related to cells. The pixels 

threshold was selected comparing the original image stained with 

Hematoxylin and Eosin and blue deconvoluted image. The threshold 

applied, and the relative area are described in Table J.1.  

 
Figure  J.1. Area selected of cells stained with Hematoxylin & Eosin staining. 

 
Legend: The read area was selected and measured. E = GF/GlcN.HCl/Load, 

and F = GF/GlcNAc/Load. (transversal scaffold view, magnification 100x; 

scale bar: 300µm). 
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TABLE J.1. Processing image data of GF/GlcN.HCl/Load and GF/GlcNAc/Load in Hematoxylin 

and Eosin staining 

Sample Area (%) Pixel average Pixel minimum Pixel maximum 

GF/GlcN.HCl/Load I 19.760 142.276 35 185 

GF/GlcN.HCl/Load II 16.508 142.730 41 185 

GF/GlcN.HCl/Load III 13.507 142.268 47 184 

GF/GlcN.HCl/Load IV 13.254 144.571 33 188 

GF/GlcNAc/Load I 20.800 139.387 31 182 

GF/GlcN.HCl/Load III 15.760 132,770 32 165 

GF/GlcN.HCl/Load IV 17.383 153.301 54 190 

 

The Figure J.2 show the area selected related to non-sulphated 

proteoglycan staining. The pixels threshold was selected comparing the 

original image stained with Alcian blue and blue deconvoluted image. 

The threshold applied, and the relative area are described in Table J.2.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



168 
 

 
 

Figure  J.2. Area selected of non-sulphated proteoglycans stained with 

Alcian Blue staining 

 
Legend: The read area was selected and measured. E = GF/GlcN.HCl/Load, 

and F = GF/GlcNAc/Load. (transversal scaffold view, magnification 100x; 

scale bar: 300µm). 

 
TABLE J.2. Processing image data of GF/GlcN.HCl/Load and GF/GlcNAc/Load in Alcian Blue 

staining 

Sample Area (%) Pixel average Pixel minimum Pixel maximum 

GF/GlcN.HCl/Load I 5.245 169.876 56 200 

GF/GlcN.HCl/Load II 3.142 173.749 54 205 

GF/GlcN.HCl/Load III 4.192 210.179 80 232 

GF/GlcN.HCl/Load IV 5.678 192.542 48 226 

GF/GlcNAc/Load I 4.114 188.581 45 214 

GF/GlcN.HCl/Load III 8.608 181.877 60 212 

GF/GlcN.HCl/Load IV 3.520 202.645 102 223 
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 Negative immunostaining of COL1 and COL2 in 

GF/GlcN.HCl/Load and GF/GlcNAc/Load groups  

 

The negative immunostaining of COL1 and COL2 in 

GF/GlcN.HCl/Load and GF/GlcNAc/Load groups is shown in Figure K.1 

and K.2, respectively. The absence of brown color indicates the 

successful of staining process since no primary antibody was used. 

 
Figure  K.1. COL1 negative. Black arrow shows the cells and matrix (blue 

color   

 
Legend: No brown staining is observed indicating COL1 staining except 

chitosan matrix. (transversal scaffold view, magnification 100x; scale bar: 

300µm). 

 

 
Figure  K.2. COL2 negative. 

 
Legend: Black arrow shows the cells and matrix (blue color). No brown 

staining is observed indicating COL2 staining except chitosan matrix. 

(transversal scaffold view, magnification 100x; scale bar: 300µm). 
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