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Laboratorio 2: Elastdbmeros

Primera parte : Modulo de Young de un polimero

La elasticidad de un material polimérico esta formada por la contribucion elastica de
cada una de las subcadenas que constituyen al material. Una subcadena es la porcién de
polimero comprendida entre dos entrecruzamientos. Un entrecruzamiento es la unién quimica
gue se establece, durante el proceso de vulcanizacién, entre puntos diferentes de una misma

cadena o cadenas diferentes.

Consideremos un cuerpo sélido, altamente elastico, constituido por un material
polimérico (como por ejemplo, una pelota de caucho). Las macromoléculas que constituyen al
material estan considerablemente empaquetadas e interactlan fuertemente entre si, pero es
posible considerar a cada subcadena como un polimero ideal, sin interacciones por volumen
excluido. En esa densa estructura, el movimiento térmico de las moléculas es equivalente al de
un ovillo estadistico ideal (“random coil” o cadena aleatoria). Los grupos atomicos que
constituyen un monémero oscilan y rotan en un modo independiente entre si, de modo que las
dimensiones lineales de cada subcadena sigue siendo proporcional a la raiz cuadrada de su

longitud quimica o longitud de contorno.

De modo tal que trataremos a nuestro material polimérico en estudio, como a un
conjunto de subcadenas ideales. Supongamos entonces que cada cadena esta formada por N
segmentos libremente articulados, cada uno de longitud | (para simplificar, omitimos la
polidispersidad del polimero). Cuando el material es estirado, todas sus subcadenas sufren, en
promedio, el mismo estiramiento. La entropia de cada subcadena disminuye a medida que su
distancia entre extremos h aumenta. Este es el origen entropico de la fuerza elastica, pero no
explica la alta elasticidad. Esta propiedad se define como la capacidad del material de sufrir
una alta deformacion reversible cuando se lo somete a una tensién moderada, y es debido a

que el moédulo elastico de cada cadena es relativamente pequefio.

Por razones de simplicidad, consideremos una porcion de material con forma de
paralelepipedo rectangular y un sistema de coordenadas cartesiano a lo largo de sus aristas.
Supongamos que hemos elongado el material en factores A, Ay, A,, a lo largo de cada uno de
sus ejes y que el vector distancia entre extremos de una cierta subcadena era inicialmente h,
con componentes hy, hey ¥ he,. Luego de la deformacion el vector distancia entre extremos
serd h y sus componentes seran Ahq, Ajhgy ¥ Ahg,. El cambio de entropia que experimenta

cada subcadena seré:
AS(h) = S(h) - S(ho) = - 3k [(hy - hox’) + (hy - hoy?) + (hz - he, )] 12N 12

= - 3k [(M-1) hox” + (A1) hoy® +(A,°-1) h, "] 12 N I



Para encontrar el cambio total de entropia de la red, formada por todas las
subcadenas, debemos sumar la ecuaciéon anterior para todas las subcadenas. Es decir,
podemos promediar sobre ho y luego multiplicar por el numero de subcadenas, vV, que hay en
la red, en donde V es el volumen de la muestra, y v es la concentracién de subcadenas por

unidad de volumen.
AS(h) =-3kw [(AC-1) <hg’>+ (A1) <hg,® >+(A,>-1) <ho,*>] 12 N 1.
Teniendo en cuenta que:
<hy’> = <ho®>+ <hy,” >+ <h,>>.
Luego, las tres direcciones son equivalentes, por lo tanto:
<he’> = <ho,® > = <h,,”> = N 17 /3.
Finalmente se obtiene:
AS = -kwW (NN +A-3) 12,

Es importante notar que el resultado es independiente de los parametros N y | que

describen individualmente a una subcadena, de modo que la Ultima ecuacion es universal.

Supongamos ahora que hemos elongado la muestra en un factor A a lo largo del eje x,
es decir, A, = A. y el volumen de la muestra no ha cambiado a causa del estiramiento, ya que

estamos tratando un material altamente elastico. Entonces:
_ —\-1/2
A=A =A

Por ende, el volumen total luego de la deformacién, V, es igual al volumen inicial.
Evidentemente, un polimero se comporta en forma diferente a un cristal sélido ordinario. En un
cristal, el cambio de volumen se produce por un cambio en las posiciones de sus atomos. Un
polimero aumenta su longitud al desenrollarse sus subcadenas, mientras que las distancias

entre sus atomos se mantienen constantes. Sustituyendo se obtiene:
AS = -kvV (A\*+2/A-3) /2.

La fuerza de estiramiento sera:
f=-T AS/Aa, = -(T/agy) (AS/IA N) = -(T/auy) (3S/OA).

Como estamos interesados en la tensién, definida como la fuerza por unidad de area

transversal inicial (agy a,,):
0 =f/ (8oy oz) = - [T/(Aox Boy Boz)] (BS/BA) = - [T/V] (BS/OA).

Por lo tanto,



o = kTv (\-1/A?).

Si la elongacion es pequefia (A = 1), esta ecuacion se puede usar para estimar el

modulo de Young de un material polimérico, de la forma

o = 3kTv (A-1).

El término entre paréntesis representa la elongacioén relativa, Aa,/a,. EI médulo de

Young, E, se define como el cociente entre la tensién y la elongacion relativa:

E = 3kTv.

Protocolo Experimental

i)

i)

iv)

v)

Vi)

vii)

viil)

Una muestra de material polimérico, a una temperatura T, se somete a diferentes
tensiones y se determina la elongacion relativa A para cada caso.

Mediante el grafico o vs (A-1), para valores de A cercanos a uno, se estima el
modulo de Young (E) a una temperatura Tj.

Un grafico o vs A-1/A% permite estimar el valor de A hasta el cual las hipétesis del
modelo se cumplen razonablemente bien.

Se repite el procedimiento a una temperatura T,.

Verifique si las pendientes de los graficos ii) a T1 y T2 cumplen la relacion teérica:
Pendiente (T;) / Pendiente (T,) =T,/ T,

idem con graficos iii).

Calcule a partir del valor de las pendientes encontradas el nuamero de
entrecruzamientos por unidad de volumen, V.

Estime la densidad del material utilizado.

A partir de los datos hallados en vii) y viii) estime el peso molecular promedio de

las subunidades que constituyen el material en estudio.

Segunda parte : Reticulacion (‘Cross-link’) en tejidos bioldgicos

La reticulacion implica la formacion de una red tridimensional formada por la union de

las diferentes cadenas poliméricas homogéneas. A partir de las publicaciones adjuntadas,

discutir la relacion del médulo de Young (y la capacidad de soportar esfuerzo) con el grado

de reticulacion en un material elastomérico, en este caso un tendén (donde el polimero que

entrecruza es el colageno).
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Nonenzymatic glycation of connective tissue matrix pro-
teins is a major contributor to the pathology of diabetes
and aging. Previously the author and colleagues have shown
that nonenzymatic glycation significantly enhances the ma-
trix stability in the Achilles tendon (Reddy et al., 2002,
Arch. Biochem. Biophys., 399, 174-180). The present study
was designed to gain further insight into glycation-induced
collagen cross-linking and its relationship to matrix stiff-
ness in the rabbit Achilles tendon. The glycation process
was initiated by incubating the Achilles tendons (n = 6) in
phosphate-buffered saline containing ribose, whereas con-
trol tendons (n = 6) were incubated in phosphate-buffered
saline without ribose. Eight weeks following glycation, the
biomechanical attributes as well as the degree of collagen
cross-linking were determined to examine the potential as-
sociations between matrix stiffness and molecular prop-
erties of collagen. Compared to nonglycated tendons, the
glycated tendons showed increased maximum load, stress,
strain, Young’s modulus of elasticity, and toughness indi-
cating that glycation increases the matrix stiffness in the
tendons. Glycation of tendons resulted in a considerable de-
crease in soluble collagen content and a significant increase
in insoluble collagen and pentosidine. Analysis of potential
associations between the matrix stiffness and degree of col-
lagen cross-linking showed that both insoluble collagen and
pentosidine exhibited a significant positive correlation with
the maximum load, stress, and strain, Young’s modulus of
elasticity, and toughness (r values ranging from .61 to .94)
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in the Achilles tendons. However, the soluble collagen con-
tent present in neutral salt buffer, acetate buffer, and ac-
etate buffer containing pepsin showed an inverse relation
with the various biomechanical attributes tested (r values
ranging from .22 to .84) in the Achilles tendons. The results
of the study demonstrate that glycation-induced collagen
cross-linking is directly associated with the increased ma-
trix stiffness and other mechanical attributes of the tendon.

Keywords Collagen Cross-Linking; Connective Tissue Ma-

trix; Glycation; Maillard Reaction; Stiffness; Tissue
Biomechanics

Nonenzymatic glycation, also known as the Maillard reac-
tion between reducing sugars and proteins, contributes to the
chemical aging of tissue proteins in vivo and to the acceler-
ated aging of proteins in diabetes mellitus [1-3]. In this re-
action, sugars react reversibly with the free amino group of
proteins to form unstable Schiff bases, which then undergo an
intramolecular rearrangement to form a stable Amadori product
[4, 5]. These Amadori products are believed to undergo a se-
ries of reactions to form heterogeneous complex fluorophores
and chromophores collectively referred to as advanced Mail-
lard products or advanced glycation end products (AGEs). The
production of these AGE products have been implicated in the
etiology of the long-term complications of several human af-
flictions, such as diabetes [1, 3, 6], aging [7], atherosclerosis
[8], fibromyalgia [9], uremia [10, 11], Alzheimer’s disease [12,
13], and renal failure [14].

Collagen provides many basic functional attributes of the
connective tissues in the body. Glycation can affect collagen in
a number of ways: its ability to form precise supramolecular
aggregates, the alterations in its charge profile, defects in the
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formation of its fibrils, and hence its interaction with cells. In
addition to the occurrence of biochemical and morphological
manifestations, glycation has been shown to alter the biome-
chanical functioning of the connective tissues [15-21]. Both in
vivo and in vitro studies have shown that reducing sugars, such
as glucose and ribose, react with the amino groups of collagen
and other proteins and form cross-linked AGEs in the tissue.
These AGEs accumulate over time and lead to the functional
impairment of the tissue. Earlier studies have shown that gly-
cation alters the structural properties of collagen [22]. These
earlier studies investigated the effect of glycation on either the
biochemical nature of collagen or the biomechanical functions
of the tissue. However, the interrelationship between the altered
biochemical properties of collagen and the altered biomechan-
ical functions of the tendon produced by glycation requires
further investigation.

Despite recent advances in our understanding of glycation
of proteins, there is relatively little evidence available concern-
ing the glycation-induced collagen cross-linking that is directly
responsible for the altered stiffness of the tissue. Recently, we
have shown that nonenzymatic glycation alters both biome-
chanical and biochemical functioning of the connective tissue
matrix in rabbit Achilles tendon [23]. In the present study, we
report a direct analysis of the potential associations between the
degree of collagen cross-linking and matrix stiffness in Achilles
tendon following nonenzymatic glycation.

MATERIALS AND METHODS

Achilles tendons from white male New Zealand rabbits, aged
12 to 16 weeks, were collected and stored at —70°C. The pro-
cedures for tendon excision were described in detail previously
[23-26].

Glycation of Achilles Tendons With Ribose

The details of the glycation of Achilles tendons with ribose
were described previously [23]. Briefly, at the start of the experi-
ment, the tendons were thawed at room temperature and washed

extensively in 20 mM phosphate-buffered saline (PBS), pH 7.4,
containing 0.1% sodium azide as preservative. The specimens
were divided equally into control (nonglycated) and experimen-
tal (glycated) groups (n = 6 per group) by random selection.
The glycation process was initiated by incubating the tissue
specimens with 0.2 M ribose in PBS, pH 7.4, containing 0.1%
sodium azide. The tendons in the control group were incubated
in PBS, pH 7.4, containing 0.1% sodium azide without ribose.
The nonenzymatic glycation reaction process was allowed to
proceed for 8 weeks at 29°C =+ 1°C in a temperature-controlled
incubator. During the initial 2 weeks, the incubation medium
was changed for all samples every 3rd day. Subsequently the
medium was changed every 4th day.

Biomechanical Analysis

The analysis of the biomechanical properties of tendons was
carried out using the Instron Materials Testing Device, Model
8511 (Instron, Canton, MA) as described extensively in our
previous work [23, 24, 26]. Initially, the tendon specimens
were secured between the clamps and pulled to rupture at a
crosshead speed of 250 mm/min. The data were digitized, dis-
played, and a load versus displacement curve was recorded
using an IBM computer. From the load/deformation curve, ten-
sile strength, stress, strain, Young’s modulus of elasticity, and
toughness were calculated for each specimen.

Biochemical Analyses

Immediately following biomechanical measurements, the
ruptured Achilles tendons were collected and used for biochem-
ical analysis. The failure site of the tendons (site of rupture) was
dissected from each tendon, cut into fine pieces, and processed
for biochemical analysis.

Determination of the Degree of Collagen Cross-Linking

The extent of collagen cross-linking was assessed by
sequential extractions of collagen in neutral salt buffer, acetate
buffer, and acetate buffer containing pepsin as described earlier

TABLE 1
Comparison of various biomechanical characteristics of control and glycated rabbit Achilles tendons

Biomechanical measurements  Control Achilles tendon  Glycated Achilles tendon ~ Change (%)
Maximum load (N) 292.30 £ 9.8 438.03 £ 20.95* +50
Maximum stress (MPa) 7.83 £ 0.51 20.25 £ 2.13* +159
Maximum strain (%) 59.59 4+ 3.21 68.51 £ 2.93* +15
Young’s modulus (MPa) 24.89 £ 1.52 65.087 & 14.41* +161
Energy absorption (mJ) 39230 £51.54 1038.32 + 109.35* +164
Toughness (MPa) 492 + 0.65 13.58 £ 1.2563* +176

Note. Values are mean £ SE (N = 6).
*P < .001.
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TABLE 2
Comparison of various biomechanical characteristics at breakpoint of control and glycated rabbit Achilles tendons
Biomechanical measurements Control Achilles tendon Glycated Achilles tendon Change (%)
Load at break (N) 125.25 £9.90 147.66 £ 4.60* +18
Stress at break (MPa) 3.45 £+ 0.28 6.29 4+ 0.43* +80
Strain at break (%) 118.49 £ 7.90 126.96 £+ 7.40 +8
Energy absorption at break (mJ) 245.40 £ 18.60 280.09 £ 16.02 +14

Note. Values are mean &= SE (N = 6).
*P < .001.

[24, 25]. In addition, the glycation-induced cross-linking was
determined using pentosidine assay as described previously
[23].

Hydroxyproline Assay

The methods used to quantify the amount of hydroxypro-
line present in neutral salt soluble collagen (NSC), acid soluble
collagen (ASC), pepsin soluble collagen (PSC), and insoluble
collagen (ISC) have been extensively described in our previous
work [23-25, 27]. Briefly, aliquots of the samples were hy-
drolyzed in alkali and oxidized with chloramine-T. The chro-
mophore was developed with the addition of Ehrlich’s alde-
hyde and the absorbance of the chromophore was measured at
550 nm. Unknown concentrations of hydroxyproline in each tis-
sue specimen were deduced from a standard calibration curve.
The total collagen content was calculated assuming that hydrox-
yproline comprises 14% of the total amino acids of collagen.

Quantitation of Pentosidine

The measurement of pentosidine levels in glycated and
nonglycated tendons was determined using a previously re-
ported procedure [23, 28], employing high-performance lig-
uid chromatography (HPLC; Shimadzu) with a binary gradient
system module managing a RF-10A spectrofluorometric de-
tector. Briefly, both glycated and nonglycated samples were
hydrolyzed in 6 N HCI for 16 hours at 110°C and freeze-dried

to remove the acid. They were then reconstituted in distilled
water, aliquots were taken into 0.1% trifluoroacetic acid (TFA),
and analyzed by HPLC using a C18 reverse-phase column (Su-
pelco Supelcosil 25 cm x 4.6 mm with 5-mm LC-18 pore size)
equilibrated with 0.1% TFA. A gradient of 0% to 6% acetoni-
trile (0.1% in TFA) was run in 30 minutes at a flow rate of
about 1 mL per minute. A standard curve was generated by
running known quantities of pentosidine (kindly provided by
Dr. Raja Khalifah) using 335 nm excitation/385 nm emission
fluorescence. Elution position and the amount of fluorescence
was compared to the pentosidine standard for quantitation.

Statistical Analysis

The results were expressed as a mean = standard error. Sta-
tistical significances of the differences between the nonglycated
and glycated Achilles tendons were evaluated using 1-way anal-
ysis of variance (ANOVA). Using Sigmastat software, a linear
regression analysis was performed to correlate biochemical and
biomechanical measurements. A P value less than .05 was con-
sidered statistically significant.

RESULTS

Biomechanical Measurements

The biomechanical tests indicated significant differences in
biomechanical properties between the nonglycated and gly-
cated Achilles tendons (Tables 1 and 2). Measurements of

TABLE 3

Comparison of the degree of collagen cross-linking between the control and glycated rabbit Achilles tendons
Degree of collagen cross-linking Control Achilles tendon  Glycated Achilles tendon ~ Change (%)
Neutral salt soluble collagen (NSC)? 4.40 £ 0.52 2.71 £ 0.26* —61
Acid soluble collagen (ASC)“ 15.61 £ 0.86 8.40 £ 0.52* —48
Pepsin soluble collagen (PSC)¢ 178.60 £ 7.90 112.60 £ 4.7* —-29
Insoluble collagen (ISC)“ 332.00 £ 16.10 426.50 + 13.06* +28
Pentosidine” 2.20 £ 0.20 5.90 + 0.30* +168

Note. Values are mean = SE (N = 6).
“Expressed as pg/mg of dry tissue.
bExpressed as pmol/mg of collagen.
*P < .001.
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FIGURE 1

The distribution of the relative proportions of neutral salt soluble, acid soluble, pepsin soluble, and insoluble collagens in

nonglycated and glycated Achilles tendons.
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FIGURE 2
Scatterplots illustrating the correlation between maximum load and soluble and insoluble collagen contents from glycated and

nonglycated tendons. Regression analysis showed that the maximum load of the tendons inversely correlated with the NSC

.84, P < .01) contents. The ISC content of the tendon showed a

.81, P < .01), and PSC (r

47, P < .01), ASC (r

(r

direct correlation with the maximum load (r = .85, P < .01).
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FIGURE 3

Scatterplots illustrating the correlation between the maximum stress and soluble and insoluble collagen contents from glycated
and nonglycated tendons. Regression analysis showed that the maximum stress of the tendons inversely correlated with the NSC
(r = .43, P < .01), ASC (r = .83, P < .01), and PSC (r = .84, P < .01) contents. The ISC content of the tendon showed a
direct correlation with the maximum stress (» = .85, P < .01).

the biomechanical properties indicated that the maximum load
withstood by the tendons was significantly higher in the gly-
cated group compared to nonglycated group (50%, P < .01).
Similarly, the maximum stress was significantly increased in
glycated tendons compared to nonglycated tendons (114%, P <
.01). However, the effect of glycation was found to be insignifi-
cant for maximum strain of the tendons (15%, P > .05). Young’s
modulus of elasticity for nonglycated tendons was significantly
higher compared to glycated tendons (161%, P < .01).

The results in relation to energy absorption, i.e., energy to
yield point, and toughness indicates that the absorption of en-
ergy in both elastic and plastic regions is significantly increased
in glycated tendons compared to nonglycated tendons. This
was evidenced by significant increases in energy to yield point
(164%, P < .01) and toughness (176%, P < .01) in glycated
tendons compared to nonglycated tendons.

The data presented above summarize the differences in
the biomechanical integrity between glycated and nonglycated

Achilles tendons at the maximum load point. The data collected
at break point are summarized in Table 2. Significant differ-
ences were documented between the nonglycated and glycated
tendons when measured for load at break and strain at break
(P < .05). However, there were no statistically significant dif-
ferences documented in other biomechanical characteristics,
such as strain at break and energy absorption at break point,
between the nonglycated and glycated Achilles tendons.

Biochemical Measurements

The findings of the degree of collagen cross-linking, i.e.,
changes in NSC, ASC, PSC, ISC, and pentosidine contents, for
the tendons are presented in Table 3. The findings showed that
the solubility of the NSC from glycated tendons was reduced
to 61% of the nonglycated tendons, suggesting that glycation-
induced cross-links may be responsible for the reduction in NSC
content (P < .01). Similarly, ASC and PSC of the tendons were
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FIGURE 4

Scatterplots illustrating the correlation between the maximum strain and soluble and insoluble collagen contents from glycated
and nonglycated tendons. Regression analysis showed that the maximum strain of the tendons inversely correlated with the NSC
(r =.75, P < .01), ASC (r = .40, P < .05), and PSC (r = .49, P < .01) contents. The ISC content of the tendon showed a
direct correlation with the maximum strain (r = .79, P < .01).

reduced to 48% and 28%, respectively, following glycation,
indicating that the glycation process enhanced the resistance of
tendons to acetate and pepsin treatments (P < .01). The amount
of insoluble collagen was increased by 28% in glycated tendons
compared to nonglycated tendons (P < .01). Furthermore, the
formation of pentosidine was significantly increased in glycated
tendons compared to nonglycated tendons (168%, P < .01).
The relative amounts of the distribution of soluble colla-
gens in relation to total tissue collagen are shown in Figure 1.
Approximately 0.5% and 0.8% of collagen was extractable in
the neutral salt soluble fraction from glycated and nonglycated
tendons, respectively. Using 0.5 M acetate buffer, 1.5% and
2.9% of collagen were extracted from glycated and nonglycated
tendons, respectively. The results of pepsin-digested samples
showed that a large amount of collagen was solubilized in both
groups of tendons (20.5% for glycated tendons and 33.7% for
nonglycated tendons). The percent of insoluble collagen was

appreciably higher in glycated tendons (77.5%) than in non-
glycated tendons (62.6%).

Relationship Between Biomechanics
and Biochemistry of Collagen

Figures 2 to 7 show the relationship between biomechanical
and biochemical properties for glycated and nonglycated ten-
dons. It is interesting to note that glycation-induced collagen
cross-linking is strongly associated with the alterations of the
matrix biomechanics in the tendon. The results clearly demon-
strate that the maximum load of the glycated tendons exhibited
a significant inverse correlation with the NSC (r = 47, P <
.01), ASC (r = .81, P < .01), and PSC (r = .84, P < .01)
contents of the tendons. Similarly, maximum stress of gly-
cated tendons showed a negative relationship with the levels
of NSC (r = 43, P < .01), ASC (r = .83,P < .01),
and PSC (r = .84, P < .01). Maximum strain displayed
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Scatterplots illustrating the correlation between the Young’s modulus of elasticity and soluble and insoluble collagen contents
from glycated and nonglycated tendons. Regression analysis showed that the Young’s modulus of elasticity of the tendons
inversely correlated with the NSC (r = .22, P > .05), ASC (r = .65, P < .01), and PSC (r = .71, P < .01) contents. The ISC
content of the tendon showed a direct correlation with the Young’s modulus of elasticity (r = .61, P < .01).

relatively a weak correlation with the ASC (r = .40, P < .05),
PSC (r = 49,P < .01), and ISC (r = 48, P > .05)
levels while exhibiting a strong inverse correlation with the
NSC (r = .75, P < .01) content in glycated tendons. An
inverse correlation was observed between the levels of NSC
r = 22,P > .05, ASC (r = .65, P < .01), and PSC
(r = .71, P < .01) and Young’s modulus of elasticity of the
tendons. Similarly, the toughness of glycated tendons displayed
a negative correlation with the NSC (r = .49, P < .01), ASC
(r =.77, P < .01),and PSC (r = .79, P < .01) levels. How-
ever, the levels of insoluble collagen from glycated tendons
showed a strong positive correlation with the maximum load
(Figures 2to 6; r = .85, P < .01), stress (r = .85, P < .01),
strain (r = .79, P < .01), Young’s modulus of elasticity (r =
.61, P < .01), and toughness (r = .89, P < .01). The results
presented in Figure 7 depict the relationship between the levels
of pentosidine and various biomechanical attributes of the ten-

dons. The pentosidine content correlated significantly with the
maximum load ( = .94, P < .01), stress (r = .92, P < .01),
and strain (r = .76, P < .01), Young’s modulus of elasticity
(r =.75, P < .01), toughness (r = .94, P < .01), and energy
at break point (r = .76, P < .01). The impact of glycation
showed a strong association between pentosidine and biome-
chanical attributes of the tendons.

DISCUSSION

Nonenzymatic glycation of the tissue proteins and subse-
quent production of AGEs have been implicated in the process
of normal aging as well as in the pathogenesis of several dis-
eases, including diabetes [1, 3], atherosclerosis [8], fibromyal-
gia [9], uremia [10, 11], Alzheimer’s disease [12, 13], and renal
failure [14]. Compared to other tissues, connective tissue ap-
pears to be highly vulnerable to glycation in the body. Collagen,
the main organic constituent of connective tissue matrix, and
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Scatterplots illustrating the correlation between the toughness and soluble and insoluble collagen contents from glycated and
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one of the major targets for nonenzymatic glycation, plays an
important role in determining the functional properties of the
tissue. Clinical complications associated with diabetes may re-
sult in functional impairment of the collagen-rich tissues, such
as tendon, ligament, bone, skin, and the tunica adventitia of
blood vessels, due to glycation. Recently, we have demonstrated
that in vitro glycation increased the matrix stability of Achilles
tendon. This study investigated not only the glycation-induced
changes in the matrix stability of tissue but also the potential as-
sociations between the biomechanical attributes and biochem-
ical properties of collagen in the tendon following an in vitro
nonenzymatic glycation.

The biomechanical testing showed a significant increase in
maximum load and stress, Young’s modulus of elasticity, and
toughness in glycated tendons compared to nonglycated ten-
dons. The changes in the biomechanical properties of Achilles
tendons by the process of nonenzymatic glycation are consistent

with the previous findings reported by the author and colleagues
[23] and other investigators [22, 29-31]. During biomechani-
cal testing, the coiled or crimped collagen fibrils in the tendon
are expected to align along the axis of loading. The tensile
stress-strain response in tendon, in the physiological loading,
is primarily due to the reorientation of bundles of fibers in the
hydrated matrix [32]. The biomechanical integrity of tendon,
therefore, has commonly been associated with the supramolec-
ular organization and physical properties of the collagen fiber
network.

The supramolecular organization of collagen in tendons and
other tissues is primarily dependent on the degree of cross-
linking. Nonenzymatic glycation is known to influence the
cross-linking of collagen, and thus affect the biomechanical
integrity of the tissue. In order to examine the influence of
glycation on collagen cross-linking, the solubility of collagen
was measured following sequential treatments with neutral and
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FIGURE 7
Scatterplots illustrating the correlation between the pentosidine and various biomechanical attributes of the glycated and
nonglycated tendons. Regression analysis showed that the pentosidine content is directly associated with the maximum load
(r = .94, P < .01), stress (r = .92, P < .01), strain (r = .76, P < .01), Young’s modulus of elasticity (r = .75, P < .01),
toughness (r = .94, P < .01), and energy at break point (r = 0.76, P < .01).

acetate buffer as well as with acetate buffer containing pepsin.
The results of this study clearly demonstrate that the proportion
of soluble collagen (in neutral buffer, weak acid, and pepsin di-
gestible) was significantly lower in glycated tendon compared
to nonglycated tendon.

The solubility of collagen in weak acid depends primarily
on the extent of disruption of noncovalent and covalent bonds,

but not stabilized aldimine cross-links [33]. Furthermore, col-
lagen that is solubilized in weak acid contains more cross-links
than salt-soluble collagen [34]. In this study, we observed a de-
crease in the proportions of acid-soluble collagen in glycated
tendons compared to nonglycated tendons. Thus, the decrease
in acid-soluble collagen content reflects the manifestations in
acid-labile cross-links in collagen by the nonenzymatic process.
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In addition, collagen in glycated tendons was highly resistive to
pepsin digestion compared to nonglycated tendons. The non-
helical regions of the collagen molecules possess inter- and
intramolecular cross-links [34, 35], and are the major sites for
the cleavage by the proteolytic enzyme pepsin. Furthermore, the
results of the collagen solubility assay demonstrate that insolu-
ble collagen content of glycated tendons was increased signif-
icantly compared to nonglycated tendons, exhibiting marked
differences in the susceptibility of collagen to proteolytic
degradation.

It was our working hypothesis that the glycation-induced col-
lagen modifications exhibit a high degree of correlation with the
matrix stiffness of the tendons. This was found to be the case
in that the degree of collagen cross-linking by nonenzymatic
glycation showed a significant correlation with the biomechan-
ical attributes of the tendons. The soluble collagens, such as
NSC, ASC, and PSC, showed a significant inverse correlation
with maximum load, stress, and strain, Young’s modulus of
elasticity, and toughness of the tendons. Insoluble collagen and
pentosidine levels showed a strong positive correlation with
the various biomechanical indices, including Young’s modu-
lus and toughness of the tendons. Young’s modulus of elas-
ticity, a direct marker of stiffness, showed a direct association
with glycation cross-links, such as pentosidine, and insoluble
collagen levels of the tendons. The toughness parameter that
measures the energy absorption capacity of the tissue showed
a direct correlation with the pentosidine and insoluble colla-
gen levels of the tendons. Thus, the results of this study clearly
demonstrate that the stiffness of the tissue directly correlated
with insoluble collagen and pentosidine levels and indirectly
correlated with NSC, ASC, and PSC levels of the glycated
tendons.

There are several limitations to the present study. First, the
results may be model or method specific. We used ribose for
our in vitro study instead of glucose, which mimics to a greater
extent the in vivo process of glycation during hyperglycemia
and diabetes. Secondly, measurement of biomechanics revealed
considerable variability in tissue stiffness. Moreover, the num-
ber of specimens was limited to 6 in each group. Due to the
small sizes of the samples, such variability in the data causes
difficulty with statistical analysis.

Based on our in vitro results, we conclude that glycation-
induced cross-linking in collagen results in increased matrix
stiffness as evaluated by measuring maximum load, stress, and
strain, Young’s modulus of elasticity, and toughness of the ten-
dons. Although the levels of glycation-induced collagen cross-
linking by in vivo process differs from this in vitro study, the
accumulation of these collagen cross-links seems a plausible
mechanism to explain the observed matrix stiffness in Achilles
tendon.
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Couppé C, Hansen P, Kongsgaard M, Kovanen V, Suetta C,
Aagaard P, Kjeer M, Magnusson SP. Mechanical properties and
collagen cross-linking of the patellar tendon in old and young men.
J Appl Physiol 107: 880886, 2009. First published June 25, 2009;
doi:10.1152/japplphysiol.00291.2009.—Age-related loss in muscle
mass and strength impairs daily life function in the elderly. However,
it remains unknown whether tendon properties also deteriorate with
age. Cross-linking of collagen molecules provides structural integrity
to the tendon fibrils and has been shown to change with age in animals
but has never been examined in humans in vivo. In this study, we
examined the mechanical properties and pyridinoline and pentosidine
cross-link and collagen concentrations of the patellar tendon in vivo in
old (OM) and young men (YM). Seven OM (67 = 3 years, 86 = 10
kg) and 10 YM (27 = 2 years, 81 = 8 kg) with a similar physical
activity level (OM 5 = 6 h/wk, YM 5 * 2 h/wk) were examined. MRI
was used to assess whole tendon dimensions. Tendon mechanical
properties were assessed with the use of simultaneous force and
ultrasonographic measurements during ramped isometric contrac-
tions. Percutaneous tendon biopsies were taken and analyzed for
hydroxylysyl pyridinoline (HP), lysyl pyridinoline (LP), pentosidine,
and collagen concentrations. We found no significant differences in
the dimensions or mechanical properties of the tendon between OM
and YM. Collagen concentrations were lower in OM than in YM
(049 = 0.27 vs. 0.73 £ 0.14 mg/mg dry wt; P < 0.05). HP
concentrations were higher in OM than in YM (898 * 172 vs. 645 =
183 mmol/mol; P < 0.05). LP concentrations were higher in OM than in
YM (49 £ 38 vs. 16 = 8 mmol/mol; P < 0.01), and pentosidine
concentrations were higher in OM than in YM (73 = 13 vs. 11 £ 2
mmol/mol; P < 0.01). These cross-sectional data raise the possibility that
age may not appreciably influence the dimensions or mechanical prop-
erties of the human patellar tendon in vivo. Collagen concentration was
reduced, whereas both enzymatic and nonenzymatic cross-linking of
concentration was elevated in OM vs. in YM, which may be a mechanism
to maintain the mechanical properties of tendon with aging.

tendon dimension; tendon mechanical properties; aging; collagen;
hydroxylysyl pyridinoline; lysyl pyridinoline; advanced glycation end
products

FORCE GENERATED BY MUSCLE is transferred to bones via tendons
to produce movement. However, tendons are not entirely
inextensible, but exhibit elastic and time-dependant properties
that serve to influence the overall function of the muscle-
tendon complex (3, 13, 17, 29, 58). Tendons have traditionally
been considered relatively inert structures, but several recent
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reports have demonstrated that human tendons respond directly
to physical activity by increased metabolic activity (15, 35, 42)
and increased collagen synthesis (50, 51). Furthermore,
strength training and habitual loading of tendons appear to be
associated with increased tendon size (6, 21, 46), confirming
that the aforementioned response to elevated loading results in
a net increase of tendon tissue. These recent findings show that
tendons respond and adapt to their specific loading history.

Aging is associated with a decline in muscle mass, strength,
and physical function (66). However, although tendon proper-
ties influence the overall function of the muscle-tendon com-
plex (58, 67), there is a relative lack of human data that
describe possible age-associated changes in mechanical prop-
erties of tendon. Animal data show that aging yields a stronger
and stiffer tendon (34, 69, 83), a weaker and more compliant
tendon (27, 90, 91), or leaves the tendon unchanged (39); thus
these data are inconclusive. In contrast, data on isolated human
cadaver tendon suggest that the aging process largely leaves
the mechanical properties unaltered (31, 40, 41). Despite the
development of ultrasonography-based methods to evaluate
human tendon properties in vivo (33, 37, 53), the effect of
aging on the mechanical properties of human tendon in vivo
remains elusive. Tendon strain in humans has been shown to
decrease (47—-49) or increase (43, 52, 61, 63, 70) with aging.
Yet others have shown that aging leaves the mechanical prop-
erties of the patellar tendon unchanged (18). Thus the picture is
incoherent, which may partly be related to methodological and
design differences, the physical activity level of the sample
population, and the type of tendon tested, i.e., the tendon-
aponeurosis complex or the free tendon alone.

In tendon, the trivalent intermolecular pyridinoline cross-
links [primarily hydroxylysyl pyridinoline (HP) and lysyl pyr-
idinoline (LP)] stabilize the fibrillar structure of collagen and
thus contribute to the mechanical properties of the tendon (7, 9,
12). These cross-links are formed from enzymatically derived
covalent immature cross-links, which undergo a spontaneous
conversion into more mature trivalent cross-links with collagen
maturation (7). The slow turnover of mature collagen allows
further cross-linking via the adventitious nonenzymatic reac-
tions of glucose with the lysyl and arginine amino acid residues
in the collagen triple helix as a true aging process (7, 59, 62).
This nonenzymatic process results in the accumulation of
advanced glycation end products (AGE) in tendon tissue. The
most widely studied AGE is pentosidine. AGE accumulation is
known to accelerate with aging and diabetes (16, 28, 62) and is
believed to yield a stiffer and more load-resistant tendon (78,
79). It has been shown that AGE cross-link density in collag-
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enous tissues (19, 38, 81, 86) and in human tendons (11, 84) is
markedly higher in older than in younger individuals, and there
are only sparse human data on mature cross-link density of
tendon and how these are influenced by aging (11). However,
recent reports of an age-associated reduction in human tendon
stiffness in vivo (43, 52, 61, 63, 70) in conjunction with the
notion of simultaneously elevated cross-link density and AGE
accumulation are difficult to reconcile. To the best of our
knowledge, there are currently no human studies examining
collagen cross-linking and mechanical properties of the patellar
tendon in vivo in old and young men. Therefore, the purpose of
this study was to examine both the mechanical properties of
human patellar tendon in vivo and collagen cross-link compo-
sition in old (OM) and young men (YM) subjects.

MATERIALS AND METHODS

Subjects. Seven OM (67 £ 3 years, 86 = 10 kg) and 10 YM (27 =
2 years, 81 = 8 kg) with similar activity levels volunteered for the
study (Table 1). With the use of a standardized form, participants were
interviewed regarding how many hours per week they were perform-
ing organized sport or exercise on a regular basis (OM: 5 £ 6 h/wk,
YM: 5 = 2 h/wk). There were no differences in physical character-
istics between OM and YM. All were healthy, did not take prescrip-
tion medicine, and had no overt signs or symptoms of diabetes. In
addition, the subjects had no known knee or tendon pathology. The
study complied with the Declaration of Helsinki and was approved by
the local ethics committee. All subjects gave their informed consent
before the experiments.

Muscle and tendon dimensions. The anatomic cross-sectional area
(CSA) of the quadriceps femoris muscle was measured 20 cm prox-
imal to the tibia plateau (mid-thigh level) by magnetic resonance
imaging (MRI) (General Electric, Sigma Horizon LX 1.5-Tesla, T1
weighted SE) using a lower extremity coil. The images were obtained
using the following parameters: TR/TE = 500/14 ms, field of view
(FOV) = 18, matrix = 512 X 512, and slice thickness = 6 mm (21,
46). Subsequently, the lean muscle mass of the quadriceps muscle
(subcutaneous and intermuscular noncontractile tissues were excluded
from the measurement) was manually outlined using the software
program Osiris 4.19 (http://www.sim.hcuge.ch/osiris/). The mean
value of three measurements of the same image was used for analysis.
Patellar tendon CSA and length were determined with the use of MRI
(General Electric, Sigma Horizon LX, 1.5-Tesla, T1 weighted SE)
(21, 46). Patellar tendon CSA was determined by axial plane MRI
using the following parameters: TR/TE = 400/14 ms, FOV = 20,
matrix = 256 X 256, slice thickness = 5.0 mm, and spacing = 0 mm.
The axial scans were performed perpendicular to the patellar tendon.
As described in detail previously, the tendon CSA was measured
1) just distal to the patellar insertion, 2) just proximal to the tibia
insertion, and 3) midway between these two sites (21, 46). The
patellar tendon length was determined from sagittal plane MRI using
the following parameters: TR = 500, echo time (ET) = 3 X (TE: 12.4
ms), FOV = 16, matrix = 256 X 192, slice thickness = 4.0 mm, and
no spacing. The patellar tendon length was obtained by measuring the
distance from the dorsal insertion at the patella apex to the dorsal

Table 1. Physical characteristics of OM and YM

OM (n=17) YM (n = 10)
Age, years 67£3 27%2
Height, cm 178+9 183+4
Weight, kg 8610 81£8
Activity level, h/wk 5*6 5*2

Values are means *= SD. There were no differences in physical character-
istics between old men (OM) and young men (YM).

insertion on the tibia. Patellar tendon CSA and length were manually
outlined using the software program Osiris 4.19 (http://www.sim.
hcuge.ch/osiris/). The color intensity of each image was adjusted using
the National Institutes of Health color scale mode of the software. Tendon
CSA and length were measured using the grayscale image display. The
average tendon CSA was calculated from the three levels (proximal, mid,
and distal CSA) and used for analysis. The typical error percent of
repeated measures of site-specific tendon CSA was 2-2.5% (21).

Mechanical properties of tendon. The details of the measurement,
including the reliability of the method in our laboratory, has been
reported previously (37). The within-day correlation coefficient and
typical error percent results for repeated measures were 0.95 and 9.9%
for tendon stiffness, 0.97 and 5.5% for tendon strain, and 0.94 and
9.4% for Young’s modulus. Subjects performed a 5-min warm-up on
a stationary bike to secure proper preconditioning of the tendon before
testing. Thereafter, the subjects were seated in a custom-made rigid
chair with both hips and knees flexed to an angle of 90°. A leg cuff,
which was connected to a strain gauge (Bofors KRG-4, Bofors,
Sweden) through a rigid steel rod perpendicular to the lower leg, was
mounted on the leg just above the medial malleolus. An ultrasound
probe (7.5 MHz, linear array B-mode; Sonoline Sienna, Siemens,
Erlangen, Germany) was fitted into a custom-made rigid cast that was
secured to the skin above the patellar tendon in the sagittal plane. The
ultrasound probe and cast were positioned so that the patella, the
patellar tendon, and the tibia were all visible within the viewing field
throughout the ramped contractions (Fig. 1).

The ultrasound S-VHS video images obtained during the ramp
trials were sampled at 50 Hz on a personal computer using frame-by-
frame capturing software (Matrox Marvel G400-TV, Dorval, Quebec,
Canada). Force was sampled on two separate personal computers at 50
Hz via a 12-bit analog-to-digital converter (dt2810A; Data Transla-
tion). The two computers were interconnected to permit synchronous
sampling of all data using a custom-built trigger device (14). The
subjects performed four to five slow isometric knee extensions ramps
by applying gradually increasing force until maximum over a 10-s
period during which patellar tendon displacement and knee extension
force were measured simultaneously. Each ramp was separated by a
2-min rest period. All measurements were performed on one side,
randomized to either the right or left knee. During the ramp contrac-
tions, force was sampled at 50 Hz and low-pass filtered at a 1.0-Hz
cutoff frequency using a fourth-order zero-lag Butterworth filter.

Tendon force was calculated by dividing the estimated total knee
extension moment by the internal moment arm, which was estimated
from individually measured femur lengths (87). Tendon stress was
calculated by dividing tendon force with the average of the three
levels (proximal, mid, and distal) of the patellar tendon CSA deter-
mined from MRI. Tendon deformation was defined as the change in
distance between the patellar apex and the tibia (37, 57). Tendon
strain was calculated as the change in length related to the initial
tendon length. Each single force-deformation curve was fitted to a
second- or third-order polynomial fit, which yielded R? > 0.98.
Tendon stiffness (Aforce/Adeformation) and Young’s modulus
(Astress/Astrain) based on common force were calculated in the final
20% of the force-deformation and stress-strain curves, respectively
(57). To compare tendon dimensions between the subjects of various
body size, tendon CSA data were normalized to body weight and
raised to the power of 2/3 (60).

Patellar tendon biopsies. A Bard MAGNUM biopsy instrument
(C.R. Bard, Covington, GA) with a disposable core biopsy needle (14
gauge) was used. After sterilization, the skin was injected with local
anesthetic (1% lidocaine), and a 3- to 5-mm-long incision was created
just distal to the patella apex. The biopsy needle was inserted into the
tendon surface at an ~30° angle and fired, securing a tissue sample of
~8 mg. Samples were snap-frozen in liquid nitrogen and stored at
—80°C. Tendon biopsies were taken from the same side as tendon
mechanical properties assessments were performed. No previous bi-
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Fig. 1. The patellar tendon force-deformation relationship based on common
force. Values are means = SD of all subjects. There were no differences
between old (OM) and young men (YM) with respect to tendon deformation or
stiffness (P > 0.05).

opsy had been taken from that site in all subjects. All biopsy samples
were analyzed in an investigator-blinded fashion.

Biochemical analysis. Freeze-dried tendon samples were hydro-
lyzed in 6 M HCl (+108 C, 24 h) and evaporated into dryness and
dissolved in H>O. Hydroxyproline, the collagen-specific amino acid,
was measured spectrophotometrically (23) to quantify collagen pro-
tein (24). HP, LP, and pentosidine were analyzed via a single re-
versed-phase high-performance liquid chromatography (HPLC) run
and detected on the basis of their natural fluorescence (10). At 0-16
min, the wavelength for HP and LP fluorescence was 400 nm for
emission and 295 nm for excitation. The wavelengths were changed at
16—60 min to 328/378 nm to measure pentosidine. For the elution of
the cross-links, a gradient was built up to contain 17% eluent B (75%
acetonitrile with 0.13% heptafluorobutyric anhydride) at O min and 25%
eluent B at 30 min. Eluent A was 0.13% heptafluorobutyric anhydride.
Flow rate was 1 ml/min. HP was eluted at 12 min, LP at 13.5 min, and
pentosidine at 23 min. The HPLC system used included Quaternary
Gradient Pump unit, PU-2089 Plus, Intelligent AutosamplerAS-2057
Plus, and Intelligent Fluorescence Detector FP-2020 by Jasco. Data
processing software was Jasco Chrompass. The LiChroCART 125-4
column was from Merck Hitachi. The results for HP, LP, and pentosidine
are given compared with the standards injected at four different concen-
trations in each HPLC run. The intra-assay coefficient of variations based
on duplicates within a run were 2.6%, 3.7%, and 3.9% for HP, LP, and
pentosidine, respectively. The detection limit for HP and LP is 0.4 pmol
and 0.05 pmol for pentosidine.

Data reduction and analysis. The two isometric ramp contractions
that yielded the greatest maximum force were selected for further
analysis. To make group comparisons and thereby account for differ-
ences in magnitude in isometric ramp contraction force, the trials for
all subjects were subsequently analyzed to the lowest common force,
as determined by the weakest subject (3953 N). Mann-Whitney
U-tests were used to examine whether there were differences between
the groups in the measured variables. Spearman rank-order correlation
was used to analyze the strength of relationships between variables. P <
0.05 was considered significant. Results are reported as means * SD.

RESULTS

Peak knee extensor moment was lower in OM (154 = 41 N-m)
than in YM (216 * 62 N-m) (P < 0.05). Similarly, quadriceps
femoris CSA was lower in OM than in YM (Table 2) (P < 0.01).

Table 2. Patellar tendon dimensions and quadriceps muscle
CSA for OM and YM

OM (n =17) YM (n = 10)
Tendon length, mm 43+4 43+5
Tendon CSA, mm? 10117 103=8
Tendon CSA, mm?/body wt*3 5.34+0.48 5.47+0.25
Quadriceps muscle CSA, mm? 6,214+705% 8,431+522

Values are means * SD. CSA, cross-sectional area. *Significantly different
from YM, P < 0.01.

Tendon dimensions are shown in Table 2. Tendon length did
not differ between YM and OM. Absolute average tendon CSA
did not differ between OM and YM. Similarly, there was no
between group difference in average tendon CSA normalized
for body weight.

Mechanical properties determined at maximal force are
shown in Table 3. Maximal tendon force was lower in OM than
in YM (P < 0.05). There were no differences between OM and
YM with respect to tendon deformation, stiffness, strain, stress,
or Young’s modulus based on average tendon CSA. Mechan-
ical properties at a common force are shown in Table 4. Again,
there were no differences between OM and YM for any of the
variables (Figs. 1 and 2).

Collagen concentration and cross-link density data are
shown in Table 5. Collagen concentration was lower in OM
than in YM (P < 0.05). Both HP and LP (P < 0.05) as well as
pentosidine (P < 0.01) concentrations in collagen were higher
in OM than in YM. Pentosidine was positively related to age in
YM (r = 0.74, P < 0.01, Fig. 3) but not in OM (r = 0.65, P =
0.11). There were no significant correlations between the
mechanical and biochemical variables.

DISCUSSION

To the best of our knowledge, this is the first study that has
examined both the mechanical properties of the human patellar
tendon in vivo and collagen cross-link densities in YM and OM
with similar physical activity levels. The main findings were
that the collagen concentration was lower in OM than in
YM, whereas the enzymatically derived cross-links (HP and
LP) were greater in OM than in YM. At the same time, the
nonenzymatically derived AGE marker (pentosidine) was
markedly more abundant in OM than in YM. However, despite
these apparent age-related differences in the tendon collagen
properties, the tendon mechanical properties in the two age
groups did not diverge appreciably.

It is well known that age is associated with a loss in muscle
mass and consequently a reduction in muscle function (66). It

Table 3. Patellar tendon mechanical properties for OM and
YM based on maximum force

OM (n=17) YM (n = 10)
Force, N 5,161+737* 7,415+2184
Deformation, mm 2.6+04 29+09
Stiffness, N/mm 3,926+1091 5,546+1871
Stress, MPa 51*8 65+24
Strain, % 6.10.9 6.9+2.3
Modulus, GPa 1.7%£0.3 2.2+0.7

Values are means = SD. *Significantly different from YM, P < 0.05.
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Table 4. Patellar tendon mechanical properties for OM and
YM based on common force

OM (n = 7) YM (n = 10)
Deformation, mm 23+04 2.4+0.6
Stiffness, N/mm 3,511+837 3,290+869
Stress, MPa 417 37£5
Strain, % 5.3%£0.9 59+1.7
Modulus, GPa 1.5+0.4 1404

Values are means = SD.

has also been suggested that tendon compliance and electro-
mechanical delay increase with aging (80), which would re-
duce efficient transfer of contractile force and therefore am-
plify the age-associated decline in muscle function. However,
to what extent the mechanical properties of human tendon
change with aging remains unclear. Data based on animal
models are disjointed as they suggest that aging reduces (27,
90, 91), augments (34, 69, 83), or leaves the mechanical
properties unchanged (39). Similarly, data based on human in
vivo models are inconclusive. These studies show that, with
aging, the tendon becomes more compliant (43, 52, 61, 63, 70),
less compliant (47-49), or remains unchanged (18, 43). In
contrast, data on isolated human cadaver preparations consis-
tently suggest that aging does not influence the mechanical
properties (31, 40, 41), which is in agreement with the present
data and that of Carroll et al. (18) on human patellar tendon in
vivo.

The present mechanical data diverge from those of others
based on the human in vivo model with one exception (18), and
this may be related to methodological differences and study
design. It has been shown that strength training and habitual
loading pattern may result in tendon hypertrophy (6, 21, 46),
which would influence the mechanical properties of the tendon
(80). In contrast to previous in vivo studies (18, 43, 47, 52, 61,
63, 70), we have taken this aspect into account by comparing
age groups with similar activity levels. However, it cannot be
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Fig. 2. The patellar tendon stress-strain relationship based on common force.
Values are means = SD of all subjects. There were no differences between OM
and YM with respect to tendon strain, stress, or Young’s modulus based on
average tendon cross-sectional area (P > 0.05).

Table 5. Concentration of collagen and hydroxylysyl
pyridinoline, lysyl pyridinoline, and pentosidine cross-links
in the patellar tendons of OM and YM

OM(n=17 YM(@n=10)
Collagen, mg/mg dry wt 0.49+0.27%  0.73%+0.14
Hydroxylysyl pyridinoline, mmol/mol collagen =~ 898+172* 645+ 183
Lysyl pyridinoline, mmol/mol collagen 49+38% 16+8
Pentosidine, mmol/mol collagen 73+137F 11+2

Values are means *= SD. *,iSignificantly different from the values of YM
(P < 0.05 and P < 0.01, respectively).

ruled out that prior life-long training history, including exercise
mode and intensity, which was unaccounted for in the study,
may have influenced the data. Furthermore, it has been shown
that the ultrasonography-based method of obtaining patellar
tendon deformation requires that the movement of the tibia also
has to be considered (37, 71), which was achieved in the
present study and in the study by Carroll et al. (18). Notably,
the present data and that of Carroll et al. (18) cannot demon-
strate any age-associated difference in mechanical properties of
the patellar tendon. Moreover, several studies have investi-
gated the effect of aging on the mechanical properties based on
a composite measure of deformation that includes both that of
the tendon and aponeurosis, rather than the tendon per se (43,
52, 61, 63, 70). This makes direct comparisons of results
difficult since the free tendon and aponeurosis have dissimilar
mechanical properties and because the stiffness of the aponeu-
rosis can be modulated during contraction (30, 57). It should
also be recognized that the present data and that of others are
based on cross-sectional designs with inherent limitations,
including the striking variations in tendon mechanical proper-
ties between subjects (54); therefore, a type II error cannot be
ruled out.

The densities of mature lysyl oxidase-derived intermolecular
covalent cross-links, such as HP and LP, gradually increase
during tendon tissue maturation, and it is commonly believed
that these cross-links are the chief contributors to the function
and mechanical properties of the tendon (7, 9, 12, 76). In
animal models, it has been shown that there is a positive
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Fig. 3. Pentosidine was positively related to age in YM (r = 0.74, P < 0.01).
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relationship between HP cross-link density and mechanical
strength of the healing medial collateral ligament tissue and
anterior cruciate ligament graft (32, 68) and furthermore that
changes in HP and LP density will result in altered mechanical
properties in collagenous tissue (7, 72). However, there are
only sparse human data on mature cross-link density in tendon
and how these are influenced by aging (11). A small but
significant age-related increase of LP has been demonstrated in
the supraspinatus tendon in vitro (11). The present data on LP
and HP densities of YM correspond well with previously
reported data in a similar population (45). However, the present
data also demonstrate that HP and LP densities of the human
patellar tendon were ~40% and threefold higher, respectively,
in OM than in YM, suggesting a rather marked age-associated
elevation in these enzymatic cross-links. It is noteworthy that,
despite the rather robust difference in both HP and LP, there
was no difference in the mechanical properties of the tendon.
However, it should be noted that fibril length (22, 77), fibril
diameter (74), and proteoglycans and glycosaminoglycans (44,
73, 75) have all been implicated in contributing to the tendon
mechanical properties, and the relative contribution of these
factors and that of mature cross-links remains elusive.

To our knowledge, these are the first data showing that AGE
is markedly increased in the human patellar tendon of OM vs.
in that of YM. AGE cross-links, including pentosidine, are
formed when lysine amino acid residues in the collagen triple
helix come into contact with glucose (7, 62), and the accumu-
lation of these cross-links is known to accelerate with aging (7,
44) and disease processes such as diabetes (16, 28, 62),
atherosclerosis (88), Alzheimer (20, 64), and renal failure (89).
AGE products are also used as markers of tissue turnover (11).
It has been shown that the difference between young and older
individuals in AGE cross-link density in collagen is ~2-fold in
human skeletal muscle (38), 5-fold in human bone (81), 7-fold
in human tendon (present data), 9-fold in human ligaments
(19), and 33-fold in human cadaver cartilage (86), demonstrat-
ing the tissue-specific turnover. The fact that pentosidine den-
sity is sevenfold greater in tendon of OM than in YM (Table 5),
coupled with the fact that pentosidine appears to be related to
age in a narrow age span (Fig. 3), firmly demonstrates the
positive relationship between AGE cross-linking of human
patellar tendon collagen and aging ex vivo. These data corrob-
orate and extend those previously reported on cadaver tissue
(11, 84). From a functional standpoint, an elevated AGE
cross-link density has been suggested to result in increased
tensile stress and tendon stiffness in animal models (4, 5, 8, 34,
78, 79, 85). However, in the present study, both the stiffness
(Fig. 1) and the Young’s modulus (Fig. 2) of the tendon did not
differ between OM and YM despite the sevenfold difference in
pentosidine, suggesting that factors other than AGE may also
play a major role in determining the mechanical properties of
human tendon.

In the present study, the total collagen concentration of the
patellar tendon was ~34% lower in OM than in YM (Table 5),
and this age-linked reduction is in accordance with that found
in the canine patellar tendon (39) and rat tail tendon (90). It is
possible that the lower collagen concentration with aging may
represent the reduced size and/or density of collagen fibrils that
is known to occur with aging (26, 65, 74, 76, 82). It was
recently reported that MRI signal intensity of the patellar
tendon was reduced with aging (18), which may be a function

of the reduction in collagen concentration observed in the
present study. Unfortunately, the size of the obtained biopsy in
the present study precluded transmission electron microscopy
analysis for fibril size and density. The lower collagen concen-
tration in OM may be an age-related change in the tendon per
se and/or a function of reduced tendon loading due to an
age-related loss of muscle mass/strength. Interestingly, the
average whole tendon CSA did not differ between OM and YM
(Table 2), which in light of the reduced collagen concentration
may be related to increased amounts of other extracellular
matrix components, such a proteoglycans and glycosaminogly-
cans. Alternatively, the retained tendon CSA in OM may result
from tendon intrafibrillar fat that can accumulate with aging (1,
2, 25). It has previously been demonstrated that the Achilles
tendon CSA is larger in postmenopausal women than in young
women (55), but it should be noted that female hormones may
significantly impact collagen synthesis (36, 56). This potential
sex-dependent factor is the reason that we have undertaken the
present study in men only.

Albeit speculative, it is possible that the elevated enzymatic
and/or nonenzymatic cross-link density in OM vs. that shown
in YM served to maintain tendon stiffness and Young’s mod-
ulus despite the diminished collagen concentration. Such main-
tenance of tendon stiffness would serve to maintain effective
transfer of muscle force despite a lower absolute muscle size
(Table 2) and strength (Table 3). In this context, it should be
noted that the present data were obtained in moderately phys-
ically active individuals, and future studies will need to address
the effect of training per se in elderly.

In conclusion, results from the present study raise the pos-
sibility that the dimensions and mechanical properties of the
human patellar tendon in vivo may not differ between OM and
YM. On the other hand, the OM group displayed lower
collagen concentration, but greater enzymatic (HP and LP) and
nonenzymatic (pentosidine) collagen cross-links, than YM.
This age-related increase in both enzymatic and nonenzymatic
cross-linking compounds may serve to maintain the mechani-
cal properties of tendon with aging.
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