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Cross-Linking in Collagen by Nonenzymatic Glycation
Increases the Matrix Stiffness in Rabbit Achilles Tendon
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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

143



144 G. K. REDDY

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

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 ± 3.21 68.51 ± 2.93* +15
Young’s modulus (MPa) 24.89 ± 1.52 65.087 ± 14.41* +161
Energy absorption (mJ) 392.30 ± 51.54 1038.32 ± 109.35* +164
Toughness (MPa) 4.92 ± 0.65 13.58 ± 1.2563* +176

Note. Values are mean ± SE (N = 6).
∗ P < .001.

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
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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 ± 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 liq-
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 HCl for 16 hours at 110◦C and freeze-dried

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)a 4.40 ± 0.52 2.71 ± 0.26* −61
Acid soluble collagen (ASC)a 15.61 ± 0.86 8.40 ± 0.52* −48
Pepsin soluble collagen (PSC)a 178.60 ± 7.90 112.60 ± 4.7* −29
Insoluble collagen (ISC)a 332.00 ± 16.10 426.50 ± 13.06* +28
Pentosidineb 2.20 ± 0.20 5.90 ± 0.30* +168

Note. Values are mean ± SE (N = 6).
aExpressed as µg/mg of dry tissue.
bExpressed as pmol/mg of collagen.
∗ P < .001.

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 × 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
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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.

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
(r = .47, P < .01), ASC (r = .81, P < .01), and PSC (r = .84, P < .01) contents. The ISC content of the tendon showed a

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 (r = .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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FIGURE 5
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 2 to 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 (r = .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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FIGURE 6
Scatterplots illustrating the correlation between the toughness and soluble and insoluble collagen contents from glycated and

nonglycated tendons. Regression analysis showed that the toughness of the tendons inversely correlated with the NSC
(r = .49, P < .01), ASC (r = .77, P < .01), and PSC (r = .79, P < .01) contents. The ISC content of the tendon showed a

direct correlation with the toughness (r = .89, P < .01).

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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