THE ANATOMICAL RECORD 298:538-545 (2015)

Glycine Improves Biochemical and
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ABSTRACT

Tendinopathy of the Achilles tendon is a clinical problem that motivates
the scientific community to search for treatments that assist in restoring its
functional properties. Glycine has broad biological effects, acting as a modu-
lator of the inflammatory cascade, and is the predominant amino acid in col-
lagen. A 5% glycine diet provided beneficial effects against toxicity and
inflammation since glycine may restructure the collagen molecules faster
due to its broad anti-inflammatory effects. The purpose was analyze the
effects of a 5% glycine diet in rats as a treatment for the inflammatory pro-
cess. The experimental groups were as follows: C (control group), G1 and G3
(inflammatory group), and G2 and G4 (glycine + inflammatory group). G1
and G2 were euthanized 8 days following injury, and G3 and G4 were eutha-
nized 22 days following injury. The concentrations of hydroxyproline, non-
collagenous proteins, and glycosaminoglycans, as well as the activity of MMP-
2 and -9 were analyzed. Biomechanical and morphological tests were
employed. Higher concentrations of hydroxyproline and glycosaminoglycans
were found in G4 and an increased activity of MMP-2 was found in G2. Higher
birefringence was noted in group G2. The biomechanical results indicated that
the tendon was more resistant to loading to rupture upon treatment with a
glycine diet in group G4. Glycine induced the synthesis of important compo-
nents of the tendon. A rapid remodeling was noted when compared with the
inflamed-only groups. These data suggest that glycine may be a beneficial sup-
plement for individuals with inflammation of the Achilles tendon. Anat Rec,
298:538-545, 2015. © 2014 Wiley Periodicals, Inc.
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Tendon injuries often occur in tendons that are exposed
to high mechanical forces and that undergo more extensive
matrix remodeling, such as the Achilles, supraspinatus and
patellar tendons (Benjamin et al., 2008; Wang et al., 2012).
The biomechanical properties of tendons depend on the
structural arrangement of the collagen fibrils, fiber diame-
ter, and the molecular aggregation of the collagen. The
fibrils aggregate into collagen fibers that are responsible
for the resistance of the tendon, and the efficiency of this
mechanism depends on the parallel arrangement of these
fibers in the direction of the tension forces (James et al.,
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2008; Wang et al., 2012; Aro et al., 2012). However, biome-
chanical properties of the tendons are often compromised
and the tendon may undergo significant changes following
injuries (Maganaris et al., 2004).

The incidence of Achilles tendon lesions is common,
indeed increasing in sports, comprising 30-50% of the
total number of injuries (Jarvinem et al., 2005; Ruschel
et al., 2009; Dario et al., 2010; Fung et al., 2010). Each
year in the United States, there are about 16.4 million
cases of tendon and ligament injuries, and about 100,000
cases that involve the Achilles tendon (Jarvinem et al.,
2005). The use of some antibiotics and medications is asso-
ciated with induction of these injuries (Kader et al., 2002;
de Oliveira et al., 2013). Tendon injuries are difficult to
repair surgically and are typically slow to heal. Further-
more, is known that after the tendon ruptures, it does not
return to its preinjury condition (Jozsa and Kannus, 1997).

The extracellular matrix (ECM) components of the ten-
dons undergo structural and biochemical changes during
injuries caused by the local inflammation (Vieira et al.,
2012, 2013) and with partial ruptures (Almeida et al.,
2012; Guerra et al., 2013). In the inflammatory process,
macrophages, monocytes and neutrophils are primarily
responsible for the action of enzymes and subsequent deg-
radation of ECM components. Various types of collage-
nases are involved in inflammation in addition to the
matrix metalloproteinases (MMP) that include MMP-2
and MMP-9. A balance between MMPs and their inhibi-
tors is important to maintain and prevent excessive tissue
degradation (Gill and Parks, 2008; Clutterbuck et al.,
2010). Furthermore, the molecular mechanisms of tendin-
opathy are still unclear, and therefore, the results of
current treatments are largely empirical and often less
effective for these types of injuries (Wang et al., 2006).

Glycine is an amino acid with a simple molecular
structure, and it displays important biological activities
by acting as a modulator of the systemic inflammatory
cascade, improving the microcirculation and assisting in
the inhibition of TNF-a and IL-1B (Hartog et al., 2007;
Figueiredo et al., 2009). Many studies have proposed gly-
cine as a useful treatment for many types of inflamma-
tory processes (Hartog et al., 2007; Weeler et al., 2009;
Carmans et al., 2010; Stoffels et al., 2011). In addition,
glycine is used in the prevention and treatment of can-
cers such as melanomas (Weeler et al., 2009). A 5% gly-
cine diet has provided beneficial effects against liver
toxicity and inflammation in rats (Li et al., 2001; Mika-
lauskas et al., 2011). The metabolic capacity for glycine
biosynthesis does not satisfy the need for collagen syn-
thesis, thus dietary sources are important for normal
metabolism (Meléndez-Hevia et al., 2009).

The hypothesis that was tested in this study was
whether a 5% glycine diet could accelerate recovery of
the biochemical and biomechanical properties of tendons
following inflammation. The collagenase-induced inflam-
mation model in rats was employed to test this hypothe-
sis. The main objective of this study was to evaluate
glycine supplementation as a viable alternative or sup-
plementary treatment for Achilles tendon inflammation.

MATERIAL AND METHODS
Experimental Design

Animal care was in accordance with the European Con-
vention for the Protection of Vertebrate Animals used for

Experimental and Other Scientific Purposes, and it was
consistent with the ethical principles of animal experi-
mentation adopted by the Brazilian College of Animal
Experimentation. The protocol was approved by the
Ethics Committee on Animal Experiments of the State
University of Campinas (UNICAMP), SP, Brazil, and filed
under no. 2307-1.

In this study, young adult (60 days) male Wistar rats,
weighing on average 300 g, were obtained from the Mul-
tidisciplinary = Center for Biological Investigation
(CEMIB) of the State University of Campinas. The rats
were housed two per cage under a 12-h light/dark cycle
at 23°C with free access to standard rat chow and water
prior to the treatment with glycine and the control diet
(without glycine). The animals were divided into five
groups: C, control group; G1 and G3, inflamed group;
and G2 and G4, inflamed and supplied with a glycine
diet. Groups G1 and G2 were euthanized on day 8 after
induction of inflammation, and groups G3 and G4 were
euthanized on day 22 after induction of inflammation.

To induce inflammation, the animals were anesthe-
tized with isoflurane (Forame) and given an intratendi-
nous injection in the right Achilles tendon of 10 pL of
collagenase (10 mg mL ™ !; Sigma, C6885) dissolved in
sterile buffered saline (PBS) (Lake et al., 2008). After
induction of tendinitis, the animals in the treatment
groups (G2 and G4) received a diet containing 5% gly-
cine. The animals in the induced tendinitis groups G1
and G3 and the control group (C) control received the
control diet without glycine. The treatments lasted 7
days for groups G1 and G2 and 21 days for groups G3
and G4. The entire right tendon was taken after eutha-
nasia. Five animals in each group were used for bio-
chemical studies and the other five were used for
morphological analysis. Six animals per group were used
in biomechanical analyses. The left tendon was not used.

A diet containing 5% glycine (AJINOMOTO, BRAZIL)
was provided by the Institute of Biology, Animal Physiol-
ogy, State University of Campinas, following the guide-
lines of AIN-93M (Reeves et al., 1993). The diet was
administered to the animals and the consumption was
recorded daily.

Extraction Procedures

The Achilles tendon was removed and treated with 50
volumes of 4 M guanidine hydrochloride (GuHCI) contain-
ing 20 mM EDTA and 1 mM PMSF in 50 mM sodium
acetate buffer, pH 5.8, for 24 h at 4°C with stirring
(Heinergard and Sommarin, 1987). Then, the material
was centrifuged (13,000g, 25 min, 4°C), and the superna-
tant was used for the quantification of non-collagenous
protein and glycosaminoglycans (GAGs).

Quantification of Proteins and Sulfated GAGs

The extracts collected from the experimental groups
were used to quantify the relative amounts of protein
according to the method of Bradford (1976). Bovine
serum albumin was employed as a standard. The quanti-
fication of GAGs was performed using the dimethyl-
methylene blue method (Farndale et al., 1986) with
chondroitin sulfate as the standard. The absorbance was
measured at 595 nm for proteins and at 540 nm for
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GAGs using an ASYS Expert Plus Microplate Reader
(Biochrom, Holliston, MA).

Hydroxyproline Quantification

Fragments of the tendon were hydrolyzed in 6 N HCI
(1 mI/10 mg of tissue) for 4 h at 130°C. Then, the lysate
was treated with 1.41% chloramine-T solution and 15%
p-dimethylaminobenzaldehyde, as described by Stege-
mann and Stalder (1967). After incubation for 15 min at
60°C, the hydroxyproline solution was cooled, and the
absorbance was measured at 550 nm using an Ultrospec
2100 Pro spectrophotometer (Amersham Biosciences,
England).

Zymography for MMP-2 and -9

The tendons were treated according to the method
described by Marqueti (2006). For protein extraction, the
fragments of the tendon were immersed in a solution of
50 mM Tris-HC1 (Synth) pH 7.4, 0.2 M NaCl, 10 mM
CaCl2 (Ecibra, Sao Paulo, SP, Brazil), and 0.1% Triton
X-100 (Nuclear) with 1% of a protease inhibitor cocktail
(Sigma) at 4°C for 2 h. After the first extraction, the
samples were incubated with 1/3 of the volume of the
solution described above at 60°C for 5 min. Then, 20 pg
of the protein extract was loaded onto the gel. The pro-
tein samples were electrophoresed at 4°C on a 10% poly-
acrylamide gel containing 0.1% gelatin, and after
completion of electrophoresis, the gel was washed with
2.5% Triton X-100 (Nuclear) and incubated for 21 hr in a
solution of 50 mM Tris-HCI (pH 7.4), 0.1 M NaCl, and
0.03% sodium azide (Sigma) at 37°C. The gel was
stained with Coomassie brilliant blue R-250 for 1 hr.
After staining, the gels were washed with a solution con-
taining 50% methanol and 10% acetic acid to observe
negative bands of proteins corresponding to enzymatic
activity. As a positive control, 20 mM EDTA was used in
the incubation buffer. EDTA inhibits the activity of gela-
tinase and confirms the identification of MMPs in the
gels. The bands in the negative image were quantified
by densitometry using Scion Image software Alpha
4.0.3.2 (Scion Corporation, Frederick, MD).

Light Microscopy Analysis and Morphometry

The tendons were fixed in a solution containing 4%
formaldehyde in Millonig buffer (0.13 M sodium phos-
phate, NaOH 0.1 M, pH 7.4) for 24 hr at room tempera-
ture. The tendons were then washed for 6 hr in tap
water, dehydrated with a sequence of increased ethanol
concentrations, diaphonized with xylene and embedded
in paraffin (Histosec, Merck), according to Neto et al.
(2003). Longitudinal serial sections of 7 um in thickness
were prepared for microscopic analysis. To visualize the
overall structure of the tissue, some sections were
stained with toluidine blue (TB) (0.025%) in Mcllvaine
buffer (0.03 M citric acid, 0.04 M sodium phosphate
dibasic, pH 4.0).

Digital images were observed with a camera coupled
to a light microscope (Olympus BX 60) and then were
used to perform all morphometric analyses using Image-
Pro Plus 6.0 software. Ten random images (200X magni-
fication) were used to measure the thickness of the epi-
tenon and the same number of images was used (400X

magnification) to count the cells. Ten images were used
per animal (n = 5).

Birefringence: Image Analysis and
Measurements

Birefringence properties were studied using an Olym-
pus BX51-P BX2 polarizing microscope with an image
analyzer (Image-Pro Plus 6.3, Media Cybernetics, Silver
Spring, MD). Because birefringence appears visually as
brilliance, this phenomenon was measured with the
image analyzer and expressed as gray average (GA) val-
ues in pixels, after its calibration (8 bits =1 pixel). The
major tendon axis was positioned at 45° to the crossed
analyzer and polarizer during the measurements. Con-
sidering that collagen bundles exhibit two kinds of bire-
fringence: intrinsic birefringence (Bi) and form or
textural birefringence (Bf) (Vidal and Volpe 2005; Vidal
and Mello 2010), the total birefringence (sum of Bi and
Bf) was used in this study. The measurements of the
transected region of the tendons in each experimental
group were made after immersing the sections in water.

Biomechanical Tests

The biomechanical tests were performed using a
TAXT2 texturometer (Stable Micro Systems, from the
Department of Engineering, Faculty of Food Engineer-
ing, UNICAMP), according to Almeida et al., (2009). We
used six tendons in each experimental group for this
analysis. The tendons were maintained in saline solution
until the time of testing. Prior to testing, the lengths,
widths and thicknesses of the tendons were measured
with a caliper, and the latter two parameters were deter-
mined at the midpoint of the tendon; the cross-sectional
area was calculated from these measurements. The
adapters that were encased in the machine secured the
tendons by their ends.

During the test, the tendons were subjected to a grad-
ually increasing load at a constant displacement rate of
1 mm sec !, using a load of 5 N until the tendons rup-
tured. The maximum stress was calculated from these
data. The stress (MPa) was calculated using the ratio
between the load (N) and the cross-sectional area (mm?).
The maximum displacement was determined as the load
that the tendon could withstand prior to rupture.

Statistical Analysis

The data were presented as the mean = SD of the
results obtained from five animals per group. To com-
pare the data, statistical analysis was performed using
one-way analysis of variance (ANOVA) with the Tukey
post hoc test. The Mann—Whitney test was used only for
analysis of the birefringence measurements. A value of
P <0.05 was considered statistically significant, and the
statistical program GraphPad PrismVR, version 3.0, was
used for all analyses.

RESULTS

Biochemical analysis via quantification of hydroxypro-
line and an indirect quantification of collagen showed a
greater concentration of hydroxyproline in G4 (P <0.05)
in comparison to the other inflamed and treated groups.
In addition, the amount of hydroxyproline in G4 was
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Fig. 1. Concentration of hydroxyproline (mg g~ dry tissue) in differ-
ent groups. C: control group; G1: inflamed group in 7 days; G2:
inflamed and supplied with a glycine diet in 7 days; G3: inflamed
group in 21 days; G4: inflamed and supplied with a glycine diet in 21
days. G4 showed values similar to those of C and higher than the
other groups (P < 0.05%).
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Fig. 2. Concentration of sulfated glycosaminoglycans (mg g ' wet
tissue). C: control group; G1: inflamed group in 7 days; G2: inflamed
and supplied with a glycine diet in 7 days; G3: inflamed group in 21
days; G4: inflamed and supplied with a glycine diet in 21 days. Note
the higher concentration in G2 and G4 compared to G1 and G3
(P < 0.05"). Both treated groups presented values similar to those of C.

mg/fg of tissue

similar to that found in control group, C (Fig. 1). Appa-
rently, the action of glycine on the hydroxyproline con-
centration occurred within 7-21 days, as there were no
changes in the first 7 days of treatment.

In the quantification of total sulfated GAGs (Fig. 2), a
higher concentration was observed in G2 (P <0.01) and
G4 compared to G1 and G3. In G2 and G4, the concen-
trations of GAGs were similar to that found in group C.

Moreover, quantification of the non-collagenous proteins
showed a greater concentration in G2 when compared to
G3 and G4 (P<0.001). G4 showed a lower concentration
of proteins compared to all other groups (Fig. 3).

Regarding the activity of metalloproteinases in the
zymography for MMP-2 (Table 1), a greater concentration
of pro-MMP-2 was observed in the control group (C) com-
pared with the other groups. However, the active isoform
of MMP-2 was greater G2 relative to the other groups;
however, this result was not significantly different among
the groups. Densitometry of the gel zymography bands
showed no significant difference in the activity of MMP-9

Fig. 3. Concentration of non collagenous proteins. C: control group;
G1: inflamed group in 7 days; G2: inflamed and supplied with a gly-
cine diet in 7 days; G3: inflamed group in 21 days; G4: inflamed and
supplied with a glycine diet in 21 days. Observe a higher concentra-
tion of proteins in G2 when compared to G1 (P <0.01%). There were
not differences between G3 and G4. Note the concentration in G2
was similar the found in C.

TABLE 1. Densitometry of the bands corresponding
to zymography of the MMP-2 and MMP-9 isoforms

pro-MMP-2 MMP-2 active MMP-9 active
Groups (72 and 68 kDa) (62 kDa) (82 kDa)
C 160.9 = 30.20* 28.76 + 9.2 0
G1 84.6 +12.0 40.43 +14.3 29.51+9.1
G2 66.76 = 21.04 62.40 + 4.1 49.91+129
G3 94.71+8.9 31.11+7.2 27.70 = 8.7
G4 75.87+9.6 36.12+6.9 54.27 + 23.6

2P < 0.05; the activity of pro-MMP-2 was elevated in the C
group; a trend increase was observed for the active MMP-2
in G2 when compared to the other groups, but the differ-
ence was not significant; It was not observed differences
among the groups in relation to MMP-9. C: control group;
G1: inflamed group in 7 days; G2: inflamed and supplied
with a glycine diet in 7 days; G3: inflamed group in
21 days; G4: inflamed and supplied with a glycine diet in
21 days.

among the groups. As expected, the C group did not show
the presence of MMP-9 (Fig. 4).

The biomechanical characteristics of the Achilles ten-
don presented interesting results in the animals that
received glycine as a treatment for inflammation (Table
2). In the maximum load analysis graph, G4 withstood a
larger load (N) than the other groups that were inflamed
(P<0.05), and this value remained close to that
observed in the control group. Considering the maximum
stress (MPa), no differences were found among the
groups; however, the values of this parameter had a
tendency to increase in G4 compared to G3. Regarding
the displacement and cross-sectional area, there were no
significant differences among the groups.

The birefringence images showed a high birefringence
of collagen molecules in G2 when compared to G1 (Figs. 5
and 6). There were no differences among the groups in 21
days. The epitenon was thicker in G2 (Fig. 7) when com-
pared to the others groups (P <0.05). However, there
were no differences among the groups, in relation to the
number of cells (Table 3).
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Fig. 4. Zymography for MMP-2 and 9. The activity of MMP-2
showed a trend of increase in G2. However, these results were not
significant. C: control group; G1: inflamed group in 7 days; G2:
inflamed and supplied with a glycine diet in 7 days; G3: inflamed
group in 21 days; G4: inflamed and supplied with a glycine diet in
21 days.

TABLE 2. Biomechanical properties of the experimental

groups
Maximum  Maximum Cross-

Maximum displacement stress sectional
Groups load (N) (mm) (MPa) area (mm?)
C 53.2+7.0 140+0.5 57.3*6.3 1.01+0.4
G1 33.2+x4.7 1.10=-0.2 521+94 0.66=0.1
G2 33.0+x7.1 1.20+0.1 51.0+19.0 0.76*=0.1
G3 35.2+6.5 1.08+0.4 396122 0.90*=0.2
G4 425+43% 125+x04 54.6*x11.9 0.72+0.1

The maximum load were higher in G4 (*P <0.05). These
values were similar to those of C. The maximum stress was
smaller in inflamed tendons (G3) but this result was not
differences significant. The cross-sectional area and dis-
placement were similar in all groups. C: control group; G1:
inflamed group in 7 days; G2: inflamed and supplied with a
glycine diet in 7 days; G3: inflamed group in 21 days; G4:
inflamed and supplied with a glycine diet in 21 days.

DISCUSSION

The inflammatory process applied to the Achilles ten-
don was remediated via its biochemical and biomechani-
cal properties after treatment with a 5% glycine diet. In
this study, biochemical components of the ECM that are
involved directly in the remodeling process after the
induction of a lesion were analyzed. In addition remark-
able changes were observed in the endurance of the ten-
don after submitting it to a biomechanical test.

Glycine is predominant (~35%) in the collagen mole-
cule, and some studies have utilized it for therapeutic
purposes for inflammatory processes and for tumor and
hepatotoxic conditions (Yamashina et al., 2007; Hartog
et al., 2007; Stoffels et al., 2011; Mikalauskas et al.,
2011). The results from the present study on the benefits
of a glycine-rich diet on the biochemistry, structural and
biomechanics of the inflamed Achilles tendon also sug-
gest potential new therapeutic approaches for this and
related injuries.

The collagen molecule includes hydroxyproline, pro-
line and glycine, which assist in the stabilization of the
triple helix structure of collagen (Piez and Reddi, 1984).
The glycine-rich diet provided to the animals with
inflamed tendons resulting in levels of hydroxyproline
that reached the values observed in the control, despite
the degradation and disorganization of collagen fibers
associated with the inflammatory process (Clutterbuck
et al., 2010; Guerra et al., 2013). These observations sug-

Birefringence
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Fig. 5. Birefringence measurements of different groups of tendon.
C: control group; G1: inflamed group in 7 days; G2: inflamed and
supplied with a glycine diet in 7 days; G3: inflamed group in 21 days;
G4: inflamed and supplied with a glycine diet in 21 days. The meas-
urements of G2 was higher than G1 (*). G3 and G4 showed similar
measurements.

Gray intensity value

gest that the higher levels of hydroxyproline may help
maintain the integrity of collagen fibers, perhaps mak-
ing them more resistant to degradation.

Concentrations of GAGs are decreased in inflamed
tendons (Vieira et al., 2012). In the present study, GAGs
concentrations were observed to return to normal levels
in tendons of animals treated with a diet rich in glycine,
from 8 to 22 days following the induction of inflamma-
tion. GAGs are part of the proteoglycans molecules,
which are integral to the regulation of many cellular
events, including cell proliferation, migration and adhe-
sion (Jozsa and Kannus, 1997; Banos et al., 2008). The
high concentration of GAGs may promote a more rapid
remodeling of the extracellular matrix after inflamma-
tion. It is also known that the small proteoglycan,
decorin, is involved directly with the fibrillogenesis of
collagen molecules and is responsible for controlling the
diameters of these fibers (Banos et al., 2008; James
et al., 2008).

During the inflammatory process, signaling molecules
and proteins of the ECM are cleaved (Vieira et al.,
2012). Regarding the increase of non-collagenous pro-
teins in G2, the data suggests that glycine may promote
or facilitate protein synthesis during inflammation.

Previous studies have shown that glycine contributes
to the inhibition of TNF-a and IL-18 (Hartog et al.,
2007; Figueiredo et al., 2009). These inflammatory mole-
cules are involved in the induction of apoptosis (Kim
et al., 2010) and the activation of metalloproteinases
involved in the excessive degradation of matrix compo-
nents (Tsuzaki et al., 2003). MMP-2 is the enzyme
responsible for extracellular matrix remodeling, and it
shows high activity during pathological processes such
as injury and partial rupture of the tendon (Almeida
et al., 2012; Guerra et al., 2013). A greater trend
towards increased MMP-2 activity was observed in 7
days in the present study. It is known that this enzyme
is required to restore the tissue after injury, and it has
beneficial effects in the remodeling process (Clutterbuck
et al., 2010). The trend toward increasing activity may
promote tissue remodeling in the ECM and thus more
effectively restoring tendon biomechanical properties.

Cells and their associated enzymes recruited during
the initiation of inflammation can induce disorganization
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Fig. 6. Birefringences of longitudinal sections of tendons from the diet in 7 days; G3: inflamed group in 21 days; G4: inflamed and sup-
different groups, observed by polarization microscopy. The largest plied with a glycine diet in 21 days. It is possible to note the high bire-
axis of the tendon is positioned at 45° in relation to the crossed polar-  fringence of collagen molecules in G2 when compared to G1. In G3
izers. A: C group; B: G1; C: G3; D: G2; E:G4. C: control group; G1:  and G4 the organization of collagen fibers was the same. Bar: 20 pm.

inflamed group in 7 days; G2: inflamed and supplied with a glycine
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Fig. 7. Histological sections stained with toluidine blue. A: C group; B: G1; C: G2; D: G3; E: G4. Note
the epitenon thicker in G2 compared to the other groups. Bar: 40 um.
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TABLE 3. Morphometry of tendon sections stained with Toluidine Blue represented by the mean and standard
deviation

Parameters C G1 G2 G3 G4

Cells/um*(10™%) 8.0+0.78 6.0 +0.8 7.0+0.8 6.0+0.8 5.0+0.8

Epitenon (um) 93.2*+25.2 233.7£45.0 268.7 = 44.0% 111.7 = 23.2 138.0 = 22.2

There were no differences observed in the amount of cells of tendon. In relation to epitenon, it was noted thicker in G2
compared to the others experimental groups. C: control group; G1: inflamed group in 7 days; G2: inflamed and supplied

with a glycine diet in 7 days; G3: inflamed group in 21 days; G4: inflamed and supplied with a glycine diet in 21 days.

#p < 0,05.

of the collagen bundles and promote degradation of ECM
components, which may lead to severe chronic pathologic
processes. This process may result in a reduction in the
tensile strength of the tendon and predisposes the ten-
don to rupture (Sharma and Maffulli, 2006; Den Hartog,
2009; Silva et al., 2011). The biomechanical analyses
showed that G4 sustained a higher biomechanical load
compared to the other inflamed groups. The profile
found in G4 remained closer to the control group. The
tendons from this group more resistant to rupture after
treatment with glycine were compared to G1, G2, and
G3. These data were corroborated by the high concentra-
tions of glycosaminoglycans and hydroxyproline found in
G4. In case of tendinopathy, the weakening of the tendon
causes morbidity and disability among athletes and peo-
ple in general (Tallon et al., 2001). The biomechanical
characteristics of the Achilles tendon are primarily
responsible for the ability to withstand large muscular
forces with minimum deformation (Maganaris et al.,
2002; Casalechi et al., 2012). The addition of dietary gly-
cine in the present study was associated with a higher
biomechanical resistance in the Achilles tendon after the
induction of inflammation. It is known that glycine is
present in the triple helix of the collagen molecule in
large quantity and the addition of greater dietary
glycine may have promoted collagen synthesis.

High birefringence noted in G2 showed that glycine
supplementation resulted in better organization of colla-
gen fibers after induced inflammation compared with
the non-supplemented groups. G3 and G4 showed simi-
lar measurements in the birefringence images. However,
the biomechanics properties noted in G4 were signifi-
cantly better compared to the inflamed group in the
same period. The biomechanical properties of tendons
change during physical activity, stretching and patholog-
ical processes (Marqueti et al., 2006; Wang et al., 2012).
The improvement or maintenance of the biomechanical
properties of tendons after a pathological event, such as
inflammation, suggests that glycine supplementation
improved or maintained effective connective tissue
remodeling processes.

The epitenon was thicker in G2. This result suggests
a greater cellular infiltration in this region. During
inflammation, the tissue becomes weaker due to the cas-
cade of events arising from the injury, such as release of
cytokines that are involved in the infiltration of macro-
phages and neutrophils from the blood stream, as well
as the imbalance between MMPs and their inhibitors
(TIMPs). The MMP-2 and -9 can be secreted by neutro-
phils (Clutterbuck et al., 2010; Casalechi et al., 2012).
During the recovery time, the tendon is more susceptible
to further injuries. Glycine apparently functions on the
active isoform of MMP-2 in the first 7 days of treatment,
and no further effect was observed after 21 days. This

enzyme may be involved for the rapid remodeling of col-
lagen fibers and arrangement of proteoglycans, as well
as for improving the functionality of the tendon to with-
stand higher loads in 21 days, when compared to ani-
mals that had inflammation in the tendon.

This study demonstrated effects of a glycine-rich diet
on inflammation of the Achilles tendon. The glycine diet
stimulated the synthesis of hydroxyproline, glycosamino-
glycans, non-collagenous proteins and appeared to main-
tain or improve the organization of collagen molecules.
The biomechanical results indicated that the tendon was
more resistant to mechanical loading upon treatment
with a glycine diet. Glycine also induced a rapid remod-
eling of tissue when compared with the groups without
treatment. The data from this study suggest that dietary
glycine supplementation may be a useful therapeutic
adjunct for individuals with inflammatory injuries of
tendons, such as Achilles tendon injuries, and perhaps
other types of connective tissue injuries and inflamma-
tory events.
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