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• Soft tissue injuries account for upwards of 70% of injuries during sports. One of the reasons for this high injury rate is that we have only a very 
basic understanding of how training alters tendon and ligament structure and function. 

• Tendons and ligaments are complex and dynamic tissues that are poorly understood, in part because of the difficulty in working with them in 
human models (in vivo).

• Because of the difficulty in measuring function and imaging effectively in vivo, it would be useful to have an outside the body or in vitro model that 
can fully recapitulate the tissue.

• Recently, engineered ligaments have been developed in vitro from fibroblasts isolated from human anterior cruciate ligaments or hamstring 
tendons. These tissues are functionally similar to embryonic tendons and ligaments and can be used to understand how different stimuli affect 
sinew function.

• Using these ligaments, research has shown that tendons and ligaments, like bone, quickly become refractory to an exercise stimulus, suggesting 
that short (10 min) periods of activity are best to train these tissues.

• These tissues are also being used to understand how hormonal changes (menstrual cycle or intense exercise) and nutritional interventions can 
affect sinew function.

• The challenge to tissue engineering will be to translate these novel insights into new nutritional and training regimes to minimize injury and 
accelerate return to play.
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INCIDENCE OF SOFT TISSUE INJURY IN SPORT 
Soft tissue injuries that affect muscles, tendons and ligaments are 
extremely common at all levels of sport. In youth sport, ~50% of all 
injuries are sprains (Frisch et al., 2009). In college athletics, the rates 
of ankle sprains have been relatively constant at ~1/1,000 athlete 
exposures, over the 15 years between 1988 and 2004 (Hootman et al., 
2007). By contrast, anterior cruciate ligament (ACL) ruptures increased 
by 1.3%/yr to 0.14/1,000 athlete exposures over the same time period. 
In professional sports, the incidence of soft tissue injury reaches 60% 
for the English Premier League (Hawkins et al., 2001) and nearly 70% 
in the National Football League (Feeley et al., 2008). Beyond sporting 
populations, diabetics are up to 10 times more likely to suffer tendon 
injuries than non-diabetics (Abate et al., 2013) and tendon injuries 
increase with age as evidenced by the fact that 80% of people in their 
80s have suffered a ruptured tendon (Milgrom et al., 1995). Even 
though musculoskeletal injuries are extremely common and have huge 
personal, competitive and financial costs, very few advances have been 
made in preventing and treating these injuries.

Tendons and ligaments are often grouped together into a single 
category (the biblical term “sinew” will be used in this review) because 
they are similar in their composition, structure and general function. 
The fundamental difference between these tissues is that a tendon 
attaches a compliant muscle to a stiff bone, whereas a ligament 
attaches two stiff bones together. The magnitude of this difference is 
often underappreciated. Connecting a compliant muscle to a stiff bone 
can cause strain concentrations (where one tissue stretches much 

more than the other). When the strain concentration gets too high, 
failure or rupture occurs at the interface or within the compliant tissue. 
The tendon prevents strain concentrations by having variable mechanics 
along its length (Arruda et al., 2006) (Figure 1). This means that a 
healthy tendon starts stretchy at the muscle end and becomes 
progressively stiffer as it gets closer to the bone. The compliant region 
of a tendon is believed to protect the attached muscle from injury, by 
acting as a shock absorber (minimizing strain concentrations). For 
example, during running, a healthy tendon lengthens to absorb energy 
allowing the muscle to contract isometrically (Roberts et al., 1997). 
However, when stiffness of the muscle end of the tendon is greater than 
the isometric strength of the muscle, the muscle must lengthen during 
the movement. This type of rapid lengthening of a contracting muscle 
can lead to severe injury. This means that even though the strength 
(load at which they fail) of a tendon or ligament increases as stiffness 
increases (LaCroix et al., 2013), a stiffer tendon produces more muscle 
damage during the same exercise than a less stiff tendon  
(McHugh et al., 1999). For an athlete, this means that the stiffer a 
ligament the better, but with tendons, too much stiffness can be bad for 
the attached muscle.

The muscle-end of a tendon stretches more because of differences in 
the orientation and crosslinking of the collagen within this region. Within 
a sinew, molecular connections, or crosslinks, bind collagen molecules 
and fibrils together and increase the stiffness of the tissue (Reddy et al., 
2002). These crosslinks are low at the muscle end of a tendon and 
increase toward the bone (Curwin et al., 1994). Since there are fewer 
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crosslinks at the muscle end, there is lower stiffness in this region 
(Arruda et al., 2006). There are three ways that we can increase 
crosslinks and therefore the stiffness at the muscle end of a tendon:  
1) high blood sugar – sugar can directly crosslink collagen and this is 
why diabetics are up to 10 times more likely to get a musculoskeletal 
injury; 2) inactivity (as in a cast), as without muscle contraction, tendons 
of the immobilized joint add crosslinks at the muscle end and become 
stiffer (Arruda et al., 2006; Eliasson et al., 2007); and 3) exercise, 
which can either increase or decrease crosslinks depending on the 
speed of the movement. High-speed movements (think plyometrics) 
increase crosslinks and stiffness, whereas slow movements (think slow 
eccentrics or isometrics) break crosslinks and lower stiffness.

From the background above, the most important points to take away 
are: 1) tendon/ligament injuries are common in daily activities and at 
every level of athletic performance; 2) a healthy tendon has varying 
stiffness along its length and the compliant region acts as a shock 
absorber that protects the muscle from injury; and 3) as a result of the 

tissues they attach to, tendons and ligaments are functionally different. 
The stiffer the ligament the better, whereas if tendon stiffness is too 
high, injuries will increase to the associated muscles. This means that 
training and nutrition that increase sinew stiffness are good, but to 
prevent tendon/muscle injury slow, heavy movements (i.e., weight 
lifting) should also be performed. This Sports Science Exchange article 
will provide a brief overview of how pioneering work is increasing the 
knowledge regarding the structure and function of tendons and 
ligaments (see Baar, 2017 for more detail). 

MODELING SINEW PHYSIOLOGY IN VITRO 
For years, scientists, coaches and athletes considered tendons and 
ligaments mechanical bands that did not respond to exercise. However, 
it is now clear that these tissues respond to loading. For example, the 
patellar tendon in the dominant leg of fencers and badminton players is 
20-30% larger than their trail leg (Couppe et al., 2008). Further, 
nutritional interventions, such as consuming a whey protein supplement, 
have the potential to increase the tendon hypertrophy that results from 
strength training (Farup et al., 2014). This means that sinews are 
dynamic tissues. Interestingly, the existing data suggest that tendons 
rapidly respond to changes in muscle size and strength, possibly to 
minimize changes in the peak strain (a stronger muscle can pull with 
greater force on a tendon and a larger tendon is needed to handle the 
higher force) during contraction (Urlando & Hawkins, 2007). However, 
it is important to note that even though part of the tissue is dynamic, the 
collagen at the core of a tendon does not turn over between ages 17-70 
(Heinemeier et al., 2013). Together, these data suggest that an adult 
tendon grows like a tree, adding and removing collagen only on the 
outside (Kalliokoski et al., 2007). 

Since tendons are dynamic, understanding how exercise and feeding 
increase the synthesis of collagen and improve tendon function could 
allow us to improve performance, prevent injury, and accelerate return 
to play. However, unlike many other tissues in the body, tendons are 
largely composed of extracellular proteins. In fact, the number of cells 
within a tendon drops with age until there are fewer than 0.01 cells/
micron squared in the adult tendon (Nakagawa et al., 1994). Contrast 
this with skeletal muscle where ~95% of the area is composed of cells. 
Therefore, getting enough intracellular protein from a tendon biopsy for 
scientific experiments can be extremely challenging. Together with the 
fact that proteins within the core of the tendon turn over very slowly 
(Heinemeier et al. 2013), means that it is very difficult to understand 
how the cells within a healthy adult tendon respond to nutrition  
or exercise.

For these reasons, over the last 10 years, a number of laboratories have 
developed 3-dimensional models of a human tendon/ligament (Bayer et 
al., 2010; Kapacee et al., 2008; Paxton et al., 2009; 2010). To achieve 
this goal, our laboratory isolates human fibroblasts from ruptured ACLs 
that are collected during reconstructive surgery (Paxton et al., 2012). 
Enzymes are used to digest the collagen, cells are collected as they are 
released, and the cells are grown in an incubator at body temperature 

Figure 1. Regional mechanics of tendon. The mechanics of (A) healthy  
tendon or (B) tendon after 5 wk of immobilization. Note that in a healthy tendon, 
the muscle end of the tendon (red) stretches much more than the bone end 
(green), whereas the mid-tendon region shows intermediate mechanics. By 
contrast, after forced inactivity, all regions of the tendon become stiffer.  
Adapted from Arruda et al., 2006.
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in a media that promotes growth. The cells can be expanded in the lab 
and this allows hundreds of ligaments to be made from a single donor, 
eliminating the effects of genetic differences between subjects. To 
engineer ligaments, cells are put into a gel made from fibrin, the same 
protein that forms a blood clot when we cut ourselves. This matrix is 
used because it is the biological matrix that the cells are exposed to in 
development and injury repair (Galloway et al., 2013). The cells grow 
and divide within the fibrin gel and over 7 d contract the gel around two 
calcium phosphate cement anchors that are placed in the culture dish 
to act like bones (Figure 2). After 7 d, the fibrin contracts into a single 
tissue between the anchors and continues to develop like an embryonic 
tendon or ligament (Kapacee et al., 2008). Like developing sinews 
(Marturano et al., 2013), these engineered tissues have more cells and 
less matrix (Calve et al., 2010), their rate of collagen synthesis is 
significantly higher (Calve et al., 2010), they express more developmental 
collagen isoforms (Bayer et al., 2010), and are much weaker than the 
adult tissues they are designed to mimic (Paxton et al., 2010). In spite 
of these significant differences, the engineered tissues provide a model 
that has been useful in understanding the effects of exercise and 
nutrition on tendon/ligament function. The following section discusses 
some of the exciting findings using this model, how these data compare 
to the animal/human data (where possible), and how the information 
derived from this model could potentially improve performance, 
decrease injuries and accelerate return to play.

LOADING AND SINEW FUNCTION 
Sinews, like other musculoskeletal tissues such as bone, adapt to their 
loading state. In the sinews of adult animals and humans, disuse leads 
to a decrease in total collagen (Loitz et al., 1989; Vailas et al., 1988), 
whereas exercise increases collagen (Heinemeier et al., 2007). Even 
though activity is known to regulate cellular processes within tendons 
and ligaments, how the volume, intensity and load of exercise affects 

sinews is largely unstudied. To begin to understand what type of 
exercise was optimal for sinews, we stretched our engineered ligaments 
at different frequencies, intensities and durations and determined the 
molecular response (Paxton et al., 2012). These experiments showed 
that the molecular response to exercise did not depend on the frequency 
(how many times a second it was loaded; think walking versus running) 
and intensity (how large the stretch was; think range of motion). This is 
consistent with animal experiments where the molecular response to 
resistance exercise was the same in tendons regardless of whether the 
muscle underwent shortening, isometric, or lengthening contractions 
(Heinemeier et al., 2007). The only parameter that altered the cellular 
response to contraction or exercise was time. Within 10 min of starting 
the activity, the molecular response peaked. If contractions continued, 
the molecular signals switched off (Paxton et al., 2012). Further 
experiments showed that it took 6 h for the cells to become responsive 
to contractions again. Using this information, we developed an 
intermittent contraction (exercise) program consisting of 10 min of 
activity followed by 6 h of rest (Paxton et al., 2012). After 5 d, the 
engineered ligaments that had undergone the intermittent activity 
protocol produced twice as much collagen as those that were exercised 
continuously (Figure 3). These results are similar to what occurs in bone 
in vivo; where very few loading events followed by 6-8 h of rest resulted 
in the greatest amount of bone mineral deposition (Burr et al., 2002). 
For athletes and coaches, these data suggest that: repeated short 
periods of activity that load the sinew followed by long periods of rest 
appear to be optimum for connective tissue health and function.

HORMONAL EFFECTS ON SINEW FUNCTION
Female athletes participating in cutting and jumping sports have a 4-6 
times greater incidence of ACL rupture than their male counterparts 
(Arendt & Dick, 1995). Interestingly, knee laxity (Shultz et al., 2004; 

Figure 2. The engineered ligament model. Engineered ligaments can be 
formed by embedding human anterior cruciate ligament fibroblasts into a fibrin 
gel. A tubular ligament results from limiting the natural contraction of the gel 
using anchors pinned into a tissue culture plate that has been modified such that 
the bottom of the plate is coated with a silicone polymer (polydimethylsiloxane; 
Slygard®). Following plating, the cells within the fibrin gel (depicted in yellow) 
contract the gel around the anchors forming a tubular ligament by day 7 in culture.

Figure 3. Intermittent contraction in the engineered ligament model.
Engineered ligaments were contracted (1 stretch every 2 s) either continuously  
or in 4 short (10 min) bouts separated by 6 h of recovery for 5 d. At the end of 
the contraction period, the intermittent group had twice the increase in collagen  
as the continuous group. Adapted from Paxton et al., 2012.
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2005) and incidence of ACL rupture (Wojtys et al., 1998) are related to 
circulating estrogen levels. As estrogen rises around ovulation, knee 
laxity and the incidence of ACL rupture both go up as well (Shultz et al., 
2005; 2005; Wojtys et al., 1998). This suggests that even though there 
are well-established biomechanical differences between men and 
women, hormone levels might directly affect ligament function. To 
attempt to understand the mechanism underlying this effect, we 
mimicked the estrogen surge that occurs just before ovulation by 
increasing estrogen levels in our culture model and measured the 
changes in mechanics (Lee et al., 2015). Interestingly, as little as 48 h 
in physiologically high estrogen was enough to decrease the stiffness of 
our ligaments without changing collagen content. A decrease in 
stiffness without a change in collagen suggested that there was a 
decrease in crosslinking. To directly test this hypothesis, we treated our 
ligaments with high estrogen for 24 or 48 h and measured the activity 
of lysyl oxidase, the primary collagen crosslinking enzyme. Consistent 
with our hypothesis, estrogen decreased the activity of lysyl oxidase by 
more than 80% (Lee et al., 2015). This indicated that the increase in 
estrogen during the menstrual cycle decreased crosslinking resulting in 
decreased stiffness that put the ACL at a greater risk of failure. We are 
now using our engineered ligament model to search for nutritional 
supplements that would have the opposite effect in an effort to decrease 
ACL injury in athletic women.

While estrogen is known to decrease sinew function, as described 
above exercise has a positive effect. While most of the benefit of 
exercise is a direct effect of loading (Farup et al., 2014; Paxton et al., 
2012), exercise is known to have a globally positive effect on connective 
tissues as well (Crane et al., 2015). To test whether the hormonal 
changes that result from strength training are beneficial for sinew 
function, we sampled blood from 12 healthy young men before and 
after resistance exercise (West et al., 2015). The serum from these 
subjects was isolated and then used in the growth media of our 
engineered ligaments. We then determined the effect of the different 
sera on collagen synthesis and mechanics. Constructs grown in the 
post exercise serum showed a significant increase in collagen content 
and mechanics, suggesting that something in the post exercise serum 
improved sinew function (West et al., 2015). This effect was not 
mediated by growth hormone, transforming growth factor β, or insulin-
like growth factor (IGF) 1, but to date we have not been unable to 
discover the beneficial factor. These data suggest that exercise 
produces a global signal that improves connective tissue function. 
Identifying this factor might provide a way to improve sinew function 
and health, and accelerate return to play. In the meantime, these data 
suggest that even before you can load an injured sinew, engaging in 
heavy exercise with healthy body parts might produce factors that could 
accelerate recovery.

NUTRITIONAL INTERVENTIONS TO IMPROVE SOFT 
TISSUE FUNCTION
Compared to muscle, the science of nutritional interventions that can 
improve soft tissue function in humans is in its infancy. One paper 

showed that whey protein improved tendon hypertrophy in response to 
strength training (Farup et al., 2014). However, whether this was a 
direct effect on the tendon or an indirect effect resulting from more 
muscle hypertrophy and strength gains is still unclear. Interestingly, a 
similar response was seen in rats following 5 wk of leucine 
supplementation (Barbosa et al., 2012). Both whey and leucine work 
through the mechanistic target of rapamycin (mTORC1) (Wolfson et al., 
2016). To determine whether mTORC1 activity was important in 
collagen synthesis and sinew mechanics, we added rapamycin to our 
culture media to block mTORC1. Treatment with rapamycin for 7 d 
decreased the mechanics and collagen content of the grafts by more 
than 50% (Baar, unpublished observations). However, whether these 
data are the result of a decrease in collagen synthesis, or a decrease in 
cell number has yet to be determined. Regardless, these data suggest 
that using leucine-rich whey protein can activate mTORC1 within 
sinews and increase collagen. However, the effects of whey protein on 
sinew structure and mechanics in humans has yet to be determined.

Other than leucine-rich protein, no nutritional interventions have been 
shown to have an effect on sinew in humans. However, using our tissue 
engineered ligament model we have shown that certain amino acids 
together with vitamin C can improve collagen synthesis (Paxton et al., 
2010). The vitamin C effect is not surprising given that vitamin C 
deficiency results in scurvy, a disease marked by the loss of collagen 
synthesis (Peterkofsky, 1991). Vitamin C is an essential co-factor for an 
enzyme that is needed for the synthesis, secretion and crosslinking of 
collagen. In our model, the amino acids that have a positive effect on 
collagen synthesis include proline, lysine, hydroxylysine and 
hydroxyproline. These amino acids are the main components of 
collagen, suggesting that even in our in vitro model, where amino acids 
are 5 times the physiological level, excess proline, lysine and their 
hydroxylated analogues can still be beneficial. Interestingly, these same 
amino acids are enriched in hydrolyzed collagen and gelatin, which is 
usually made from the tendons and ligaments of cows. In agreement 
with our findings in engineered sinews, in a randomized clinical trial, 
Clark and colleagues (2008) showed that hydrolyzed collagen decreased 
knee pain in athletes. Further, McAlindon and colleagues (2011) 
showed that consuming 10 g/d of collagen hydrolysate resulted in an 
increase in cartilage within the knee. These findings suggest that 
gelatin or hydrolyzed collagen have important benefits for athletes; 
however, whether this is the result of more collagen synthesis remains 
to be determined. We have begun feeding gelatin to athletes and have 
seen extremely positive responses on collagen production (Shaw et al., 
2017). In this randomized double-blind crossover designed clinical trial 
we have seen that consuming 15 g of gelatin 1 h before activity resulted 
in a significant increase in collagen synthesis in people (Shaw et al., 
2017). Further, engineered ligaments grown in serum after ingesting 
the vitamin C enriched collagen supplement resulted in a dose-
dependent increase in collagen and an improvement in mechanics. 
These data suggest that consuming gelatin improves tendon collagen 
synthesis in people; however, more work is needed to understand the 
dose and the specificity of this response to collagen (i.e., can any 
protein improve collagen synthesis?).
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SCIENCE-BASED RECOMMENDATIONS FOR TRAINING TO 
IMPROVE TENDON HEALTH AND PERFORMANCE
From the background provided above, a series of recommendations can 
be developed to help maximize performance, decrease the risk of 
tendon/ligament injury and/or accelerate return to play.

• In healthy athletes with a history of tendon injuries, consider 
incorporating a connective tissue health session into training. 
This type of session would involve ~10 min of activity targeted 
to the tendon/ligament that is prone to injury. For example, 
runners would do a session to target the hamstrings, patellar 
and Achilles tendons, whereas baseball players would target the 
throwing arm. These exercises can be performed at high or low 
speed, with a lighter weight and with a limited range of motion 
if necessary since the only goal is to go for ~10 min to stimulate 
the cells to adapt, and the exercises should be performed either 
6 h before or after any other training.

• In healthy athletes with a history of muscle pulls, consider 
incorporating heavy slow strength training to decrease crosslinks 
and stiffness in the muscle end of the tendon. These sessions 
can use concentric, isometric or eccentric loading; the key to 
decrease muscle injuries is the slow speed of the movement 
which will decrease stiffness at the muscle end of the tendon. 
Again, these can be short sessions ~10 min that can follow 
immediately at the end of a game or practice.

• Following injury, athletes should begin training as soon as 
possible. Training can consist of simple isometric contractions, 
unweighted range of motion, and weight-supported exercises 
since the load and amplitude of the movement is not important 
for stimulating repair (Paxton et al., 2012). The training should 
again consist of 10 min of activity followed by 6 h of rest. 
Reasonably, this means that the athlete will train for three short 
periods each day: in the morning, at noon and in the evening. 
Heavy weight training of uninjured areas may also provide other 
beneficial factors that could accelerate recovery (West  
et al., 2015).

• Consume leucine-rich protein as part of your training. Beyond the 
direct effects on muscle (Churchward-Venne et al., 2012), tendon 
may also benefit from the added muscle mass and strength and 
possibly greater mTORC1 activation (Farup et al., 2014).

• Blood flow to inactive tendon is very low and therefore, nutrient 
delivery to tendon at rest is believed to be limited. Glucose 
uptake into tendon increases during exercise (Bojsen-Moller et 
al., 2006). This suggests that tendons increase their metabolic 
activity during exercise and therefore any nutritional intervention 
designed to directly target a tendon/ligament may work better if 
supplied before exercise.

• Our initial work suggests that ~60 min before training, athletes 
should be encouraged to consume ~15 g of gelatin in either 
liquid or gel form (Shaw et al., 2017). The exact amount of 
gelatin and whether this will vary with body weight is currently 
being investigated.
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