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Abstract

Tendons, ligaments, and the muscle extracellular matrix (ECM) are connective tissues traditionally
regarded as largely inert and stable after adolescence. Over the past decade, however, a growing body of
research has revealed these tissues to be dynamic and adaptive throughout life, particularly in response to
mechanical loading. Scientific consensus now recognizes that numerous factors influence tendon,
ligament, and ECM health and quality—including age, sex, lifestyle, disease, hormones, medication,
genetics, and, importantly, both diet and training.

Training and sport impose mechanical strain and directional shear, which drive collagen turnover by
stimulating both degradation and synthesis. When combined with adequate rest, appropriate training
enhances collagen content and cross-linking, yielding stronger tendons and ligaments, a stiffer ECM,
improved performance, and reduced injury risk.

Researchers have explored various training and nutritional strategies to optimize connective tissue health,
improve muscle force transfer, and accelerate return to sport after injury—with remarkable and
encouraging results. Brief, high-load, and plyometric exercises have been shown to increase tendon
stiffness and, over time, may induce tendon hypertrophy. Slow eccentric or long-duration isometric
training is the most effective modality for promoting connective tissue adaptation and recovery from
tendinopathy. Notably, connective tissues respond best to short (<10-minute) bouts of targeted loading;
longer sessions may induce a refractory period. Just a few sets of exercise are sufficient to stimulate
collagen synthesis, after which approximately six hours of rest are required for cellular “reset.” Thus,
performing one or two brief “tendon-training” sessions per day, in addition to normal workouts, appears
to be an optimal strategy.

Nutritionally, emerging evidence suggests that collagen synthesis and post-injury recovery can be
accelerated by pairing exercise with supplementation of collagen-specific amino acids (glycine, proline,
and hydroxyproline). Because tendons and ligaments are relatively avascular—receiving only a fraction
of the blood flow of muscle—additional nourishment is drawn in through synovial fluid during exercise.
To maximize this process, researchers recommend consuming vitamin C—enriched hydrolyzed collagen
30 to 60 minutes before training, thereby directing collagen-specific amino acids to the tissues being
loaded.

This review paper draws upon the latest laboratory and clinical research on tendinopathy, collagen synthesis in connective
tissue, and evidence-based training and nutritional interventions for strengthening tendons and ligaments and accelerating
injury rehabilitation. It features findings from leading investigators including Aussieker (Netherlands), Baar (USA), Bischof
(Austria), Clark (USA), Cook (Australia), Fenwick (UK), Hochholzer (Germany), Inacio (Brazil), Jerger (Germany), Khatri
(UK), Kjaer (Denmark), Lee (UK), Lis (USA), Magnusson (Denmark), Miyamoto (Japan), Nulty (Ireland), Nyland (USA),
Praet (Australia), Proksch (Germany), Purdam (Australia), Rio (Australia), Schoffl (Germany), Shaw (Australia), Sibilla (UK),
Snedeker (Switzerland), Svensson (Denmark), Wang (Taiwan), Yazaki (Japan), and others.
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Introduction

Strength and power athletes frequently train with high loads and dynamic movements in pursuit of ever-
greater performance. The resulting acute and chronic stresses on the musculoskeletal system drive a wide
range of physiological adaptations. While exercise scientists have spent decades elucidating the biology
and molecular pathways underlying muscle adaptation, comparatively little is known about the
metabolism and adaptive responses of connective tissues. Consequently, although numerous training and
nutritional strategies exist to enhance the strength and endurance of contractile fibers, there remains
limited evidence-based guidance for improving the function and health of tendons and ligaments.

Traditionally, tendons and the muscle extracellular matrix (ECM) have been viewed as relatively static
and inert, with little change occurring after adolescence. The prevailing belief was that these mechanical
tissues did not respond meaningfully to training or nutrition. However, emerging research has revealed
this view to be outdated—and in many cases, entirely incorrect. Over the past decade, scientists have
discovered that tendons and intercellular connective tissues are, in fact, “smart tissues” capable of sensing
and adapting to mechanical loading in complex and specific ways. Furthermore, studies using engineered
ligaments, animal models, in vivo techniques, elite athlete observations, and ongoing clinical trials have
demonstrated that targeted nutritional interventions can significantly influence connective tissue
remodeling and strengthening.

These findings are potentially transformative for both high-performance athletes and recreational fitness
enthusiasts. By implementing these newly discovered training and nutritional approaches, athletes can
develop stronger, stiffer ligaments, tendons, and muscle matrices—enhancing performance through
improved rate of force development and muscle efficiency—while simultaneously reducing injury risk
through increased collagen synthesis in tendons and the ECM. Moreover, injured or “tweaked” athletes—
common in virtually every sport—may be able to accelerate recovery and return to sport more rapidly by
leveraging these evidence-based interventions.

Figure 1 — Common sites of upper- and lower-body musculoskeletal injury.
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Tendon & ECM Structure

Tendons play a vital role in athletic performance by enabling—and modulating—the transfer of force
from muscle to bone. In sports involving repetitive or overhead movements, the tendons and ligaments of
the arms and shoulders are subjected to extreme mechanical demands, particularly during dynamic actions
or moments of impact. Likewise, long-distance running and intermittent sprint sports—especially those
requiring rapid directional changes or frequent collisions—place repetitive high loads on the tendons and
ligaments of the lower body, often exceeding several times the athlete’s body weight. Clearly,

maintaining and strengthening connective tissues is essential for both elite performers and recreational
athletes alike.

Tendons, ligaments, and the muscle ECM are composed primarily of collagen, a structural protein that
represents roughly 30 percent of all protein in the human body. The hierarchical organization of tendons
is remarkably intricate, featuring a tightly ordered arrangement of collagen molecules, fibrils, fibers, and
larger fascicles. This architecture—much like the core of a high-tensile rope—creates a robust system for
force transfer that remains resilient even in the presence of small internal irregularities or micro-tears.
Remarkably, gram for gram, the Type I collagen that comprises tendon tissue is stronger than steel.

At the heart of collagen lies a unique triple-helix structure consisting of a repeating sequence of glycine,
proline (or hydroxyproline), and another amino acid (Figure 2). The twisting of this helix produces a
characteristic “crimping” pattern in the fibrils, which imparts flexibility and compliance, while elastin
contributes recoil during repeated mechanical loading. Surrounding these bundled fibers is a
proteoglycan-rich, hydrophilic ground substance that adds viscoelastic properties and, importantly, serves
as a medium for intercellular exchange and nutrient transport. The tendon core is composed of a densely
packed Type I collagen matrix sparsely populated with mostly quiescent tenocytes (fibroblasts).

Figure 2 - Hierarchical structure of collagen fibrils.
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Recent research has shown that while the inner tendon core changes little between the ages of 17 and 70,
the outer sheath (paratenon) remains metabolically active and responsive to training. Chronic loading can
lead to tendon hypertrophy as tenocytes extrude new collagen that gradually adds material to the outer
layers—somewhat analogous to tree rings forming over time. Moreover, high mechanical loading
promotes enzymatic cross-linking of collagen molecules, increasing tendon and ECM stiffness. Together,
greater tendon cross-sectional area and enhanced cross-linking yield stronger, stiffer tendons—key
adaptations that elevate performance and reduce injury risk.

The structure of the tendon is intimately linked to muscle architecture. Optimal function and injury
resistance of the muscle—tendon system require a finely tuned viscoelastic balance, wherein muscle
strength and tendon stiffness scale together. At the myotendinous junction, tendon fibers fan out like a
river delta, extending throughout the muscle in a scaffold-like pattern. Within the muscle, the ECM forms
a honeycomb-like network that groups contractile fibers, facilitates lateral force transfer to the tendon
scaffold and bone, and protects individual fibers from exercise-induced damage (Figure 3).

Whereas the traditional model of muscle force transfer emphasizes longitudinal transmission—from
sarcomere to sarcomere along the muscle’s length—recent research indicates that as much as 80 percent
of muscle force reaches the tendon through lateral force transfer via the ECM. Efficient lateral transfer
reduces micro-tears in contractile fibers (thereby minimizing soreness) and enhances both rate of force
development and power output. Clearly, any training or nutritional intervention that strengthens and
stiffens the muscle-tendon system offers significant value to athletes seeking improved performance and
reduced injury risk.

Figure 3 — Extracellular matrix (adapted from “Muscle Matrix”, Men’s Journal).
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Tendon and ECM Adaptations to Training

Recent research has revealed that sinew—comprising tendons, ligaments, and the ECM—is far from inert.
These are dynamic “smart tissues” that adapt throughout life, influenced by the activity of nearly 1,000
genes and shaped by numerous intrinsic and extrinsic factors. The mechanical superstructure of these
tissues develops during childhood and adolescence, forming the foundational architecture—particularly
within the tendon core—that governs adult connective tissue function. This underscores the importance of
a diverse youth sports experience that progressively exposes the body’s connective tissues to mechanical
loading across a variety of movements.

In adults, morphological and material changes occur more slowly. Mechanical loading activates a small
population of tenocytes and stimulates enzymatic cross-linking, which together modify the mechanical
properties of tendons and positively influence the function of the muscle-tendon complex. Increases in
cross-sectional area, cross-linking, and hydration enhance the tendon’s ability to withstand extreme or
compressive loading, while adaptations within the ECM improve muscle quality and efficiency—
manifesting as a higher rate of force development, lower ATP cost of movement, and reduced
microtrauma among contractile proteins. The two principal exercise-induced adaptations are collagen
synthesis and enzymatic cross-linking.

During adolescence, the body

is prolific at producing new

collagen, but collagen turnover

slows considerably with age.

Similar to muscle hypertrophy,

tendons and ECM undergo

micro-damage during training

and regenerate during

recovery, ultimately

strengthening through this

cyclical process (Figure 4). A

key distinction, however, lies

in blood flow: tendons and

ligaments are poorly

vascularized and therefore

receive fewer nutrients

compared to muscle tissue. The  Figure 4 - Collagen degradation and synthesis after exercise.
limited population of active

tenocytes—fibroblastic cells that extrude collagen around tendon fascicles—leads to gradual tendon
hypertrophy that becomes evident only after many months or years of consistent training. In contrast,
well-perfused muscles recover and hypertrophy much more rapidly.

For adult athletes, particularly climbers, the road to stronger tendons is slow but steady with consistent,
well-planned training and sufficient rest. Recovery from intense training or competition often requires 48
to 72 hours—or more—for a full return to homeostasis. While light or submaximal training may continue
during this window, frequent back-to-back sessions of high load or volume can disturb recovery, leading
to reactive tendinopathy (manifesting as finger, elbow, shoulder, knee, or lower-leg pain) and, over time,
to chronic tendinosis or acute tears.
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Interestingly, tendon and ECM stiffness can change
relatively quickly, with noticeable increases or decreases
occurring within weeks of training—or detraining.

As described earlier, sinew and ECM consist of densely
packed, parallel-aligned collagen fibrils oriented along the
axis of strain. Stiffness is enhanced by enzymatic cross-links
that connect these fibrils, functioning much like cross-
bracing in a wooden truss. Through appropriate training,
cross-linking can be increased leading into a performance or
competition phase—analogous to tightening the suspension
on a sports car to improve handling and power transfer.
However, more stiffness is not always better: injury risk
rises when tendon stiffness outpaces muscle strength.
Consequently, achieving elite performance—and avoiding
injury—requires a nuanced training cycle that distinctly
develops both muscle strength and tendon stiffness.

Factoid

Tendon hypertrophy is a real
phenomenon, though it develops
slowly over many years of habitual
loading. Achilles and patellar
tendon hypertrophy is common
among running and jumping
athletes, while climbing researcher
Thomas Hochholzer has
documented significant digital
flexor tendon hypertrophy—up to
50 percent—in veteran climbers.

For athletes experiencing mild tendon pain or chronic tendinosis, rehabilitation should focus on reducing
stiffness in the musculotendon system, particularly near the muscle—tendon junction. This strategy helps
restore a healthy stiffness gradient along the tendon and alleviates mechanical strain on the injured region.

Finally, numerous confounding factors influence tendon, ligament, and ECM health and adaptation.
While some are unmodifiable, smart training and nutrition can meaningfully shift the balance in your

favor:

Age — Collagen synthesis gradually declines from midlife onward. Around the time skin begins to
wrinkle (the 30s), systemic collagen turnover also slows. Meanwhile, non-enzymatic cross-links—
known as advanced glycation end products (AGEs)—accumulate, diminishing muscle quality and
function, particularly in those with poor diet, inactivity, or metabolic disease.

Sex — High and fluctuating estrogen levels among female athletes confer both benefits and risks.
Estrogen supports a higher baseline collagen synthesis rate than in men, but the mid-cycle
estrogen spike (around day 12) transiently reduces collagen cross-linking, increasing the risk of
soft-tissue injury. Female soccer players, for example, are up to seven times more likely than
males to suffer ACL tears.

Medication — The risk of tendon rupture increases with fluoroquinolone antibiotics, corticosteroid
therapy (e.g., prednisone), and cortisone injections. Moreover, growing evidence suggests that
NSAIDs such as ibuprofen may inhibit certain aspects of tendon healing, though this remains
under investigation.

Smoking — Smoking decreases synthesis of Type | and Type 111 collagen by 18% and 22%,
respectively. Given that Type I collagen comprises roughly 80% of the dry weight of tendon, this
deficit can markedly impair connective tissue strength.

Nutrition — Consuming the right nutrients at the right times accelerates collagen synthesis and
tissue recovery, reduces joint pain, and enhances ECM structure and muscle strength.

Genetics — Several gene variants are associated with increased susceptibility to soft-tissue injuries.
Individuals prone to recurrent injuries may possess one or more of these polymorphisms.
Fortunately, targeted training and nutrition can modulate gene expression—a powerful example of
epigenetics in action.
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Tendinopathy

It’s a rare climber who hasn’t experienced a finger, elbow, or shoulder injury. In fact, if you’re a hard-
training athlete who regularly pushes your limits, there’s a good chance you’ve felt pain—or even
sustained injury—in all three areas at some point. It’s unfortunate but true: many sports are hard on our
connective tissues (though exceedingly good for the mind, heart, and soul!).

Here’s the rub: even if you currently feel 100% injury-free, there’s a significant likelihood that one or
more of your tendons or ligaments is in an early, subclinical stage of pathology—quietly brewing below
the nociceptor (pain receptor) threshold. There’s simply no way to know.

Tendinopathy is an extraordinarily complex and still poorly understood condition. A quick Google search
for “tendinitis” yields millions of results—many of them outdated, contradictory, or outright misleading.
With a discerning eye for recent peer-reviewed research, however, it’s possible to form a clearer picture
of the evolution, mechanisms, and treatment of tendinopathy. This review aims to cut through the
confusion by distilling the latest scientific findings into a practical summary that can empower coaches,
clinicians, and athletes alike.

So what actually causes tendinopathy? While the full picture has yet to be elucidated, the leading
hypothesis is that most sports-related tendinopathies stem from a homeostatic imbalance—a state in
which collagen degradation chronically exceeds collagen synthesis (Figure 5). Among recreational
athletes, this can result from training too much, too soon, or from poor biomechanics. Elite athletes,
meanwhile, must navigate an injury minefield as frequent competition, high training volumes, and
dynamic loading repeatedly stress tendons that must store and release large amounts of elastic energy.

LONG-TERM CHANGES IN CONNECTIVE TISSUES AS A
RESULT OF OPTIMAL vs. SUBOPTIMAL TRAINING & NUTRITION

-;; Increasingly Organized Collagen - Gradual Increase in Tendon/Ligament Strength
@ INCREASED PERFORMANCE & DECREASED INJURY RISK
LEI:?; " Little Change in Collagen Organization,
y Strength, and Injury Risk
E Increasingly Disorganized Collagen - Weaker Tendons/Ligaments
=ll ENHANCED INJURY RISK & DECREASED PERFORMANCE

TIME (Months to Years) —> @ 2020 Training4Climbing.com

Figure 5 — Conceptual model of changing collagen quality
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The traditional belief that tendon injury begins as a series of micro-tears that gradually worsen may, in
many cases, be incorrect. More likely, the genesis of tendinopathy is a localized region of disorganized
collagen caused by a breakdown in tissue homeostasis. Initially, intrinsic repair mechanisms may limit the
damage and keep it below the pain threshold—meaning you could have developing tendinopathy without
any symptoms. Once this metabolic balance tips further toward degeneration, pain and dysfunction
emerge. Without proper load management and targeted rehabilitation, the condition can progress to
structural disrepair (Figure 6).

It’s crucial to recognize that, just like
muscle, tendon tissue experiences both
anabolic and catabolic responses to
training. The mechanical load threshold
that shifts the balance toward injury
varies widely among individuals,
influenced by training history, genetics,
and other confounding factors discussed
earlier. Experienced coaches often
observe that some athletes seem nearly
immune to tendinopathy despite
enormous workloads, while others
develop chronic or recurrent issues even
with a cautious approach. Ultimately,
training must be individualized so that,
combined with proper nutrition and
recovery, the metabolic scale tilts
toward anabolism rather than catabolism.  Figure 6 —Imagery of healthy versus diseased tendon.

Athletes and coaches should monitor tendon health with the same diligence applied to muscle recovery
and performance metrics. An elite athlete—or even a passionate weekend warrior—can lose an entire
season if tendinopathy takes hold. Proactively managing training load, recovery, and nutrition can go a
long way toward maintaining tendon integrity and longevity.

In cases where symptoms worsen despite conservative management, consultation with a qualified medical
professional is essential. Several therapeutic interventions may aid tissue rehabilitation, including
extracorporeal shockwave therapy, TENEX procedures, and, in select cases, a strategically placed
cortisone injection (though the latter remains controversial among physicians).

Continuum of Tendinopathy

Figure 7 illustrates a useful conceptual model for understanding tendon adaptation and pathology. A
healthy tendon exposed to appropriate mechanical loading will adapt and strengthen. However, short-term
excessive loading—or extended periods of unloading and inactivity—can result in an early
“compromised” state, referred to as reactive tendinopathy. Prolonged overload, particularly when
compounded by individual or confounding factors, may drive pathology further along the continuum
toward tendon disrepair and eventually degenerative tendinopathy.

Early initiation of training and nutritional interventions—ideally at the first signs of dysfunction—may
help reverse or halt this progression. It’s important to note, however, that pain can occur at any point
along the continuum, and there is a well-documented dissociation between pain and pathology in tendons.
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In fact, it’s not uncommon for a compromised or even degenerative tendon to remain pain-free right up
until rupture. The following overview summarizes the primary stages within this pathology continuum.

Figure 7 — Conceptual model of tendon adaptations and progression of tendinopathy.

1. Reactive Tendinopathy — This stage results from acute overload and disruption of collagen
homeostasis, triggering a non-inflammatory proliferative response in tenocytes and the
extracellular matrix. The rapid intrinsic response—occurring over hours to days—involves
increased proteoglycan production and water binding, which transiently thickens and stiffens the
tendon as a short-term protective adaptation. Neurovascular structures remain unchanged, so pain
is often minimal or absent. With prompt load reduction and “protective session” therapy
(discussed later), a rapid return to normal tendon structure is achievable.

2. Tendon Disrepair — This stage is characterized by greater matrix breakdown and disorganization
following failed healing of reactive tendinopathy, often developing over months or years. Local
thickening continues due to increased collagen and proteoglycan production. Neurovascular
invasion into the tendon core is common and typically corresponds with increasing pain. As the
condition worsens, cellular phenotype shifts toward a more chondrocytic profile—tenocytes begin
producing Type Il rather than Type | collagen, further compromising tendon quality. Pathology at
this stage may still be reversible through meticulous load management and daily eccentric training
to stimulate matrix remodeling, although stress shielding of the diseased region often makes
recovery slow and difficult.
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3. Degenerative Tendinopathy — The final stage is marked by tenocyte exhaustion and cell death
after years of failed healing. Large regions of highly vascularized, disorganized matrix make
successful rehabilitation challenging or, in some cases, impossible. Degenerative tendinopathy is
most common in older adults but can also occur in elite athletes and long-time recreational athletes
who have spent years training or competing through chronic injury.

Training Interventions to Strengthen and Rehab Tendons

Artificial intelligence and machine learning are transformative technologies in computer science—and
interestingly, tenocytes (tendon cells) behave in a comparable “adaptive” fashion. These specialized cells
continually respond and learn by extruding and aligning collagen in response to the type and direction of
mechanical load applied. Integrins—proteins that link the ECM to the cellular cytoskeleton—serve as key
mechanosensors, detecting tensile strain and converting it into biochemical signals that drive adaptive
responses. This process of mechanotransduction, along with deformation of the cell membrane, directs
tenocytes to synthesize collagen matrix aligned parallel to the longitudinal axis of the tendon.

Understanding the biophysics of this “smart tissue” allows athletes and clinicians to deliberately apply
specific mechanical loads to optimize adaptation and rehabilitation. It’s important to recognize that
different exercise modalities create distinct stimuli, leading to different adaptations. For example, the
shock load of plyometric training signals the tendon to increase stiffness, whereas long-duration isometric
training tends to decrease stiffness—a useful adaptation in many rehabilitation scenarios. Thus, exercise
selection and protocol design must align precisely with the desired outcome.

The bottom line: Connective tissue is constantly
remodeling in response to strain—each day, it’s
either adapting in beneficial or detrimental ways.
Extended periods of little or no loading weaken
tendons and ligaments, as the absence of directional
mechanical stimulus promotes disorganized collagen
formation. Conversely, modest amounts of daily
loading optimize tendon and ligament health; in fact,
two brief sessions per day are often ideal for
rehabilitation and long-term strengthening. (Note:
rigorous, high-intensity sessions that induce
significant tissue microdamage should be limited to
two or three per week, consistent with the recovery
timeline shown in Figure 4.)

While a full discussion of all training modalities is beyond the scope of this paper, two general categories
of exercise are worth outlining:

1. Rigorous sport-specific training
2. Rehabilitative and protective “Prehab” training

The following section introduces a nutritional strategy shown to enhance collagen synthesis and
accelerate recovery when paired with these interventions.
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Sport-Specific Training for Increased Performance

When it comes to tendon and muscle matrix adaptation, the following guidelines provide a foundation for
effective programming:

To develop stronger tendons:

Any form of sport-specific directional loading will stimulate collagen synthesis, but moderate to
high-load resistance training (70-90% of maximum voluntary contraction) is most effective for
strengthening tendons. Several years of consistent, thrice-weekly resistance training can
significantly increase collagen content and produce modest tendon hypertrophy. This underscores
the importance of maintaining year-round strength training, as prolonged breaks lead to a decline
in connective tissue quality.

To develop stiffer tendons and muscle matrix:

Short (<5 seconds) high-load intervals and plyometric “repeat” exercises can increase tendon and
muscle matrix stiffness and mechanical efficiency. Reactive plyometric movements—such as
depth jumps, power pull-ups, campus training, and medicine-ball catch-and-throw drills—promote
greater enzymatic cross-linking of collagen. However, this form of power training is highly
stressful and potentially injurious; it should be used sparingly and only by athletes with adequate
baseline strength and stability.

Rehabilitation and Protective “Prehab” Sessions

Frequent, brief bouts of highly targeted exercise are essential for remodeling injured connective tissue.
Similarly, uninjured athletes can benefit from brief protective “prehab” sessions that stimulate collagen
synthesis and strengthen key tendons and ligaments relevant to their sport. Two distinct protocols are
outlined below.

Rehabilitation:

A cornerstone of tendon rehabilitation is daily mechanical loading to provide tenocytes with the
proper alignment signal for new collagen synthesis. While full-body strength training three times
per week may be sufficient for general conditioning, injured athletes must engage in daily
submaximal loading of the affected tendon or ligament to accelerate remodeling. Ideally, perform
two or three brief sessions (<10 minutes per tendon or joint) per day, separated by at least six
hours of rest.

Slow eccentric exercise remains one of the most effective methods for decreasing tendon stiffness,
increasing the tendon’s compliance and stiffness gradient, and stimulating collagen synthesis.
However, recent research suggests that “slow, heavy” contractions of any type—concentric,
isometric (e.g. “density hangs™), or eccentric—are effective. The key factor appears to be time
under tension, with single, slow repetitions or sets lasting up to ~45 seconds yielding optimal
results. Note: Injured athletes should always consult a physician or physiotherapist for accurate
diagnosis and appropriate rehabilitation guidance.

Protective “Prehab” Training:
Why should a healthy athlete include protective sessions? Simply put, to stay healthy. Both
prolonged endurance activity and intermittent high-intensity training impose significant stress on
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connective tissues. Even athletes who feel pain-free may harbor early-stage collagen disruptions in
their most heavily loaded structures. Fortunately, research shows that engaging in brief, daily
protective sessions—comprising low-volume and low- to moderate-intensity, targeted loading—
can nourish tendons and stimulate beneficial collagen synthesis. Just five to ten minutes of
cumulative exercise (e.g. low-load fingerboard hangs, density hangs, or eccentric free-weight
exercises) targeting the relevant muscle—tendon unit is sufficient to maintain tendon health and
resilience.

Nutritional Support for Healthy, Stronger Tendons

Ten years ago, | would have told you there was little credible evidence that nutrition could influence
tendon or ligament quality. Today, however, research strongly suggests otherwise. A growing body of in
vitro, in vivo, preclinical, and clinical studies demonstrates that a specific pre-exercise nutritional protocol
can amplify collagen synthesis and accelerate the strengthening/healing of tendons and ligaments.

The cornerstone of this protocol is consuming vitamin C—enriched hydrolyzed collagen prior to tendon
or ligament training—a strategy shown to double collagen synthesis following exercise. Traditionally,
athletes have avoided nutrient intake before training, reasoning that post-exercise hyperemia (elevated
blood flow to muscle) optimizes nutrient delivery to recovering muscle fibers. So why does pre-exercise
nutrition benefit tendons and ligaments more?

Unlike muscle, sinew is poorly vascularized and depends largely on synovial fluid diffusion rather than
direct blood flow for nutrient delivery during mechanical loading (Figure 8). As noted earlier, collagen is
composed of a repeating sequence of amino acids—glycine accounts for one of every three residues,
while proline and hydroxyproline make up nearly another third of the chain. Ingesting hydrolyzed
collagen elevates circulating glycine and proline concentrations within about one hour—precisely the
window needed to “bathe” tendons and ligaments in these amino acids during rehabilitative, protective, or
high-intensity training sessions.

Mechanical Stresses and Fluid Flow with External Loading
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Figure 8 — Tendons rely heavily on synovial fluid flow, during mechanical loading, to provide nutrition.
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Maximizing the synergy between training and nutrition requires proper timing of both nutrients and
workouts. To provide tenocytes with the amino acids necessary for building and strengthening structural
proteins, consume vitamin C—enriched hydrolyzed collagen 30 to 60 minutes before training (Figure 9). In
contrast, muscle contractile proteins are best supported by a high-quality whey protein—or a protein-rich
meal—during the period of post-exercise hyperemia (one to three hours after training).

Equally important is allowing sufficient
recovery time between sessions. As discussed
earlier, tendon cell signaling is optimized by
brief, targeted loading, while long, exhaustive
workouts make cells refractory—they “turn
off” and become temporarily resistant to
adaptation. Studies indicate that tenocytes
require roughly six hours to reset their
signaling pathways. Consequently,
performing two or three short rehabilitative
sessions per day, each separated by at least
six hours, is ideal for stimulating tissue repair
and remodeling.

Figure 9 — Cellular signaling and optimal feeding time for tendons/ECM and muscle.

For healthy athletes, combining a brief early-morning “protective” session with a longer, sport-specific
workout later in the day is a powerful strategy for enhancing connective tissue health and performance.
Consuming vitamin C—enriched Supercharged Collagen® before each of these sessions can help
accelerate tendon and ligament strengthening, improve muscle matrix efficiency, and elevate overall
athletic performance.
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Summary & Actionable Training and Nutrition Tips

Core Insights

1. Connective Tissue Is Dynamic, Not Static

Tendons, ligaments, and the muscle extracellular matrix (ECM) continuously remodel throughout
life.

These “smart tissues” sense mechanical load and respond by breaking down old collagen and
synthesizing new, stronger fibrils.

Strength, stiffness, and resilience depend on the interplay of mechanical loading + nutritional
support + recovery time.

2. Adaptation Through Mechanical Loading

Properly dosed mechanical stress (training) enhances collagen cross-linking, tendon stiffness or
compliance, and force transfer efficiency.

Short bouts (<10 min) of high-tension exercise best stimulate collagen synthesis. Beyond this
duration, cells enter a refractory phase and stop responding.

Tenocytes need about 6 hours to reset, so two brief tendon sessions per day (morning +
evening) are optimal for growth or rehab.

3. Load Type Matters

Training Type Adaptation Notes

Heavy resistance
(70-90% MVC)

Plyometric or
explosive training

Slow eccentric or
long isometric

Increased collagen synthesis and tendon hypertrophy 2-3 sessions/week

Best for performance

Increased tendon stiffness and efficiency R .
prep; high injury risk

Improves compliance and overcomes stress shielding of
injured tissues, Restores muscle-tendon stiffness
gradients; Best for rehab

Use in daily tendon
therapy

Protective

“prehab” sessions

Maintains tendon health, prevents degeneration 5-10 min daily

Nutritional Protocols for Collagen Support

1. Pre-Exercise Collagen + Vitamin C Strategy

Consume vitamin C—enriched hydrolyzed collagen (10-20g) 30-60 minutes before loading.

This timing ensures tendon tissues—poorly vascularized but nourished via synovial fluid
diffusion—are “bathed” in collagen-specific amino acids (glycine, proline, and hydroxyproline)

when mechanically loaded.
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o This method has been shown to double collagen synthesis post-exercise (Shaw et al., 2016; Baar,
2017).

2. Post-Exercise Muscle Recovery

e Whey Isolate or high-protein meal intake 1-3 hours post-workout supports muscle contractile
recovery.

e Distinct timing:
o Collagen + Vitamin C pre-load — tendons/ligaments
o Whey isolate/high-protein meal post-load — muscle tissue
3. Avoid Collagen-Killing Habits
e NSAIDs, corticosteroids, and smoking impair collagen synthesis and cross-linking.

« Collagen turnover slows with age; counteract this by consistent training and nutrient intake.

@ Tendinopathy Prevention & Rehabilitation
1. The Continuum Model
o Tendons progress from reactive — disrepair — degenerative stages.
« Pain may not always correlate with damage—monitor function and recovery patterns.
2. Early Intervention Is Key
o At first sign of soreness or dysfunction:
o Reduce load temporarily.

o Start two short submaximal rehab sessions/day, emphasizing isometric or slow, heavy
loading.

o Pair each session with pre-exercise collagen.
3. Chronic Issues
o Degenerative tendinopathy involves cell death and matrix disorganization; often irreversible.

o Consistent “protective” daily loading and collagen support can prevent progression.

Performance Benefits of a Healthy ECM

o Tendon and ECM stiffness directly enhance rate of force development (RFD) and power
efficiency (lower ATP cost per movement).

e Stronger ECM = less muscle microtrauma, reduced soreness, and improved energy economy.

« Balanced training cycles that synchronize muscle strength gains with tendon stiffness
adaptation yield peak performance and lower injury risk.
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Actionable Takeaways
1. Train Tendons Daily, But Briefly
o 5-10 min tendon-specific sessions (1 to 2x/day) spaced 6+ hours apart.
o Use brief and submaximal isometrics or slow eccentric/concentric exercises.
2. Fuel Collagen Synthesis Before You Train

o Take 10-20g hydrolyzed collagen + 50mg vitamin C 30-60 min before tendon or sport-
specific loading.

3. Recover Muscle After You Train

o Follow with 20-30g whey protein or high-protein meal post-exercise for contractile tissue
recovery.

4. Maintain Year-Round Strength Work
o Tendons adapt slowly—months to years. Avoid long breaks from loading.
5. Cycle Training Intelligently

o Alternate high-load strength and plyometric phases with lower-load mobility or isometric
phases to balance stiffness and elasticity.

6. Avoid Anti-Adaptive Agents

o Minimize chronic NSAID use and smoking; both blunt collagen turnover. Avoid
overtraining (under-resting)!

7. Protect and Prehab

o Even pain-free athletes benefit from daily targeted tendon work and collagen pre-feeding
to maintain matrix health.

#% Bottom Line

Tendons, ligaments, and ECM are living tissues that thrive on precise mechanical stress and targeted
nutrition.

Pairing brief, smart loading with pre-exercise collagen + vitamin C supplementation enhances both
performance and resilience, helping athletes train harder, recover faster, and stay injury-free longer
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Learn more how to improve your connective tissue health and
physical performance via training and nutrition at PhysiVantage.com.
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