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ABSTRACT

Background: Post-exercise recovery is a cornerstone of athletic training, essential for physiological adaptation, performance enhancement, and injury prevention.
The process involves mitigating exercise-induced muscle damage (EIMD), resolving inflammation, managing oxidative stress, and promoting tissue repair. Shilajit
(Asphaltum punjabianum), a herbomineral substance revered in traditional Ayurvedic medicine as a Rasayana (rejuvenator), has garnered interest in modern sports
science as a potential ergogenic aid for recovery.

Obijective: This review critically examines the scientific literature on the role of Shilajit in post-exercise muscle recovery. It aims to synthesize traditional knowledge
with modern preclinical and clinical evidence, focusing on Shilajit's bioactive constituents, its proposed mechanisms of action, and an evaluation of its efficacy
based on contemporary sports science parameters.

Methods: A comprehensive review of literature was conducted, encompassing studies on Shilajit's composition, the pathophysiology of EIMD, and preclinical and
clinical trials investigating its effects on performance and recovery. Data from studies using purified, standardized Shilajit extracts were prioritized to ensure
relevance and safety.

Key Findings: Shilajit is a complex phytocomplex rich in fulvic acid (60-80%), dibenzo-a-pyrones (DBPs), and over 84 minerals. Its potential benefits for muscle
recovery appear to be multifactorial. Proposed mechanisms include: (1) enhancement of mitochondrial bioenergetics through improved electron transport chain
function and adenosine triphosphate (ATP) synthesis; (2) modulation of the inflammatory cascade and attenuation of excessive oxidative stress via its antioxidant
constituents; (3) anabolic support through the upregulation of testosterone and dehydroepiandrosterone (DHEA); and (4) promotion of extracellular matrix (ECM)
integrity by simultaneously reducing collagen degradation and upregulating collagen synthesis. Clinical trials using standardized extracts (250-500 mg/day) have
demonstrated improved fatigue resistance, retention of muscle strength post-exercise, and favorable changes in biomarkers of collagen turnover.

Conclusion: Standardized Shilajit extracts show significant promise as a safe and effective ergogenic aid for enhancing muscle recovery. Its multi-target action on
energy metabolism, hormonal balance, and connective tissue health distinguishes it from many other sports supplements. However, significant gaps remain in the
literature, particularly the lack of data on its effects on key muscle damage biomarkers like creatine kinase (CK) and delayed-onset muscle soreness (DOMS).
Future research should focus on these areas, as well as on diverse athletic populations, to fully elucidate its role in sports nutrition.

1. Introduction
1.1 The Physiological Challenge of Post-Exercise Recovery

The pursuit of peak athletic performance is a cycle of stress and adaptation. Strenuous physical exercise acts as a potent physiological stressor, deliberately
disrupting homeostasis to trigger adaptive responses that ultimately enhance strength, endurance, and overall physical capacity.! However, this adaptation,
often termed supercompensation, is not guaranteed. It is critically dependent on the period following exercise: the recovery phase. Inadequate or
incomplete recovery can lead to maladaptation, overtraining syndrome, impaired performance, and an increased risk of injury. Consequently, strategies
that optimize and accelerate the complex physiological processes of recovery are of paramount interest to athletes, coaches, and sports scientists.?

1.2 An Overview of Exercise-Induced Muscle Damage (EIMD)

A primary challenge during the recovery period is addressing exercise-induced muscle damage (EIMD). This phenomenon is particularly pronounced
following unaccustomed or high-intensity exercise, especially activities with a significant eccentric component (e.g., downhill running, resistance
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training).? EIMD is characterized by a constellation of symptoms and physiological changes, including ultrastructural damage to myofibrils, such as Z-
line streaming and sarcomere disruption; damage to the sarcolemma and other cellular membranes; and a transient but marked decline in muscle force-
generating capacity.® Clinically, EIMD manifests as muscle swelling, reduced range of motion, and delayed-onset muscle soreness (DOMS), a familiar
sensation of pain and stiffness that typically peaks 24 to 72 hours post-exercise.! At the biochemical level, the loss of membrane integrity results in the
leakage of intramuscular proteins, such as creatine kinase (CK) and lactate dehydrogenase (LDH), into the bloodstream, where they serve as indirect
markers of the extent of muscle damage.®

1.3 Shilajit: From Ayurvedic Rasayana to Modern Ergogenic Aid

In the quest for effective recovery aids, modern science has increasingly turned its attention to traditional medicine systems, which offer a rich repository
of natural compounds used for centuries to enhance physical and mental performance. Among the most revered of these is Shilajit (Asphaltum
punjabianum), a cornerstone of Ayurvedic medicine.® Shilajit is a dense, herbomineral exudate found in high-altitude mountain ranges.® In Ayurveda, it
is classified as a Rasayana, a potent rejuvenator believed to promote longevity and vitality, and as a Balya, a substance that promotes Bala (strength).”
Traditionally, it has been used to overcome fatigue, enhance stamina, and improve overall physical performance, making it a logical candidate for
investigation as a modern ergogenic aid.” Ergogenic aids are broadly defined as any substance or technique used to enhance energy production, utilization,
or recovery to gain a competitive advantage.'® The historical application of Shilajit for promoting strength and vitality aligns directly with the goals of
modern sports nutrition for post-exercise recovery.*®

1.4 Rationale and Objectives of the Review

While Shilajit's traditional reputation is compelling, its acceptance and application in evidence-based sports science depend on rigorous scientific
validation. A growing body of preclinical and clinical research has begun to explore the mechanisms and efficacy of Shilajit, moving beyond anecdotal
reports to objective, quantifiable outcomes. This review aims to bridge the gap between traditional wisdom and modern science by providing a
comprehensive and critical analysis of Shilajit's role in post-exercise muscle recovery. The objectives are to: (1) detail the bioactive composition of
Shilajit and the importance of its standardization; (2) outline the key pathophysiological events of EIMD that represent therapeutic targets; (3) elucidate
the proposed molecular and physiological mechanisms by which Shilajit may facilitate recovery; (4) evaluate the strength of the existing scientific
evidence from human clinical trials using modern sports science parameters; and (5) discuss practical considerations for its use, including dosage, safety,
and quality control.

2. The Phytocomplex of Shilajit: Composition, Bioactives, and Standardization
2.1 Origin and Geochemical Formation

Shilajit is a unique natural substance, a blackish-brown, tar-like exudate that seeps from rock crevices in high-altitude mountain ranges, most notably the
Himalayas, but also the Altai, Caucasus, and Tibetan mountains.” Its origin has been a subject of scientific inquiry, with leading hypotheses pointing to a
complex geochemical and biological process. The prevailing theory suggests that Shilajit is the product of the long-term humification—or
decomposition—of specific plant species, such as Euphorbia royleana and Trifolium repens, combined with microbial metabolites and minerals from the
surrounding rock.® Over centuries, this organic matter is compressed by layers of rock, undergoing significant transformation under immense pressure
and temperature fluctuations, resulting in the dense, viscous, herbomineral substance known as Shilajit.!® This unique phytogeological origin is
responsible for its incredibly complex chemical profile.

2.2 Key Bioactive Constituents: Fulvic Acid and Dibenzo-a-Pyrones

The therapeutic potential of Shilajit is attributed to its dense and varied composition of bioactive molecules. Analysis reveals that it is primarily composed
of 60-80% humic substances, a class of organic compounds formed during decomposition.® The most important of these is fulvic acid, a low-molecular-
weight humic substance that is highly bioactive and water-soluble.?* Fulvic acid is considered the primary carrier molecule in Shilajit, responsible for
transporting other bioactives and minerals into deep tissues.”

The second critical class of bioactive compounds is the dibenzo-a-pyrones (DBPs) and their conjugates with chromoproteins (DCPs).® These molecules,
which include urolithins, are powerful antioxidants and are believed to contribute significantly to Shilajit's effects on energy metabolism.?
Complementing these organic compounds is a rich profile of over 84 minerals in their natural ionic forms, including essential elements for muscle function
and metabolism such as iron, zinc, magnesium, copper, and selenium.® It is the synergistic interplay of this entire phytocomplex—fulvic acid, DBPs, and
minerals—that is thought to underpin Shilajit's wide-ranging biological effects.?

2.3 The Imperative of Purification and Standardization for Research and Application
A critical factor that dictates both the safety and efficacy of Shilajit is its purity. The distinction between raw, unprocessed Shilajit and purified,

standardized extracts is paramount and helps explain discrepancies between historical accounts and the controlled findings of modern science. As a natural
exudate collected from rock formations, raw Shilajit is often contaminated with impurities such as rock fragments, plant debris, free radicals, mycotoxins,
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and potentially toxic heavy metals like lead, mercury, and arsenic.® Consumption of such unpurified material poses a significant health risk and is strongly
discouraged.?

For this reason, traditional Ayurvedic practice and modern manufacturing involve a purification process, traditionally involving dissolution in water and
filtration, to remove these harmful substances.® For scientific research and safe consumer use, this process is taken a step further to create standardized
extracts. Standardization ensures that each batch of the supplement contains a consistent, verifiable concentration of the key bioactive compounds. High-
quality, research-grade Shilajit supplements, such as the patented PrimaVie®, are standardized to contain a minimum concentration of these bioactives,
typically at least 50% fulvic acid and over 0.3% dibenzo-a-pyrones.’® This standardization is essential for conducting reproducible clinical trials and for
ensuring that consumers receive a product with a predictable therapeutic effect. Consumers can perform simple at-home tests for authenticity, such as the
water solubility test (pure Shilajit dissolves completely in warm water) and the flame test (pure Shilajit bubbles but does not burn).** However, for
ensuring safety from contaminants, reliance on products from reputable manufacturers that provide third-party lab testing and a Certificate of Analysis
(COA) is crucial.?® Al scientific conclusions regarding Shilajit's benefits must be based on data from these purified and standardized forms, as the results
are not generalizable to the vast and variable market of Shilajit products.

Table 1: Key Bioactive Constituents of Standardized Shilajit and Their Proposed Roles in Recovery

Constituent Typical Percentage in Standardized Primary Proposed Role in Post-
Extracts Exercise Recovery
Fulvic Acids (FAs) 60-80% 2 Nutrient/mineral  transport  into

muscle cells, antioxidant activity,
mitochondrial bioenergetic support,
anti-inflammatory modulation.”

Dibenzo-a-Pyrones >0.3% % Potent antioxidant, anti-inflammatory
(DBPs) signaling, enhancement of
mitochondrial energy metabolism.®

DBP-Chromoproteins ~20% 32 Function as carriers for DBPs and

(DCPs) facilitate  targeted delivery of
minerals.®

Total Minerals 15-20% ° Serve as essential cofactors for

numerous  enzymatic  reactions
involved in muscle contraction,
repair, and energy metabolism (e.g.,
Mg, Zn, Fe).®

3. Pathophysiological Hallmarks of Post-Exercise Recovery

To understand how Shilajit may facilitate recovery, it is essential to first detail the key physiological and biochemical events that characterize the post-
exercise state. These events, while disruptive in the short term, are the necessary stimuli for long-term adaptation.

3.1 Mechanical and Structural Damage to Myofibers

The inciting event in EIMD is mechanical stress, particularly from eccentric contractions where the muscle lengthens under load.? This force overstretches
individual sarcomeres, the fundamental contractile units of muscle, beyond their optimal filament overlap. The weakest sarcomeres in a myofibril can be
stretched to the point of disruption, a phenomenon known as "popped sarcomeres”.? This initial microtrauma leads to a cascade of structural damage,
including disorganization of the contractile apparatus (myofilament misalignment), Z-line streaming (the blurring of the distinct Z-disc boundaries), and
physical damage to the sarcolemma (the muscle cell membrane) and the associated T-tubule system, which is critical for excitation-contraction coupling.®
This structural damage is the direct cause of the immediate loss of muscle strength and the trigger for the subsequent inflammatory and metabolic
responses.?
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3.2 The Inflammatory Cascade and Cytokine Response (TNF-a, IL-6)

The structural damage to muscle cells initiates a robust inflammatory response, which is a critical and necessary component of the healing process.* This
response is biphasic and highly regulated. Within hours of the initial injury, immune cells, primarily neutrophils, infiltrate the damaged tissue to begin
clearing cellular debris.® They are followed by pro-inflammatory M1-phenotype macrophages, which dominate the site for the first 24-48 hours.> These
immune cells release a host of pro-inflammatory cytokines, with tumor necrosis factor-alpha (TNF-o)) and interleukin-6 (IL-6) being among the most
prominent.® These cytokines act as signaling molecules that orchestrate the removal of necrotic tissue and recruit further immune support.*

While this initial pro-inflammatory phase is essential for cleaning up the damage, the process must be tightly controlled. An excessive or prolonged
inflammatory response can be detrimental to recovery. Persistently high concentrations of TNF-a and IL-6 have been shown to inhibit myogenesis (the
formation of new muscle tissue) by impairing the function of satellite cells (muscle stem cells) and can even promote muscle wasting by activating
catabolic pathways.* Optimal recovery, therefore, depends on a timely transition from this pro-inflammatory (M1) state to an anti-inflammatory and pro-
regenerative (M2) state, which promotes tissue repair and regeneration.>* This delicate balance makes the inflammatory cascade a key target for
therapeutic interventions that aim to modulate, rather than completely suppress, inflammation.

3.3 Oxidative Stress and Redox Signaling in Muscle Adaptation

Intense exercise dramatically increases oxygen consumption in skeletal muscle, which in turn leads to an elevated production of reactive oxygen and
nitrogen species (RONS), such as superoxide and nitric oxide.> When the production of these RONS overwhelms the body's endogenous antioxidant
defense systems, a state of oxidative stress occurs.! This can lead to secondary damage to cellular components, including lipid peroxidation of membranes
and oxidation of proteins and DNA, further contributing to muscle dysfunction. However, similar to the inflammatory response, oxidative stress plays a
dual role. RONS also function as critical signaling molecules that activate pathways responsible for many of the positive adaptations to exercise training,
including mitochondrial biogenesis and the upregulation of antioxidant defenses.! The goal of a recovery aid is therefore not to eliminate RONS entirely,
but to buffer excessive production to limit damage while preserving the necessary signals for adaptation.

3.4 The Hypothalamic-Pituitary-Adrenal (HPA) Axis and the Cortisol Response

Exercise is a potent physiological stressor that activates the body's central stress response system, the hypothalamic-pituitary-adrenal (HPA) axis.*” This
activation culminates in the release of glucocorticoids, primarily cortisol in humans, from the adrenal glands.®’ Cortisol plays a vital role during exercise
by helping to mobilize energy substrates (e.g., through gluconeogenesis) to fuel working muscles.® However, its effects on muscle tissue are primarily
catabolic (breaking down tissue). While acute, transient spikes in cortisol are a normal part of the exercise response, chronically elevated cortisol levels,
which can result from overtraining or inadequate recovery, are detrimental. High cortisol levels promote the breakdown of muscle protein, suppress the
immune system, and can directly antagonize the anabolic effects of hormones like testosterone, thereby hindering muscle repair, recovery, and growth.*
Modulating the HPA axis to prevent an excessive or prolonged cortisol response is another key strategy for optimizing post-exercise recovery.

4. Proposed Mechanisms of Shilajit's Action on Muscle Tissue

Shilajit's potential to enhance post-exercise recovery appears to stem from its ability to act on multiple physiological pathways simultaneously. Its rich
phytocomplex of fulvic acid, DBPs, and minerals allows it to address the key challenges of recovery—energy depletion, inflammation, oxidative stress,
hormonal balance, and tissue integrity—through a multi-pronged mechanism.

4.1 Enhancement of Mitochondrial Bioenergetics and ATP Synthesis

At the heart of muscle recovery is cellular energy. The processes of clearing damaged components, repairing cell structures, and synthesizing new proteins
are all highly energy-dependent, requiring a constant supply of adenosine triphosphate (ATP).3! Fatigue, both during and after exercise, is closely linked
to a decline in ATP availability and impaired mitochondrial function.®? A foundational proposed mechanism of Shilajit is its ability to enhance
mitochondrial bioenergetics.

Preclinical research provides compelling evidence for this mechanism. In animal models of chronic fatigue syndrome, Shilajit supplementation was
shown to preserve mitochondrial function by stabilizing the activity of the enzyme complexes of the electron transport chain (ETC) and preventing the
loss of mitochondrial membrane potential under stress.® This suggests Shilajit helps maintain the efficiency of cellular respiration. The bioactive
components are thought to be key players in this process. Dibenzo-a-pyrones and fulvic acid are hypothesized to function as electron reservoirs or shuttles
within the mitochondria. They may support the function of Coenzyme Q10 (CoQ10), a vital component of the ETC, by donating electrons and helping to
regenerate its active form, thus facilitating a more continuous and efficient flow of electrons to generate ATP.2® By boosting the fundamental energy
currency of the cell, Shilajit may provide the necessary fuel to power the demanding metabolic processes of muscle repair and adaptation, while also
directly combating sensations of fatigue.**
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4.2 Attenuation and Modulation of Inflammation and Oxidative Stress

As established, the inflammatory and oxidative stress responses to exercise are double-edged swords. Shilajit appears to act as a potent modulator of these
processes, helping to contain their damaging potential without completely blunting their necessary signaling functions.® The primary mechanism for this
is the powerful antioxidant capacity of its main constituents. Both fulvic acid and DBPs have demonstrated the ability to scavenge harmful free radicals
in various experimental models.? This action can mitigate the secondary damage caused by the burst of RONS during and after intense exercise, protecting
cellular membranes and proteins from oxidative damage.

Furthermore, preclinical studies suggest Shilajit can bolster the body's own endogenous antioxidant defenses by increasing the activity of key enzymes
like superoxide dismutase (SOD) and catalase.® Beyond direct antioxidant effects, Shilajit has also exhibited anti-inflammatory properties in animal
models, such as reducing carrageenan-induced pedal edema.? By helping to control excessive inflammation and neutralizing damaging levels of RONS,
Shilajit may foster a more favorable biochemical environment for the timely transition from the cleanup phase to the anabolic, regenerative phase of
recovery.

4.3 Anabolic Support via Hormonal Modulation

A favorable hormonal environment is critical for muscle repair and hypertrophy. Shilajit appears to provide anabolic support through at least two distinct
hormonal pathways. First, it has been shown to directly influence androgenic hormone levels. A landmark human clinical trial demonstrated that
supplementing with purified Shilajit (250 mg twice daily for 90 days) significantly increased levels of total testosterone, free testosterone, and
dehydroepiandrosterone (DHEA) in healthy middle-aged men compared to a placebo group.*® Testosterone is the primary anabolic hormone in the body,
directly stimulating muscle protein synthesis and promoting gains in muscle mass and strength.*®* An increase in its bioavailability could significantly
enhance the muscle's adaptive response to training.

Second, Shilajit may help modulate the HPA axis and buffer the catabolic effects of cortisol. Preclinical research in rats subjected to stress showed that
Shilajit administration could reverse the stress-induced dysregulation of the HPA axis, normalizing plasma corticosterone levels.®> This suggests an
adaptogenic effect, helping the body manage physiological stress more efficiently. By potentially mitigating an excessive or prolonged cortisol spike after
intense exercise, Shilajit could help shift the post-exercise hormonal balance away from catabolism and towards anabolism, further supporting recovery
and growth.*®

4.4 Promotion of Extracellular Matrix (ECM) Integrity and Collagen Synthesis

The benefits of Shilajit appear to extend beyond the muscle fiber to the surrounding connective tissues, a novel and highly significant mechanism for
comprehensive musculoskeletal recovery. The extracellular matrix (ECM), tendons, and ligaments are rich in collagen and are subjected to immense
strain during exercise, leading to micro-damage and collagen degradation.® Emerging evidence from human clinical trials suggests that Shilajit has a
profound, dual-action effect on collagen homeostasis.

This understanding is built upon a chain of consistent findings across multiple studies. First, a study in obese subjects revealed that Shilajit
supplementation upregulated the expression of ECM-related genes in skeletal muscle, including those responsible for producing collagen and elastin,
indicating that it primes the muscle for repair at a genetic level.*® Second, a clinical trial in exercising men found that supplementation with 500 mg/day
of Shilajit significantly decreased resting levels of serum hydroxyproline (HYP), a key biomarker indicating a reduction in the rate of collagen breakdown
in the body.*® Finally, a very recent trial (2024) provided the other half of the story, showing that supplementation with both 500 mg and 1000 mg of
Shilajit per day significantly increased serum levels of pro-clal, a biomarker for the synthesis of new type 1 collagen.

Taken together, these results paint a clear picture: Shilajit appears to simultaneously reduce the degradation of existing collagen while actively promoting
the synthesis of new collagen. This comprehensive support for the ECM and associated connective tissues is a crucial mechanism for enhancing recovery,
improving tissue resilience, and potentially reducing the risk of common sports-related injuries to tendons and ligaments.

5. Scientific Evaluation of Shilajit in Exercise and Recovery

While the proposed mechanisms are compelling, the value of any ergogenic aid ultimately rests on the quality of scientific evidence from well-controlled
studies. The evaluation of Shilajit has progressed from preclinical models to human clinical trials, providing an emerging picture of its efficacy.

5.1 Preclinical Evidence from In Vitro and Animal Models

Animal studies have provided the foundational evidence for Shilajit's biological activities and have been instrumental in guiding human research. A key
study using a rat model of chronic fatigue syndrome (CFS), induced by forced swimming, found that Shilajit administration attenuated the behavioral
symptoms of fatigue and anxiety. The researchers linked these benefits directly to Shilajit's ability to modulate the HPA axis and, crucially, to preserve
mitochondrial bioenergetics under chronic stress.® Other animal studies have demonstrated Shilajit's general cytoprotective capacity, showing it can
protect the liver from toxin-induced damage, which is attributed to its potent antioxidant and anti-inflammatory properties.® While animal model results
cannot be directly extrapolated to human athletes, these studies provide strong mechanistic support for the hypotheses tested in human trials.
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5.2 Human Clinical Trials

The most critical evidence comes from human clinical trials. Although the body of research is still growing, several randomized, placebo-controlled
studies have investigated the effects of standardized Shilajit extracts on outcomes relevant to exercise and recovery.

5.2.1 Effects on Muscle Strength, Fatigue Resistance, and Performance

A pivotal study by Keller et al. (2019) provided direct evidence for Shilajit's ergogenic effects in an exercise context.*® This double-blind, placebo-
controlled trial involved 63 recreationally active men who supplemented with either a placebo, a low dose (250 mg/day), or a high dose (500 mg/day) of
PrimaVie® Shilajit for eight weeks. The primary outcome was the change in muscle strength retention following a fatiguing protocol of isokinetic leg
extensions. The results were significant: the group receiving 500 mg/day of Shilajit exhibited a substantially smaller decline in maximal voluntary
isometric contraction (MVIC) strength after the fatiguing task compared to both the placebo and low-dose groups.*” This finding indicates that Shilajit
supplementation enhances fatigue resistance and helps preserve maximal muscle strength, allowing athletes to maintain a higher level of performance
under fatiguing conditions.

5.2.2 Impact on Biomarkers of Muscle Damage (CK, LDH)

A thorough evaluation of an EIMD recovery aid must include its effect on the gold-standard indirect biomarkers of muscle damage: creatine kinase (CK)
and lactate dehydrogenase (LDH).° Elevated serum levels of these enzymes are a hallmark of sarcolemmal damage following strenuous exercise.®
Surprisingly, a review of the existing human clinical trials on Shilajit reveals a significant gap in the literature. None of the available controlled studies
have reported the effects of Shilajit supplementation on the CK or LDH response following an acute bout of muscle-damaging exercise. One study did
confirm that Shilajit did not alter resting CK levels, which supports its safety and indicates it does not cause muscle damage on its own.*® However, its
potential to attenuate the exercise-induced rise in these markers remains uninvestigated. This is a major limitation of the current evidence base and
represents a critical and high-priority area for future research to fully validate its role in muscle recovery.

5.2.3 Influence on Connective Tissue Health and Collagen Turnover

In contrast to the lack of data on CK and LDH, the evidence for Shilajit's positive influence on connective tissue is robust and growing. The same Keller
et al. (2019) study that found improved strength retention also measured serum hydroxyproline (HYP), a biomarker of collagen degradation.“® The results
showed that the high-dose (500 mg/day) Shilajit group had significantly lower baseline HYP levels after the 8-week intervention, suggesting a reduction
in systemic collagen breakdown.*

This finding was powerfully complemented by a 2024 study that examined the other side of collagen balance: synthesis.® In this randomized controlled
trial, supplementation with both 500 mg and 1000 mg of Shilajit per day for eight weeks led to significant increases in serum pro-clal, a biomarker for
new type 1 collagen synthesis. The high-dose group, in particular, showed a clinically meaningful increase compared to placebo. When synthesized, these
findings strongly suggest that Shilajit modulates collagen homeostasis by concurrently decreasing its breakdown and increasing its synthesis, thereby
promoting the health and integrity of the ECM and connective tissues vital for athletic performance and injury resilience.

Table 2: Summary of Key Human Clinical Trials on Standardized Shilajit for Exercise Performance and Recovery

Study (Citation) Design Population Dosage & Key Outcome Significant Findings
Duration Measures
Keller JL, et al. Randomized, 63 250 mg/day or MVIC, % 500 mg/day
(2019) *° Double-Blind, recreationally 500 mg/day decline in group had
Placebo- active men PrimaVie® vs. strength, significantly
Controlled Placebo for 8 Serum less fatigue-
weeks Hydroxypr induced
oline strength
(HYP) decline and
lower baseline
HYP levels
post-
supplementati
on.
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Study (Citation) Design Population Dosage & Key Outcome Significant Findings
Duration Measures
Pandit S, et al. Randomized, 75 healthy, non- 250 mg Total Shilajit group
(2016) “ Double-Blind, athletic men PrimaVie® Testostero showed
Placebo- (age 45-55) twice daily vs. ne, Free significant
Controlled Placebo for 90 Testostero increases in
days ne, DHEA total
testosterone,
free
testosterone,
and DHEA
compared to
placebo.
Das A, et al. Experimental 16 250 mg Skeletal Upregulation
(2016) *® Study overweight/obes PrimaVie® muscle of extracellular
e adults twice daily for 8 transcripto matrix (ECM)-
weeks me (gene related genes,
expression including
) those for
collagen,
elastin, and
fibronectin.
Hill EC, et al. Randomized, 35 500 mg/day or Serum Both 500 mg
(2024) 5t Double-Blind, recreationally 1000 mg/day Pro-clal and 1000
Placebo- trained men Shilajit vs. (Type 1 mg/day doses
Controlled Placebo for 8 Collagen significantly
weeks Synthesis) increased
serum pro-
clal,
indicating
increased
collagen
synthesis.

6. Practical Considerations for Use in Sports Nutrition

For athletes and practitioners considering the use of Shilajit, translating the scientific evidence into practical application requires careful attention to
dosage, safety, and product quality.

6.1. Clinically Studied Dosages and Forms of Supplementation

The effective dosages of Shilajit identified in human clinical trials generally range from 250 mg to 500 mg per day of a purified, standardized extract.*®
Often, this total daily dose is split into two administrations (e.g., 250 mg twice daily).* More recent research on collagen synthesis has explored doses
up to 1000 mg per day, which also proved effective and well-tolerated.>* Shilajit is commercially available in several forms, including a thick resin (its
most traditional form), a fine powder, and encapsulated powders.> For reasons of dosage accuracy, consistency, and convenience, modern clinical trials
have exclusively used purified extracts delivered in capsule form. This allows for precise administration and ensures that participants receive the
standardized amount of bioactive compounds used to generate the study data.
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6.2. Safety Profile, Potential Side Effects, and Contraindications

When using purified, standardized Shilajit at the clinically recommended doses, the safety profile appears to be excellent. Human trials have consistently
reported it to be safe and well-tolerated, with very few adverse events noted.?® The side effects that have been reported are typically mild and infrequent,
and may include digestive upset (nausea, diarrhea), headache, or dizziness.?

However, there are several contraindications and precautions to consider. Due to its potential to increase uric acid levels, individuals with a history of
gout should exercise caution.? Shilajit is also rich in iron, so it should be avoided by individuals with hemochromatosis or other iron-overload disorders.?
Because it may influence blood sugar and blood pressure, those on corresponding medications should consult a healthcare provider before use.?® Due to
a lack of safety data, Shilajit is not recommended for pregnant or breastfeeding women. %

6.3. Navigating the Market: Purity, Quality Control, and Contaminants

The single most important practical consideration is product quality. The market for Shilajit supplements is vast and largely unregulated, and the risk of
consuming a contaminated or adulterated product is significant. As previously discussed, raw, unpurified Shilajit can contain dangerous levels of heavy
metals, mycotoxins, and other harmful substances.?® Therefore, it is imperative for athletes and consumers to source their Shilajit from highly reputable
brands that prioritize quality control and transparency.

Consumers should look for products that are explicitly labeled as "purified" and have been subjected to third-party testing by independent laboratories.?
Reputable testing organizations include NSF International, USP (United States Pharmacopeia), and ConsumerLab. A seal from one of these organizations
on the product label provides assurance that the product contains what the label claims and is free from harmful levels of contaminants. Furthermore,
trustworthy manufacturers will often provide a Certificate of Analysis (COA) for their product upon request, which details the results of purity and safety
testing.?8 Avoiding unknown brands and sellers who do not provide proof of purity is a critical step in using Shilajit safely and effectively.

7. Conclusion and Future Research Directions
7.1. Synthesis of Current Evidence

Shilajit, a revered substance from traditional Ayurvedic medicine, is emerging as a compelling, multi-faceted ergogenic aid for post-exercise recovery,
supported by a growing body of scientific evidence. Its traditional use as a Rasayana (rejuvenator) and Balya (strength-promoter) is now being
substantiated by modern research into its complex phytochemistry and physiological effects. The benefits of purified, standardized Shilajit appear to be
driven by a synergistic, multi-pronged mechanism that is unique among many sports supplements. This includes enhancing fundamental cellular energy
production through improved mitochondrial bioenergetics, providing anabolic support by boosting key androgenic hormones, modulating the
inflammatory and oxidative stress responses, and, most notably, promoting robust connective tissue health by simultaneously reducing collagen
degradation and stimulating its synthesis. Clinical evidence strongly supports its efficacy in improving fatigue resistance and preserving muscle strength,
making it a promising tool for athletes seeking to optimize recovery and adaptation.

7.2. Identifying Gaps in the Literature and Proposing Future Studies

Despite the promising findings, the scientific investigation of Shilajit in sports nutrition is still in its early stages, and several critical gaps in the literature
must be addressed to solidify its place in evidence-based practice. Future research should prioritize the following areas:

®  Biomarkers of Muscle Damage: There is a pressing need for randomized controlled trials that measure the effect of Shilajit supplementation on
the exercise-induced response of key muscle damage biomarkers, specifically creatine kinase (CK) and lactate dehydrogenase (LDH). This is
the most significant gap in the current evidence.

®  Delayed-Onset Muscle Soreness (DOMS): No clinical trials have yet assessed Shilajit's impact on the perception of muscle soreness. Studies
incorporating validated pain assessment tools, such as the Visual Analog Scale (VAS), are needed to determine if the biochemical benefits
translate to improved subjective recovery.*®

® Diverse Athletic Populations: Current research has been conducted almost exclusively on recreationally active or sedentary adult males. To
broaden the applicability of the findings, future studies must include female athletes and highly trained, elite athlete populations, who may
exhibit different physiological responses to both exercise and supplementation.

® Mechanistic Elucidation of Inflammation: While Shilajit is known to be anti-inflammatory, the precise mechanisms remain unclear. Research
using advanced molecular techniques is needed to determine if Shilajit influences key inflammatory signaling pathways (e.g., NF-xB) or modulates
the crucial transition of macrophages from the pro-inflammatory M1 phenotype to the anti-inflammatory M2 phenotype post-exercise.®

® Human Pharmacokinetics: Detailed pharmacokinetic studies in humans are required to better understand the absorption, distribution,
metabolism, and excretion of Shilajit's key bioactive components, such as fulvic acid and dibenzo-a-pyrones. This would help optimize dosing
strategies and better correlate plasma concentrations with physiological effects.”
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Addressing these research questions will provide a more complete understanding of Shilajit's role and potential, allowing for more definitive, evidence-
based recommendations for its use in enhancing post-exercise recovery and athletic performance.
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