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ABSTRACT 

Objective: Severe skeletal muscle contusions result in significant inflammation, fibrotic scarring, and incomplete functional 

recovery. Betulin, a natural triterpenoid, has demonstrated anti-inflammatory and regenerative properties. This study 

aimed to investigate the efficacy of betulin in promoting molecular and functional recovery in a murine model of muscle 

contusion. 

Methods: A standardized contusion injury was induced in the tibialis anterior muscle of C57BL/6 mice. Mice were treated 

daily with either betulin (50 mg/kg, IP) or a vehicle control. Functional recovery was assessed at days 3, 7, 14, and 28 post-

injury using in vivo grip strength tests. Muscle tissues were harvested at the same time points for analysis. Histological 

evaluation was performed using Hematoxylin & Eosin (H&E) for general morphology and inflammation, and Masson’s 

Trichrome for fibrosis. Myogenic regeneration and key molecular markers of inflammation and fibrosis were quantified 

using immunohistochemistry and quantitative real-time PCR (qRT-PCR). 

Results: Betulin treatment was associated with a significant acceleration in the recovery of muscle strength compared to 

vehicle-treated controls. Histological analysis revealed that betulin markedly reduced inflammatory cell infiltration at early 

time points and decreased the total area of fibrotic tissue by day 28. This was correlated with a significant downregulation 

of pro-inflammatory (Tnf-α, Il-6) and pro-fibrotic (Tgf-β1, Col1a1) gene expression. Furthermore, betulin-treated muscles 

exhibited an increased number of newly formed, centrally nucleated myofibers. This enhanced myogenesis was supported 

by the upregulation of myogenic regulatory factors, including Myod1 and Myog, indicating an augmented satellite cell-

mediated repair process. 

Conclusion: Betulin appears to promote comprehensive recovery following muscle contusion by targeting multiple 

pathological processes. It is associated with mitigated acute inflammation and downstream fibrosis while simultaneously 

enhancing the intrinsic myogenic regenerative capacity of the tissue. These findings establish betulin as a potent therapeutic 

candidate for improving outcomes after severe muscle injuries. 

KEYWORDS: Betulin, Muscle Contusion, Skeletal Muscle Regeneration, Inflammation, Fibrosis, Macrophage Polarization, 

Functional Recovery. 

INTRODUCTION 

The Clinical and Biological Landscape of Severe Muscle 

Injury 

Skeletal muscle, the most abundant tissue in the human 

body, is the engine of physical interaction with the world. It 

governs locomotion, maintains posture, and serves as a 

critical hub for systemic metabolism. This tissue possesses a 

remarkable intrinsic capacity for regeneration, enabling 

recovery from the minor strains and insults of daily activity. 

This regenerative potential, however, is not limitless. When 

subjected to severe trauma, such as high-energy contusion 

injuries resulting from falls, athletic collisions, or accidents, 

the muscle's endogenous repair mechanisms are often 

overwhelmed. This failure to heal properly represents a 

significant public health challenge, leading to chronic pain, 
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long-term disability, and a substantial socioeconomic 

burden measured in billions of dollars annually from direct 

medical expenditures and lost productivity. The clinical 

course for a patient with a severe muscle contusion is 

frequently one of frustration and incomplete recovery. The 

standard of care, primarily focused on the RICE protocol 

(Rest, Ice, Compression, Elevation) and the use of non-

steroidal anti-inflammatory drugs (NSAIDs), is largely 

palliative. While effective at managing acute symptoms like 

pain and swelling, these interventions do little to address the 

core underlying pathology that dictates the long-term 

outcome. 

The central problem is a biological cascade initiated by the 

initial trauma. The mechanical impact crushes muscle fibers 

(myofibers) and ruptures local vasculature, creating a 

hematoma and a zone of necrotic tissue. This primary 

damage unleashes a secondary wave of injury, driven by a 

powerful and often dysregulated inflammatory response. 

While a controlled inflammatory process is essential for 

clearing cellular debris and initiating repair, an excessive or 

prolonged inflammatory state becomes actively detrimental, 

causing collateral damage to adjacent, uninjured tissue and 

creating a microenvironment that is hostile to regeneration 

[12]. The most devastating consequence of this unresolved 

inflammation is the development of pathological fibrosis. 

This occurs when the regenerative process falters and is 

replaced by a fibrotic one, where activated fibroblast cells 

deposit massive quantities of disorganized extracellular 

matrix, primarily collagen, forming a dense, non-functional 

scar [6, 9]. This fibrotic tissue physically obstructs the 

growth of new muscle fibers, disrupts the tissue's 

architecture, impairs contractility, and serves as a weak 

point that predisposes the muscle to re-injury. It is this 

fibrotic scarring, not the initial injury itself, that is the 

primary cause of permanent functional loss. The clear and 

pressing unmet clinical need is for therapeutic agents that 

can intervene in this process, steering the biological 

response away from a fibrotic dead-end and towards a 

productive, regenerative pathway. 

● The Scope of the Problem: Severe muscle injuries are 

highly prevalent, affecting millions worldwide and 

carrying a significant economic burden. 

● Inadequacy of Current Therapies: Standard 

treatments are symptomatic and fail to prevent the 

primary cause of long-term disability: fibrotic scarring. 

● The Role of Dysregulated Inflammation: An excessive 

or prolonged inflammatory response after injury is a key 

driver of secondary tissue damage and creates a pro-

fibrotic environment [12]. 

● Fibrosis as the Pathological Endpoint: Fibrosis, the 

deposition of non-functional scar tissue, physically 

blocks muscle regeneration and is the main reason for 

incomplete functional recovery [6, 9]. 

● The Therapeutic Goal: The central aim of novel 

therapies is to modulate the post-injury 

microenvironment to suppress pathological 

inflammation and fibrosis while enhancing the muscle's 

intrinsic regenerative capacity. 

The Cellular and Molecular Symphony of Muscle Repair 

and Its Failure 

The process of muscle regeneration is a biological 

masterpiece of cellular coordination, a tightly regulated 

sequence of events that, when successful, restores the tissue 

to its pre-injury state. It begins with an inflammatory phase, 

where immune cells are recruited to the site of injury. 

Neutrophils arrive first, followed by monocytes that 

differentiate into macrophages. These macrophages are the 

master regulators of the entire process, exhibiting 

remarkable plasticity to perform distinct functions over time 

[4]. Initially, they adopt a pro-inflammatory "M1" phenotype, 

acting as phagocytes to engulf dead cells and debris. This 

cleanup phase is essential, but it is the timely transition of 

these macrophages to a pro-regenerative "M2" phenotype 

that is the critical turning point. This M1-to-M2 switch quells 

the inflammatory storm and initiates the regenerative phase 

by secreting growth factors that awaken the muscle's 

resident stem cells, the satellite cells [5, 13]. 

Once activated, these satellite cells enter the cell cycle and 

proliferate, creating a pool of myoblasts. This process is 

governed by a family of proteins known as myogenic 

regulatory factors (MRFs), with MyoD being a key driver of 

proliferation [8]. Subsequently, under the influence of other 

MRFs like myogenin, these myoblasts cease to divide, align 

with one another, and fuse to form new, immature myotubes. 

These myotubes then mature, grow in size, and integrate 

with the existing tissue to restore contractile function. 

In severe injuries, this symphony breaks down. The 

inflammatory response fails to resolve, and the M1 

macrophage phenotype persists. This state of chronic 

inflammation is actively hostile to regeneration. The high 

levels of pro-inflammatory cytokines, such as Tumor 

Necrosis Factor-alpha (TNF-α) and Interleukin-6 (IL-6), not 

only cause further damage but also inhibit the function of 

satellite cells [12]. Furthermore, these persistent M1 

macrophages release large quantities of Transforming 

Growth Factor-beta 1 (TGF-β1), the most potent known 

inducer of fibrosis [6]. TGF-β1 activates local fibroblasts, 

transforming them into myofibroblasts, which are hyper-

activated cells that secrete disorganized type I and type III 

collagen, leading to the formation of a dense scar. This scar 

acts as a physical barrier to regeneration, leading to a failed 

healing attempt. 

Betulin as a Potential Multi-Target Therapeutic Agent 

In the search for novel therapeutics, natural products, or 

phytochemicals, have emerged as a promising source. These 

compounds often have complex, multi-target mechanisms of 
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action that are well-suited to treating complex pathologies. 

Betulin, a pentacyclic triterpenoid abundantly found in the 

bark of birch trees, has garnered significant interest for its 

wide range of pharmacological activities, including potent 

anti-inflammatory effects [2, 10]. Its potential in tissue 

repair is particularly compelling. Studies have shown that 

betulin can promote organized skin wound healing [1], and 

more recent work has indicated it can attenuate 

inflammation and promote regeneration in various models 

of tissue injury [2, 3]. 

The excitement surrounding betulin stems from its potential 

to address the core pathologies of muscle injury 

simultaneously. Emerging evidence suggests it can not only 

suppress the damaging pro-inflammatory response but may 

also directly and positively influence the behavior of satellite 

cells [5, 13]. Furthermore, its potential to mitigate fibrosis 

has been highlighted [6, 9]. By potentially mitigating the 

"bad" (inflammation and fibrosis) while enhancing the 

"good" (myogenesis), betulin represents a uniquely 

promising, multi-faceted therapeutic strategy. Its 

derivatives, such as betulinic acid, have also shown promise, 

suggesting a rich chemical scaffold for therapeutic 

development [7]. 

Therefore, based on this compelling background, we 

hypothesized that systemic administration of betulin would 

accelerate functional and molecular recovery following 

skeletal muscle contusion in mice. We postulated that 

betulin would achieve this by creating a more favorable 

microenvironment for repair, characterized by reduced 

acute inflammation, attenuated fibrosis, and enhanced 

satellite cell-mediated myogenesis. This study was designed 

to rigorously test this hypothesis by evaluating the effect of 

betulin on in vivo muscle function, characterizing the 

histological and morphological changes in the tissue, and 

investigating the underlying molecular mechanisms of its 

action. 

Section Summary: The Introduction establishes the 

significant clinical problem of severe muscle injury, detailing 

the biological cascade from initial trauma through 

inflammation, regeneration, and the pathological 

development of fibrosis. It highlights the limitations of current 

therapies and introduces the natural compound betulin as a 

promising, multi-target therapeutic candidate. The section 

culminates in the clear statement of the study's hypothesis: 

that betulin will improve muscle recovery by mitigating 

inflammation and fibrosis while enhancing myogenesis. 

METHODS 

Animal Model and Ethical Approval 

All experimental procedures involving animals were 

designed to be humane and were performed in strict 

accordance with the guidelines outlined in the Guide for the 

Care and Use of Laboratory Animals. The complete study 

protocol received prior review and approval from the 

Institutional Animal Care and Use Committee (IACUC) of our 

institution. A total of 60 male C57BL/6 mice, aged 8-10 

weeks and weighing 22-25 g, were sourced from a 

commercial vendor (Charles River Laboratories, 

Wilmington, MA, USA) and used for this study. The C57BL/6 

strain was specifically chosen for its well-characterized and 

robust inflammatory and regenerative response to muscle 

injury, ensuring that our findings would be comparable to a 

large body of existing literature. The age range was selected 

to ensure all animals were skeletally mature but still 

possessed a strong regenerative capacity, avoiding the 

confounding variables of development or age-related decline 

in healing (sarcopenia). Only male mice were used to 

eliminate the potential variability introduced by the 

hormonal fluctuations of the estrous cycle in females. 

Upon arrival, animals were allowed to acclimate to the 

housing facility for a minimum of one week before the 

commencement of any experimental procedures. They were 

housed in a specific-pathogen-free, temperature-controlled 

facility (22 ± 2°C) with a 12-hour light/dark cycle. Standard 

rodent chow and autoclaved water were provided ad 

libitum. Animal health was monitored daily by trained 

veterinary staff. The study was designed following the 

principles of the Three R's (Reduction, Refinement, 

Replacement), and all efforts were made to minimize the 

number of animals used and to alleviate any potential 

suffering. 

Contusion Injury Model and Surgical Procedure 

A standardized, severe contusion injury was induced in the 

left tibialis anterior (TA) muscle of each mouse. The TA was 

chosen due to its accessibility and its simple, spindle-shaped 

anatomy, which facilitates reproducible injury and 

subsequent analysis. To perform the procedure, mice were 

first anesthetized via an intraperitoneal (IP) injection of a 

ketamine/xylazine cocktail (100 mg/kg and 10 mg/kg, 

respectively). A deep plane of anesthesia was confirmed by 

the absence of a pedal withdrawal reflex to a toe pinch. The 

left hindlimb was then shaved and aseptically prepared with 

three alternating scrubs of 70% ethanol and povidone-

iodine. 

The anesthetized mouse was placed in a supine position on 

a custom-built platform. The foot of the injured limb was 

secured to a footplate to maintain the ankle joint at a precise 

90° angle relative to the tibia. This positioning places the TA 

muscle in a consistent, slightly stretched state, ensuring that 

the impact is delivered to the muscle belly rather than the 

tendon or bone. A single, controlled impact was delivered 

using a custom-built, gravity-driven drop-mass device. This 

device consists of a frictionless vertical guide tube 

positioned directly over the TA muscle. A 50 g stainless-steel 

weight with a 4-mm diameter, polished, flat tip was dropped 

from a height of 1 meter through the guide tube. This method 

has been previously validated to produce a highly 
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reproducible injury characterized by extensive myofiber 

damage, intramuscular hematoma, and a robust 

inflammatory and fibrotic response in untreated animals, 

thus mimicking the key features of a severe clinical 

contusion. Sham-operated animals underwent all 

procedures, including anesthesia and vehicle injection, but 

the weight was not dropped. Following the procedure, mice 

were placed on a heating pad for recovery before being 

returned to their home cage. 

Experimental Design, Randomization, and Therapeutic 

Intervention 

The mice were randomly allocated into one of three 

experimental groups (n=20 per group) using a computer-

generated randomization sequence to avoid selection bias. 

● Sham Group (n=20): Served as the uninjured, healthy 

baseline. These mice underwent anesthesia and 

received daily vehicle injections but did not receive the 

muscle injury. 

● Control (Vehicle) Group (n=20): Received the 

contusion injury and were treated daily with the vehicle 

solution. This group reveals the natural, untreated 

course of healing. 

● Betulin Group (n=20): Received the contusion injury 

and were treated daily with betulin. Comparing this 

group to the Control group allows for the determination 

of the specific effects of the treatment. 

Betulin (purity >98%, Sigma-Aldrich, St. Louis, MO, USA) was 

dissolved in a vehicle solution of 10% Dimethyl sulfoxide 

(DMSO) and 90% sterile corn oil to ensure solubility and 

stability. Beginning on the day of injury (Day 0) and 

continuing once daily thereafter, mice in the Betulin group 

received an IP injection of betulin at a dosage of 50 mg/kg 

body weight. This dosage was selected based on a thorough 

review of previous studies demonstrating its biological 

efficacy and lack of toxicity in rodent models [2, 6]. Mice in 

the Sham and Control groups received an equivalent volume 

of the vehicle solution via the same IP route and on the same 

schedule. At predefined time points of 3, 7, 14, and 28 days 

post-injury, subsets of animals from each group (n=5 per 

group per time point) were euthanized for functional 

assessment and tissue collection. This longitudinal design 

allowed for the characterization of the entire healing 

process. 

In Vivo Assessment of Muscle Function 

To non-invasively assess the functional recovery of the 

injured limb, maximal isometric hindlimb grip strength was 

measured at each time point just prior to euthanasia. The 

test was performed using a digital grip strength meter 

(Columbus Instruments, Columbus, OH, USA) equipped with 

a hindlimb pull bar. The procedure was conducted by an 

experimenter blinded to the treatment groups. The mouse 

was held by the base of the tail and gently lowered towards 

the apparatus, allowing it to grasp the metal bar with both 

hindpaws. The mouse was then pulled backward in the 

horizontal plane with a steady, consistent motion until its 

grip was broken. The peak force (in grams) generated was 

automatically recorded by the device. This procedure was 

repeated five times for each mouse with a 60-second rest 

period between trials to prevent fatigue. The average of the 

three highest readings was calculated and used for statistical 

analysis to ensure a reliable and robust measure of maximal 

strength. 

Tissue Harvesting and Histological Analysis 

Following the final functional test, mice were euthanized by 

CO2 asphyxiation followed by cervical dislocation, an AVMA-

approved method. The TA muscles from both the injured 

(left) and uninjured contralateral (right) limbs were 

meticulously dissected, cleared of surrounding connective 

tissue, and weighed. For histological analysis, the muscles 

were embedded in Tissue-Tek O.C.T. compound (Sakura 

Finetek, Torrance, CA, USA), carefully oriented to ensure 

perfect transverse sections, and then rapidly frozen in 

isopentane that had been pre-chilled to a slush with liquid 

nitrogen. This rapid freezing method prevents the formation 

of ice crystals that can damage tissue architecture. The 

frozen tissue blocks were stored at -80°C until sectioning. 

Serial transverse cryosections (10 µm thick) were cut from 

the mid-belly of the muscle, the region of maximal injury, 

using a cryostat (Leica CM1950, Wetzlar, Germany) and 

mounted on positively charged glass slides. 

● Hematoxylin and Eosin (H&E) Staining: For general 

morphological assessment, sections were stained with 

H&E. This stain allowed for the visualization of overall 

muscle architecture, the extent of inflammatory cell 

infiltration, and the identification of regenerating 

myofibers by their characteristic centrally located 

nuclei. The cross-sectional area (CSA) of at least 200 

centrally nucleated fibers per muscle sample was 

measured using ImageJ software (NIH, Bethesda, MD, 

USA) as an index of fiber maturation. 

● Masson’s Trichrome Staining: To quantify the extent 

of fibrosis, adjacent sections were stained with Masson’s 

Trichrome using a commercial kit (Sigma-Aldrich). In 

this stain, collagen fibers appear blue, while muscle 

fibers appear red. Images of the entire muscle cross-

section were captured and stitched together. The 

fibrotic area (blue-stained) was then quantified as a 

percentage of the total cross-sectional area of the muscle 

using a custom color-thresholding macro in ImageJ. 

Immunohistochemistry and Immunofluorescence 

Immunohistochemical (IHC) and immunofluorescent (IF) 

staining was performed to identify specific cell types within 
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the muscle tissue. For macrophage staining, sections were 

stained for CD68, a pan-macrophage marker. For myogenic 

analysis, sections were stained for embryonic Myosin Heavy 

Chain (eMyHC), a marker of newly formed myotubes. For 

macrophage polarization analysis, dual-label IF was 

performed for CD68 along with either iNOS (an M1 marker) 

or Arginase-1 (Arg1, an M2 marker). 

Briefly, sections were fixed, permeabilized with 0.2% Triton 

X-100, and blocked with 5% goat serum. Sections were then 

incubated overnight at 4°C with the relevant primary 

antibodies. For IHC, sections were subsequently incubated 

with the appropriate biotinylated secondary antibody 

followed by a streptavidin-horseradish peroxidase (HRP) 

complex and visualized using a DAB substrate kit (Vector 

Laboratories, Burlingame, CA, USA), which produces a 

brown precipitate. For IF, sections were incubated with 

fluorophore-conjugated secondary antibodies (e.g., Alexa 

Fluor 488 and 594). All slides were counterstained with 

DAPI to visualize nuclei. The number of positive cells or 

fibers was counted from at least five randomly selected high-

power fields within the injury zone. 

Quantitative Real-Time PCR (qRT-PCR) 

To quantify gene expression, a separate portion of the frozen 

TA muscle tissue was homogenized in TRIzol reagent 

(Invitrogen, Carlsbad, CA, USA) using a bead mill 

homogenizer. Total RNA was extracted according to the 

manufacturer's protocol. The concentration and purity of the 

RNA were determined using a NanoDrop spectrophotometer 

(Thermo Fisher Scientific, Waltham, MA, USA); samples with 

a 260/280 ratio between 1.8 and 2.0 were used for analysis. 

One microgram of total RNA was reverse-transcribed into 

complementary DNA (cDNA) using the iScript cDNA 

Synthesis Kit (Bio-Rad, Hercules, CA, USA). 

qRT-PCR was performed using SsoAdvanced Universal SYBR 

Green Supermix (Bio-Rad) on a CFX96 Real-Time PCR 

Detection System (Bio-Rad). The reactions were performed 

in duplicate for each sample. The relative expression of 

target genes was normalized to the expression of the stable 

housekeeping gene Gapdh and calculated using the 2^-ΔΔCt 

method. The following validated primer sequences (5' to 3') 

were used: 

● Tnf-α: Fwd: CCCTCACACTCAGATCATCTTCT, Rev: 

GCTACGACGTGGGCTACAG 

● Il-6: Fwd: TAGTCCTTCCTACCCCAATTTCC, Rev: 

TTGGTCCTTAGCCACTCCTTC 

● Tgf-β1: Fwd: CTCCCGTGGCTTCTAGTGC, Rev: 

GCCTTAGTTTGGACAGGATCTG 

● Col1a1: Fwd: GCTCCTCTTAGGGGCCACT, Rev: 

CCACGTCTCACCATTGGGG 

● Myod1: Fwd: GCACTACACAGCGGCGACTC, Rev: 

GGGCCGCTGTAATCCATCATG 

● Myog: Fwd: GAGACATCCCCAATCACCGG, Rev: 

GTCGATGTGGAGCTGCAGGA 

Statistical Analysis 

All quantitative data are presented as the mean ± standard 

error of the mean (SEM). Statistical analyses were 

performed using GraphPad Prism 9 software (GraphPad 

Software, San Diego, CA, USA). The normality of the data was 

assessed using the Shapiro-Wilk test. Comparisons between 

the three experimental groups (Sham, Control, Betulin) 

across the four time points were analyzed using a two-way 

analysis of variance (ANOVA) followed by Tukey’s post-hoc 

test for multiple comparisons. For data at a single time point, 

a one-way ANOVA was used. A p-value of less than 0.05 was 

considered statistically significant. All statistical tests were 

two-sided. 

Section Summary: The Methods section provides a detailed, 

step-by-step description of the experimental protocol. This 

includes the ethical considerations and specifics of the animal 

model, the standardized contusion injury procedure, the 

experimental group design and drug administration regimen, 

and the full range of analytical techniques employed. These 

techniques span from in vivo functional assessment (grip 

strength) to ex vivo histological, immunohistochemical, and 

molecular (qRT-PCR) analyses, ensuring a comprehensive, 

multi-level evaluation of the treatment's effect. The section 

concludes with a description of the statistical methods used to 

analyze the data. 

RESULTS 

Betulin Treatment is Associated with an Accelerated and 

More Complete Recovery of Muscle Function 

The primary objective of this study was to determine if 

betulin treatment could improve functional recovery 

following a severe contusion injury. In vivo hindlimb grip 

strength measurements provided a clear and quantitative 

answer. The contusion injury induced a catastrophic initial 

loss of function, with the Control group's strength 

plummeting to just 45% of the uninjured Sham group at day 

3 (p < 0.001). While the Betulin-treated group also exhibited 

a significant initial deficit, their path to recovery diverged 

early and decisively from the Control group. At day 7 post-

injury, the Betulin group had already recovered to 

approximately 70% of their baseline strength, in contrast to 

the Control group, which lagged significantly behind at only 

55% (p < 0.05). By the two-week mark (day 14), this 

functional gap had widened, with the Betulin group reaching 

85% of normal function while the Control group's recovery 

appeared to be plateauing at 68% (p < 0.01). The most 

critical finding was observed at the final time point on day 

28. The Betulin group had achieved what can be considered 

a full functional recovery (96% of sham), while the Control 

group remained stuck with a significant and likely 

permanent functional deficit at only 78% of original strength 

(p < 0.01 vs. both Betulin and Sham groups). This 

demonstrates that betulin treatment is not just associated 
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with a faster recovery, but a more complete recovery (Table 

1). 

Table 1. Functional Recovery of Hindlimb Grip Strength Post-Contusion

  

Time Point Sham Group (% of 

Baseline) 

Control Group (% of 

Baseline) 

Betulin Group (% of 

Baseline) 

Day 3 100.5 ± 2.1 45.3 ± 3.5 48.1 ± 3.9 

Day 7 99.8 ± 1.9 55.2 ± 4.1 70.4 ± 3.8* 

Day 14 101.1 ± 2.5 68.4 ± 5.2 85.3 ± 4.5** 

Day 28 100.2 ± 2.3 78.1 ± 4.9 96.2 ± 3.7**‚† 

*Data are presented as 

mean ± SEM (n=5 per 

group per time point). 

Baseline is defined as 

the average strength of 

the Sham group. *p < 

0.05 vs. Control Group. 

*p < 0.01 vs. Control 

Group. †p > 0.05 vs. 

Sham Group. 

   

Data are presented as mean ± SEM (n=5 per group per time 

point). Baseline is defined as the average strength of the 

Sham group. 

*p < 0.05 vs. Control Group. **p < 0.01 vs. Control Group. †p 

> 0.05 vs. Sham Group. 

● Initial Deficit: The injury caused a severe, immediate 

loss of strength in both injured groups, confirming the 

model's efficacy. 

● Early Functional Separation: By day 7, the Betulin 

group was significantly stronger than the Control group, 

indicating an accelerated early recovery. 

● Sustained Acceleration: The functional gap between 

the Betulin and Control groups widened by day 14, 

demonstrating a continued, rapid rate of healing. 

● Complete Long-Term Recovery: At day 28, the Betulin 

group had returned to normal strength levels, while the 

Control group was left with a permanent functional 

deficit. 

● Statistical Significance: The differences in grip 

strength between the Betulin and Control groups were 

statistically significant at days 7, 14, and 28. 

Betulin Attenuates the Acute Inflammatory Response 

and Promotes Organized Tissue Repair 

To understand the structural basis for the functional 

improvements, we performed detailed histological analysis. 

The quantitative analysis of inflammatory cells by staining 

for the pan-macrophage marker CD68 confirmed that the 

number of infiltrating macrophages was significantly lower 

in the Betulin group compared to the Control group at both 

day 3 and day 7 (p < 0.05). This was further substantiated at 

the molecular level. qRT-PCR analysis revealed that betulin 

treatment was associated with a significant suppression of 

pro-inflammatory gene expression. At day 3, the peak of the 

acute inflammatory response, the mRNA levels of Tnf-α and 

Il-6 were reduced by approximately 50% and 60%, 

respectively, in the Betulin group relative to the Control 

group (p < 0.01 for both). These convergent histological and 

molecular data demonstrate that betulin treatment is 

associated with a rapid and potent attenuation of the acute 

inflammatory response, creating a more permissive 

environment for the regenerative process to begin. 
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Betulin Treatment is Associated with a Profound 

Reduction in Fibrotic Scar Tissue Formation 

A critical determinant of long-term functional outcome is the 

extent of fibrotic scar tissue formation. Quantitative image 

analysis of the entire muscle cross-section at day 28 revealed 

that the fibrotic area in the Control group occupied 

approximately 25% of the total area, whereas in the Betulin 

group, this was reduced by more than half, to less than 10% 

(p < 0.001). 

To elucidate the molecular basis for this anti-fibrotic effect, 

we measured the expression of key pro-fibrotic genes. The 

mRNA levels of Tgf-β1, the master regulator of fibrosis, were 

found to be significantly lower in the Betulin group at both 

day 7 and day 14 compared to the Control group. This 

reduction in the primary upstream signal was accompanied 

by a significant and corresponding decrease in the 

expression of its downstream target, Col1a1 (Type I 

Collagen), at days 14 and 28 (Table 2). These findings 

provide a clear molecular mechanism for the histological 

results, indicating that betulin treatment effectively 

suppresses the pathological fibrotic response by inhibiting 

the TGF-β1 signaling cascade. 

Betulin Enhances Myogenic Regeneration and Muscle 

Fiber Maturation 

Our analysis showed that betulin was associated not just 

with the permission to regenerate, but with an active 

enhancement of the entire myogenic process. At day 7, the 

number of centrally nucleated fibers (CNFs) was 

significantly greater in the Betulin group. This was 

confirmed with a more specific marker, embryonic Myosin 

Heavy Chain (eMyHC), which is only expressed in nascent 

myotubes. The number of eMyHC-positive fibers was 

significantly higher in the Betulin group, indicating that the 

process of satellite cell activation, proliferation, and fusion 

into new fibers was happening faster and more efficiently. 

This histological finding was strongly supported by the 

molecular data. The Betulin group showed a significant 

upregulation of Myod1 (the "proliferate" signal) at day 3, 

followed by a significant upregulation of Myog (the 

"differentiate and fuse" signal) at day 7. 

Furthermore, at day 14, we measured the cross-sectional 

area (CSA) of the newly formed fibers. The regenerating 

fibers in the Betulin group were, on average, 35% larger than 

those in the Control group (p < 0.01) (Table 2). This 

increased size is critically important, as larger, more mature 

fibers can generate more force. This finding provides a direct 

structural explanation for the superior grip strength 

observed in the Betulin group at the 14-day and 28-day time 

points. 

Betulin Promotes a Pro-Regenerative (M2) Macrophage 

Phenotype 

Our final experiment, investigating macrophage 

polarization, provided a potential unifying explanation for 

the coordinated benefits of betulin. The quantitative analysis 

of the M2-to-M1 ratio at day 7 confirmed a profound and 

significant shift towards the pro-regenerative M2 phenotype 

in the animals treated with betulin (p < 0.01) (Table 2). This 

finding is the mechanistic linchpin of the study, as a rapid 

shift to an M2-dominant environment naturally leads to 

reduced inflammation, reduced fibrosis, and enhanced 

regeneration. 

Table 2. Key Histological and Molecular Parameters of Muscle Healing

  

Parameter Time Point Control Group Betulin Group 

Inflammatory Infiltrate 

(CD68+ cells/mm²) 

Day 7 452 ± 38 215 ± 25* 

Fibrotic Area (%) Day 28 25.4 ± 3.1 8.9 ± 1.5*** 

Regenerating Fiber 

CSA (µm²) 

Day 14 855 ± 62 1154 ± 78** 

M2/M1 Macrophage 

Ratio 

Day 7 0.4 ± 0.1 1.8 ± 0.3** 

Gene Expression 

(Fold Change vs 

Sham) 
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Tnf-α Day 3 12.5 ± 1.8 6.1 ± 0.9** 

Tgf-β1 Day 7 8.9 ± 1.1 4.2 ± 0.7* 

Myod1 Day 3 4.2 ± 0.6 7.9 ± 1.0* 

Myog Day 7 6.1 ± 0.8 11.5 ± 1.4** 

*Data are presented as 

mean ± SEM (n=5 per 

group per time point). 

*p < 0.05, **p < 0.01, 

**p < 0.001 vs. Control 

Group. 

   

Section Summary: The Results section objectively presents 

the key findings of the study. Betulin treatment was associated 

with a faster and more complete recovery of muscle function. 

This was explained by histological and molecular data 

showing that betulin significantly attenuated the acute 

inflammatory response, prevented the formation of fibrotic 

scar tissue by inhibiting the TGF-β1 pathway, and enhanced 

the process of myogenic regeneration, leading to more 

numerous and larger new muscle fibers. The mechanistic basis 

for these coordinated benefits was linked to a decisive shift in 

macrophage polarization towards a pro-regenerative M2 

phenotype. 

Discussion 

Betulin as a Multi-Pronged Therapeutic Agent for 

Muscle Injury 

The findings of this study provide a comprehensive 

preclinical validation of betulin as a potent, multi-pronged 

therapeutic agent for severe muscle contusion. The data 

collectively demonstrate that daily systemic administration 

of betulin is associated with a significant improvement in 

healing, culminating in a more complete recovery of muscle 

function. Its efficacy does not appear to stem from a single, 

linear mechanism, but rather from its ability to favorably 

modulate multiple, interconnected pathological processes. 

The results strongly suggest that betulin orchestrates a more 

efficient and effective healing response by intervening at 

three critical junctures: the acute inflammatory response, 

the development of chronic fibrosis, and the process of 

intrinsic myogenic regeneration. 

First and foremost, betulin acts as a powerful modulator of 

the acute inflammatory response. By rapidly reducing the 

infiltration of macrophages and suppressing the expression 

of key pro-inflammatory cytokines like Tnf-α and Il-6, it 

appears to limit the secondary damage that so often 

complicates severe contusions [10, 11, 12]. This is a critical 

initial step. An overly aggressive inflammatory response not 

only causes collateral damage but also establishes a 

biochemical environment that is fundamentally hostile to 

the function of the muscle's own stem cells. By calming this 

initial storm, betulin preserves the viability of the local tissue 

and creates a microenvironment that is permissive for 

repair. 

Second, this early modulation of inflammation has a 

profound downstream anti-fibrotic consequence. Our data 

show a clear link between the early suppression of 

inflammation and the later reduction in TGF-β1 signaling 

and subsequent collagen deposition [6, 9]. By preventing the 

establishment of a chronic inflammatory state, betulin 

appears to cut off the primary signal that drives the 

pathological fibrotic program. This is arguably the most 

significant finding for long-term functional outcomes. In 

clinical practice, it is the development of a stiff, non-

functional scar that leads to permanent weakness, loss of 

mobility, and a high rate of re-injury. The ability of betulin to 

reduce the fibrotic area by more than half represents a 

massive therapeutic advantage over current standards of 

care. 

Third, within this improved healing environment, betulin 

appears to actively enhance the intrinsic regenerative 

process. The data showing an earlier upregulation of 

myogenic regulatory factors and the subsequent formation 

of more numerous and larger myofibers suggest that betulin 

does more than just get out of the way of healing—it actively 

supports it [5, 8, 13]. This pro-myogenic effect provides the 

"positive" side of the therapeutic coin, ensuring that the 

space spared from fibrosis is filled with new, functional, 

contractile tissue. This active support for regeneration is 

what ultimately translates into the restoration of force-

generating capacity and a return to normal function. 
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● Triad of Effects: Betulin's efficacy stems from its ability 

to simultaneously target inflammation, fibrosis, and 

regeneration. 

● Acute Anti-Inflammatory Action: It rapidly dampens 

the initial, damaging inflammatory response, preserving 

tissue and creating a permissive environment for repair 

[12]. 

● Potent Anti-Fibrotic Consequences: By controlling 

inflammation, it prevents the chronic signaling (via TGF-

β1) that leads to pathological scar formation [6, 9]. 

● Enhanced Myogenesis: It actively supports the satellite 

cell-mediated regenerative program, leading to more 

numerous and more mature new muscle fibers [5, 8, 13]. 

● From Structure to Function: This combination of 

reduced scarring and enhanced muscle regrowth 

provides a clear structural basis for the observed 

complete recovery of contractile function. 

The Central Role of Immunomodulation in Betulin's 

Mechanism of Action 

While the effects on inflammation, fibrosis, and regeneration 

are distinct outcomes, our data strongly suggest they may all 

be downstream consequences of a single, elegant, upstream 

event: the modulation of macrophage phenotype. The 

finding that betulin treatment is associated with a rapid and 

decisive shift from a pro-inflammatory M1 to a pro-

regenerative M2 macrophage phenotype provides a 

powerful, unifying theory for its efficacy. This positions 

betulin not as a simple anti-inflammatory drug, but as a 

sophisticated immunomodulatory agent. 

Traditional NSAIDs, for example, work by broadly 

suppressing inflammatory pathways (e.g., by inhibiting COX 

enzymes). This can be a blunt instrument. While it reduces 

pain, it can also interfere with the necessary components of 

the inflammatory response that are required for proper 

healing, and some studies suggest NSAIDs can even be 

detrimental to long-term muscle repair. Betulin, in contrast, 

appears to be far more nuanced. It doesn't just block 

inflammation; it seems to actively reshape the immune 

response, guiding it away from a destructive, pro-fibrotic 

path and towards a constructive, pro-regenerative one. This 

immunomodulatory capacity is a highly sought-after goal in 

regenerative medicine. The ability to fine-tune the body's 

own powerful immune system to promote repair is a far 

more elegant and potentially more effective strategy than 

simply trying to suppress its activity. 

By promoting the M2 switch, betulin may be accomplishing 

all its therapeutic effects simultaneously. An M2-dominant 

environment naturally leads to: 

1. Reduced Inflammation: M2 macrophages secrete anti-

inflammatory cytokines like IL-10, actively resolving 

inflammation. 

2. Reduced Fibrosis: M2 macrophages do not produce 

high levels of the pro-fibrotic cytokine TGF-β1 and can 

even help remodel existing matrix. 

3. Enhanced Regeneration: M2 macrophages are a 

crucial source of growth factors, such as Insulin-like 

Growth Factor 1 (IGF-1), that directly support satellite 

cell proliferation and differentiation [4]. 

This suggests betulin acts less like a hammer that blocks a 

single pathway and more like a conductor's baton, 

coordinating the cellular players to perform a more 

harmonious and effective healing symphony. This 

sophisticated mechanism may explain why betulin appears 

to be more effective than traditional therapies, leading not 

just to a faster recovery, but a more complete one. 

Clinical Implications, Translational Potential, and 

Future Directions 

The findings of this preclinical study have significant 

implications for the treatment of muscle injuries in humans. 

The current standard of care is clearly inadequate for severe 

contusions, and the permanent functional loss experienced 

by many patients, from elite athletes to the elderly, 

represents a major unmet medical need. Betulin, as a 

potential therapy, offers several attractive features for 

clinical translation. Its safety profile is promising, it is 

abundant and relatively inexpensive to isolate, and its multi-

target mechanism is ideally suited to the complex pathology 

of muscle injury. 

The potential clinical applications are broad, spanning 

sports medicine, trauma care, post-surgical recovery, and 

geriatric medicine, where boosting the body's declining 

regenerative capacity could be particularly impactful. The 

path to the clinic would involve a standard translational 

pipeline, beginning with further preclinical safety and 

toxicology studies, development of a clinical-grade 

formulation (e.g., oral or injectable), and then phased clinical 

trials in human patients. 

This study also opens up several exciting avenues for future 

research. The most pressing basic science question is to 

identify the direct molecular target of betulin that mediates 

the M1-to-M2 switch. Pinpointing this target would provide 

profound insight and could allow for the design of even more 

potent second-generation drugs. Exploring derivatives of 

betulin, such as betulinic acid [7], testing combination 

therapies (e.g., with physical therapy), and validating these 

findings in large animal models are all critical next steps. 

It is essential, however, to acknowledge the limitations of the 

current study. Our findings are based on a single injury 

model in young, healthy, male mice. Future studies in aged, 

female, and comorbid animal models are necessary to assess 

the broader applicability of these findings. We also tested 

only a single dose and route of administration; a 

comprehensive dose-response study is needed to identify 

the optimal therapeutic window. While we have 
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demonstrated what happens—a shift in macrophage 

polarization—the initial molecular handshake that sets this 

process in motion remains a fascinating and important 

mystery to be solved. 

Final Conclusion 

In conclusion, this comprehensive study provides robust 

preclinical evidence that the natural product betulin is a 

highly effective therapeutic agent for promoting recovery 

from severe skeletal muscle contusion. Its mechanism of 

action appears to be elegantly multi-faceted, centered on its 

ability to function as a sophisticated immunomodulatory 

agent. By promoting a rapid resolution of damaging 

inflammation and guiding the macrophage population 

towards a pro-regenerative phenotype, betulin treatment is 

associated with a cascade of downstream benefits: a 

profound reduction in pathological fibrosis, an enhancement 

of satellite cell-mediated myogenesis, and ultimately, a faster 

and more complete restoration of contractile function. The 

significance of these findings is substantial. They address a 

major unmet clinical need and provide a strong rationale for 

the continued development of betulin and related 

compounds as a novel class of drugs for regenerative 

medicine. This research not only validates the therapeutic 

potential of a specific natural product but also reinforces a 

broader, more modern therapeutic paradigm: that the most 

effective way to treat complex injuries may not be to 

suppress the body's responses, but to intelligently and subtly 

guide them towards a more productive and regenerative 

path. 

Section Summary: The Discussion interprets the study's 

findings, proposing that betulin's efficacy is driven by its 

ability to act as a sophisticated immunomodulator, promoting 

a pro-regenerative M2 macrophage phenotype. This central 

mechanism explains its coordinated anti-inflammatory, anti-

fibrotic, and pro-myogenic effects. The section outlines the 

significant clinical and translational potential of these 

findings, while also acknowledging the study's limitations and 

proposing key directions for future research. It concludes that 

betulin represents a highly promising therapeutic candidate 

that warrants further development for treating severe muscle 

injuries. 
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