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Canine osteoarthritis (OA) stands as a prevalent and excruciating joint condition that represents a promising application of stromal vascular fraction (SVF) treatment. In this review, we discuss the multi-factorial advantage of SVF cited as anti-inflammatory, regenerative, and angiogenic, all of which improve the complex pathology of OA. The heterogeneous cellular structure of SVF allows it to achieve joint improvement through both cell-based tissue restoration and signaling functions that benefit joint health. Veterinary practitioners need to consider essential aspects for clinical practice including patient selection criteria together with specific dosage recommendations along with additional therapies like platelet-rich plasma. Existing clinical data shows that SVF reduces pain while helping restore joint functions while practitioners face challenges when standardizing protocols and evaluating long-term safety aspects. Future research initiatives aim to translate advanced technologies including bioactive scaffolds, gene editing, and artificial intelligence which show promise for enhancing therapeutic results. This review integrates existing information about SVF while enlightening veterinarians about the gap areas to assist them make informed decisions when implementing SVF in practice. SVF represents a huge step forward in veterinary regenerative medicine because it enables better management of OA as well as other orthopedic applications.
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1 Introduction

OA stands as the main chronic joint disease in dogs causing a severe decline in quality of life by introducing pain alongside stiffness and reduced mobility (1, 2). The condition of OA presents a serious problem in veterinary medicine since it targets 20% of dogs over 1 year old with even higher prevalence rates observed in older dogs (1, 3). The multiple causes of canine osteoarthritis include both joint instability disorders like hip or elbow dysplasia and cranial cruciate ligament rupture alongside excess weight-bearing that starts an inflammatory and biomechanical chain reaction in affected joints (3–5). Thus, a vicious cycle of joint degeneration is formed, with the main pathological mechanisms including cartilage degeneration, subchondral bone changes, synovitis, neuropathic and mechanical pain, joint instability and muscular atrophy (6–8). (1) Cartilage degeneration: As the sole cell type found in cartilage tissue chondrocytes manage both the formation of extracellular matrix (ECM) and its breakdown process. The dysregulation of chondrocytes in OA causes the production increases of catabolic enzymes including matrix metalloproteinases (MMPs) and aggrecanases which break down type II collagen along with aggrecan which forms the main cartilage structural components (9). The normal cartilage-building and cartilage-degrading processes become severely imbalanced thus resulting in weakened structural integrity of cartilage tissue. Cartilage has restricted self-healing capabilities because it lacks blood vessels and nerves which causes OA progression to become more acute. (2) Subchondral bone changes: The underlying bone stiffens and thickens as a response to cartilage loss. The disrupted shock-absorbing function of the joint becomes impossible as a result of this sclerosis which leads to pain accompanied by joint dysfunction (9). Bone spurs grow at the joint margins which serves as a distinctive feature of OA. Medical experts believe the development of osteophytes originates from joint instability yet these bone growths frequently lead to stiffness along with pain. Moreover, bone marrow lesions indicate microfractures and increased bone remodeling, worsening the disease. (3) Synovitis: The synovium develops inflammation which triggers excessive production of pro-inflammatory cytokines interleukin-1beta (IL-1β) and tumor necrosis factor-alpha (TNF-α) (9–13). The activity of MMPs intensifies because of cytokine stimulation which consequently speeds up cartilage damage rates. During inflammation, synovial macrophages additionally produce inflammatory mediators which worsen joint injuries. Moreover, altered synovial fluid composition like a decrease in hyaluronic acid content reduces the lubricating and shock-absorbing properties of the joint. (4) Neuropathic and mechanical pain: Joint movements produce heightened pain symptoms through central and peripheral sensitization processes which develop because of sustained inflammation (14, 15). Additionally, increased nociceptor activity within the joint contributes to chronic pain even in the absence of movement. (5) Joint instability and muscular atrophy: OA like ligament and meniscal Degeneration is often secondary to joint instability caused by conditions such as cranial cruciate ligament rupture, hip dysplasia, and elbow dysplasia. The prolonged experience of chronic pain causes animals to avoid using their limbs which subsequently leads to muscle atrophy and limb weakness that intensifies joint instability. Therefore, progressive degeneration of articular cartilage, subchondral bone sclerosis, osteophyte formation as well as variable degrees of synovitis are the hallmark of canine OA (1, 3, 5). The limited ability of cartilage regeneration becomes worse because cartilage lacks blood vessels and contains minimal chondrocyte activity (16). The chronic condition develops from joint cells undergoing unbalanced anabolic-catabolic activity which pro-inflammatory cytokines IL-1β and TNF-α frequently mediate (2, 3). Cartilage destruction and joint dysfunction exist within a continuous pathological cycle that involves these several factors.

Accurate osteochondral pathologies require a combination of clinical evaluation and imaging and biomarker analysis for proper diagnosis (17). (1) Clinical evaluation: The diagnosis of osteoarthritis requires gait analysis for observing weight-bearing and movement abnormalities by identifying limping alongside stiffness and rising difficulties (18). Joint swelling and pain along with crepitus are evaluated through palpation combined with a range of motion tests to measure mobility limitations. The Canine Brief Pain Inventory (CBPI) represents an objective pain assessment scale that aids standardized evaluation of both pain intensity and impact on the dog’s life quality (19, 20). (2) Imaging techniques: Radiographic imaging plays a crucial role in diagnosing osteoarthritis at different stages (21). The use of X-rays offers detection of advanced staging OA along with structural changes that include osteophytes, joint space narrowing, subchondral sclerosis, and bone remodeling though it lacks sensitivity for early cartilage damage identification (22). Magnetic Resonance Imaging (MRI) provides better imaging of soft tissues which enables doctors to identify cartilage degeneration and synovitis as well as bone marrow lesions at an early stage (23–26). Computed Tomography (CT) scans and ultrasound techniques assist in the detailed evaluation of joint structures by delivering information about structural bone shapes and tissue irregularities for patients with elbow or hip OA (27–31). (3) Biomarker analysis: The analysis of biomarkers serves as an important method to monitor osteoarthritis progression as well as determine its severity (29, 31–35). A synovial fluid analysis confirms joint inflammation when it shows elevated quantities of inflammatory mediators IL-1β and TNF-α and prostaglandins since these markers signal active inflammatory joint processes (36). Serum and urine biomarkers function as detectable indicators of cartilage degradation throughout the whole body (23, 28, 37). The measurement of cartilage oligomeric matrix protein (COMP) combined with C-terminal telopeptide of type II collagen (CTX-II) together with hyaluronic acid detection accurately demonstrates extracellular matrix breakdown thus supporting early disease detection along with condition assessment (38, 39).

Traditionally, symptomatically managing OA has been central to the OA therapeutic landscape rather than curing the problem, by decreasing pain, and inflammation, and improving mobility (3, 40, 41). The treatment of OA is based on pharmacological interventions with non-steroidal anti-inflammatory drugs (NSAIDs) such as carprofen, meloxicam and more recently coxib-class agents are the cornerstone of OA treatment since they are effective in controlling pain and inflammation (42–45). Nevertheless, these drugs have certain limitations such as gastrointestinal, renal, and hepatic side effects, especially in elderly patients (3, 42). The medical field faces a crucial unmet requirement due to the inability to stop disease advancement. Various complementary treatment options extending beyond medication use including weight control and physical therapy and nutraceutical supplement use with glucosamine and chondroitin sulfate have gained increasing popularity among patients (46–49). Symptomatic improvement can be obtained through these treatments yet scientists remain uncertain about their ability to restore completely damaged cartilage tissue. Extracorporeal shockwave therapy (ESWT) treatment and therapeutic ultrasound therapy show initial promise at both reducing pain and improving function according to research findings but available evidence lacks support for their sustained long-term benefits (50, 51). Joint replacement surgery alongside corrective osteotomies are surgical options for advanced arthritis but these procedures prove difficult and expensive to manage for elderly dogs (40). The rising number of dogs affected by OA has led researchers to develop regenerative medicine as an innovative solution due to the persistent restrictions of existing treatment methods.

Because canine OA is a progressive condition and joint tissues have limited regenerative capacity, canine OA is a significant clinical problem. The treatment methods using NSAIDs together with physiotherapy provide temporary symptom relief by not targeting the fundamental disease processes of OA (40, 42). Recent scientific studies show there is an urgent need to create new strategies that fight against symptoms and stimulate joint tissue restoration. In this case, adipose-derived stromal vascular fraction (SVF) has become a promising therapeutic possibility (52–59). SVF cells start from adipose tissue and contain mesenchymal stem cells (MSCs) and endothelial cells together with pericytes and immune modulatory components (60, 61). SVF activates tissue regenerative properties through its combined effect on inflammation control and cartilage restoration through paracrine and differentiation mechanisms (56, 59). Additionally, harvesting of SVF can be performed with scarcely cell death using mechanical or enzymatic processes that make it a feasible and available option for regenerative therapy in veterinary practice (52, 55). Clinical trials performed on canine subjects validated SVF as a potential treatment by enhancing lameness along with pain scores and joint functionality improvement in OA cases that did not respond to conventional medical approaches (54, 59). Single intra-articular SVF treatments have proven effective at decreasing both patients’ pain levels and their walking metrics according to studies (53, 56, 59). The regenerative treatments become more extensive when SVF works with other therapeutic techniques such as platelet-rich plasma and hyaluronic acid because these interventions generate observed synergistic effects. Nevertheless, while the concept promises, there are still obstacles to standardizing SVF isolation techniques, finding optimal cell doses and knowing the long-term effects of the SVF on joint health. The varying outputs from different studies regarding clinical results necessitate additional research that aims to establish reliable best practices while achieving reproducibility (52, 55, 57, 60). This paper reviews both the numerous benefits and specific implementations of SVF treatment in dogs with OA while exploring its associated difficulties. The review integrates existing evidence to provide veterinary practitioners with applicable lessons on SVF clinical usage strategies which examine both benefits and limitations. The presented discussion seeks to establish its significance in developing regenerative medicine practices for contemporary veterinary orthopedic care.



2 Biological characteristics of SVF


2.1 Composition and function

Adipose tissue-derived SVF functions as a heterogeneous group of cells that advances regenerative medicine because it supports multiple functions for tissue restoration and regrowth (60, 62, 63). SVF includes MSCs, endothelial cells, pericytes, preadipocytes, macrophages, and a variety of immune and progenitor cells (64–66). The primary advantage of SVF over expanded adipose-derived stem cells (ADSCs) is that SVF prepares at the “point-of-care” facility before direct therapeutic implementation without extensive processing steps (67, 68). SVF includes MSCs which represent its primary regenerative part because these multipotent cells can develop into chondrocytes and osteoblasts as well as into adipocytes (63, 69). The anti-inflammatory and immunomodulatory characteristics make these cells essential for cartilage repair. These include endothelial and progenitor cells, which are important for the promotion of angiogenesis, a process of restoring blood supply to the damaged tissues (64, 70). This increases microenvironment vascular support for the healing of the tissue. Blood vessel structures receive stabilizing support from pericytes that may display progenitor cell characteristics depending on specific circumstances (62, 65). Inflammation and immune responses are mediated by immune cells to remodel the tissue through regulating the balance of pro-and anti-inflammatory cytokines (63, 64). SVF acts through a number of mechanisms such as angiogenesis, immunomodulation, paracrine signaling, tissue remodeling, and regeneration (64, 65, 69). SVF stimulates the formation of new blood vessels that oxygen and nutrients the regenerating tissues need, through endothelial progenitor cells. Injected MSCs and macrophages in SVF also produce cytokines like interleukin-10, which dampens excessive inflammatory responses that may otherwise suppress healing. The release of growth factors such as vascular endothelial growth factor (VEGF) and transforming growth factor-beta (TGF-β) from SVF cells helps cell proliferation while also stimulating the development of extracellular matrix. MSCs and preadipocytes maintain multipotency which enables these cells to differentiate into chondrocytes directly while participating in a process that builds cartilage tissue. Adipose-derived SVF offers superior advantages over MSCs obtained from bone marrow including higher cell production amounts alongside minimally invasive processes and instant accessibility (62, 65). MSCs are seen to be present in adipose tissue at up to 500–1,000 times that number than in bone marrow. Bone marrow aspiration is more invasive than extraction of adipose tissue; therefore, patient discomfort is reduced for adipose harvest. The immunological processing of cultured ADSCs takes 1 week followed by 2 weeks of production but the SVF isolation process can yield immediate use which reduces regulatory limitations and expedites treatment schedules. SVF demonstrates utility in regenerative medicine because it contains multiple cell types that function well in complex medical situations like osteoarthritis. However, as the research continues, standardizing the culture methods and understanding the interplay between its cellular components will confer its therapeutic potential (67, 71).



2.2 Isolation and purification methods

The procedure for SVF extraction from adipose tissue needs specific step-wise controls to maximize cell yield together with cell viability and safety outcomes (62, 72). The regenerative potential of SVF makes it critical in veterinary medicine and medical therapies because its isolation remains easy and abundant while collection causes minimal invasiveness.


2.2.1 Adipose tissue acquisition

Subcutaneous fat deposits or visceral fat constitute the main source of adipose tissue in animals (64, 73). These tissues can be harvested from peritoneal fat, omental fat, or subcutaneous regions when accessibility and cell yield are required according to demand, in canine applications. Many procedures are carried out under general anesthesia, and hence are ethical and safe. Collecting fat samples during routine surgeries, such as spaying, has the least amount of additional trauma. Immediately it is harvested the tissue is either processed directly for SVF extraction or preserved temporarily under sterile conditions. The choice of fat depot is significant as subcutaneous fat tends to yield higher MSC counts compared to visceral sources.



2.2.2 SVF isolation methods

Isolation of SVF employs enzymatic or mechanical techniques, each offering distinct advantages and limitations (67, 68, 74). The extra cell matrix is digested effectively by collagenase, the enzyme of choice for enzymatic digestion, thereby releasing stromal and vascular cell components. This consists of specialized washing of the adipose tissue including the removal of impurities, enzymatic digestion at controlled temperatures, and subsequent neutralization. The method allows scientists to obtain large numbers of viable cells that contain heterogeneous populations including MSCs along with endothelial cells and pericytes. For example, we obtained 15–20 grams of subcutaneous adipose tissue in every SVF isolation procedure from the inguinal areas of canine subjects (75). The sterile phosphate-buffered saline (PBS) solution washed the tissue before researchers utilized 0.1% collagenase type I (Sigma-Aldrich, GMP-grade) under 37°C temperature for 30–45 min of agitation to achieve tissue digestion. The collagenase digestion solution also contained 10% fetal bovine serum (FBS; Wisent Inc.) and 1% antibiotic–antimycotic solution (Gibco-BRL). FBS addition helps to buffer enzymatic activity under collagenase digestion which prevents damage to stromal and stem cells while increasing the survival rate of mesenchymal stem cells. The antibiotic–antimycotic solution minimizes the risk of contamination during tissue processing. Gentle agitation was applied during the digestion to ensure even enzyme exposure and to facilitate efficient release of stromal and stem cells from the adipose matrix. A cell strainer with 100 μm pores filtered the digested mixture followed by 5 min of centrifugation at 1300 rpm to obtain the SVF pellet before saline-based resuspension for purification and injection procedures. Prior to resuspension, the SVF pellet was washed again with sterile PBS by centrifugation at 1300 rpm for 5 min to thoroughly remove residual collagenase, thereby minimizing potential enzymatic activity that could negatively affect the therapeutic application of the SVF solution. The entire procedure took approximately 90–120 min from harvesting to final SVF preparation. Stem cell viability suffered from increased enzymatic digestion times so scientists controlled the period carefully. The mechanical isolation technique separates cells through shear forces and centrifugation and filtration separation methods that work without added enzymes. Although it is faster and cheaper, the cell yield and viability may be less or vary than those obtained in enzymatic methods. However, mechanical procedures provide regulatory compliance and allow point-of-care usage for autologous methods in medical settings.



2.2.3 Purification and concentration

Following isolation, the SVF suspension is purified for higher therapeutic potential (63, 76). SVF cells are separated from adipose tissue debris and remnants by a centrifugation step. So after the centrifugation, an SVF-rich pellet is resuspended in a physiologic buffer or medium depending on how it is going to be used subsequently. The filtration step removes the larger tissue fragments, resulting in a smoother cell suspension in order to minimize the chance of complications related to injection.



2.2.4 Quality control and standardization

The therapeutic efficacy of SVF is entirely dependent upon quality control. These key steps involve cell viability testing, flow cytometry, and sterility testing (72, 77). The percentage of viable cells is critical for all clinical applications and it can be assessed by cell viability testing. Cell populations in the SVF can be characterized with MSCs (CD73+, CD90+, CD105+) present while hematopoietic markers (CD45−, CD34−) are absent (73). Ensuring that there is no microbial contamination during the processing is crucial for safety, and hence, important applicability in OA has been demonstrated for intraarticular use.

The standardization of SVF together with its therapeutic application necessitates proper measurement techniques for cell quantity assessment beyond viability and surface marker evaluation. Different approaches to cell counting exist based on experimental resources and the analysis needs of each study. Cell counting and differential analysis of SVF cells can be conducted using various methods depending on the laboratory’s resources (78). (1) When budgets are limited, manual cell counting through the use of hemocytometers together with Trypan Blue staining remains an established and dependable method. Researchers can easily identify non-viable (blue-stained) cells from viable (unstained) cells through dead cell-specific staining with Trypan Blue. The light microscope allows examination of cells mixed 1:1 with 0.4% Trypan Blue solution which reveals the SVF cell concentration in a hemocytometer through direct observation. The total number of viable cells in the counted grid is used to calculate the concentration using the following formula:
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This factor (104) accounts for the volume under each square of the hemocytometer (0.1 mm3 = 10−4 mL). Despite its affordable nature, this procedure demands significant time commitment along with human variable effects. (2) Laboratories operating on medium finances can increase efficiency by using automated cell counting systems. Current automated cell counters in the commercial market count total cells and estimate viability using image-based and impedance-based methods to produce quick results. Specific counting models mandate Trypan Blue staining yet other products function with fluorescence-based viability dyes or label-free systems methodologies. Components designed with automated systems decrease human experimental errors to produce uniformly consistent results. (3) The preferred method for analyzing SVF subpopulations and total cell measurements in high-end laboratories is flow cytometry. The evaluation of SVF composition through surface marker labeling shows its capability to analyze SVF contents using flow cytometry which identifies MSCs via CD90 and CD105 markers and endothelial cells by CD31 and hematopoietic cells through CD45 markers. The antibody-conjugated fluorochromes used for staining cells enable the laboratory to measure absolute counts in addition to relative proportions between cell types for clinical standardization and dose optimization purposes. Each analysis method starting with manual hemocytometry and progressing to automated counting and flow cytometry provides different advantages in line with existing infrastructure while working together for quality control and therapeutic standardization of SVF products.



2.2.5 Storage and application

SVF becomes ready for direct medical procedures after its extraction such as joint injections or it can be cryopreserved for future clinical use (62, 72). The preservation methods typically include dimethyl sulfoxide (DMSO) as a cryoprotectant to preserve cell function while storing biological specimens. SVF cells achieve long-term preservation through liquid nitrogen treatment which stops all metabolic functions and biochemical operations at its ultra-cold temperature point of −196°C. The cells transition into a vitrified state while cooled to −196°C because this temperature solidifies water on both cellular and extracellular levels without creating harmful ice crystals which ensures cell structural alignment with viability maintained. A proper preservation process for SVF cells involves initial storage at −80°C for pre-cooling before depositing them into liquid nitrogen containers. The storage conditions at liquid nitrogen surpass those available in −80°C freezers because residual metabolic activity and ice crystal formation do not occur making it ideal for long-term preservation. Cell viability together with functional capacity remains high for several decades when SVF cells are properly preserved under conditions maintaining suitable nitrogen levels.



2.2.6 Innovations and standardization

The focus of current research has led to automated devices for SVF extraction that improve consistency and protect transparency in the procedure (67, 68, 74). They streamline the system to create a closed system environment where the risk of contamination is decreased. SVF makes it the essential foundation of regenerative medicine applications due to its established isolation and purification methods. Optimization of techniques and rigorous quality control of SVF enhances its clinical utility including its use to treat osteoarthritis and other conditions. Progressive innovations are made to optimize these protocols for the best therapeutic outcomes while being secure and available for human and veterinary applications.




2.3 Mechanisms of action

Multiple cellular mechanisms found within the SVF as a heterogeneous cell population derived from adipose tissue enable critical treatment of OA. Immunomodulation, promotion of angiogenesis, anti-inflammatory activity, as well as, facilitation of regeneration of tissue are these mechanisms (63, 64, 66, 79, 80). Together, these pathways suggest that SVF is a promising candidate for regenerative therapy of OA. As shown in Figure 1, SVF therapy in canine osteoarthritis involves mechanisms and delivery routes that could provide an opportunity as a regenerative therapy through immunomodulation, angiogenesis, anti-inflammatory activity, and tissue regeneration activities.
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FIGURE 1
 Mechanisms and delivery routes of SVF therapy in canine osteoarthritis. The illustration is the complete process and therapeutic use of SVF therapy in canine OA. SVF isolation from adipose tissue consists of enzymatic digestion and centrifugation to obtain regenerative cells such as ADSCs, endothelial progenitor cells (EPC), macrophages, regulatory T cells (Treg), hematopoietic stem cells (HSC), etc. Therapeutic use is then prepared for these cells. SVF therapy functions through three primary mechanisms which increase anti-inflammatory activities (pro-inflammatory cytokines like TNF-α and IL-1β reduction while elevating anti-inflammatory cytokines like IL-10 release) and also support angiogenesis through endothelial progenitor cell involvement and further stimulate cartilage regeneration by facilitating ADSC-mediated extracellular matrix synthesis and repair. The intra-articular (IA) delivery method targets joint tissue affected by inflammation and degeneration as a way to administer the treatment while the intravenous (IV) method delivers the treatment through blood circulation to provide systemic anti-inflammatory benefits for multiple joints. This integrated study demonstrates that SVF therapy possesses effective capabilities for symptom reduction and joint healing which leads to enhanced joint mobility in dogs affected with OA.



2.3.1 Immunomodulation

Most importantly, SVF cells, and specifically MSCs along with macrophages, modulate immune response (62, 73). The MSCs of SVF are able to reduce the production of pro-inflammatory cytokines including TNF-α and IL-1β, and increase concentrations of anti-inflammatory cytokines such as interleukin-10 (IL-10). The change toward anti-inflammatory properties minimizes joint inflammation which is characteristic of OA. Moreover, MSCs interact with T cells to inhibit their proliferation and activation as well as to modulate the immune landscape. Macrophages in SVF also contribute significantly to immunomodulation. Macrophages in OA tissue develop from pro-inflammatory M1 to anti-inflammatory M2 polarization inside the microenvironment which allows tissue repair by creating a repair-permitting environment (81).



2.3.2 Promotion of angiogenesis

The endothelial progenitor cells (EPCs) among SVF cells alongside VEGF secreted by MSCs drive angiogenesis (65, 69). EPCs help the formation of new blood vessels, a process called angiogenesis, which supplies oxygen and nutrients to damaged tissues. The secretions from SVF cells include VEGF along with other angiogenic factors that drive endothelial cells to proliferate and migrate thus developing blood vessels specifically in subchondral bone tissue and synovial membrane of OA joints. Through angiogenesis tissue metabolism receives support while the vascular supply of cartilage and subchondral bone reestablishes its integrity for maintaining joint homeostasis.



2.3.3 Anti-inflammatory effects

The cellular components in SVF directly fight inflammation through their release of TGF-β and prostaglandin E2 (PGE2) molecules and demonstrate antioxidant effects (63, 77). The effects of these compounds are to inhibit the inflammatory pathways stimulated by nuclear factor kappa B (NF-κB) and therefore diminish inflammatory cell recruitment and cytokine release. SVF cells achieve their pain relief and reduced stiffness effects through their paracrine activity that regulates synovial fibroblasts and immune cell actions within the joint space.



2.3.4 Tissue regeneration

SVF therapy achieves its main function through tissue regeneration of cartilage along with other joint tissues according to studies (63, 69). The MSCs of SVF possess the ability to differentiate into chondrocytes which make up cartilage and conduct both cartilage generation and upkeep activities. In addition, these MSCs make proteins of the ECM, such as collagen and proteoglycans, which are critical to cartilage integrity. SVF enhances its ability to remodel the matrix through its production of matrix metalloproteinase inhibitors that stop cartilage destruction. SVF cells promote cartilage repair partly through their release of growth factors that includes insulin-like growth factor-1 (IGF-1) and fibroblast growth factor (FGF).



2.3.5 Paracrine signaling

Most therapeutic actions of SVF happen through sending specific signals to other cells using paracrine mechanisms (62, 65). The cells release cytokines together with growth factors and exosomes which enable cell-to-cell communication to enhance regeneration while reducing inflammation. Paracrine signals are essential in the signaling of the intricate cell interaction necessary for joint repair. The extensive therapeutic properties of SFV for OA treatment include immunomodulation as well as angiogenesis and inflammation reduction which together lead to tissue regeneration. The healing actions through these methods focus on both managing symptoms while directly addressing the root causes which aid complete joint restoration. The clinical value of SVF in veterinary practice and medical medicine will improve with ongoing research that optimizes its application methods and investigates its sustained effects.





3 Clinical applications of SVF in canine osteoarthritis


3.1 Current clinical research

Studies have increased appreciation for SVF therapy as an investigational drug for managing dog OA which often causes persistent pain while reducing their mobility. Studies on SVF safety as well as its effectiveness and extended therapeutic benefits have been carried out in clinical medical trials. Therefore, a systematic review of major research conducted on canine osteoarthritis enabled us to understand SVF’s effectiveness for this condition. The studies presented in Table 1 underwent thorough rigorous selection. Using the PubMed database, a total of 18 papers were identified using the keywords “stromal vascular fraction, canine osteoarthritis” in their titles and abstracts. An additional step of screening proceeded to narrow the selection process. The two authors independently assessed and double-confirmed each paper to determine studies dedicated to SVF effectiveness in treating canine osteoarthritis. Seven studies specifically examined the effectiveness of the SVF for treating osteoarthritis in canines. These studies form the foundation for the data presented in Table 1. A 2024 prospective research involved 23 dogs with advanced elbow OA who received a single intra-articular autologous SVF injection (59). The study documented substantial progress in lameness reduction together with pain score and gait analysis measurement improvements through the three-month evaluation period as 33% of cases achieved measurable outcomes. The OA condition stayed stable in 19 out of the 23 affected joints treated with the procedure. Research data demonstrates that SVF injections lead to symptom decline in dogs without noticeable adverse results. Where hip OA analysis involved dogs in 2016 researchers determined SVF alongside platelet-rich plasma (PRP) techniques produced major CBPI scoring and Peak Vertical Force (PVF) force improvement through a 24-week treatment period (54). The combination therapy in this study led dogs to have better limb functionality than placebo groups. Results from individual dog patients exhibited variations but the specific disease factors that influence treatments might differ between patients. A pilot study on elbow OA treated 19 dogs with SVF and PRP (82).



TABLE 1 Summary of clinical studies on SVF for canine joint disorders, including osteoarthritis and related conditions.
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The combination of improved gait symmetry and clinical lameness scores occurred during a six-month treatment period yet these results failed to continue at the 12-month follow-up period. The owners’ assessment of improvement did not match the range of joint motion tests and X-ray results showing that certain evaluation methods are subjective and require standardized assessment protocols. The comparison between SVF therapy and PRP and SVF with poly(L-lactide-co-glycolide; PLGA) scaffolds for osteochondral injuries appeared in a 2018 research paper (83). Researchers found optimal results in terms of cartilage health markers and lameness assessment within the PRP treatment group. Utilizing SVF treatment alone produced moderate therapeutic outcomes but actual treatment results worsened when scaffolds were introduced leading to increased safety concerns about scaffold implementation. Research on SVF versus cultured MSCs demonstrates that SVF collects simpler while ready for application right away but cultured MSCs provide better potential for reparation through concentrated cell quantities and refined cell populations (84, 85). In spite of its constraints regarding in vitro growth regulation restrictions SVF proves more suitable for veterinary medical needs. Often one sees an improvement in lameness and joint mobility weeks to months following SVF treatment (56). However, research indicates that these effects tend to fade away over time specifically for dogs with severe osteoarthritis experiencing minimal long-term benefits at the six-month mark. It still remains a challenge. The outcomes from SVF therapy depend on baseline OA severity along with the injection method and the use of PRP treatment and different extraction techniques used to create SVF. SVF therapy administration shows good tolerance outcomes because patients experience only minor adverse effects involving localized swelling and brief pain following intravenous or intra-articular injection (54, 56, 58, 59, 82–85). Safety has been supported by no reported cases of systemic immune reaction or severe adverse events. Cultured or allogenic stem cells, however, have multiple ethical and regulatory issues that may be avoided by this approach to SVF using an autologous source from the patient’s own adipose tissue. Because of this, it is an accessible option for clinical application in dogs. The following are what most studies use to check the SVF efficacy (54, 56, 58, 59, 82–85). As an example, owner-reported outcomes (lameness and quality of life scores such as CBPI), objective measures (gait analysis, peak vertical force and symmetry indices, radiographic evaluation of joint degeneration), clinical examination scores (lameness scoring, pain on palpation, range of motion). The studies involve < 30 dogs, and the generalizability of findings is limited (54, 56, 58, 59, 82–85). Most trials are short-term (3–6 months) and thus there is a gap regarding sustained efficacy over the years. The analysis of multiple research studies becomes difficult due to inconsistent methods used in separating SVF and differing dosage approaches. The safety of SVF therapy makes it an appealing and safer treatment option for dogs with OA, particularly for those who failed to respond to NSAID and surgical treatments. The short-term benefits of SVF therapy in clinical trials do exist but both its lasting effects and how patients consistently respond to treatment require additional research study. Improved research methods and standardization of protocols together with combination therapy such as SVF with PRP may advance outcome results toward making SVF an established component of canine OA management systems.



3.2 Dosage and administration routes

SVF’s clinical use for treating canine OA depends significantly on the established dosing and administration procedures. There have been studies focusing on intra-articular and intra-venous injections with slightly varying outcomes on clinical outcomes (54, 56, 58, 82, 85).


3.2.1 Intra-articular injection

The most established means of administration of SVF are via IA injections, providing high SVF regenerative cell concentrations directly into the joint space (54, 56, 82, 85). Such localized application allows SVF to have anti-inflammatory effects, cartilage repair effects, as well as systemic and tissue-level modulation of the diseased joint microenvironment. The delivery of medication into the joint through IA injection limits how much enters the system while it maintains higher concentrations within the treatment area. Usual dosages are injected 1–2 mL of SVF suspension with about 10–20 million viable cells into each joint. The quantity is often derived from processing 10–20 grams of adipose tissue harvested from the patient. Current research employs single doses for treatments yet additional examinations demonstrate that regular injections every 6 to 12 months could sustain relief in persistent cases. Research reveals substantial improvement in pain symptoms together with better gait symmetry and owner-perceived pain reduction after 3–6 months post-injection therapy. These effects may fade after a year and, therefore, these may require booster injections later. The use of IA injections promotes minimal disease progression while also demonstrating some joint space improvement with reductions in osteophyte formation. The treatment produces minimal adverse effects which primarily consist of passing joint discomfort and swelling. No infections or system immune reactions have been documented to be adverse.



3.2.2 Intravenous injection

Systemic distribution across multiple joints or in the treatment of systemic factors related to OA is utilized via IV administration (58). The biological property of MSCs within the SVF involves their ability to travel and reach areas of inflammation such as joints for factor production that reduces inflammatory responses while supporting healing processes. Cells are given IV and typically range from 1 to 5 million cells per kilogram of body weight. For infusion, SVF is prepared in saline or a similar medium. Other studies give single doses or deliver weekly infusions over periods of 4–6 weeks in order to achieve cumulative benefits. IV administration has promise for the lowering of systemic inflammatory markers such as TNF-α and IFN-γ. Research studies find that patients obtain better mobility and pain management outcomes during therapy periods that involve IA injections alongside systemic administration of IV. Systemic administration of IV displays excellent promise for systemic treatment but monotherapy lacks the ability to deliver adequate localized benefit for fighting progressed joint damage therefore it works best as an auxiliary treatment with other approaches. Theoretical risks together with pulmonary microembolism present low potential in dogs since no severe negative events have been documented from the study. The infusion rate needs precise adjustment alongside dose calculation in order to limit possible adverse outcomes.



3.2.3 Combination therapy

The combination of IA and IV administration is to attempt optimized local and systemic effect. Single route administration has resulted in inferior outcomes, having demonstrated worse lameness and joint function when compared to the present approach (54, 83). SVF receives enhanced effects when combined with PRP due to the additional growth factors such as TGF-β and VEGF present in PRP that facilitate cartilage repair and show anti-inflammatory properties. These studies have shown that IA co-administration of SVF and PRP provides synergistic benefits including, greater pain relief and maintained function (54). When administered in combination, IA and IV SVF appear to result in enhanced outcomes compared to that of single modality approaches, without further augmentation of the safety concerns associated with either IA or IV SVF treatment alone.

Research comparability struggles because scientists follow different approaches when preparing cells, setting doses, and measuring viability (52, 55, 57, 60). All research must adopt universal standardized protocols (60, 67, 72). The initial positive research findings need additional studies about booster therapies and supplementary treatment methods to achieve consistent sustained results (54, 56, 59, 82–85). A new generation of closed-system devices designed for SVF preparation at the point of care would enhance both the preparation process and the consistency of its results (67, 68, 74). Further improvements in large therapeutic effects can be possible by combining SVF with anti-inflammatory drugs, hyaluronic acid, or scaffold-based delivery systems (70, 83, 86). As a result, intra-articularly injecting SVF remains the gold standard technique for delivery of SVF in canine OA due to localized direct effects and minimal risks (54, 56, 59, 82, 85). Although their administration systemically, it is best used adjunctively intravenously (54, 56, 59, 82, 85). Upcoming combination approaches—especially those incorporating PRP—have shown some promise in the ‘maximization’ of therapeutic outcomes (54, 82, 87). Much more work is needed in further large-scale, controlled studies to refine protocols, improve long-term efficacy, and establish SVF as a cornerstone therapy for canine OA (59, 82, 85).




3.3 Clinical efficacy assessment

Clinical, biomechanical, subjective, and imaging-based measures are combined for the assessment of the therapeutic efficacy of SVF in canine OA (54, 56, 59, 82). The goal of these methods is to assess improvements in joint function, pain relief, and structural integrity, thus providing a more complete picture of treatment outcomes.


3.3.1 Lameness scoring

Lameness scoring is a commonly used assessment that semi-quantifies limb function. A 0–4 grading scale is typically used by veterinarians. Grade 0 indicates no observable lameness. Grade 1 lameness is detected only during certain activities and is very subtle. The severity of OA worsens from Grade 2 through Grade 4 according to the degrees of pain that occur when dogs walk or rest weight on their elbows. Investigators have revealed that SVF therapy administered into the joint space of elbow OA patients effectively reduced lameness scores during a 2024 clinical study that included 23 participants (59). The evaluation of 19 dogs that received SVF in combination with PRP treatment showed a lameness score improvement of 50% at the 12-month follow-up however disease severity impacted the outcome (82).



3.3.2 Gait analysis

A biomechanical evaluation of OA treatments depends heavily on objective gait analysis. Force plates and pressure-sensitive walkways enable researchers to collect data that includes PVF and Vertical Impulse (VI). The weight-bearing capacity of affected limbs has a direct correlation to the values obtained during assessment which provides detailed information regarding functional recovery. A functional improvement of PVF values occurred in 43% of dogs 3 months after receiving an SVF injection. The research team analyzed VI measurements at 6 months to prove that functional gains lasted (59). Bilateral OA cases presented significant improvements based on symmetry index measurements that checked fore-hind leg weight distribution. These improvements show variabilities in maintaining them for more than 12 months (long-term studies) for which booster doses or adjunct therapies have been necessary (59).



3.3.3 Owner-reported outcomes

Important information about the quality of life changes after treatments comes from the subjective evaluations reported by owners of the dogs. The measurements of animal pain and lameness levels can be assessed through CBPI together with Hudson Visual Analogue Scale (HVAS) which are administered by owners. In a 2024 study, CBPI proved it reduced pain significantly in more than 26 percent of dogs over 6 months, as reported by owners (59). The owners monitored pain relief in 67% of dogs that maintained their pain-improvement state during the 12-month follow-up period. The owners documented both clinical observations and their pet’s performance of everyday activities like stair climbing and playful behavior.



3.3.4 Imaging and structural evaluations

Radiographic imaging and magnetic MRI are employed to evaluate the structural impacts of SVF therapy. The focus of these methods is on various parameters of the image such as joint space narrowing, osteophyte formation, and cartilage integrity. Radiographic evidence showed minimal joint progression in 19 out of 23 elbows treated with SVF according to the 2024 elbow OA study (59). The research provides evidence that SVF protects joints from developing structural damage. In cases where SVF has been combined with PRP, MRI showed improved cartilage thickness and decreased inflammatory synovial fluid volume in some dogs, in conjunction with clinical improvement. As valuable as imaging is, less change occurs in the later (advanced) stages of OA. Such imaging biomarkers could be useful as targets for future studies of early detection of therapeutic effects.



3.3.5 Advanced biomarkers

A new approach to evaluating drug effectiveness through biomarkers has started to appear in current studies. Medical research has confirmed that tissue regeneration and inflammation reduction occur after SVF therapy together with VEGF elevation and enhanced TGF-β production and decreased TNF-α and IL-1β pro-inflammatory markers. The intravenous SVF in degenerative joint disease is a study with increased VEGF levels after 2 weeks correlated with tissue vascularization (58). Angiogenic responses returned to normal levels following 8 weeks of observation. The results showed these responses to be brief but advantageous.

Efficacy evaluations are dependent on safety evaluations. Low adverse event rates, as reported in studies, are consistent. Most side effects from the procedure manifest as minor and temporary swelling or pain in the affected area before they disappear within several days. No systemic complications or immune reactions have been observed to date and SVF has been shown to be safe. Secondly, outcomes can be boosted by the synergistic effect of SVF in combination with PRP. Medical studies demonstrate that the combination of SVF and PRP leads to superior cartilage health outcomes and functional recovery in dogs as compared to either procedure used separately (83). They also found reduced from 67% pre-treatment to 26% at 6 months post-treatment NSAID use, but some cases saw a resurgence in NSAID use at 12 months (82). Therefore, the evaluation of SVF therapy for canine OA requires multiple assessment strategies between clinical observations of dogs and owner feedback together with biomechanical tests and imaging findings. The short-term benefits of the therapy are verified yet longer-term variations require additional research into optimal dosing protocols and multiple biomarkers to enhance treatment quality.





4 Comparison of SVF with other regenerative therapies


4.1 Comparison of SVF and adipose-derived stem cells

The regenerative properties of SVF and ADSCs have attracted attention in the therapeutic use in canine OA (60, 69). Both come from adipose tissue but are prepared differently, and possess different cellular compositions, functional characteristics, and clinical applications, all of which are important in this context in determining efficacy and feasibility.


4.1.1 Composition and cellular heterogeneity

SVF is a heterogeneous cell mixture derived from adipose tissue via enzymatic di-gestion or mechanical disruption (65, 67, 88). It contains MSCs, endothelial cells and progenitors, pericytes, fibroblasts, and immune cells such as macrophages. The diversity allows SVF to have a multifaceted therapeutic effect, modulation of inflammation, angiogenesis, and tissue repair. However, ADSCs are isolated MSCs obtained through culture-expansion of cells extracted from SVF (89–91). However, these cells exist as a well-defined group with strong proliferative properties and also have the ability to convert into chondrocytes as well as osteoblasts and adipocytes. ADSCs separate from SVF through their lack of endothelial and immune factors while exclusively concentrating on stem cell treatment methods for regeneration.



4.1.2 Preparation and practicality

Researchers process SVF from adipose tissue through the use of mechanical or enzymatic digestion methods with collagenase as the primary choice (67, 92). The process can be completed in a single day at the clinical site, making it a convenient “point-of-care” solution. It requires minimal equipment and no additional laboratory expansion. However, culturing and expanding MSCs from SVF in a process generally referred to as ADSC isolation requires sterile laboratory environments and several days to weeks. Although a more purified product with high cell yield is produced, they add time and cost as well as pose regulatory challenges to the process.



4.1.3 Mechanisms of action

SVF contains a mixture of cells that exhibits multiple therapeutic mechanisms through immunological control alongside angiogenic effects and signaling between cells (63, 69). Macrophages and MSCs in SVF modulate pro-inflammatory cytokines like TNF-α and IL-1β while upregulating anti-inflammatory cytokine IL10. The function of tissue repair depends on the support provided by endothelial progenitor cells which enable vascular regeneration. The wide release of growth factors such as VEGF and TGF-β from SVF promotes cartilage repair as well as synovial tissue healing. However, ADSCs differentiate and exert a paracrine effect. The cells possess exclusive differentiation capabilities toward chondrocytes thus showing exceptional results in cartilage restoration. ADSCs also secrete bioactive molecules which are mainly focused on promoting cartilage matrix synthesis and reducing local inflammation.



4.1.4 Efficacy in canine OA

The 2024 study simultaneously compares the efficacy of autologous SVF and allogeneic ADSC in the treatment of canine osteoarthritis (85). All dogs who received autologous SVF therapy showed instant improvements detected at Day 7 through reduced pain symptoms and gained range of motion along with the reduction of lameness scores (85). The treatment effects showed durability because subjects maintained or improved their benefits at the Day 30 follow-up evaluation. This suggests the use of SVF to support the healing of the joint in the future. SVF consists of regenerative cells in a rich variety and diverse contents including mesenchymal stem cells, endothelial progenitor cells, and immunomodulatory cells. This can preserve regenerative key factors in the fresh preparation of SVF and be superior to the activity of paracrine signaling and tissue repair. SVF treatment reveals effective results for all treated dogs especially when they have moderate to severe hip dysplasia.

However, the dogs that received allogeneic ADSC treatment experienced reduced clinical signs beginning on Day 7 as three out of five animals showed important reductions in pain symptoms and enhanced locomotor function (85). The therapeutic effects from the treatment kept progressing as four dogs demonstrated sustained improvement by Day 15 (85). The culture of ADSCs leads to increased potency and standardization for a homogeneous cell population with great differentiation and regenerative potential (60, 69, 89). Yet, the delay in preparation (culturing process) and absence of supporting stromal components may decrease its regenerative potential with respect to fresh SVF (60, 69, 85). At least one dog exhibited minimal improvement resulting from unrelated health problems and not the ADSCs themselves, a sign that ADSCs may work only if overall health is good and concurrent conditions also are good (85). The Day 30 results of ADSC treatment revealed similar regenerative therapy potential to SVF yet had slightly reduced consistency (85). When taken together, SVF has rapid and consistently good improvement with durable effects utilizing the advantages of fresh cells with diverse populations (60, 69, 85). Freshly isolated SVF demonstrates slightly superior effectiveness because it maintains its regenerative potential (60, 69, 85). Although ADSCs achieve steady regenerative advancement at a reduced speed than SVF, their standardized preparation methods show strong potential (60, 89–91).



4.1.5 Practical considerations

The advantages of SVF treatment include its simple implementation process as well as its affordable price and broad delivery capabilities (69, 93, 94). It is processed and administered on the same day, which makes it very suitable for instant treatment. Requires less in terms of infrastructure than ADSCs. Targets multiple pathways due to cellular heterogeneity. The limitations of SVF are variability and short-term action. The inconsistent results arising from processing methods are due to the heterogeneous composition. Booster treatments may be required for effects to wane.

SVF’s minimal manipulation commonly avoids classification into stringent regulatory definitions, therefore being more clinically practicable (62, 95). ADSCs, due to their culture expansion, face more rigorous oversight as advanced therapy medicinal products (ATMPs) in many jurisdictions. Taken together, SVF and ADSCs bear complementary benefits for treating canine OA. The function and clinical potential of SVF treatment cover many disorders and simple application makes it easier to use in the clinic. ADSCs provide stronger and targeted regenerative benefits specific to their tissue of origin. A choice between the two depends primarily on the available resources, patient-specific needs, and clinical goals. A combination of therapies in many cases could optimize outcomes by affording the strengths of both therapies.




4.2 Comparison of SVF and exosomes

Therapies involving SVF and exosomes have potential as a regenerative treatment for canine OA (62, 96, 97). The two treatment modalities operate through separate biological paths that offer distinctive benefits and limitations in terms of mechanism structure and both financial considerations and practical usability and clinical effectiveness (94, 98, 99).


4.2.1 Mechanistic and biological differences

SVF is a cellular approach. SVF is a heterogeneous mix of cells isolated from adipose tissue through enzymatic or mechanical methods (67, 95, 100). It contains MSCs, immune cells, endothelial cells and progenitors. MSCs perform two functions by differentiating into chondrocytes and by generating essential ECM elements needed for cartilage healing. They suppress pro-inflammatory cytokines such as IL-1β and TNF-α while promoting anti-inflammatory cytokines such as IL-10, and thereby they modulate the local inflammatory response. The process of angiogenesis gets enhanced through both endothelial cells and progenitors which establish new blood supply to injured tissues. Effects of SVF are exerting both direct cellular activity as well as secretion of bioactive molecules, such as growth factors (VEGF, TGF-β) (65, 100). The dual action repairs joints while simultaneously minimizing inflammation to boost joint movements. However, exosome therapy is a cell-free approach. Nano-sized extracellular vesicles secreted by MSCs and other cells are termed exosomes (101–106). Unlike SVF, the cell-free nature of exosome therapy depends on vesicular substances including microRNAs, proteins, and lipids that function to modify recipient cell activities. The major functions of exosomes include cartilage recovery together with immune regulation. Chondrogenic factors delivered by exosomes can promote the production of ECM (97, 102). The anti-inflammatory and anti-oxidative stress effects of specific microRNAs in exosomes contribute to OA suppression. Because exosomes do not need cellular engraftment, their activity is confined to paracrine effects. However, the process decreases both the probability of immune system rejection as well as tumor formation.



4.2.2 Cost and feasibility

SVF is isolated at the point of care, using equipment available in many veterinary clinics (62, 95). The method begins with either enzymatic digestion or mechanical dissociation of cells that leads to subsequent centrifugation steps for cell concentration. The lower production costs make SVF a more attractive option for use in veterinary medicine on a much wider basis. The whole process can be done in a few hours so that same-day treatment is possible. However, the process of exosome isolation includes nurturing MSCs and collecting their released vesicles followed by product purification steps (101, 102). The procedure demands sophisticated laboratory equipment together with experienced personnel. However, the production and quality control are high in cost and therefore make exosome therapy less affordable, especially for smaller veterinary clinics. Unlike SVF which is composed differently based on isolation method and represents various products, exosome therapy is a reproducible and scalable product.



4.2.3 Clinical outcomes

SVF medication results in considerable pain relief according to research which also leads to enhanced joint movement and fewer lameness incidents within short periods of time for dogs with osteoarthritis (56, 59, 62, 82, 95). SVF’s heterogeneity permits its use to improve OA’s inflammatory, vascular insufficiency and cartilage degradation aspects. The therapeutic effects of SVF usually sustain between 6 to 12 months before additional injections are needed for chronic disease patients. The length of treatment effect duration depends on both the seriousness of the disease and the procedures of intervention. The adverse side effects of SVF occur sparingly and are typically limited to mild swelling together with discomfort experienced where the injection occurs. The presence of live cells theoretically has a risk of uncontrolled differentiation or immune reactions, however, no severe cases have been reported. However, studies with living animals have shown that exosomes offer strong anti-inflammatory and healing powers (97, 102). The specific molecular signals they deliver effectively repair joint cartilage while also protecting it from more damage. Clinical data in veterinary applications are limited (107). A combination of factors makes exosome therapy that much more likely to experience longer-lasting benefits, and while they have very concentrated and potent molecular effects, we cannot say that with certainty until more longitudinal studies have been run and possible in clinical settings. Exosome therapy is cell free, and for that reason, it eliminates the possibility of tumor formation or immune rejection. As a result, it is a safer option, especially for systemic administration.



4.2.4 Practical considerations

SVF consists of cellular activities with paracrine signaling as a regenerative mixture (62). It is simple, point-of-care produced can be used by most veterinary clinics, and is affordable (62, 95). SVF in all its forms is safe with only minimal adverse events and even rarer systemic risk (56, 62). Rapid onset of pain relief and improved mobility lasts 6–12 months, and such effects are evident clinically (56, 59). However, its efficacy has to be boosted over time by way of booster injections. In contrast, exosomes achieve therapeutic influence by using paracrine signaling exclusively (97, 102). These are complex to produce and need advanced facilities which makes the higher cost and limited adoption. Exosomes are extremely safe, with no cellular risks reported. The benefit of these types of therapy is that it holds promise for cartilage repair and anti-inflammatory effects, and the onset of those effects may not be as immediate as SVF (97, 102). Exosomes have the potential to yield longer-lasting effects, and research is ongoing to prove so and also to refine their use as a therapeutic tool.

Both SVF and exosomes may be exploited in combination: taking advantage of the immediate effects of applied SVF combined with the long-term molecular effects of exosomes (95, 97). The medical benefits from both therapies depend heavily on using standardized preparation protocols to allow complete reproducibility of treatment effects (62, 95). Reducing production costs for exosomes could expand their use in veterinary practice. SVF alongside exosomes functions as a different yet supportive method for treating canine osteoarthritis. The therapy using SVF demonstrates both affordability and flexibility as well as immediate accessibility. The targeted and permanent treatment quality of exosomes depends on standardized molecular actions. Future research and applications will benefit from combination strategies because these solutions provide a suitable option between the two treatments depending on clinical objectives, resource availability, and patient requirements (95, 97, 102).




4.3 Comparing SVF with other modalities

Canine OA has seen rising applications of regenerative treatments which now give veterinarians multiple management options for this disabling condition (62, 69, 95). In this way, SVF therapy is sometimes contrasted with other more modern regenerative processes including exosome, ADSCs, and PRP therapies (62, 69, 85, 94–96). The evaluation presents a detailed (Table 2) to provide practical guidance on mechanisms as well as cost-effectiveness and clinical outcomes and feasibility evaluation (95–97). SVF and exosomes may be used together in the future to utilize the immediate effects of SVF concomitant with the long-term effects of exosomes (95, 97, 102). PRP functions to increase the outcomes when used together with other methods (54, 82, 87). Consistency improvements along with enhanced clinical outcomes will result from developing one universal preparation method for SVF, exosomes along with ADSCs (67, 68, 95). The reduction of exosome and ADSC production costs will open new opportunities for modern therapeutic methods (95, 98, 99).



TABLE 2 Comparative analysis of regenerative therapies for canine osteoarthritis: mechanisms, cost, feasibility, efficacy, durability, and safety.
[image: Table2]




5 Potential of SVF in combination with other treatment modalities


5.1 SVF and PRP combination therapy in canine osteoarthritis

The SVF, in combination with PRP, is now generating interest as a novel treatment for canine OA, as reported previously (61, 87, 108). The combined treatment capitalizes on PRP growth factors together with its anti-inflammatory elements as SVF enhances its natural restorative properties. This part provides an in-depth examination of how the therapy works with information about clinical applications and safety and efficacy results. Indeed, PRP is involved as a reservoir of growth factors and anti-inflammatory mediators in regenerative therapy. The regenerative functions of all of these growth factors delivered by PRP, such as VEGF, TGF-β, and platelet-derived growth factor (PDGF), are specific. Angiogenesis is stimulated and synovial fluid circulation is increased to enhance the overall joint microenvironment by VEGF. The activity of PDGF at the injury site draws both fibroblasts and MSCs to enhance tissue repair and TGF-β stimulates chondrocyte proliferation and matrix development for the purpose of cartilage regeneration. PRP is a substance derived from peripheral blood and is being investigated as a significant treatment option due to its pro-regenerative, as well as, anti-inflammatory effects, in that it reduces pro-inflammatory mediators, which slows cartilage degradation and can reduce joint pain. PRP when combined with SVF, leads to a very powerful effect since the two agents have complementary mechanisms. SVF cells strengthen the regenerative signals from PRP growth factors through an environment that helps cells survive and proliferate (87, 109). The united therapeutic power sets cartilage protection at a better level than individual treatments while promoting ECM reconstruction and recovering joint performance above separate treatment results. The combination approach creates a comprehensive therapeutic channel for joint pathology management that shows promise to develop better regenerative osteoarthritis treatments.

In 2024, a study of the long-term effects of a single intra-articular injection of autologous SVF and PRP combination in dogs diagnosed with elbow OA was evaluated (82). The implemented treatment yielded positive findings regarding clinical lameness scores while simultaneously reducing NSAID consumption until 6 months after administration. Some treated dogs also exhibited improvements in fore-hind limb symmetry which indicated enhanced gait motion patterns. Each dog showed different reactions to treatment and the treated group did not display uniform continuous benefits throughout follow-up. The treatment produced limited complications that included brief swelling and localized pain spread across only a few dogs but the study demanded bigger placebo-controlled tests. Such research would improve understanding of the efficacy and mechanisms of SVF-PRP therapy, and could, potentially, turn it into a standard therapy for OA in veterinary medicine. With this in mind, combined use of an SVF and a PRP may constitute a viable, minimally invasive alternative to current OA treatments to not only relieve symptoms in the affected dogs but also enhance their quality of life. According to the 2016 study, dogs who received both intra-articular and intravenous injections of autologous SVF and PRP simultaneously, reported a significantly decreased CBPI score (decrease in pain severity and decreased interference of pain to daily activities) at various intervals after treatment, and relatively better than single treatment cases (54). The treated dogs showed enhanced PVF outcomes especially when they had higher baseline functional deficits among the group serving as an indicator of better therapeutic results for severe cases of OA. The treatment maintained safety by showing only mild side effects including transitory leg discomfort or lameness that affected selected cases after injection. The data demonstrates that SVF along with PRP show potential as a minimal invasion therapeutic approach for OA management. The present animal investigative methods fail to accurately predict therapeutic success yet additional large-scale studies are needed to validate treatment results and reduce patient variance and refine therapy procedures across different levels of canine OA severity.

SVF and PRP application in regenerative therapy for OA has several limitations and challenges (109, 110). The major challenge regarding SVF and PRP treatment is standardization because scientists have not determined the best concentration ratios and diverse protocols lead to unpredictable therapeutic effects. Furthermore, PRP preparation is relatively inexpensive compared to SVF. In cases of such advanced OA with extensive cartilage damage, the SVF-PRP combination could perhaps be considered for adjuvant therapy to enhance the clinical benefit in situations where the SVF-PRP combination alone may not significantly reverse chronic degenerative changes. Although these challenges remain, there are many promising avenues to look ahead at in order to improve the efficacy of SVF-PRP therapy. The therapeutic strategy receives increased effectiveness when combined with adjunctive treatments such as hyaluronic acid injection or anti-inflammatory medications (70, 86). Standardization and automation of the SVF and PRP preparation systems may lead to a reduction of the cost of such therapies and improve consistency, increasing availability. Moreover, it is necessary to extend research with further longitudinal studies to confirm the durability of results and to fine-tune protocols of given canine populations and OA stages. Future development is essential to achieve precise clinical implementation of SVF-PRP therapy in veterinary regenerative healthcare.



5.2 Potential of SVF with NSAID therapy in canine osteoarthritis

Combine SVF with NSAIDs and this approach shows promise for treating canine OA (3, 42, 111). The benefit of this integration is that it takes care of both symptomatic relief management and underlying joint degeneration, thereby providing a dual benefit to the overall treatment outcome. Combining SVF therapy with NSAID therapy will represent a synergistic approach that could be used for treating canine OA. Immediate pain relief produced by NSAIDs occurs by inhibiting cyclooxygenase (COX) enzymes and the inevitable elimination of inflammation (44, 112). However, there are multiple NSAIDs including carprofen along with meloxicam and robenacoxib that are effective pain medications yet they result in long-term side effects that affect the gastrointestinal system and kidneys (113–115). By contrast, SVF’s tissue restorative qualities derive from MSCs together with additional factors that control immune system functions and trigger tissue repair mechanisms. The MSCs contained in SVF produce anti-inflammatory cytokines such as IL-10 that block pro-inflammatory mediators such as TNF-α and IL-1β, from OA genesis. Combining NSAIDs and SVF provides the clinical benefit of better symptom management, less long-term NSAID dependency, and better overall joint health. NSAIDs provide rapid pain relief, while SVF decreases synovial fluid inflammatory biomarkers due to their anti-inflammatory effect and nutritional, trophic factors, and growth factors, which regenerate cartilage. This dual approach has been demonstrated in studies to show better mobility, less numbing of pain scores, and improved cartilage integrity as opposed to NSAID monotherapy (82). In addition, the requirement for long-term NSAID use can be reduced, thereby avoiding related risks. By way of example, the protocol may include NSAIDs as always around as fast as needed be pain relieving and then intra-articular injections with SVF, which might average 2–10 million viable cells per joint. The booster doses may also be given at 6–12 month intervals as required. Safety profiles are favorable for both SVF and reduced adverse effects from NSAIDs secondary to lower dosages. SVF therapy shows potential as an extended OA treatment despite its cost considerations because it offers healing capabilities and integrates well with NSAIDs therapy.



5.3 Potential of SVF with nutraceuticals in canine osteoarthritis

The combination use of SVF and nutraceuticals provides a total approach to treating canine OA (40, 48). SVF’s native healing potential is enhanced through joint forces with the biochemical nutraceuticals like glucosamine and chondroitin sulfate alongside omega-3 fatty acids and green lipped mussel extract. This evaluation explores the supportive benefits between the treatment approaches alongside their observed clinical results along with identified concerns. Glucosamine and chondroitin sulfate are building blocks for cartilage ECM synthesis and inhibit cartilage degradation by preventing MMPs (46, 116–120). The inflammatory pathways maintain lower activity levels when patients consume EPA and DHA omega-3 fatty acids because these acids decrease PGE2 and leukotriene levels while changing synovial fluid composition. The combination of anti-inflammatory and antioxidant effects of Green-lipped mussel extract reduces oxidative stress on cartilage (121, 122). SVF acts as a cellular regenerator while nutraceuticals supply the biochemical elements needed for cartilage healing in a combined manner. The anti-inflammatory actions of SVF receive additional support from omega-3 fatty acids combined with green-lipped mussel extract to enhance the regulation of inflammatory mediators present in the joint.

Glucosamine and chondroitin sulfate are among the nutraceuticals that promote SVF stimulation of chondrocyte activity and ECM synthesis (114). SVF and nutraceuticals merge their approaches by providing structural and biochemical solutions to cartilage healing problems (114, 117). SVF reduces joint inflammation together with omega-3 fatty acids which results in effective pain relief (115). The dual mechanism of therapy works well for chronic OA patients experiencing long-term inflammation (115, 117). SVF’s regenerative effects are complemented by green-lipped mussel for its ability to lubricate synovial fluid. Reduction of joint friction combined with enhanced mobility results from the use of this synergy therapy. The combination of SVF with nutraceuticals may slow the progression of OA, by reducing cartilage degradation markers and oxidative stress, thus preserving joint health over the long term (117). Therefore, glucosamine and chondroitin sulfate are typical oral dosage such as 15–30 mg/kg/day for dogs, divided into two doses (118). The omega-3 fatty acids are given within the dosage of 50–75 mg of EPA/DHA per kg of body weight daily (118). The dosage of green-lipped mussel extract is approximately 20–50 mg/kg/day depending on the formulation (118). The periodic treatment from SVF functions for cellular regeneration but patients need daily nutraceuticals for biochemical maintenance (114, 117). Clinical signs and joint biomarkers are regularly monitored to ensure the need for adjustment in dosage or timing (117, 119). Most nutraceuticals show good tolerance along with few associated adverse effects (117). Glucosamine and omega-3 high doses can result in light stomach discomfort (118). The combination of SVF and nutraceuticals minimizes the pharmaceutical drug use of NSAIDs to reduce possible long-term negative side effects (123). Long-term administration of nutraceuticals, however, requires owner compliance to continue to provide benefits. When combined, SVF is also utilized with nutraceuticals supporting both cellular regeneration and biochemical support in the management of canine OA. This combination improves cartilage repair, decreases inflammation slows disease progression, and is a great option for long-term joint health.



5.4 Potential of SVF with physical therapy in canine osteoarthritis

The joint reconstruction potential of SVF cells when coupled with available physical therapy makes them a robust multiple-healing solution for canine OA. The system integrates SVF cells’ regenerative capabilities with physical therapy benefits through therapeutic ultrasound and ESWT treatments as well as exercise therapy (47, 50, 124). Combining this together produces synergistic effects which overall help joint health, help dogs move better, and take that pain away. Therapeutic ultrasound (TU) enhances tissue healing by boosting blood flow along with tissue metabolism rates and accelerates chondrocyte cell healing and soft tissue repairs through mechanical vibrations and heat applications (125). Experimentally activated shock waves used in ESWT produce positive effects on both nerve perception and inflammatory response while also promoting tissue repair and neovascularization through microtrauma generation (126). Exercise-based rehabilitation improves joint stability and strength by enhancing muscle support around affected joints and reduces stiffness and maintains range of motion through controlled movement (127, 128).

The combination of SVF with TU and ESWT creates an accelerated process through which SVF cells integrate effectively thus leading to better joint repair. ESWT and TU achieve pain reduction through control of nerve signals alongside inflammatory mediators. Thanks to their combined anti-inflammatory properties and pain relief mechanisms SVF reduced the need for drug dosages while shortening the time until pain relief while extending treatment duration thus improving dog patient comfort. Good physical therapy will restore muscle strength, flexibility and complement the structural repair initiated by SVF, and improve mobility. The enhanced circulation through TU improves synovial fluid health by decreasing joint friction thus helping SVF perform additional regeneration to improve joint health. In addition, ESWT also stimulates vascularization creating additional benefits for synovial joint health which extends to long-term joint well-being. Therefore, therapeutic ultrasound uses frequency around 1–3 MHz, applied for 5–10 min per session and schedule around 2–3 sessions per week for 4–6 weeks (51). Extracorporeal shockwave therapy uses frequency around 1–3 treatments at 2–3 week intervals and intensity of energy levels between 0.03–0.25 mJ/mm2 to avoid excessive discomfort (50). Exercise-based rehabilitation consists of regular activities which include movements to increase range of motion and underwater treadmill sessions in combination with low-impact strength exercises. The rehabilitation programs for high-severity diseases use custom-made approaches. Exercise effectively prevented the development of joint instability together with additional cartilage damage by sustaining joint stability and preserving muscle mass (129, 130). Additionally, TU and ESWT are generally well-tolerated. ESWT may cause mild discomfort during application but subsides quickly. Herein considered together, the addition of SVF to physical therapy creates a synergistic framework for treating canine OA. SVF completes the biomechanical effects achieved by TU and ESWT alongside exercise-based rehabilitation programs. Joint function enhancement occurs when medical professionals combine these treatment methods while improving both manual strength and comfort of movement.




6 Challenges in the clinical application of SVF for canine osteoarthritis


6.1 Standardization and quality control

Therapeutic use of canine SVF in OA requires the process of preparation to be rigorously standardized to ensure consistent results, reduce variability, and maintain safety standards. Standardization and quality control contain several essential components such as fat site selection, donor variability and processing techniques, cell quality evaluation and storage and dosing consistency, and regulatory requirements and compliance in addition to their respective difficulties and limitations. (1) The acquisition of fat tissue must first consider two factors, such as site selection and donor variability. It is well recognized that the yield and quality of SVF cells are very much dependent on the adipose tissue collection site. Subcutaneous abdominal fat, falciform ligament fat, and peri ovaries fat display different forms of impact on the quality and quantity of the SVF cells (131). Subcutaneous abdominal fat yields the lowest amount of SVF cells (4.18 ± 8.25 × 106 cells/g) and requires extensive dissection, with moderate cell viability (94.94% ± 2.9%) and surface marker expression (60). Falciform ligament fat offers a higher adipose tissue volume but lower SVF purity, as evidenced by lower CD90+ expression (17.65 ± 5.52%) and reduced CD45-hematopoietic stem cell exclusion (70.35 ± 6.33%). In contrast, peri-ovarian fat stands out as the premier source because it yields the maximum SVF quantity (36.87 ± 19.6 × 106 cells/g) coupled with outstanding cell viability (99.63% ± 0.2%) and high expression of mesenchymal stem cell indicators CD90, CD44, and CD29 for regenerative treatments (60). (2) Variation in donors poses a direct effect on the quality of the harvested cells to be used for treatment. Some parameters such as age are critical since the cells isolated from young animals are more efficient, producing a larger number of viable cells with higher differentiation potential than their elderly counterparts (60, 132). Likewise, cell viability is affected by spay/neuter status. Non-spayed dogs provide more viable cells, presumably due to hormonal effects on adipose tissue. Also, factors including obesity and metabolic syndromes affect the quality of cells by producing pro-inflammatory conditions that lower the effectiveness. To overcome these problems, the following recommendations should be considered: to set the criteria for the selection of the donors according to their age, health status, and fat deposit location, as well as to design special protocols for different types of tissues in order to achieve the highest effectiveness of cell isolation and viability.

(3) Processing methods for isolating SVF involve two main approaches: These are chemical isolation with enzymatic isolation, and mechanical isolation all with pros and cons. Although higher numbers of viable cells are obtained through enzymatic isolation, using collagenase as the gold standard, this method has limitations associated with the use of enzymes, which would require regulatory approval and may lead to residue in the final preparations (55, 67). Risks associated with enzymatic activities during stem cell isolation are minimized with mechanical isolation approaches such as filtration and centrifugation although these methods produce reduced cell yields and viability statistics (55, 67). Mechanical cell separation methods enable easy operation and provide mobile healthcare solutions and match regulatory criteria for minimally altered medical procedures. Combinations of enzymatic and mechanical methods for cell processing are suggested to optimize cell yield and increase compliance to standardize processing equipment such as centrifuges speeds and filtration pore size for reproducibility and efficiency. (4) Establishing quality parameters of cells is critical to the therapeutic efficacy of SVF. Thus viability testing is a crucial step and cells with a viability over 80% prior to administration are needed (54). Basic techniques including Trypan blue exclusion or more advanced techniques such as flow cytometry in order to analyze particular populations of cells can be used to assess this. The therapeutic characteristics of SVF can be evaluated through marker expression tests that focus on MSC markers CD90 together with CD73 alongside assays for quantifying endothelial and immune cells (80). Every clinic should use standardized viability and marker expression testing methods uniformly to predict therapeutic outcomes better before therapy administration. (5) The shelf-life extension technique of SVF depends on cryopreservation since this process enables both single-use and multiple administration of products at room temperature. Freezing and thawing procedures face difficulties in cell preservation and ice crystal prevention so the standard solution includes applying DMSO as a cryoprotectant. The therapeutic quality of frozen cells requires proper evaluation of cooling speed alongside accurate thaw temperature alongside post-thaw cell viability and functionality testing before clinical implementation (60). (6) One key challenge in SVF therapy is to do a dosing consistency due to variability in cell concentration and composition (59). The therapeutic cell dose remains undecided so healthcare providers administer between 2 and 10 million cells into each joint while increased cell concentrations tend to provide better results. Cell composition variability in SVF creates additional complexity for standardization procedures. A study needs to establish minimal effective and optimal dosage levels through clinical trials while devices need to allow automated cell counting and concentration adjustment for consistent therapeutic results. (7) Safety and compliance are important in SVF therapy, as there needs to be stringent measures to ensure sterility and regulatory standards. Closed system processing devices decrease exposure risks, and sterility must be ensured throughout all stages of SVF preparation to prevent microbial contamination and endotoxin presence. Various regulatory institutions define SVF as a minimally processed substance and enforce processing limitations while establishing precise documentation and method requirements (55). To overcome this, it is suggested to include sterility testing before administration, and the protocol is harmonized with the local regulatory framework to abide by compliance and patient safety. (8) Challenges to SVF therapy include but are not limited to, lack of standardization, therapeutic consistency, and cost. Therefore, the conflicting isolation methods together with equipment and reagents cause SVF preparations to become different from one another which reduces the reliability and clinical effectiveness. The therapeutic results of SVF are influenced by inconsistent SVF composition which includes the MSCs to non-MSCs percentage and immune cells’ number (60). Standardized processing equipment together with necessary consumables proves too expensive for veterinary practices to afford especially those with limited size. The implementation of SVF therapy requires a solution to existing challenges so that it becomes more widely usable. Standardization of SVF preparation and the development of a robust, quality control system is important to guarantee consistent clinical outcomes in the use of canine OA therapy. Addressing variability in tissue harvesting, isolation methods, and cell assessment will enable researchers and clinicians to use the most effective SVF therapies safely, with the best chance of efficacy and reproducibility.



6.2 Long-term effects and safety considerations

The treatment shows positive outcomes for repairing degenerative joint conditions in dogs with OA. Nevertheless, the long-term effects and safe use of this treatment option need to be addressed to improve clinical outcomes on a more permanent basis. SVF therapy is promising both in long-term efficacy and poses challenges. Studies show that one dose of SVF injections produces notable pain relief together with functional benefits between 3 to 6 months yet these effects mostly fade by 12 months particularly when dealing with advanced cases of OA in which long-term cartilage regeneration proves elusive (59, 82). Dog elbow joint treatment with SVF injections gradually improved range of motion abilities and weight-bearing capacities while multiple dogs needed second treatments because symptoms returned within a one-year period (59, 82). The administration of greater than 10 million viable cells per injection appears to show better outcomes for patients with moderate-stage OA but advanced cases demonstrate limited sustained results and fast progression that supports the identification and treatment of patients based on disease severity (54). MRI scans alongside other assessments reveal that cartilage tissue generates in select cases yet the mechanical characteristics of new tissue remain inferior to pristine cartilage with recurring symptoms (133, 134). Long-term evaluations need advanced imaging or arthroscopy tests in order to monitor tissue quality while attempting to enhance therapeutic durability.

Several critical aspects are involved with safety considerations in SVF therapy. Immunogenicity and immune reactions are minimized by the immune-modulating properties of SVF, though allogeneic SVF may have a possibility to trigger antibody formation, with repeated injections heightening the risk of immune responses, necessitating careful patient monitoring. Strict controls must be established due to the potential tumorous properties of SVF and MSC cells despite their concern because persistent joint inflammation could transform into malignancy (60). The outcome is patient-specific and is also dependent on the age, weight, and metabolic health of the patient with obese dogs with metabolic syndrome or older dogs with reduced MSC regenerative capacity showing less good outcomes. The rate of infection together with anesthesia-related issues decreases when using minimally invasive approaches although this results in lower cell production levels. Standardized protocols for harvesting and processing would improve both safety and consistency. The current research period is insufficient because most trials operate for 6–12 months which prevents the detection of delayed adverse effects and reduced therapeutic outcomes. Validated scoring systems and advanced imaging techniques such as MRI must be used for long-term follow-up to fully assess the effects of therapy and to protect the patient.

Both Major and minor complications are potential risks in SVF therapy. Local swelling together with joint effusion along with short-term pain exist as manageable minor issues although major systemic responses and infections remain very rare among both canine and human trials (54). Manufacturing repeated for all the SVF therapies is still in-consistent and the quality control between these clinics is relatively varied (60). Safety concerns can be mitigated through adherence to good manufacturing practices (GMP) and the requirement of strict quality assurance programs. In addition, safety evaluation becomes more complex due to combined therapy protocols that integrate SVF cells with other biological treatments such as PRP to stimulate cartilage reconstruction, demonstrating the requirement for standardization of protocols. In the future, placebo-controlled randomized trials over long periods are needed to demonstrate that SVF is safe and effective in the long term (82). However, minimally invasive approaches for procuring cells along with optimized processing techniques will achieve better outcomes while reducing safety risks. Novel add-on therapies which include anti-inflammatory drugs and advanced imaging platforms could establish new means to enhance treatment reliability and security (103). The adoption of SVF therapy as a standardized and safe treatment for canine osteoarthritis remains possible when challenges are met which will yield long-term benefits yet minimal risks.




7 Future perspectives of SVF in canine osteoarthritis treatment


7.1 Future research directions

Despite great promise, more exploration must occur to refine the therapeutic application of SVF to canine OA to ensure both long-term and maximal efficacy and address the hurdles associated with its use. The therapeutic dosages of SVF therapy require optimization since reported cell counts in injections range from 2 to 10 million cells yet the link between cell concentration and treatment effectiveness remains unclear (56). To address this challenge, dose–response studies need to be undertaken to discover the minimum effective dose with appropriate cost efficiency. Furthermore, patient-specific factors, such as age, body weight, and disease severity can be also utilized to tailor the dosing strategies. In addition, the dosing strategies for SVF implementation can be adapted by using individual patient factors like disease severity alongside age and body weight. An exploration of alternative administration routes for SVF therapy should enhance its utility and efficacy (54). Systematic delivery, as in intravenous delivery, may benefit dogs with multi-joint osteoarthritis, because they can achieve anti-inflammatory effects at remote sites, while most intra-articular injections are the most commonly used approach. Future studies should evaluate and compare the effectiveness of intra-articular, intravenous, and combined administrative procedures through controlled clinical tests. Furthermore, innovative means of delivery, like magnetic guidance or receptor-based targeting, could be used to improve homing of SVF cells to target tissues for maximum therapeutic benefits. This is essential to overcome current limitations for enhancing long–term monitoring and efficacy in SVF therapy (59). However, studies have short follow-up periods (6–12 months) and subjective assessments of treatment effects, leading to problems with evaluating the durability of therapeutic effects and introducing bias. Advanced imaging modalities such as MRI and ultrasound elastography will objectify monitoring of cartilage regeneration and of the joint condition, and biomarkers of inflammation and tissue damage, as well as collagen turnover markers, will inform on biological response. Outcomes assessment across multiple years together with the persistence of therapeutic benefits and booster treatment requirements will need longitudinal research studies for complete evaluation.

The combination strategies involving SVF show great promise to produce enhanced treatment results for OA individuals. The application of SVF together with PRP demonstrates the potential to achieve increased anti-inflammatory and regenerative benefits whereas additional medicines such as hyaluronic acid or disease-modifying osteoarthritis drugs may support better OA treatment (82). Future medical research needs to determine how different combined treatments should be sequenced and dosed as well as evaluate their economic value and practicality for veterinary medicine. Standardizing SVF therapy remains essential because it will help reduce treatment variations which result in inconsistent medical results. As SVF consists of a heterogeneous mixture of MSCs, endothelial cells, immune cells, and growth factors, SVF processing can be variable between patients as there are large differences in the preparation methods used. Developed standard protocols must optimize cell quantity together with cell survival rates and research consistency in order to reduce this problem. Consistent product quality in all clinics depends on strict quality control protocols which include cell viability assessments and phenotypic cell evaluations. Furthermore, the influence of donor factors such as age and body condition score on the therapeutic quality of SVF should be investigated to aid with efforts to standardize therapies. A precision medicine approach to SVF therapy will improve efficacy since it matches treatments specifically for each dog with OA. Dogs presented with different degrees of the progression of disease, comorbidities, and responses to treatment, therefore, personalized strategies are needed. This proposal shows how biomarkers can help classify patients based on their inflammatory status as well as cartilage damage levels and tissue healing potential to forecast treatment responses. Furthermore, the integration of machine learning models for the analysis of patient-specific data can predict the best treatment regimen for a specific patient thus promoting personalized veterinary care. Although SVF therapy is mainly investigated for the treatment of OA, its utilization has been extended to other orthopedic and systemic diseases (54, 58, 85). Research on SVF therapy should focus on three main areas: tissue regeneration after ligament tears, the treatment of intervertebral disc disease and systemic inflammatory diseases and avoidance of fibrosis during surgical recovery. Adopting SVF therapy at its full potential requires scientists to study methods for delivering proper doses together with sustained monitoring of medical outcomes. The veterinary management of OA can undergo a transformation through the development of advanced diagnostic methods and customized treatment plans and additional therapeutic methods. The future demands researchers should work together with bioengineers and veterinarians to advance current SVF limitations so the therapy can achieve its maximum potential.



7.2 Integration of advanced technologies

The great potential of innovative technologies to improve SVF therapy, and thus, serve as the future therapy for canine OA exists. The promising characteristics of SVF therapy are enhanced through new advanced techniques for safety and scalability and cell engineering and gene editing and advanced bioprocessing technologies. (1) The gene editing approach using CRISPR-Cas9 changes the way MSCs function inside the SVF by making precise site-specific genetic changes (79, 110). Genetically engineered enhancements that stimulate TGF-β and BMP-7 expression lead to better cartilage healing while minimizing the production of pro-inflammatory cytokines IL-1β and TNF-α and total body inflammation. The activation of telomerase extends MSC life span and regenerative properties so they can overcome physiological deterioration that occurs with age. The altered expression of immune-related genes such as HLA through gene editing allows therapists to decrease tissue rejection in allogeneic applications and provides patients with anti-inflammatory mediators like IL-10 to enhance their joint environments. Moreover, disease-specific customization can enhance treatment for breeds that are prone to osteoarthritis including the Labrador Retriever dog breed or the German Shepherd dog breed, adjusting therapies for genetically predisposed susceptibilities in order to obtain desirable outcomes. (2) Cell engineering intends to optimize the cell function of SVF-derived cells for improved adaptation to osteoarthritic microenvironment. Hypoxic preconditioning reproduces joint hypoxic conditions for cells and strengthens their survival potential along with their regenerative capacity. Mechanical preconditioning exposes cells to simulated joint stresses to prepare them for the mechanical demands of the environment (61, 79). The combination of SVF cells with bioengineered scaffolds delivers two functions: optimal cell spread and bioactivity provided by embedded growth factors and anti-inflammatory agents (135). The combination of paracrine enhancement technology enhances regenerative healing through exosome and extracellular vesicle secretion containing cartilage-regenerating microRNA such as miR-140 as well as targeted factor production such as VEGF and IGF-1 to improve both angiogenesis and cartilage regeneration. Research into standard procedures for SVF therapy has expanded its benefit potential for osteoarthritis patients. (3) There exists a fundamental change in SVF preparation and application resulting from novel bioprocessing technologies that provide standardized and efficient scalable processes. Standardized isolation and concentration of SVF are possible in automated processing platforms, including point-of-care devices capable of automated cell counting and viability assessment improving quality control (60). Expanding the SVF-derived cells with bioreactor technologies under controlled conditions, with dynamic cultures simulating the joint environment to precondition the cells for better therapeutic outcomes is proposed. Furthermore, delivery advances including nanoencapsulation help protect SVF cells for targeted delivery and slow release within the joint, as well as application of an injectable hydrogel to maintain cell retention and activity at injury sites raise the effectiveness of SVF therapy. The findings generated from this research improve bioprocessing methods to enable better treatment delivery of consistent and effectual therapies. (4) Computational tools aiming at SVF therapy can be greatly strengthened with artificial intelligence. Using predictive machine learning models patient-specific information about age, breed, weight and OA severity helps analyze therapeutic outcomes and determine appropriate dosage levels and administration methods among systemic treatments (136). Wearable devices with AI-powered monitoring functions enable real-time tracking of patient recovery movements as well as pain metrics through feedback to assess treatment effectiveness on the spot. Such extended monitoring allows clinicians to reevaluate therapy protocols as needed for maintaining stable and unique treatment responses in real-time. SVF shows promise as a breakthrough therapeutic for regenerative medicine applications when utilized with advanced tissue engineering and genetic therapies to treat OA. SVF can function as a vector to deliver therapeutic genes for gene therapy, allowing modification of the joint environment in order to promote sustained cartilage regeneration. The medical procedures for joint resurfacing benefit from engineered tissue constructs including bioengineered cartilage grafts which use SVF cells as a source for innovative treatment of complex conditions. Pre-engineered SVF cells stored in allogeneic cell banks present potential as off-the-shelf standard therapeutic cells to meet current access and operational requirements. The introduction of gene editing and cell engineering together with bioprocessing integration to SVF therapy methods will generate a new standard for effective and safer canine OA management by enhancing both product effectiveness and operational scalability.



7.3 Expanded clinical prospects

SVF shows massive importance for both veterinary medicine and human regenerative medicine beyond orthopedic applications such as canine. Additional insights from canine OA SVF applications can be used to explore new classes of therapeutics and approaches for human OA since canine and human OA share substantial pathophysiology and therapeutic responses. In addition to bone injuries, SVF also shows promise for the treatment of other veterinary conditions including injuries to soft tissues, intervertebral disc disease and ligament damage, all of which increase the role of SVF in overall veterinary care. SVF is a bridge between veterinary and human regenerative medicine and produces progression in both fields primarily by soaking up the achievements of the other. SVF demonstrates promise in veterinary orthopedics which presents an opportunity to create broad-ranging effects through the future thus shifting OA and other OA-related conditions from symptom management to tissue renovation. New processing technologies are promising lower-cost, standard full SVF treatments that could be globally available which is good news for canine patients everywhere (60).




8 Conclusion

SVF therapy has become an important breakthrough in canine OA due to the ability to improve and counter the complex pathophysiology of this debilitating disease on several fronts (54, 56, 59, 62). The presence of MSCs together with endothelial progenitor cells along with immune-modulating cells in SVF enables cartilage regeneration while supporting blood vessel health and showing anti-inflammatory properties for the treatment and healing of OA. Clinical tests demonstrate that SVF treatments through the combination of PRP and hyaluronic acid provide swift medical benefits including improved joint function with reduced pain together with enhanced patient well-being. The fact that it is practical, able to be processed on the day, at the point of care, makes it attractive to the veterinary practitioner. However, the full therapeutic potential of SVF needs clinical practice implementation through supportive methods. The effectiveness of SVF depends on patient selection criteria because it works best in early to moderate OA cases yet additional treatments show better results with advanced stages while most successful results arise from early intervention. Intra-articular injections and the determination of a specific dosage are administered following standardized administration protocols to guarantee reliable results. SVF is combined with physical rehabilitation to accelerate recovery and promote long-term joint function as we provide longitudinal monitoring to allow follow-ups and booster treatments when needed.

Although current applications illustrate the potential of SVF it will not soon reach its role in veterinary medicine without additional research. The field needs consistent practices for making SVF and delivering it to patients while long-term tests confirm safety and effectiveness plus researchers may use new technology like genetic modification tools. Moreover, other conditions, including intervertebral disc disease and ligament injuries, will diversify the clinical applications of SVF. Economic accessibility remains vital for development since growth of utilization in underprivileged locations depends on it (95, 98). SVF therapy brings modern innovations that combine with the current operational functionality to join contemporary technologies with upcoming developments. This capacity to regenerate damaged tissue, modify inflammation, and also to improve quality of life qualifies it as a central pillar for regenerative veterinary care. Embracing SVF, veterinary clinicians can increase the outcomes for canine patients, and participate in the creation of the future of regenerative medicine. The ongoing commitment to research and clinical application alongside collaboration will enable SVF to achieve a breakthrough in OA treatment as it transforms pet and human lives.
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Glossary

OA - Osteoarthritis

SVF - Stromal vascular fraction

ECM - Extracellular matrix

MMPs - Matrix metalloproteinases

IL-1β - Interleukin-1 beta

TNF-α - Tumor necrosis factor-alpha

CBPI - Canine brief pain inventory

MRI - Magnetic resonance imaging

CT - Computed Tomography

COMP - Cartilage oligomeric matrix protein

CTX-II - C-terminal telopeptide of type II collagen

NSAIDs - Non-steroidal anti-inflammatory drugs

ESWT - Extracorporeal shockwave therapy

MSCs - Mesenchymal stem cells

ADSCs - Adipose-derived stem cells

VEGF - Vascular endothelial growth factor

TGF-β - Transforming growth factor-beta

DMSO - Dimethyl sulfoxide

EPCs - Endothelial progenitor cells

Treg - Regulatory T cells

HSC - Hematopoietic stem cells

IA - Intra-articular injection

IV - Intravenous

IL-10 - Interleukin-10

PGE2 - Prostaglandin E2

NF-κB - Nuclear factor kappa B

IGF-1 - Insulin-like growth factor-1

FGF - Fibroblast growth factor

PRP - Platelet-rich plasma

PLGA - poly(L-lactide-co-glycolide)

VI - Vertical Impulse

HVAS - Hudson Visual Analogue Scale

ATMPs - Advanced therapy medicinal products

PDGF - Platelet-derived growth factor

COX - Cyclooxygenase

TU - Therapeutic ultrasound

GMP - Manufacturing practices

PVF - Peak Vertical Force
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Small sample sze; no significant
change in objective variables; no

placebo group

in SVE preparation,
dosing protocols, small sample
sizes, and limited objective
assessments led to inconsistent
results, while advanced OA
stages and safety concerns with
injectable scaffolds like PLGA
further challenged efficacy

Small sample size;lack of placebo
‘group; no long-term imaging

results beyond 6 months.

Lack of blinding; subjective
lameness scores affected by

potential placebo effect

Small sample sze; no placebo or
control groups; lack of long-term

follow-up

Heterogeneous disease history
and morphometry; small sample

size; short follow-up
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N/M, Not Mentioned; SVE, Stromal Vascular Fraction; PR, Platelet-rich Plasma; CBPI, Canine Brief Pain Inventory; VAS, Visual Analog Scale; PVE, Peak Vertical Force; V1, Vertical Impulses OA, Osteoarthritis; PLGA, poly(l-lactide-co-glycolide); DJD, Degenerative
Joint Disease; VEGE, Vascular Endothelial Growth Factor; LV, Intravenous; ADSC, Adipose-derived Stem Cells; HD, Hip Dysplasia; HVAS, Hudson Visual Analogue Scale.
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Combines cellular activity with paracrine

Mechanisms

signaling. It includes a mix of
mesenchymal stromal cells, endothelial
cells, and immune modulators, promoting
inflammation reduction, angiogenesis, and
cartilage repair.

Cost Moderate,as it can be processed on-site

using enzymatic or mechanical methods.

Feasibility Point-of-care preparation makes it widely

accessible in veterinary cli

Efficacy

iprovements in joint mobility, pain

relief, and lameness reduction. s cellular
heterogencity addresses multiple OA
pathologies.

Durability Benefitslast 6-12 months, with booster

injections needed for chronic cases.

Safety Low risk of adverse effects; rare cases of

mild swelling or transient discomfort.

e}

A purified subset of MSCs
isolated from SVE, ADSCs are
known for their chondrogenic
differentiation capabilities and
potential to regenerate cartilage
matrix.

Higher than SVF due to
laboratory expansion and
purification.

Needs specialized equipment
and time for culture, which

delays treatment.

Effective for cartilage rep:

o their differentiation a
but slower to act compared to
SVE

Offers sustained cartilage
regeneration but requires time to

show measurable improvements

Minimal side effects but require
careful handling to prevent
contamination or functional loss

during expansion.

Exosome

Nano-sized vesicles delivering
bioactive molecules such as
‘microRNAs and proteins. These
exert highly targeted effects on
tissue repair and inflammation
via paracrine pathways.

High, due to complex isolation

and quality control processes.

Requires advanced laboratory
facilities and expertisc, limiting

its widespread use.

Promising precinical results for

e regeneration and

cart
systemic inflammation control,
but limited clinical data in
veterinary applications.
Potentially longer-lasting due to
concentrated bioactive
‘molecules, though more studies
are required.

Very safe due to the absence of
live cells, eliminating risks of
immune rejection or

uncontrolled differentiation.

SVE, Stromal Vascular Fraction; ADSC, Adipose-derived Stem Cells; MSCs, Mesenchymal Stem Cells; PRP, Platelet-rich Plasma; OA, Osteoarthritis.

PRP

Derived from the patient's own
blood, PRP is enriched with growth

factors that stimulate tissue repair
and reduce inflammation. It i ofen
used in combination with other
therapies to enhance efficacy.

Low to moderate,as blood is
readily available and processing is

straightforward.

Accessible and commonly used as

an adjunct to other therapies.

Provides symptomatic relief and
enhances the effects of therapies.
like SVF and ADSCs.

Shorter duration of effect; often
used as an adjunct for temporary
reief.

Highly safe,as it uses the patients
own blood. Rare instances of mild

inflammation at the injection site.
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