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Abstract

:

Vascular endothelial growth factor (VEGF) is implicated in both the etiology of tendinopathy and its healing process. Polymorphic variants of the VEGFA gene exhibit varied expression, which can influence the phenotype and treatment effectiveness. The aim of the present study was to analyze the influence of VEGFA gene variants on the effectiveness of tennis elbow therapy using platelet-rich plasma (PRP), measured through common patient-reported outcome measures (PROMs). A cohort of 107 patients (132 elbows) with tennis elbow was prospectively analyzed, with a two-year follow-up (at weeks 2, 4, 8, 12, 24, 52, and 104 after PRP injection). PROMs values were compared between variants of five VEGFA gene polymorphisms (rs699947 A>C, rs2010963 C>G, rs1413711 C>T, rs3024998 C>T and rs3025021 C>T) at each follow-up point. Patients with genotypes GG (rs2010963) and CC (rs3024998) had better response to PRP therapy (significantly fewer symptoms and limitations in the upper limb compared to carriers of alleles C and T, respectively). Polymorphisms influenced also selected hematological parameters. VEGFA gene polymorphisms (rs2010963 and rs3024998) appear to be significant treatment modifiers for tendinopathy, and their genotyping may serve as an effective tool for personalized patient selection for PRP therapy.
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1. Introduction


Tennis elbow (TE) is an overload tendinopathy of the extensor carpi radialis brevis (ECRB) tendon at the tissue level characterized by an increase in tenocyte proliferation, disorganization of the extracellular matrix, an increase in microcirculation and innervation of sensory nerves, and an increased number of inflammatory cells [1,2,3]. The final stage of tendinopathy is characterized by degenerative features, including abnormal tendon structure and neovascularization. Many types of cytokines may play a role in the etiology of TE, including vascular endothelial growth factor (VEGF).



The VEGF family consists of several members [4,5,6], among which the most attention is focused on VEGFA, due to its key role in the regulation of angiogenesis [6]. In the case of VEGFA, signaling through the vascular endothelial growth factor receptor 2 (VEGFR2) promotes angiogenesis, whereas VEGFR1 inhibits angiogenesis as a “decoy receptor” [7]. Angiogenesis occurs through a variety of physiological processes, including wound healing, however, pathological neovascularization is one of the main features of tendinopathy. The involvement of VEGFA in the pathogenesis of tendinopathy as well as in the tendon healing process seems indisputable, but its role is not unidirectional and obvious, and probably depends on the stage of the disease and overall clinical condition. It has been shown that the presence of VEGFA and angiogenesis influences tendon healing at the early stage of tendon repair, but the persistent high VEGF expression may impair tendon repair at a later stage [5]. According to the literature review by Vasta et al. [8], neovascularization observed in tendinopathy is primarily driven by VEGF. In normal, asymptomatic tendons, the expression of VEGF is largely suppressed, whereas in tendons subjected to chronic or cyclic overload, the expression of VEGF is significantly increased in both the early and late phases of the overload process [8]. On the other hand, VEGFA influences skeletal development and bone repair. It may regulate the differentiation of skeletal stem cells from bone marrow, periosteum, and surrounding muscles into either chondrocytes or osteoblasts [9]. VEGFA also enhances proliferation of human tenocytes, pericytes and fibroblasts [10] and leads to up-regulation of the COL1A1 gene and down-regulation of the COL3A1 gene in human tenocytes [5]. During tendon damage, type III collagen is first synthesized and in physiological conditions is replaced by type I collagen. However, one of the main features of tendinopathy is the disorganization of the extracellular matrix due to a change in the ratio of type I to type III collagen. An increased ratio of type III collagen to type I collagen is observed, and the persistence of tendinopathy symptoms results from a delay in restoring their normal ratio [1,2,11]. The involvement of VEGFA in the physiology and pathology of the tendon after injury is shown in Figure 1.



VEGFA is encoded by the VEGFA gene (6p21.1), which is highly polymorphic. It has been shown that certain polymorphisms of the VEGFA gene influence variable gene expression and are associated with mRNA and/or protein levels [12,13,14]. To date, they have been studied in relation to the occurrence of neoplastic diseases [15,16], cardiovascular conditions [17,18], and metabolic disorders [19]. There are also limited data suggesting that VEGFA gene polymorphisms may be involved in tendon-related disorders [20,21]. For these reasons, we conducted our own research with the primary aim of investigating whether selected VEGFA gene polymorphisms influence the effectiveness of tennis elbow treatment, as assessed by the results of common patient-reported outcome measures (PROMs) such as VAS (visual analog scale), QDAH (quick version of disabilities of the arm, shoulder and hand score), and PRTEE (patient-rated tennis elbow evaluation), during a two-year observation.



The current research is a continuation of a larger study on the influence of genetic factors on the effectiveness of platelet-rich plasma (PRP) therapy in the treatment of tennis elbow. So far, we have analyzed genes encoding platelet-derived growth factor (PDGF) subunits (PDGFA and PDGFB genes) and PDGF beta receptor (PDGFRB gene) [22,23,24].




2. Results


2.1. General Characteristics


The study group contained 107 patients (132 elbows), including 25 bilateral patients. There were 65 females and 42 males, aged 24–64 years (median ± QD: 46.00 ± 5.50). Hypertension, thyroid disease, and gout were the most common comorbidities. The median concentration of white blood cells (WBC) was 6.26 ± 1.16 (109/L ± QD). The median platelet (PLT) level in the whole blood was 240.00 ± 40.50 (109/L ± QD). Females had a higher concentration of platelets than males (261.50 ± 33.00 vs. 224.00 ± 38.75, respectively, p = 0.000) as well as higher value of plateletcrit (2.37 ± 0.36 vs. 2.04 ± 0.33, respectively, p = 0.001). The mean platelet volume (MPV) in the whole blood was 9.10 ± 0.73 (fL ± QD), and there was no statistical difference between the sexes (p = 0.125). Platelet parameters of PRP also did not differ between sexes. Table 1 summarizes basic demographic and clinical parameters.




2.2. Genetic Characteristics


Genotyping was successful in all patients. Data on genotype and allele frequencies are presented in Table 2. The genotype distribution of individual SNPs was consistent with the Hardy–Weinberg equilibrium. Only in the case of the rs1413711 polymorphism were the observed genotype frequencies differed significantly from the predicted ones (Table 2).



Haplotype analysis revealed the presence of a 9 kB haplotype block created by the first four polymorphisms (in the order consistent with their location on chromosome 6). The last one, namely rs3025021, was not in linkage disequilibrium (LD) with any of these four SNPs (Figure 2A). Almost identical dependencies also apply to the CEU (U.S. Utah residents with ancestry from northern and western Europe), population (Figure 2B).



The AT (rs699947 and rs1413711, respectively) and GC (rs2010963 and rs3024998, respectively) alleles were in the strongest LD. The second diplotype was also characterized by the highest frequency in the study group (0.715%). Detailed data on the frequency of haplotypes and diplotypes of analyzed polymorphisms are presented in Table 3.




2.3. VEGFA Gene Polymorphisms and the Effectiveness of PRP Therapy


The effectiveness of PRP therapy in relation to VEGFA gene variants was analyzed both in the additive model, comparing PROMs values between individual genotypes, and in the recessive/dominant model, comparing PROMs values between homozygotes of a given type and carriers of the second allele.



In the additive model, only rs2010963 and rs3024998 polymorphisms influenced the effectiveness of PRP therapy (Table 4). GG (rs2010963) homozygotes achieved better treatment effects at weeks 12 (QDASH and ΔQDASH) and 104 (QDASH, ΔQDASH and PRTEE) than CG heterozygotes. Differences in PROMs values between the CC and CG genotypes, as well as CC and GG, did not show statistical significance. In the case of the rs3024998 polymorphism, showing strong LD with rs2010963, the genotype associated with better therapy effectiveness was CC (Table 4). Detailed data for all polymorphisms are presented in Table S1.



In the recessive/dominant model, only rs2010963 and rs3024998 polymorphisms also differentiated the response to PRP therapy (detailed data for each polymorphism are provided in Tables S2–S6). GG (rs2010963) homozygotes were characterized by a better response to therapy due to significantly lower VAS values (weeks 52 and 104 of follow-up), significantly higher ΔVAS values (weeks 24 and 52), significantly lower QDASH values (weeks 12 and 24 and 104), higher ΔQDASH values (weeks 2–24 and 104) and lower PRTEE values (weeks 12, 24 and 104) than carriers of the C allele (Figure 3, Table S3).



The results for the rs3024998 polymorphism were similar, with statistically significant differences between CC homozygotes (better response to PRP therapy) and carriers of the T allele (worse PROMs parameters) regarding: VAS (week 52 of follow-up), ΔVAS (weeks 24 and 52), QDASH and ΔQDASH (weeks 12, 24 and 104), and PRTEE (weeks 24 and 104). Detailed data are presented in Table S5.




2.4. VEGFA Gene Polymorphisms and Whole Blood and PRP Parameters


It was checked whether there are differences in the values of whole blood and PRP parameters between variants of individual polymorphisms. The additive model showed that patients with genotypes associated with a better response to PRP therapy are characterized by the lowest WBC concentrations and the highest MPV values in whole blood (Figure 4), and in the latter case, statistically significant differences concerned only rs3024998 polymorphism (p = 0.018 in Kruskal–Wallis test, p > 0.050 in post hoc analyses for rs2010963 genotypes). Platelet parameters in PRP did not differentiate the genotypes of individual SNPs in the additive model (Table S7).



In the recessive/dominant model, it was shown that GG homozygotes (rs2010963) were characterized by higher MPV and EOS% levels in whole blood than C allele carriers, while CC homozygotes (rs3024998) had lower platelet concentrations, higher MPV and EOS% levels in whole blood, and higher levels of MPV and PDW in PRP compared to T allele carriers (Table 5). Detailed data for all analyzed VEGFA gene polymorphisms are summarized in Table S8.



Analysis of the VEGF protein concentration in the PRP preparation was performed with the VEGF Quantikine ELISA Kit. The sensitivity of the test was 9 ng/mL. VEGF concentration was detectable in approximately 15% of samples. In most subjects, it did not exceed the detection threshold.




2.5. VEGFA Gene Polymorphisms and Clinical Phenotype


There were no statistically significant differences in the median age, BMI, number of cigarettes smoked per day, or differences in the frequency of using additional forms of treatment for tennis elbow (physiotherapy, NSAIDs) during follow-up between patients with particular genotypes of the tested polymorphisms (Table S9).



Homozygotes GG (rs2010963) and CC (rs3024998) responding better to PRP therapy were characterized by significantly higher alcohol consumption per week than patients with other genotypes (Kruskal–Wallis test: p < 0.010 in both cases) (Table S9). This effect also occurred in the recessive/dominant model (Table 6). Homozygotes GG (rs2010963) and CC (rs3024998) also had a higher frequency of cigarette smokers and a lower frequency of diabetes mellitus than carriers of the C (rs2010963) and T (rs3024998) allele (Table 6). In the case of diabetes mellitus, statistically significant differences in its frequency were found between selected genotypes of both polymorphisms only in the additive model (Table S9). Removing patients with diabetes mellitus (n = 4) from the analysis did not have a significant impact on the results regarding the effectiveness of therapy (Section 2.3) in the additive model (Table 4). Small differences, while maintaining the trend, concerned the results of recessive/dominant model (Figure 3, Tables S3 and S5).





3. Discussion


In the present study, we investigated whether VEGF gene polymorphisms influence the effectiveness of tennis elbow therapy, as measured via commonly used patient-reported outcome measures such as VAS, QDASH, and PRTEE. The results obtained indicate that the best response to PRP therapy was characterized by individuals who were homozygous for GG and CC genotypes of two polymorphisms, specifically rs2010963 and rs3024998, which were in strong linkage disequilibrium. The observed effect was independent of age, gender, the use of additional forms of tennis elbow therapy during follow-up, and most blood parameters. However, the homozygous individuals showing a better response to therapy had higher MPV values and lower WBC concentration in whole blood, consumed more alcohol per week, and exhibited significantly higher nicotine use rates.



VEGFA regulates the proliferation and migration of endothelial cells, which, in turn, leads to the formation of new vascular structures. For these reasons, increased expression of the gene encoding VEGFA can lead to microvascular pathologies. Unfortunately, there is currently no literature data regarding the impact of the rs3024998 polymorphism on the expression of the VEGFA gene. However, previous studies indicate the role of carrying the T allele of the rs3024998 polymorphism in the VEGFA gene in shaping the risk of microvascular complications, including retinopathy. This particular variant may induce increased blood vessel permeability, characterized by excessive perfusion [25]. While this relationship has been demonstrated in diabetic patients, VEGFA also stimulates angiogenesis in tendinopathy, where immature vessels may be responsible for persistent hypoxia in neovascularization areas [26]. In such conditions, hyperpermeable new vessels do not provide an adequate supply of oxygen and nutrients necessary to maintain tissues and their potential regeneration [27]. There is a suspicion that these processes may contribute to poorer prognoses and difficulties in achieving therapeutic effects in a subgroup of our patients who carry the T allele of the rs3024998 polymorphism.



While there are no data regarding the association of the rs3024998 polymorphism with serum VEGFA levels, it should be noted that the studied variant is in strong linkage disequilibrium with another analyzed polymorphism, namely rs2010963. The rs2010963 polymorphism is located in the regulatory region of the 5′UTR gene and affects gene expression at both the transcriptional and translational levels. Studies by Chen et al. confirm the association of the C allele with higher transcriptional activity [28]. In our current study, GG homozygotes (rs2010963) exhibited a better response to PRP therapy than carriers of the C allele. In another study [29], in a group of patients with recurrent glioblastomas, higher levels of VEGFA were observed in the CC homozygote group. This genotype was also associated with an increased risk of thrombotic and hemorrhagic events, which could be a consequence of promoting VEGFA-dependent angiogenesis. Considering the linkage of the rs3024998 and rs2010963 polymorphisms, it can be hypothesized that the reduced effectiveness of PRP therapy in carriers of the T allele (rs3024998) and the C allele (rs2010963) may have a common denominator in the form of increased expression of the VEGFA gene and intensified angiogenesis in injury areas [29].



Understanding the gene expression of VEGFA in the context of the rs2010963 polymorphism is complicated by the fact that different results have been obtained in some studies. In patients with diabetic foot ulcers, the VEGFA concentration was reduced in the case of the CC genotype [30]. Watson et al. [31] observed a similar relationship and suggested that this polymorphism is located at the binding site of the transcription factor MZF1 (myeloid zinc finger 1), affecting its binding specificity and, consequently, the VEGFA level. There are also studies that have not shown a relationship between the rs2010963 polymorphism and VEGFA levels. In a study by Sudhesan et al. [32], involving 300 patients with psoriasis and joint inflammation as well as 300 healthy individuals, the serum VEGFA level did not significantly differ between the three genotypes either in the patient group or the control group. However, statistically significant differences in serum VEGFA levels were observed between patients and the control group with a particular genotype [32]. It is highly likely that the influence of the rs2010963 polymorphism on protein levels may be modulated by the patient’s clinical condition, including the presence of comorbidities, as suggested by inconsistencies observed in the literature. Unfortunately, we cannot refer to literature data on this issue because the sensitivity range of the ELISA test used to assess the VEGF protein level in the present study did not allow for the determination of VEGF concentration, including in the context of VEGFA gene polymorphisms. The protein concentration in PRP was below the detection threshold for most of the patients.



From the literature review, it also appears that the rs2010963 polymorphism has been associated with musculoskeletal diseases, including tendon disorders. In the population of Polish Caucasians, a link was established between the rs2010963 polymorphism and the risk of anterior cruciate ligament rupture (ACLR), with the carrier state of the C allele and CC homozygosity being identified as ACLR risk factors [20]. It is worth noting that the risk variants from this study are the same as those in our study that were associated with poorer PRP therapy effectiveness. In another work, three VEGFA gene polymorphisms were analyzed, including two of those examined in the present study, namely rs699947, rs1570360, and rs2010963. It was found that the A-G-G haplotype was associated with an increased risk of Achilles tendon inflammation [21].



The significance of the VEGFA gene polymorphisms we studied in the context of the observed differences in blood platelet levels, mean platelet volume (MPV), and EOS% among patients with varying treatment effectiveness remains unclear. Literature data suggest that VEGFA may indirectly participate in hematopoiesis through intracellular autocrine signaling that controls the homeostasis of hematopoietic stem cells [33]. Additionally, considering specific morphological elements of blood, it should be noted that eosinophils play an important role in tissue regeneration, and their damage promotes their rapid recruitment to inflammatory sites [34]. They also release platelet-activating factors, which can facilitate tissue regeneration in patients exhibiting better treatment outcomes [35]. However, given the complexity of the mechanisms underlying individual responses to PRP therapy, further research is needed to fully understand these processes.



In the current analysis, we did not detect factors that could significantly influence the results regarding the impact of VEGFA gene polymorphisms on PRP therapy effectiveness. The frequency/median distributions of demographic and clinical factors were similar among patients with different genotypes. An exception was the frequency of diabetes, which was higher in carriers with poorer PRP therapy efficacy. Diabetes is considered a risk factor and a cause of chronic tendinopathy with unfavorable therapeutic outcomes [36,37]. However, in this study, it was demonstrated that differences in diabetes frequency between genotype variants did not show statistical significance in the recessive/dominant model, and the exclusion of diabetic patients from the statistical analysis did not affect the nature and direction of the observed relationships in both models. As for other factors, it appears surprising to the authors that there was a higher frequency of cigarette smokers and higher alcohol consumption among homozygotes for whom PRP therapy was more effective. The higher alcohol consumption among homozygotes with the CC genotype (rs3024998) may partially explain why these homozygotes had a lower platelet concentration in whole blood than carriers of the T allele. During the study, a weak negative correlation was observed between PLT concentration and the amount of alcohol units consumed during the week (rs = −0.31, p < 0.002).



The current study has several limitations. One of them is the relatively small study group. However, in our favor, the analyses mainly focused on quantitative data (PROMs), which are less sensitive to statistical analysis than qualitative data. Another positive aspect is the clinical and ethnic homogeneity of the group, which is crucial in the analysis of associations. Another limitation of the current research is the inclusion of patients who, during the follow-up period after PRP injection, used additional forms of therapy (NSAIDs, physiotherapy techniques). However, in the comparative analysis, we found that the frequency of their use did not significantly differ among patients with different VEGFA gene variants, suggesting that they did not influence the observed results. Additionally, prohibiting patients from using other forms of therapy, such as pain relief, seems deeply unethical to us. No control group, untreated with PRP, is also a limitation of the current study. Conducting research in a treated group, for example, using only physiotherapeutic methods, would allow for a comparative analysis of the impact of VEGFA genotypes on the effectiveness of tendinopathy treatment in patients who were and were not provided with VEGF through injection.



In conclusion, the current study indicates that the GG (rs2010963) and CC (rs3024998) genotypes, which are in strong linkage disequilibrium in the Caucasian population, are associated with a better response to PRP therapy in the treatment of tennis elbow. Patients with these variants report fewer symptoms and limitations in the upper limb than carriers of the C and T alleles, respectively. This study complements our knowledge about factors contributing to the effectiveness of treating tendinopathy with PRP. Genotyping one of these two polymorphisms may become an effective tool for patient selection for PRP therapy in the future. However, considering the multifactorial aspect of both the etiology of tendinopathy and the healing process, further basic and clinical research is needed to expand our understanding of the role of VEGFA polymorphisms in these processes.




4. Materials and Methods


4.1. Study Design


This prospective cohort study was performed in accordance with STROBE and MIBO guidelines. The patients were followed up for two years (at 2, 4, 8, 12, 24, 52, and 104 weeks after injection), and common patient-reported outcome measures (VAS, QDASH and PRTEE) were recorded. Five single-nucleotide polymorphisms of the VEGFA gene were genotyped, and the effectiveness of PRP therapy was compared between respective genotypic variants in additive and recessive/dominant models. An analysis of polymorphisms was also carried out in the context of the clinical phenotype, comorbidities and parameters of whole blood and PRP preparation.




4.2. Patients


This patient group was presented in detail in our previous studies [22,23,24]. It was a cohort of 107 patients (132 elbows, 100%) with lateral elbow tendinopathy (M77.1., according to the International Statistical Classification of Diseases and Related Health Problems 10th Revision, ICD-10) treated with autologous PRP. Patients were in the study between November 2018 and November 2019, and they were selected for the study, examined, and injected by the same orthopedic surgeons (K.S. and W.K.), following the same study protocol. Follow up data was collected until November 2021.



The study included patients with typical TE symptoms lasting at least three months before injection, such as pain in the region of common extensor origin radiating distally and proximally, muscle pain and weakness, morning stiffness, positive Thomson’s and Mill’s tests, and Cozen’s sign as well as tenderness during palpation of the lateral epicondyle of the humerus. The exclusion criteria were additional injury/disease of affected limb, prior surgical intervention, rheumatoid arthritis, pregnancy, active malignancy, cervical radiculopathy, current anti-platelet medication, local steroid injections in the preceding 6 months, previous PRP injections and cognitive limitations. The flow chart of patient selection is presented in Figure 5.



There was no formal post-injection rehabilitation protocol. Further post injection therapy (physiotherapy, nonsteroidal anti-inflammatory drugs, steroids) was monitored during the follow-up period but was not a criterion for exclusion.




4.3. PRP Separation and Injection Procedure


Blood collection, separation and injection of PRP were performed in standardized conditions (20 °C, same light exposure). Since all procedures have been described in our previous studies [22,23,24], they will be briefly presented here. PRP was separated immediately after blood collection using manufacturer’s instructions (Autologous Conditioned Plasma, Arthrex GmbH, Munich, Germany). 12 mL of whole blood was mixed with 3.13% sodium citrate (MediPac GmbH, Königswinter, Germany) in a ratio of 9:1 and then centrifuged for 5 min using a Rotofix 32A centrifuge (Andreas Hettich GmbH & Co., Tuttlingen, Germany) at a speed of 1500 rpm.



During separation, between 2.5 and 3.5 mL of PRP were obtained and a volume of 2.0–3.0 mL was injected immediately after centrifugation in the common extensor origin area. The injection was performed under ultrasound guidance using Mindray DC-3 apparatus (Mindray North America, Mahwah, NJ, USA) with a linear probe (frequency range of 5, 7.5, 10 MHz). The remaining 0.5 mL of PRP was saved for further analysis. The injections were performed by two senior trauma and orthopedic consultants (K.S. and W.K.) with 17 years of experience.



After the procedure, patients were advised to avoid heavy use of the affected limb for 24 h. No infection at the injection site was observed in any of the patients.




4.4. Whole Blood and PRP Parameters


On the day of PRP injection, a complete blood count in fresh blood was performed, as was as an analysis of platelet parameters (platelet concentration, PLT; plateletcrit, PCT; mean platelet volume, MPV; and platelet distribution width, PDW) in the PRP. For patients with bilateral tennis elbow, if the injections were carried out on different dates, separate analyses (whole blood and PRP) were performed. The remaining volume of PRP was immediately frozen and stored at −86 °C. The concentration of VEGF in PRP was assessed using the VEGF Quantikine ELISA Kit (R&D Systems Inc., Minneapolis, MN, USA) in undiluted material according to the manufacturer’s instructions.




4.5. Follow-Up, Outcomes, Measures of Effectiveness


The effectiveness of PRP therapy was analyzed and compared to clinical condition (pain and disability of affected limb) on the day of injection (baseline, week 0). Follow-up review was performed at 2, 4, 8, 12, 24, 52, and 104 weeks.



The VAS, QDASH, and PRTEE questionnaires were used for assessment of pain and disability, with the following ranges assumed: from 0 minimum to 10 maximum pain for VAS and from 0 minimum to 100 maximum pain and disability for QDASH and PRTEE. At each follow-up point, raw outcome values (VAS, QDASH, and PRTEE) and differences from baseline (ΔVAS, ΔQDASH, and ΔPRTEE) were used to determine the effectiveness of therapy in relation to individual variables, including VEGFA gene variants.




4.6. Genetic Analyses


Genomic DNA was isolated from peripheral blood leukocytes using the MasterPure genomic DNA purification kit (Epicenter Technologies, Madison, WI, USA). SNPs of the VEGFA gene were genotyped using the TaqMan Predesigned SNP Genotyping Assay kits and the 7300 Real-Time PCR System (Thermo Fisher Scientific, Pleasanton, CA, USA). The accuracy of genotyping was checked by re-genotyping 10–15% of samples. The repeatability of results was 100%.



Only SNPs with minor allele frequency ≥ 20% in populations of European origin (CEU, U.S. Utah residents with ancestry from northern and western Europe) based on the Database of SNPs of National Center for Biotechnology Information, U.S. National Library of Medicine [38] were selected. There were rs699947 (A>C), rs2010963 (C>G), rs1413711 (C>T), rs3024998 (C>T), and rs3025021 (C>T) variants. The location of the analyzed SNPs on chromosome 6 is shown in Figure 6.




4.7. Statistical Analyses


Data were analyzed using the Statistica 13.0 software (TIBCO Software Inc., Palo Alto, CA, USA). Normality of distribution of quantitative data was assessed using the Shapiro–Wilk test. Since all analyzed quantitative variables had a non-normal distribution, they were reported as medians and their spread as quartile deviation (QD). Non-parametric tests were used for comparisons, such as the Mann–Whitney U test (in the case of dichotomous grouping variables) and the Kruskal–Wallis test (in the case of grouping variables with more than two categories). Spearman’s rank correlation coefficient (rs) was used as a measure of the correlation between quantitative variables. Cases with missing data were rejected from the respect comparisons.



Genetic data were analyzed in additive and dominant/recessive models of inheritance. The Hardy–Weinberg equilibrium was tested using a χ2 test as well as comparisons of genotype variants frequencies between categories of qualitative variables. Yates correction was used for subgroups with less than ten subjects. Haplotype blocks in the study group were calculated using the HaploView 4.2 software [40] using the Gabriel et al. algorithm [41]. Haplotype blocks of CEU population were defined with the use of LDmatrix Tool [39]. The values of D′ and R2 were used as linkage disequilibrium measures. Study size and power analysis were computed using Sample size t test—median and SD tool [42]. The power of all statistically significant tests in the current work was greater than 85%, with a 95% two-sided confidence level. Statistical significance was accepted at p < 0.050. In cases of multiple comparisons, the p values were adjusted using the Bonferroni correction.





5. Conclusions


In summary, our two-year study emphasizes the significant influence of specific VEGFA gene polymorphisms, namely rs2010963 and rs3024998, on the effectiveness of tennis elbow treatment. Patients with GG (rs2010963) and CC (rs3024998) genotypes exhibited better responses in patient-reported outcome measures, suggesting a potential role for these genetic markers in predicting treatment success. Furthermore, the association between VEGFA gene polymorphisms and hematological parameters highlights the complexity of tendinopathy and its treatment. These findings underscore the importance of considering genetic factors in tailoring tennis elbow treatment strategies, offering potential opportunities for more personalized and effective interventions. Further research on larger and diverse populations are necessary to better understand VEGFA gene polymorphism-dependent mechanisms, which may help optimize the diagnosis and treatment of tendinopathy in the future.
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Figure 1. Involvement of VEGF in the physiology and pathology of tendons after injury. Based on [1,2,3,4,5,6,7,8,9,10,11]. Tendinopathy is a multifactorial condition (A). Its subclinical form usually arises from chronic or acute tendon overload, while overlapping predisposing factors (biological, coexisting diseases, or certain medications) can exacerbate the patient’s condition. Damage to tendon structures leads to hypoxia (B), during which there is an increased secretion of hypoxia-inducible factor-1 (HIF-1). HIF-1, mechanical tendon overload, neuronal signals, and some pro-inflammatory cytokines are the main factors that increase VEGFA expression. VEGFA can promote events leading to both healing and the manifestation of the clinical form of tendinopathy (C). In the early stages of the tendon injury response, VEGFA participates in the restoration of microcirculation by stimulating endothelial cell division. It also intensifies the proliferation of pericytes, tenocytes, and fibroblasts. Angiogenesis also promotes the chemotaxis of monocytes and granulocytes and increases the availability of other growth factors. Both of these processes, along with increased proliferation of tenocytes and fibroblasts, are observed during both tendon healing and tendinopathy. During tendinopathy, a remodeling of the extracellular matrix (ECM) is also observed, involving the loss of type 1 collagen and its replacement with type 3 collagen. VEGFA promotes these processes by influencing the expression of matrix metalloproteinases (MMP) and inhibiting the expression of tissue inhibitors of metalloproteinases (TIMP) in endothelial cells and fibroblasts, leading to the destruction of type 1 collagen. On the other hand, VEGFA also participates in restoring the initial proportions of collagen during the healing process, stimulating the expression of COL1A1 (encoding type 1 collagen chains) in tenocytes and reducing the expression of COL3A1 (encoding type 3 collagen chains). The pathological neovascularization observed in tendinopathy is the result of the prolonged influence of VEGFA on the damaged tendon, disrupting its biomechanical properties. 
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Figure 2. Haplotype analysis of VEGFA gene polymorphisms in the study group (A) and CEU (U.S. Utah residents with ancestry from northern and western Europe) population (B). 
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Figure 3. Medians (±QD) of PROMs values in respect to genotype variants of the VEGFA gene rs2010963 polymorphism (recessive/dominant model). Legend: QD, quartile deviation; PROM, patient-reported outcome measure; VAS, visual analog scale; QDASH, quick version of disabilities of the arm, shoulder and hand score; PRTEE, patient-rated tennis elbow evaluation; *, differences remaining significant (p < 0.050) after removing diabetics from the analysis. 
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Figure 4. White blood cells (WBC) and mean platelet volume (MPV) values in individuals with particular genotypes of VEGFA gene polymorphisms (additive model): (A) for rs2010963; (B) for rs3024998. 
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Figure 5. Flowchart of the study selection. 
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Figure 6. Location of the studied polymorphisms on chromosome 6 (the figure was created on the basis of data from LDmatrix Tool [39]). 
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Table 1. Demographic and clinical characteristics of the study group (baseline week 0).
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	Characteristics
	
	
	





	General
	number of subjects, N
	107
	-



	
	number of elbows, n (%)
	132
	(100.0)



	
	tennis elbow in the dominant hand, n (%)
	86
	(65.2)



	
	age, median ± QD
	46.00
	5.50



	
	BMI, median ± QD
	25.65
	2.00



	
	current smokers, n (%)
	22
	(16.6)



	Comorbidities
	diabetes mellitus, n (%)
	4
	(3.0)



	
	gout, n (%)
	8
	(6.1)



	
	thyroid diseases, n (%)
	15
	(11.4)



	
	hypertension, n (%)
	18
	(13.6)



	Whole Blood
	PLT 109/L, median ± QD
	240.00
	40.50



	parameters
	PCT ml/L, median ± QD
	2.31
	0.36



	
	MPV fL, median ± QD
	9.10
	0.73



	
	PDW fL, median ± QD
	16.10
	0.15



	PRP parameters
	PLT 109/L, median ± QD
	343.00
	65.00



	
	PCT ml/L, median ± QD
	0.30
	0.06



	
	MPV fL, median ± QD
	8.60
	0.40



	
	PDW fL, median ± QD
	14.60
	0.25







Legend: BMI, body mass index; MPV, mean platelet volume; PCT, plateletcrit; PDW, platelet distribution width; PLT, platelets; PRP, platelet-rich plasma; QD, quartile deviation; WB, whole blood.













 





Table 2. Frequency of genotypes and alleles of analyzed SNPs of the VEGFA gene.






Table 2. Frequency of genotypes and alleles of analyzed SNPs of the VEGFA gene.














	SNP
	Chromosome 6 Coordinate (GRCh37)
	Genotypes
	n (%)
	Alleles
	n (%)
	p Value

HWE Test





	rs699947
	43736389
	AA
	29 (21.97)
	A
	127 (48.11)
	0.923



	
	
	AC
	69 (52.27)
	C
	137 (51.89)
	



	
	
	CC
	34 (25.76)
	
	
	



	
	
	AA + AC
	98 (74.24)
	
	
	



	
	
	AC + CC
	103 (78.03)
	
	
	



	rs2010963
	43738350
	CC
	10 (7.58)
	C
	76 (28.79)
	0.978



	
	
	CG
	56 (42.42)
	G
	188 (71.21)
	



	
	
	GG
	66 (50.00)
	
	
	



	
	
	CC + CG
	66 (50.00)
	
	
	



	
	
	CG + GG
	122 (92.42)
	
	
	



	rs1413711
	43740678
	CC
	68 (51.51)
	C
	170 (64.39)
	0.000



	
	
	CT
	34 (25.76)
	T
	94 (35.61)
	



	
	
	TT
	30 (22.73)
	
	
	



	
	
	CC + CT
	102 (77.27)
	
	
	



	
	
	CT + TT
	64 (48.49)
	
	
	



	rs3024998
	43745577
	CC
	65 (49.24)
	C
	187 (70.83)
	0.916



	
	
	CT
	57 (43.18)
	T
	77 (29.17)
	



	
	
	TT
	10 (7.58)
	
	
	



	
	
	CC + CT
	122 (92.42)
	
	
	



	
	
	CT + TT
	67 (50.76)
	
	
	



	rs3025021
	43749163
	CC
	52 (39.39)
	C
	174 (65.91)
	0.246



	
	
	CT
	70 (53.03)
	T
	90 (34.09)
	



	
	
	TT
	10 (7.58)
	
	
	



	
	
	CC + CT
	122 (92.42)
	
	
	



	
	
	CT + TT
	80 (60.61)
	
	
	







Legend: HWE, Hardy–Weinberg equilibrium; SNP, single nucleotide polymorphism.













 





Table 3. Frequency of haplotypes and diplotypes of the VEGFA gene in the study group.
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SNP

	
Block Size (kb)

	
Frequency (%)




	
rs699947

	
rs2010963

	
rs1413711

	
rs3024998






	
A

	
G

	
T

	
C

	
9

	
0.500




	
C

	
C

	
C

	
T

	

	
0.271




	
C

	
G

	
C

	
C

	

	
0.210




	
C

	
G

	
T

	
C

	

	
0.005




	
A

	
C

	
C

	
T

	

	
0.005




	
C

	
C

	
T

	
C

	

	
0.005




	
C

	
G

	
C

	
T

	

	
0.005




	
A

	
-

	
T

	
-

	
4

	
0.500




	
C

	
-

	
C

	
-

	

	
0.486




	
C

	
-

	
T

	
-

	

	
0.009




	
A

	
-

	
C

	
-

	

	
0.005




	
-

	
G

	
-

	
C

	
7

	
0.715




	
-

	
C

	
-

	
T

	

	
0.276




	
-

	
C

	
-

	
C

	

	
0.005




	
-

	
G

	
-

	
T

	

	
0.005











 





Table 4. Median (±QD) values of PROMs for genotypes of the VEGFA gene polymorphisms (additive model).
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PROM

	
Week

	
Median ± QD in Respective Genotypes

	
p Value






	

	

	
rs2010963

	
Kruskal–Wallis

	
CC vs. CG

	
CC vs. GG

	
CG vs. GG




	

	

	
CC

	
CG

	
GG




	
QDASH

	
12

	
36.36 ± 18.18

	
30.68 ± 16.48

	
20.45 ± 20.45

	
0.029 *

	
1.000

	
1.000

	
0.024




	

	
104

	
1.14 ± 25.00

	
22.73 ± 15.91

	
4.55 ± 12.50

	
0.017 *

	
0.477

	
1.000

	
0.018




	
ΔQDASH

	
12

	
15.91 ± 9.20

	
14.77 ± 15.34

	
27.27 ± 19.32

	
0.030 *

	
1.000

	
1.000

	
0.024




	

	
104

	
27.27 ± 29.09

	
22.72 ± 16.92

	
40.90 ± 18.19

	
0.023 *

	
1.000

	
0.934

	
0.020




	
PRTEE

	
104

	
0.00 ± 21.75

	
14.75 ± 12.50

	
2.50 ± 8.25

	
0.022 *

	
0.510

	
1.000

	
0.025




	

	

	

	
rs3024998

	

	
Kruskal–Wallis

	
CC vs. CT

	
CC vs. TT

	
CT vs. TT




	

	

	
CC

	
CT

	
TT




	
QDASH

	
12

	
22.73 ± 20.45

	
29.55 ± 17.05

	
36.36 ± 18.18

	
0.043 *

	
0.037

	
1.000

	
1.000




	

	
104

	
4.55 ± 12.50

	
22.73 ± 19.32

	
1.14 ± 25.00

	
0.040 *

	
0.047

	
1.000

	
0.575




	
PRTEE

	
24

	
10.00 ± 17.25

	
20.00 ± 17.00

	
24.25 ± 20.50

	
0.048

	
0.043

	
1.000

	
1.000








Legend: QD, quartile deviation; PROM, patient-reported outcome measure; QDASH, quick version of disabilities of the arm, shoulder and hand score; PRTEE, patient-rated tennis elbow evaluation; *, differences remaining significant (p < 0.050) after removing diabetics from the analysis.













 





Table 5. Whole blood (WB) and platelet-rich plasma (PRP) parameter values with respect to the VEGFA gene polymorphisms variants (recessive/dominant model).
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Rs Number

	
Parameter (Source)

	
Median

	
±QD

	
Median

	
±QD

	
p






	
rs2010963

	

	
GG

	
CC/CG

	




	

	
MPV fL (WB)

	
9.65

	
0.67

	
8.90

	
0.52

	
0.008




	

	
EOS% (WB)

	
2.60

	
1.28

	
2.05

	
0.95

	
0.043




	
rs3024998

	

	
CC

	
CT/TT

	




	

	
PLT 109/L (WB)

	
227.00

	
38.00

	
261.50

	
32.50

	
0.003




	

	
MPV fL (WB)

	
9.70

	
0.65

	
8.90

	
0.50

	
0.003




	

	
EOS% (WB)

	
2.60

	
1.35

	
1.90

	
0.90

	
0.024




	

	
MPV fL (PRP)

	
8.60

	
0.50

	
8.40

	
0.50

	
0.027




	

	
PDW fL (PRP)

	
14.60

	
0.20

	
14.50

	
0.20

	
0.030








Legend: EOS, eosinophils; MPV, mean platelet volume; PDW, platelet distribution width; PLT, platelets; PRP, platelet-rich plasma; QD, quartile deviation; WB, whole blood.













 





Table 6. Parameters differentiating genotypic variants of the rs2010963 and rs3024998 polymorphisms of the VEGFA gene in the recessive/dominant model.
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rs2010963

	
Parameter

	
GG

	
CC/CG

	
p




	

	

	
median

	
±QD

	
median

	
±QD

	




	

	
Alcohol units/week

	
1.00

	
4.00

	
0.00

	
2.00

	
0.023




	

	

	
n

	
%

	
n

	
%

	




	

	
Cigarette smoking

	
16

	
24.24

	
6

	
9.09

	
0.036




	

	
Diabetes mellitus

	
0

	
0.00

	
4

	
6.06

	
0.128




	
rs3024998

	
Parameter

	
CC

	
CT/TT

	
p




	

	

	
median

	
±QD

	
median

	
±QD

	




	

	
Alcohol units/week

	
2.00

	
4.00

	
0.00

	
2.00

	
0.003




	

	

	
n

	
%

	
n

	
%

	




	

	
Cigarette smoking

	
16

	
24.62

	
6

	
9.84

	
0.030




	

	
Diabetes mellitus

	
0

	
0.00

	
4

	
5.97

	
0.136








Legend: QD, quartile deviation.
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