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Abstract: Background/Objectives: Tendon structure is predominantly composed of the extracellular
matrix (ECM), and genetic variants in non-collagenous ECM components may influence suscepti-
bility to tendinopathy. We investigated the potential influence of single nucleotide polymorphisms
(SNPs) in fibrillin-2 (FBN2), tenascin-C (TNC), and matrix metalloproteinase-3 (MMP3) on the tendon
regeneration failure phenotype and impact on the susceptibility to tendinopathy in Brazilian high-
performance athletes. Methods: This case-control study was conducted with 397 high-performance
athletes from different sports modalities (197 tendinopathy cases and 200 controls), and they were ana-
lyzed by validated TagMan™ SNP genotyping assays of the SNPs FBN2 (rs331079), TNC (rs2104772),
and MMP3 (rs591058). Results: Out of the 197 tendinopathy cases, 63% suffered from chronic tendon
pain and 22% experienced more than three episodes of disease manifestation. The TNC-rs2104772-
A allele was significantly associated with tendinopathy (OR: 1.4; 95% CI: 1.1-1.8), while athletes
carrying the MMP3-rs591058-T allele were linked to an increased risk of more episodes of disease
manifestation (OR: 1.7; 95% CI: 1.1-2.8). The TNC-MMP3 tendon regeneration failure phenotype
(TNC-A/MMP3-T) was associated with an increased risk of tendinopathy (OR: 1.4; 95% CI: 1.1-2.0)
and episodes of disease manifestation (OR: 2.0; 95% CI: 1.2-3.5). Athletes with tendinopathy who
had the TNC-A/MMP3-T interaction were more prone to experiencing more than three disease exacer-
bations (OR: 4.3; 95% CI: 1.8-10.5) compared to TNC-A/TNC-C. Conclusions: This study suggests
that rs2104772 and rs591058 SNPs could be involved in the tendon regeneration failure phenotype
and may influence the molecular mechanism related to the regulation of the tendon ECM during
training workload.
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1. Introduction

Tendinopathy is a common and complex disorder of the tendons with a particularly
high prevalence among high-performance athletes (10-50%) [1,2]. The condition is charac-
terized by abnormalities in tendon structure and involves inflammatory and angiogenic
processes, leading to chronic pain and loss of strength and function [3-7]. Tendon structure
is predominantly composed of the extracellular matrix (ECM), which includes collagenous
and non-collagenous components to support its biomechanical activity [8,9]. Recent studies
have shown that genetic variants, such as single nucleotide polymorphisms (SNPs), can in-
fluence the expression and function of non-collagenous components and play an important
role in regulating the ECM, thereby altering the mechanical properties of tendons [10-12].

Fibrillin microfibrils play a critical role in providing strength and flexibility to the ECM.
These structures are primarily composed of fibrillin-1 (FBN1) and fibrillin-2 (FBN2) [13].
The latter is associated with the formation of the structure of elastic fibers and is abundant
in tendons [14,15]. The rs331079 (G > C) SNP in the FBN2 gene (chromosome 5q23.3) is
associated with Achilles tendinopathy susceptibility [12]. Another important protein regu-
lating ECM elasticity is tenascin-C [16], a hexameric glycoprotein sensitive to mechanical
loading during periods of high tendon stress [17]. The TNC protein is encoded by a gene
of the same name (chromosome 9q33.1), and the TNC rs2104772 (T > A) SNP may affect
the adaptive response in tendon remodeling to high-intensity exercise [18]. The rs2104772
SNP was found to have significantly upregulated tissue expression in injured tendons [19].
Remodeling of the tendon ECM is mediated by several enzymes, including members of the
matrix metalloproteinase (MMP) family, to adapt to increased mechanical stress on tendon
tissue [20]. The protein matrix metalloproteinase 3 (MMP3), also known as stromelysin
1, plays an important role in proteolytic activity, contributing to the degradation of col-
lagen, proteoglycans, and glycoproteins to maintain ECM homeostasis [21]. However,
the overexpression of MMP3 may contribute to pathological conditions leading to tendon
degeneration [13]. The rs591058 (C > T) SNP in the MMP3 gene (chromosome 11g22.3) is in
linkage disequilibrium with other polymorphisms within or beyond this gene, which may
affect gene expression and protein function, contributing to tendon ECM disorders [22].
Recently, the rs591058 SNP and other functional variants of the MMP3 gene were associated
with non-contact anterior cruciate ligament (ACL) rupture in elite competitive athletes [23].

Given these implications, FBN2 (rs331079), TNC (rs2104772), and MMP3 (rs591058)
SNPs may contribute to a more susceptible ECM tendon regeneration failure phenotype,
and their interaction with environmental determinants may influence the individual risk for
tendinopathy. Thus, the main aims of this study were to evaluate the effect of these SNPs
and to determine whether there is a typical tendon regeneration failure phenotype that
may contribute to susceptibility to tendinopathy in Brazilian high-performance athletes.

2. Materials and Methods
2.1. Study Design and Population

A case—control study was conducted with 397 Brazilian high-performance athletes
recruited between February 2018 to June 2023 from different sports training clubs and
competitions in the city of Rio de Janeiro. High-performance athletes were defined as
professionals who receive a salary for their sport, participate in national and/or interna-
tional competitions, have high oxygen volumes at anaerobic and aerobic thresholds, have
advanced anthropometric and training measures (intensity, frequency, and duration), and
have good running economy [24]. All participating athletes provided written informed
consent and personally completed a self-reported questionnaire on their epidemiologic,
sport, and clinical characteristics, including history of musculoskeletal injuries during
their sports careers. The questionnaire was applied at the respective sports clubs, training
centers, and/or medical facilities of each athlete. This questionnaire has been previously
validated by experts in the field and is available online in a prior study [1]. At the end of
the data collection, a trained observer reviewed the questionnaire with each athlete, and
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the database was completed by a trained researcher, with double verification conducted by
different trained researchers.

At the same site where the questionnaire was administered, samples of oral mu-
cosal epithelial cells were collected with sterile swabs and stored in buffered solution,
individually identified, and transported in an appropriate container, according to lo-
cal safety regulations, to the Research Laboratory of Pharmaceutical Sciences—LAPESF
(https:/ /lapesfuerjzo.my.canva.site /#in%C3%ADcio, accessed on 31 October 2024) of the
Rio de Janeiro State University (UER]), in Rio de Janeiro-R], Brazil, which has adequate
infrastructure for genetic analysis.

This study was approved by the Human Research Ethics Committee of the National
Institute of Traumatology and Orthopaedics (protocol number 2.455.630/2017) and con-
ducted in accordance with the Helsinki Declaration. The inclusion criteria encompassed
Brazilian high-performance athletes, aged 18 to 45 years, participating in various sports,
who self-identified as professionals, were affiliated with federations, and competed at the
national and/or international level. Athletes without data on musculoskeletal injuries
and/or those who did not provide sufficient biological material for analysis were excluded
from this study. Athletes who self-reported clinically diagnosed tendinopathy by the spe-
cialized orthopedic surgeon were selected to compose the case group (n = 197) and provided
specific information about the type, location, and episodes of disease manifestation. In the
previously validated questionnaire [1], tendinopathy episodes were grouped in multiples
of 3, allowing the athlete to select from the following options: no episodes, 1 to 3, 4 to 6,
7109, 10 to 12, and more than 12. To understand the influence of SNPs on the molecular
mechanism of disease recurrence, the current study considered 3 episodes as the cutoff
point to avoid information and recall bias that could influence the association analysis with
disease manifestation in athletes clinically diagnosed as cases. The control group (n = 200)
consisted of athletes without evidence and reported incidents of musculoskeletal injuries.

2.2. Polymorphism Genotyping and Tendon Phenotypes

Genomic deoxyribonucleic acid DNA was obtained from oral mucosa collected from
each athlete using the QIAamp® DNA Mini extraction kit (Qiagen, Hilden, Germany)
according to the manufacturer’s instructions. DNA concentration and purity were assessed
using a Nanodrop® spectrophotometer (Thermo Scientific, Wilmington, DE, USA). Geno-
typing analyses of FBN2 (rs331079), TNC (rs2104772), and MMP3 (rs591058) SNPs were
conducted by allelic discrimination using TagManTM SNP genotyping assays (Thermo
Fisher Scientific, Waltham, MA, USA) (C_1561675_10, C_16182844_10, and C_785960_1_,
respectively). SNP genotyping was made by a real-time polymerase chain reaction (PCR) us-
ing a 7500 Real-Time System (Thermo Fisher Scientific, Waltham, MA, USA), as previously
described in a prior study [3].

Tendon phenotypes were assigned based on the TNC rs2104772 (T > A) and MMP3
rs591058 (C > T) combinations, which comprised the following alleles at each locus of the
chromosome: tendon stability (TNC allele T and MMP3 allele C; TNC allele T and MMP3
allele T; TNC allele A and MMP3 allele C) and tendon regeneration failure (TNC allele A
and MMP3 allele T). In addition, the influence of MMP3 rs59105-C/T alleles was compared
in combination with the TNC rs2104772 allele A to verify which allele contributes more to
the tendon regeneration failure phenotype, both in the development of tendinopathy in
athletes and in the manifestation episodes of the disease.

2.3. Statistical Analysis

The sample size (n = 397) was appropriate to detect differences between the case and
control groups, assuming an odds ratio (OR) of 2.0 with a power of 0.8 and 5% type I
error, as calculated using Epi Info 7, version 7.1.3 (https:/ /www.cdc.gov/epiinfo/support/
downloads.html, accessed on 31 October 2024). The normality distribution was verified by
the Kolmogorov-Smirnov test.
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The variable Training Exposure Index (TEI) was created to estimate the volume and
intensity of exposure to sports training in MET years. This was determined based on the
years of training and the weekly training hours reported by each athlete, as well as the
metabolic equivalent of the task according to the constants established for each sport in
the 2011 Compendium of Physical Activities [25]. The continuous variables age, body
mass index (BMI), years of training, weekly training hours, and TEI were not normally
distributed (p < 0.01). Thus, comparisons of these variables between tendinopathy cases
and control groups were performed using the Mann-Whitney test, and the data were
presented as mean =+ standard deviation (SD). However, according to their distribution
and clinical significance, for the analysis, the continuous variables were categorized by
the quartiles. The nominal data were shown in proportions, and differences between the
two groups were evaluated using the Chi-squared (x?) statistic test or Fischer exact test
when applicable. Deviations from the Hardy—Weinberg equilibrium (HWE) of SNPs were
assessed using the goodness-of-fit x? test. The distribution of alleles and genotypes of the
FBN2, TNC, and MMP3 SNPs was derived through gene counting, and the difference in
frequencies between the two groups was evaluated using the x? test or Fisher’s exact test
when appropriate.

The magnitude of the association between the presence of polymorphisms with
tendinopathy and episodes of disease manifestation was estimated by OR, with their
respective 95% confidence intervals (95%Cls), using a binary logistic regression model. The
construction of the final model was based on the degree of statistical significance in the
univariate analyses and on the biological importance of sociodemographic, lifestyle, sports,
and training characteristics using the stepwise method with forward conditional selection.
An input significance level of <0.20 (p < 0.20) was set, and the model retained variables
with an output level of 0.05 (p < 0.05). The choice of the model was based on the quality of
adjustment according to the Hosmer-Lemeshow goodness-of-fit test. All analyses were
performed using the Statistical Package for Social Sciences (IBM Corp., Armonk, NY, USA).

3. Results

Out of the 197 tendinopathy cases, 79 (40.1%) presented the condition in the patellar
region, 70 (35.5%) in the rotator cuff, 41 (20.8%) in the epicondyles, and 35 (17.8%) in
the Achilles tendons. Moreover, 125 athletes (63.5%) suffered from chronic tendon pain,
43 (21.8%) experienced more than three episodes of disease manifestation, and 35 (17.8%)
reported more than one tendon affected by the disease.

The athletes who comprised the case group were involved in various sports, including
72 (36.5%) in rugby, 35 (17.8%) in soccer, 28 (14.2%) in water polo, 22 (11.2%) in combat
sports, 14 (7.1%) in handball, 7 (3.6%) in volleyball, 4 (2.0%) in basketball, 4 (2.0%) in
football, 3 (1.5%) in artistic gymnastics, 2 (1.0%) in rowing, 2 (1.0%) in CrossFit, 2 (1.0%)
in adapted rugby, 1 (0.5%) in swimming, and 1 (0.5%) in athletics. Meanwhile, the control
group (n = 200) comprised 73 (36.5%) athletes in rugby, 50 (25.0%) in soccer, 23 (11.5%) in
combat sports, 21 (10.5%) in water polo, 19 (9.5%) in handball, 3 (1.5%) in football, 3 (1.5%)
in rowing, 3 (1.5%) in volleyball, 2 (1.0%) in CrossFit, 2 (1.0%) in swimming, and 1 (0.5%) in
adapted rugby. There was no difference in the distribution of sports modalities between
the two groups (cases and controls).

The comparisons of means between tendinopathy cases and controls were signifi-
cantly different for age (25.8 £ 5.9 vs. 23.0 £ 5.0 years, p < 0.001), BMI (25.3 £ 3.6 vs.
24.3 4+ 3.1 Kg/m?, p = 0.004), and TEI (9.9 + 8.4 vs. 7.4 + 6.9 MET years, p = 0.001). Table 1
describes the sociodemographic, lifestyle, sports, and training variables that entered the
logistic regression model for analysis with tendinopathy presence. After the stepwise
method, the variables age, sex, BMI, nutritional guidance, and post-training pain remained
in this model (p = 0.63, Hosmer-Lemeshow goodness-of-fit test). On the other hand, for the
analysis of episodes of disease manifestation, only tendon pain and TEI were considered
confounding variables (p = 0.66, Hosmer-Lemeshow goodness-of-fit test).
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Table 1. Logistic regression model of the sociodemographic, lifestyle, and sports characteristics of

study population (n = 397).

. .. Control Tendinopath Crude ORs Adjusted ORs
Characteristics (1 = 200) (1 = 157) y p-Value P (CI 95%) (él 95%) b
Age (years) 4 n (%)

<23 124 (62.0) 79 (40.1) 1¢ 1¢

>23 76 (38.0) 118 (59.9) <0.01 2.44 (1.63-3.65) 2.10 (1.37-3.23)
Sex

Female 67 (35.5) 85 (43.1) 1¢ 1¢

Male 133 (66.5) 112 (56.9) 0.03 0.66 (0.44-0.99) 0.60 (0.38-0.95)
BMI (Kg/m?) ©

<24.9 131 (66.5) 105 (53.3) 1¢ 1¢

>25.0 66 (33.5) 92 (46.7) <0.01 1.74 (1.16-2.61) 1.82 (1.16-2.88)
Skin color f

White 70 (36.5) 94 (47.7) 018 1¢ 1c

Non-white 122 (63.5) 103 (52.3) : 0.63 (0.41-0.94) 0.74 (0.47-1.15)
Schooling &

University 85 (42.9) 121 (61.4) 023 1¢ 1¢

High-school 113 (57.1) 76 (38.6) : 0.47 (0.32-0.71) 0.75 (0.47-1.20)
Income familiar P

>BRL 10.000 47 (24.1) 70 (36.3) 1¢ 1¢

<BRL 10.000 148 (75.9) 123 (63.7) 0.09 0.56 (0.36-0.87) 0.65 (0.40-1.06)
Alcohol consumption

No 96 (48.0) 71 (36.0) o1 1¢ 1¢

Yes 104 (52.0) 126 (64.0) : 1.64 (1.10-2.45) 1.36 (0.87-2.11)
Smoking

No 190 (95.0) 178 (90.4) 1¢ 1¢

Yes 10 (5.0) 19 (9.6) 0.13 2.03 (0.91-4.48) 1.90 (0.82—4.40)
Nutritional guidance

No 110 (55.0) 70 (35.5) 1¢ 1¢

Yes 90 (45.0) 127 (64.5) <0.01 222 (1.48-3.32) 2.24 (1.45-3.47)
Continuous medication
use f

No 173 (90.1) 163 (82.7) 1¢ 1¢

Yes 19 (9.9) 34 (17.3) 0.74 1.90 (1.04-3.46) 1.12 (0.57-2.21)
Post-training pain

No 135 (67.5) 93 (47.2) 1¢ 1¢

Yes 65 (32.5) 104 (52.8) <0.01 2.32 (1.55-3.49) 2.07 (1.34-3.20)
TEI (MET years) 4

<72 120 (60.0) 87 (44.2) 1¢ 1¢

572 80 (40.0) 110 (55.8) 0.02 1.90 (1.27-2.83) 1.67 (1.05-2.65)

BMI: body mass index, CI: confidence interval, ORs: odds ratios, TEL Training Exposure Index. # p < 0.05
was obtained through the Chi-square test (Pearson’s p-value). ® OR adjusted by age, sex, BMI, nutritional
guidance, post-training pain, TEL ¢ Reference group. ¢ Continuous variable was categorized by the median.
e Information obtained from 394 athletes (control = 197). f Information obtained from 389 athletes (control = 192).
& Information obtained from 395 athletes (control = 198). h Information obtained from 388 athletes (control = 195
and tendinopathy = 193). ! Information obtained from 388 athletes (control = 197 and tendinopathy = 191).

The FBN2 (rs331079), TNC (rs2104772), and MMP3 (rs591058) SNPs were in Hardy—
Weinberg equilibrium in the overall participants athletes and in each group (tendinopathy
cases and controls). The allelic frequencies of these SNPs are shown in Figure 1. Associ-
ation analyses of TNC and MMP3 SNPs with tendinopathy risk and episodes of disease
manifestation are shown in Table 2. The presence of the TNC-rs2104772-A allele was associ-
ated with an approximately two-fold increased risk of tendinopathy in high-performance
athletes. Similarly, MMP3-rs591058-T was associated with a four-fold increase in the risk of
experiencing more than three episodes of disease manifestation. In addition, no significant
associations were found between the FBN2-rs331079 SNP and the presence or manifestation
of tendinopathy in the analyzed athletes.
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Figure 1. Allelic distribution of FBN2, TNC, and MMP3 SNPs between controls and tendinopathy
cases (a) and according to episodes of disease manifestation among tendinopathy athletes (b).
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Table 2. Association analysis of the TNC and MMP3 SNPs between controls and tendinopathy cases

(n = 397) and episodes of disease tendinopathy among cases (1 = 197).

SNPs Control (n = 200) Te1:1c111=11(1)§7a)thy p-Value ab C(rgld;;;:){s Ac(lgllsgtgi)obl{s
TNC 4 o
152104772 (T > A) n (%)
TT 61 (30.5) 46 (23.5) 1¢ 1¢
TA 103 (51.5) 98 (50.0) 0.04 1.26 (0.79-2.02) 1.37 (0.81-2.29)
AA 36 (18.0) 52 (26.5) 1.91 (1.08-3.39) 2.22 (1.18-4.15)
TA + AA 139 (69.5) 150 (76.5) 0.03 1.43 (0.91-2.24) 1.80 (1.07-3.04)
MMP3 €
rs591058 (C > T)
CC 62 (33.0) 59 (29.9) 1¢ 1¢
CT 95 (50.5) 97 (49.2) 0.78 1.07 (0.68-1.69) 1.04 (0.63-1.70)
TT 31 (16.5) 41(20.8) 1.39 (0.77-2.50) 1.24 (0.66-2.33)
CT+TT 126 (67.0) 138 (70.1) 0.72 1.15 (0.75-1.77) 1.09 (0.68-1.74)
Tendinopath Crude OR Adjusted OR
SNPs <3 Episodes (n = 154) p>3 ]}Elpisodes (n =43) p-Value ** (C195%) (él 95%) f
TNC 8 (%)
152104772 (T >A) ?
TT 38 (24.7) 8 (19.0) 1¢ 1¢
TA 73 (47.4) 25 (59.5) 0.32 1.63 (0.67-3.95) 1.80 (0.71-5.60)
AA 43 (27.9) 9(21.4) 0.99 (0.55-2.83) 1.05 (0.35-3.16)
TA + AA 116 (75.3) 34 (81.0) 0.36 1.39 (0.59-3.27) 1.52 (0.62-3.72)
MMP3h
1s591058 (C >T)
CC 54 (35.1) 5 (11.6) 1¢ 1¢
CT 69 (44.8) 28 (65.1) 0.03 3.60 (1.28-10.09) 4.14 (1.45-11.87)
TT 31 (20.1) 10 (23.3) 2.79 (0.84-9.27) 3.87 (1.15-13.02)
CT+TT 100 (64.9) 31 (86.1) 0.01 3.35 (1.23-9.10) 4.07 (1.46- 11.36)

CI: confidence interval, ORs: odds ratios. ? p < 0.05 was obtained through the Chi-square test (Pearson’s p-value).
b OR adjusted by age, sex, body mass index, nutritional guidance, post-training pain. ¢ Reference group. 4 Geno-
typing successfully obtained from 396 athletes (tendinopathy = 196). ¢ Genotyping successfully obtained from
385 athletes (control = 188). f OR adjusted by tendon pain and Training Exposure Index. 8 Genotyping successfully
obtained from 196 athletes (>3 = 42). " Genotyping successfully obtained from 385 athletes (control = 188).

The distributions of combination-predicted TNC-MMP3 phenotypes with tendinopa-
thy risk and episodes of disease manifestation are shown in Figure 2. The tendon regener-
ation failure phenotype was associated with a 1.4-fold (95%CI: 1.1-2.0) increased risk for
tendinopathy and a 2-fold (95%CI: 1.2-3.5) increase in the risk of experiencing more than
three episodes of disease manifestation.

Additionally, tendinopathy case athletes with the TNC-A/MMP3-T profile had a
4.3-fold (95%CI: 1.8-10.5) higher chance of experiencing more than three disease exac-
erbations compared to those with up to three disease manifestations (Figure 3).
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Figure 2. Tendon phenotype according to combinatorial analysis of TNC (rs2104772) and MMP3
(rs591058) SNPs in the influence of tendinopathy development in athletes (a) and in the episodes of
tendinopathy manifestation among high-performance athletes (b). Tendon phenotypes were classified
based on TNC-MMP3 combinations, including tendon stability (TNC-T/MMP3-C, TNC-T/MMP3-T,
and TNC-A/MMP3-C) and tendon regeneration failure (TNC-A/MMP3-T).
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Figure 3. Influence of MMP3 (rs591058) SNP among high-performance athletes with the presence
of the TNC-A allele of rs2104772 SNP in the development of tendinopathy in athletes (a) and in the
manifestation episodes of disease (b).

4. Discussion

This is the first study reporting on the influence of TNC-MMP3 in the context of tendon
regeneration failure phenotype, which is involved in the exacerbation of tendinopathy.
SNPs in these genes are known to contribute to a post-transcriptional alteration in the
regulation of genes involved in tendon ECM and damage to tissue regeneration [26,27].
The minor allelic frequencies (MAFs) of TNC-rs2104772-A and MMP3-rs591058-T are ap-
proximately 0.39-0.48 and 0.28-0.47, respectively, among different global populations
(https:/ /www.ensembl.org/index.html, acessed on 28 October 2024), which can contribute
to approximately 30% of the studied athletes having a susceptibility to the tendon regener-
ation failure phenotype.


https://www.ensembl.org/index.html

Diagnostics 2024, 14, 2469

10 of 14

TNC-rs2104772 was associated with an increased risk (~2-fold) of tendinopathy in
high-performance athletes, which corroborates the findings of other studies [19,28,29]. The
TNC glycoprotein is composed of epidermal growth factor (EGF)-like repeats, fibronectin
type III (ENIII)-like repeats, and a C-terminal fibrinogen-like globular domain. Interestingly,
alternative splicing variants of TNC have an impact on cell surface receptors, including
epidermal growth factor receptor (EGFR) [30]. Dejnek et al. (2022) evaluated 30 patients
with lateral elbow tendinopathy who underwent a single autologous platelet-rich plasma
(PRP) injection. Three months post-intervention, the concentration of EGF in the PRP from
platelets demonstrated a significant correlation with improvements in grip strength, the
strength of wrist extensors, and pain reduction [31].

The FNIII repeats influence the different isoforms of TNC glycoprotein [29]. The
variant TNC-rs2104772-T consists of an exchange of the amino acid Leul677Ile in the 13th
FNIII domain within the beta-sheet structure of TNC, which results in steric hindrance
with Phel636 due to its side chain. This interference results in the larger isoform of TNC
(230kDa), leading to increased instability [29] and affecting molecular elasticity [18,28],
which may influence the function of this glycoprotein and negatively contribute to a
failure in tendon ECM remodeling following stress caused by mechanical overload in
high-performance athletes.

In addition, this study observed that the presence of the MMP3-rs591058-T allele was
associated with a four-fold increased risk of the occurrence of more episodes of tendinopa-
thy manifestations. The MMP3 is composed of the translocation signal peptide, propeptide,
catalytic, and hemopexin domains [32]. The catalytic domain contains a Zn2+ binding
sequence, which is responsible for the enzymatic activity of MMP3. Although the function
of MMP3-rs591058 has not been fully understood, it is in linkage disequilibrium with
other SNPs and forms functional haplotypes that influence MMP3 expression [21,33]. This
variation may play a role in the degradation of tendon ECM molecules, including colla-
gens, elastin, fibronectin, gelatins, laminins, and proteoglycans [32]. Brisk and colleagues
observed that the rs591058-TT genotype, along with the contribution of the T allele on the
haplotype with two other SNPs of MMP3 (rs650108 and rs679620), indicated a predispo-
sition to tendinopathies in high-level Croatian athletes [34], which is consistent with our
findings.

The investigation of non-collagenous structures involved in tendinopathy has been
relevant for understanding genotype-phenotype correlations in the non-remodeling of
the ECM of injured tissue [27]. TNC and MMPs are co-expressed in tissues undergoing
active remodeling in pathological conditions, suggesting mutual regulation [35]. Despite
not finding an association with the FBN2 SNP, this study observed a gene—gene interac-
tion between TNC-MMP3 and a potential tendon regeneration failure phenotype, where
high-performance athletes presenting the TNC-rs2104772-A allele in combination with
MMP3-rs591058-T had a higher (1.5 and 2.0, respectively) risk of tendinopathy and the oc-
currence of >3 episodes of disease manifestations. Moreover, the MMP3-rs591058-T variant
demonstrated a four-fold increased risk of experiencing three or more episodes of disease
manifestations compared to the SNP C allele in athletes carrying the TNC-rs2104772-A vari-
ant. TNC has been found to upregulate MMPs’ expression in synovial fibroblasts, resulting
in the promotion of tissue remodeling [36]. This glycoprotein has two major isoforms
(190 kDa and 230 kDa), and endurance training increased the content of the larger isoform
in carriers of the TNC-rs2104772-A allele [37]. However, Siri and colleagues observed that
the presence of the spliced sequence within the fibronectin-like type III repeats introduces
new protease-sensitive sites in the large TNC isoform. Matriz metalloproteinase 2 (MMP2)
and MMP3 exhibited proteolytic cleavage in approximately 60% of a single type III repeat
of the large TNC isoform [38], which may lead to less tendon stability.

Finally, based on the associations found in the present study of the tendon regeneration
failure phenotype with tendinopathy risk and higher episodes of disease manifestation,
a hypothesis was created to describe the molecular mechanism by which TNC-rs2104772-
A/MMP3-rs591058-T combination leads to the failure of tendon regeneration after mechan-
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ical load during the sports careers of high-performance athletes (Figure 4). In summary,
individuals with the TNC-rs2104772-A variant allele present a larger isoform of TNC, and
the increase in mechanical load positively regulates the expression of this larger glycopro-
tein isoform. TNC upregulates the expression of MMP3 for the regeneration of injured
tissue; however, the influence of the rs591058-T allele in the spliceosome recognition region
may intensify the expression and proteolytic function of this enzyme, leading to the degra-
dation of the larger isoform of TNC. This can contribute to the reduced function of the
cell adhesion-modulating ECM glycoprotein and failure in the regeneration of the tendon
ECM during the training load exerted by high-performance athletes. Consequently, this
mechanism leads to the development of tendinopathy and exacerbation periods of the
disease throughout the athletes’ sports career.
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Figure 4. Hypothesis of the molecular mechanism involved by the TNC-rs2104772-A/ MMP3-rs591058-
T interaction in the failure of tendon regeneration after mechanical load during the sports career of
high-performance athletes.

Despite the promising findings, this study has some limitations that should be consid-
ered, including the small cohort size and the impossibility of conducting stratified analyses
considering the dynamics and intensity of training in different sports modalities, each with
its own profile for disease exacerbation. Furthermore, the sample size did not allow for
stratification by affected tendon, as this would reduce statistical power. However, knowing
that these SNPs are involved in the extracellular matrix of all tendon tissues, we believe
that this hypothetical mechanism occurs in any tendon that is overloaded by excessive
use due to athletic activity. We encourage the replication of this finding in other analytical
studies with larger cohorts of high-performance athletes from different affected tendons
and sports modalities to confirm the hypothesis of this study. Although the TEI was created
to estimate the training load during the athletic career of each athlete, the MET used was
based on a fixed value according to the 2011 Compendium of Physical Activities [25], which



Diagnostics 2024, 14, 2469

12 of 14

may not accurately reflect its true value. Additionally, there is a risk of recalled information
and memory bias, as some athletes may not have remembered important details in the
self-reported questionnaire. However, possible confounding variables were inserted in
the logistic regression model to evaluate the real influence of SNPs on the development
of tendinopathy.

The results of this study may have important implications for predicting and prevent-
ing the development of tendinopathy in elite athletes. The use of genetic testing in sports
medicine can contribute to precision medicine programs by identifying variants that may
increase the risk of injury and by designing personalized training programs for athletes
to prevent the development of the disease. The identification of the TNC-rs2040772 and
MMP3-rs591058 SNPs, along with other non-genetic predictors of disease (age, sex, training
exposure time, and sport modality), could contribute to the development of complex risk
assessment models (RAMs) to promote a better quality of life for more vulnerable athletes
without compromising their athletic performance and mitigating the premature end of
their careers.

5. Conclusions

In summary, high-performance athletes with TNC-rs2104772-A have a higher risk of
developing tendinopathy, while MMP3-rs591058-T is associated with an increased risk
of having more episodes of tendinopathy manifestations. The TNC-rs2104772-A/MMP3-
rs591058-T combination suggests a phenotypic profile of tendon regeneration failure as-
sociated with the failure of tendon ECM regeneration, contributing to susceptibility and
increased exacerbation of tendinopathy. Therefore, athletes at higher risk of developing
tendinopathy could be identified by genetic testing for these SNPs.
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