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Abstract

Background: It is unclear what role COLTAT polymorphisms play in anterior cruciate ligament (ACL) injury patho-
physiology. The present study investigated the relationship between COL1AT-1997 guanine (G)/thymine (T)
(rs1107946) polymorphism and ACL injury. Moreover, the possible effect of this polymorphism on the postoperative
outcomes of ACL reconstruction surgery was evaluated.

Methods: This prospective case—control study was performed on 200 young professional men with an ACL tear who
underwent arthroscopic ACL reconstruction surgery. Moreover, 200 healthy athletes without a history of tendon or
ligament injury who were matched with the case group were selected as the control group. DNA was extracted from
the leukocytes of participants, and the desired allele was genotyped. Clinical outcomes were collected for the case
group before and one year after surgery.

Results: The genotype distribution was in accordance with the Hardy-Weinberg principle. In the ACL injury group,
the G allele frequency was non-significantly higher than the healthy controls, with an odds ratio [95% CI] of 1.08
[0.79-1.47] (P=64). We did not find a significant difference between the genotype of individuals—GG, GT, and TT—in
the case and control groups (P> 0.05). Clinical outcomes of the ACL tear group were significantly improved in terms
of preoperative values. However, none of them were significantly different between the three genotypes (GG, GT, and
TT).

Conclusion: According to the findings of the present investigation, single-nucleotide polymorphism (SNP) at COLTAT
rs1107946 (G/T) was not a predisposing genetic factor for ACL injury in a young professional male athlete population
in the Middle East. Furthermore, patients' responses to treatment were not different between distinct genotypes.

Level of evidence ll.
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+ Collagen gene variations seemed to have an association with anterior cruciate ligament (ACL) injury among
+ This study shows no association of a type of COL1A1 polymorphism ACL injury in a young professional male

+ Different genotypes of COL1A1 have similar outcomes in ACL reconstruction surgery.
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Introduction

Anterior cruciate ligament (ACL) injury is one of the
most commonly reported sports injuries with a high cost
and disastrous burden [1, 2]. The ACL injury is prevalent
and may occur with concomitant meniscal injury, medial
collateral ligament (MCL) tear, and knee cartilage dam-
age [3-7]. The players of specific sports, such as bas-
ketball, soccer, and football, are at a higher risk of ACL
injury, which can potentially cause severe disability for
athletes [8, 9].

Although various underlying risk factors have been
known to contribute to ACL tear, the detailed patho-
physiology of the problem is still vague [10, 11]. Under-
standing the etiology, mechanism, and risk factors of
ACL injury could improve the prevention of ACL inju-
ries and would be useful in anticipating the prognosis of
patients. Biological mechanisms underlying non-contact
soft tissue injuries in musculoskeletal systems are largely
unknown. There is evidence that genetic factors are asso-
ciated with susceptibility to sport injuries and may play
a significant role in the recovery time [12—14]. Several
studies have confirmed the role of familial and genetic
predisposing factors in increasing the risk of ACL injury
[1]. Genetic variants in type I collagen as a major constit-
uent of ligament tissue matrix have been investigated [1,
15, 16].

Type I collagen is the primary fibrillar collagen
found in bones, tendons, and ligaments. This hetero-
trimer molecule consists of two «; chains and one «a
chain encoded by COLIAI (chr17q21.33) and COL1A2
(chr7q21.3) genes, respectively [16, 17]. Similar to
many medical conditions in which familial genetic link-
age has been found, researchers are interested in col-
lagen gene variations in ACL injured patients to find a
strong genetic predisposition and valid prognostic tool
[15, 16, 18-24]. Although various polymorphisms in
different loci of collagen genes have been tested in dis-
tinct ethnicities, there is still much to investigate. Two
single-nucleotide polymorphisms (SNPs) in COLIAI
have gained the most attention, namely COLIAI

rs1800012 (G/T) and rs1107946 (G/T) [15, 18, 19].
The rs1800012 is an SP1-binding site within intron 1 at
nucleotide 1023 and initially was shown to be associ-
ated with the risk of ACL injury [15, 25, 26]. The sec-
ond polymorphism has been identified in the proximal
promoter of COLIAI, at position — 1997 relative to the
transcription start site (rs1107946). This polymorphism
is related to bone mineral density [27, 28], distal radius
fracture [29], muscle injury [30], and keloid scar forma-
tion at the end of the wound healing process [31].

However, little is known about the COLIAI
rs1107946 polymorphism in the ACL injury. Despite
extensive efforts, the results of the previous studies
on these two sites did not reach a consensus [15]. An
essential but neglected factor is that genetics studies
in a population are highly variable and should be inter-
preted cautiously. Many studies confirmed the role of
COLIA1I rs1107946 polymorphism in musculoskeletal
soft tissue injury among athletes [19, 23], while some
investigations did not support this idea [18, 20, 24].

Furthermore, the clinical applications of these genetic
evaluations toward a better future medical practice
need to be addressed. Genetic studies have shown that
future therapeutic approaches may get toward more
specific and individualized agents or targeted therapy
to obtain maximum efficacy and lower complications
[32]. The ACL injury, in most cases, requires surgery,
and the postoperative outcome has been the subject of
numerous investigations and uncertainty. However, the
patient-reported outcome measures (PROMs) are gain-
ing much greater attention in choosing the appropriate
management [33].

We hypothesized that COL1AI rs1107946 (G/T) pol-
ymorphism is a risk factor for ACL injury in a popu-
lation of elite sports players. Thus, in this study, we
compared the SNP at the COLIAI rs1107946 (G/T)
site in a population of athletic Middle Eastern young
men with ACL injuries with a matched control group.
Furthermore, after a year of follow-up, we evaluated
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whether this SNP could be related to the postoperative
outcomes of ACL reconstruction surgery.

Materials and methods

Study design and participants

After receiving the confirmation of an institutional
review board, this prospective case—control study (Level
of evidence = III) was conducted from 2017 to 2021
at our tertiary care center: Kashani hospital, Isfahan,
Iran (Ethic code: IR.MULREC.1396.1.002). The inclu-
sion criteria entailed: 1) Professional athlete for > 2 years,
2) Affected by isolated ACL injury diagnosed with both
physical examination and magnetic resonance imaging
(MRI) of the knee, 3) Injured in sports activities during
the last month, 4) Older than 18 years, 5) Participating
in the sports of soccer, volleyball, basketball, and hand-
ball, and 6) Otherwise medically healthy and not con-
suming any medications or not being diagnosed with any
other disease. Patients with a history of other significant
comorbidities in the knee (e.g., other ligaments or tendon
tear, knee degenerative joint disease, meniscus tear, or
bone fractures), previous knee surgery, connective tissue
disease (i.e., Marfan, Ehlers-Danlos syndrome or auto-
immune disorders) were excluded. All of the included
patients were provided information about the investiga-
tion, and written consent was received from them.

After screening a total of 287 white male professional
athletes with an ACL tear, 200 were selected for the cur-
rent study. They were referred to our center of excellence
for orthopedic surgery and underwent arthroscopic ACL
reconstruction surgery with the allograft augmentation of
the hamstring by one experienced knee surgeon (H.AA).
For controls, 200 healthy athletes without a history of
tendon or ligament injury were selected contiguously
from our national sports leagues and were matched to
the case group for age, ethnicity, body mass index (BMI),
years in the sport, and type of the sport (Fig. 1). The same
ten-week physical therapy program was provided in a
rehabilitative center to all patients postoperatively.

DNA extraction and genotyping

Based on the recommendations of genotype—phenotype
association studies [34, 35], we performed genomic DNA
extraction from the leukocytes of the peripheral blood
samples. To this end, 5 ml blood specimens were obtained
from the antecubital vein and were preserved at — 20 °C
until DNA extraction. DNA extraction was carried out
following the protocol of previous studies [21]. The allelic
distinguishing of COL1A1-1997 G/T (rs1107946) poly-
morphism was performed by TagMan Pre-Designed SNP
Genotyping Assays (Assay ID: C__7477171_10, Applied
Biosystems, USA). This includes primers and fluores-
cently labeled probes (FAM and VIC) for allele detection.
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Amplification was completed by real-time polymerase
chain reaction (PCR) (StepOne, Applied Biosystems,
USA). During the thermal cycler, an initial step is carried
out at 95 °C for 5 min, then 45 cycles of denaturation at
94 °C for 15 s, followed by annealing at 60 °C for 1 min
[18]. For quality control, negative and positive controls
were utilized during the polymerase chain reaction (PCR)
process to detect polymorphism. Two blinded independ-
ent investigators numerated the genotyping results and
provided them for further clinical investigations [18].

Follow-up and functional outcome measures

The ACL-reconstructed patients underwent precise
physical examination and subjective evaluations before
surgery and one year postoperative. The anterior drawer
tests (ADT) and Lachman tests were performed as
explained by an experienced knee surgeon (H.AA) [36].
The injured knee was compared to the opposite side in
terms of forwarding displacement, and the millimeter
difference was documented as the degree of ACL laxity.
The values (mm) were measured clinically with a ruler
and compared to the normal site by our senior knee sur-
geon during the physical examination.

The collected PROMs encompassed International Knee
Documentation Committee (IKDC) questionnaire [37],
Knee Injury and Osteoarthritis Outcome Score (KOOS)
[38], Visual Analog Scale (VAS) pain score [39, 40] in the
knee region, Tegner Lysholm Knee Scoring Scale [41],
and ACL-Return to Sport after Injury (ACL-RSI) scale.

The IKDC is an 18-item subjective scale, region-spe-
cific questionnaire for measuring symptoms, daily func-
tion, and sports activity in patients with knee disorders
[37]. The KOOS tool assessed five distinct functional
outcomes of the knee, including pain, stiffness and other
symptoms, activities of daily living (ADLs), sport and
recreation, as well as the quality of life. Each subscale
is scored separately from 0 to 100 [38]. Tegner Lysholm
knee score is another evaluation scale for the ADLs of
the patients with knee disorders containing eight fac-
tors contributing to a maximum score of 100 [41]. Teg-
ner Lysholm’s tool includes items for support, limp,
squatting, pain, instability, swelling, locking, and stair
climbing. The ACL-RSI is a 12-item scale that evaluates
psychological preparedness to return to sport. The ACL-
RSI addresses three psychological factors, namely confi-
dence in knee work, emotions, and risk assessment. The
higher score (range: 1-10) represents the greater prepar-
edness for returning to sport [42].

Statistical analysis

We reported the descriptive statistics of quantitative data
as mean & SD and qualitative data as the frequency in the
tables. The Chi-square or Fisher’s exact test was applied
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Fig. 1 Patients'enrollment process and study flow diagram

to assess the allelic difference between cases and con-
trols. We compared genotype between the participants
in the case and control groups in three ways because we
did not have insight into the mode of inheritance for the
minor allele: 1) inheritance was considered codominant,
and an association test was performed in the 2 (pheno-
type) x 3 (genotype) table, 2) the minor allele inheritance
was considered dominant, and the homozygote and het-
erozygote forms of the minor allele were merged to be
compared with the homozygote of the major allele, and
3) the minor allele inheritance was considered recessive,
and the homozygote forms of the minor allele were com-
pared with merged remaining genotypes. In our data, the
Hardy—Weinberg equilibrium principle was met. There-
fore, we did not perform additional analysis.

Repeated measure analysis of variance (ANOVA) was
used for comparison of genotype-based comparison of

functional scores. P value (2-sided) > 0.05 was considered
significant for all tests. All the statistical analyses were
conducted utilizing the SPSS software version 22 (IBM,
USA). Finally, the power of this study was calculated as
0.81 with GPower software.

Results

Demographic and sports data are represented in Table 1.
There was no significant difference between the ACL
injured groups and the control group regarding age,
BM]I, type, and years of the sports. The distribution of
the genotype was in accordance with the Hardy—Wein-
berg principle. Alleles (G or T) frequency in groups were
summarized in Table 2. Compared with the ACL injury
group, G allele frequency was non-significantly higher
in the injured group with an odds ratio [95% CI] of 1.08
[0.79-1.47] (P=64).
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Table 1 Demographic and sport data

Variables ACL injury Control (n=200) P value
(mean=+SD) (n=200)
Age (years) 303+64 29.74+6.0 0.33
BMI (kg/m?) 241486 25649.1 0.09
Sports, n (%)

Soccer 107 (53.5%) 110 (55%) 0.95

Volleyball 45 (22.5%) 46 (23%)

Basketball 38 (19%) 36 (18%)

Handball 10 (5%) 8 (4%)

Years in sports 95459 92448 0.17

ACL anterior cruciate ligament, BMI Body Mass Index

Different genotype frequencies are shown in Table 3.
Assuming all three possibilities for gene inheritance,
including dominant, recessive, or codominant in a 2-by-3
general association test, we did not find a significant dif-
ference between cases and controls in genotype.

Clinical examinations (the ADT and Lachman test) and
PROMs (IKDC score, KOOS score, Tegner Lysholm, and
ACL-RSI) of the ACL tear group before and 1-year after
surgery are represented in Table 4 in terms of genotypes.
We witnessed significant improvement in these scores
when comparing the pre-post values. However, none
were significantly different between the three genotypes.

Discussion

The current study aimed to evaluate whether the COLIAI
rs1107946 (G/T) polymorphism is a risk factor for ACL
injury in a population of elite sports players compared
to a matched control group. Furthermore, we examined

Table 2 Allele distribution between case group and control group
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the discrepancy in response to ACL reconstruction sur-
gery between patients with different genotypes regarding
the COLIAI rs1107946 (G/T) polymorphism. Based on
our findings, COLIAI gene polymorphism at rs1107946
(G/T) is not associated with a higher risk of ACL tear
in young male professional athletes in the Middle East
region. No significant difference was found in terms of
genotype between the healthy and ACL groups in our
study. In addition, responses to treatment and PROMs
were not significantly different between genotype groups.
The molecular and cellular pathways show that genetic
variants might play a role in this kind of sports injury.
However, the role of genetic variants in ACL tear is under
debate, and our results are in line with other studies with
a different population [18, 20, 23, 24].

Previous studies highlighted the importance of the
genetic variants of the COLIAI gene in ACL patholo-
gies [15, 18-20, 23-25]. In a systematic review by Kaynak
et al,, the association of 33 distinct DNA variants and
ACL tear was analyzed [15]. These authors suggested
no association of COLIAI rs1107946 and ACL injury,
but with inadequate evidence. Stepien-Slodkowska et al.
[18] studied 138 male Polish recreational skiers with
primary ACL tear and did not report the genotype and
allele frequency of rs1107946 as a risk factor for ACL tear
incidence. Ficek et al. [23] investigated 91 Polish male
professional soccer players with ACL tear and found
COL1A1 rs1107946 and rs1800012 SNPs genotype dis-
tribution and allele frequency were not significantly dif-
ferent between the ACL tear group and controls. Also,
they investigated the association between the COL1A1
rs1107946 and rs1800012 haplotypes and ACL tears.

Allele frequency ACL injury (n=200) Control (n=200) OR[95% Cl] Pvalue HWE
Guanine (G) 291 (72.8%) 285 (71.2%) 1.08 [0.79-1.47] 0.64 1.0
Thymine (T) 109 (27.2%) 115 (28.8%) 1.0
ACL anterior cruciate ligament, OR odds ratio, C/ confidence interval, HWE Hardy-Weinberg Equilibrium
Table 3 Impact of COLTAT rs1107946 G/T polymorphism on ACL tear based on different genetic inheritance
Genetic inheritance Genotype ACL injury (n=200) Control (n=200) P value
Codominant, n (%) GG 124 (62%) 114 (57%) 0.27
GT 43 (21.5%) 57 (28.5%)
T 33 (16.5%) 29 (14.5%)
Dominant, n (%) GG 124 (62%) 114 (52%) 0.31
GT+TT 76 (38%) 86 (48%)
Recessive, n (%) TT 33 (16.5%) 29 (14.5%) 0.58
GT+GG 167 (83.5%) 171 (85.5%)

ACL anterior cruciate ligament, OR odds ratio, C/ confidence interval, G Guanine, TThymine, GG/GT/TT different single-nucleotide polymorphism of COL1A1 rs1107946
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Table 4 Patients'functional outcome pre- and 1-year postoperatively in terms of genotypes (mean %= SD)

Outcome Preoperative 1-year postoperative P value'

GG (n=124) GT (n=43) TT(n=33) GG (n=120) GT (n=40) TT (n=30)

Anterior knee pain (VAS) 50+14 50+16 49415 23+1.1 26+£1.1 26+1.1 Group effect: 0.80
Time effect: <0.001
Interaction: 0.43

Drawer test (mm) 6.14+1.2 63+13 58+14 15+05 17407 154+0.6 Group effect: 0.09
Time effect: <0.001
Interaction: 0.31

Lachman test (mm) 65+12 63+12 63+12 15405 1.7+£06 16+06 Group effect: 0.81
Time effect: < 0.001
Interaction: 0.16

IKDC knee score 63.54+6.0 650480 6144104 86.2+4.1 86.1+44 859435 Group effect: 0.27
Time effect: <0.001
Interaction: 0.07

KOOS 61.7+47 61.5+49 60.3+55 86.2+4.1 86.1+44 859435 Group effect: 0.50
Time effect: <0.001
Interaction: 0.69

Tegner Lysholm 65.7+44 65.0+3.7 66.1+4.2 884130 88.71+26 89.0+238 Group effect: 0.19
Time effect: <0.001
Interaction: 0.53

ACL-RSI 29.1+84 2044738 27.8+60 885+78 88.9+38.1 916488 Group effect: 0.73

Time effect: <0.001
Interaction: 0.12

*Two-way repeated measure ANOVA

VAS visual analog scale, IKDC international knee documentation committee, KOOS knee injury and osteoarthritis outcome score, ACL-RSI ACL-Return to Sport after

Injury, G Guanine, TThymine

According to their study, G-T (rs1800012 and rs1107946)
haplotypes may have a modest protective effect on ACL
tears, when recessive inheritance patterns are assumed
(P=0.048). A cohort study by Sivertsen et al. [20] on 851
Scandinavian elite female athletes revealed no signifi-
cant relationship between rs1107946 and the risk of ACL
injury. Prabhakar et al. [24] researched 52 Indians with
an ACL tear but otherwise normal knee and claimed the
mentioned deduction. In conclusion, some of the previ-
ous studies do not support the role of rs1107946 SNP as a
risk factor for ACL tear in professional athletes.

On the other hand, conflicts still prevail. A study by
Stepien-Stodkowska [19] on 180 Polish male and female
recreational skiers with primary ACL tear indicated a
significant difference in the genotype of the injured ACL
skiers (GG=82.2%, GT=16.7%, TT=1.1%), in com-
parison with control subjects (GG="71.4%, GT =26.5%,
TT=2.2%). The GG genotype was predominant in
the ACL injury group, compared to controls, and cases
had a significantly higher G allele frequency in their
study [19]. This study represents rs1107946 COLI1A1 as
a potential factor projecting the ACL pathologies. How-
ever, the injury mechanism in ski is somehow different
from other non-contact ACL injuries due to the specific
nature of movements in this sport [18, 25].

The observed controversy in terms of COLIAI gene
variants could be attributed to the complicated genetic

background of ACL tears. We still do not have a clear
viewpoint about this content due to insufficient evi-
dence, a high risk of bias in the studies, and unclear
conclusions. Therefore, further evaluations of genetic
associations are recommended [15]. The COLIAI
rs1107946 polymorphism is also studied in Achilles
tendon rupture (ATR) [22]. A study conducted by Gib-
bon et al. analyzed banked DNA samples of white Euro-
peans from South Africa and the United Kingdom and
revealed that the G-T (rs1107946-rs1800012) haplotype
was a preventive factor for acute Achilles tendon rup-
tures [22]. Their results are in line with those of Ficek
et al. [23] about the ACL tear. A number of factors may
have contributed to the controversial result of the role
of COL1A1 rs1107946 polymorphism in the develop-
ment of ACL injuries. First, several studies do not con-
sider confounding factors such as the level of energy
associated with trauma or the mechanism of injury.
Second, the studies were conducted on different popu-
lations, including Norwegian and Finnish, Polish, South
African, and UK athletes, as well as Iranian athletes for
our study. Third, participants in previous studies were
of varying sexes, some of them are males, some are
females, and some both. Lastly, different recruitment of
athletes from different disciplines and levels (elite, pro-
fessional, or recreational) could also result in different
association results.
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Besides the knowledge of the underlying genetics
of diseases, their application for early diagnosis, spe-
cial treatment, and prognosis, or in other words, “Indi-
vidualized Medicine,” should be highlighted. It has been
proposed that the expression of SNPs in genes involved
in the regeneration and repair of connective tissue may
explain individual variations in injury severity, healing
time, and injury rate [43, 44]. None of the previous stud-
ies in this context investigated patients’ response to ACL
reconstruction surgery in terms of COLIAI rs1107946
polymorphism. In the present study, one year after ACL
reconstruction surgery, we observed that the functional
knee scores were not different between distinct geno-
types. Furthermore, physical examination for ACL sta-
bility was similar between diverse genotypes. Factors
contributing to the response to treatment, such as age,
gender, comorbidities, the duration and center of postop-
erative rehabilitation physical therapy, surgeon and surgi-
cal technique, as well as the graft site, were all the same in
this study. As a result, we may conclude that the response
of patients to treatment is not related to the background
genetic variants of COLIAI rs1107946 (G/T). This result
is being obtained from the Middle Eastern population
for the first time and requires further investigation with
more samples and comparison with other SNP in other
parts of the world.

Limitations

Our study encountered some limitations. We did not find
a significant difference between genotypes for the out-
comes of interest. However, we have to consider type 2
errors regarding the negative results. Nevertheless, the
study sample size is appropriate compared with simi-
lar genetic studies [18—-20, 23-25]. We could not figure
out the exact causal relationship between genetic vari-
ants and the ACL tear incidence due to the case—con-
trol design of the study. Despite matching the cases and
controls regarding age, ethnicity, BMI, years in the sport,
and type of sport, heterogeneity among participants for
other confounding factors is inevitable. Anatomical vari-
ations and other genetic factors concerning ACL tear
(e.g., matrix metalloproteinase) may obscure the results
[45, 46]. Finally, a longer follow-up may discover dispa-
rate results.

Conclusion

According to the findings of this study, SNP at COLIA1
rs1107946 (G/T) was not a predisposing genetic fac-
tor for ACL injury in a population of young professional
male athletes in the Middle East. Furthermore, patients’
responses to treatment were not different between dis-
tinct genotypes. Therefore, further investigations are
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necessary to determine the other possible genetic factors
and protein production that lead to sport-related liga-
ment injuries.
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