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Abstract: Osteoporosis is characterized by a decline in bone mineral density (BMD) and increased
fracture risk. Free radicals and antioxidant systems play a central role in bone remodeling. This
study was conducted to illustrate the role of oxidative-stress-related genes in BMD and osteoporosis.
A systematic review was performed following the PRISMA guidelines. The search was computed
in PubMed, Web of Sciences, Scopus, EBSCO, and BVS from inception to November 1st, 2022. The
risk of bias was evaluated using the Joanna Briggs Institute Critical Appraisal Checklist tool. A
total of 427 potentially eligible articles exploring this search question were detected. After removing
duplicates (n = 112) and excluding irrelevant manuscripts based on screenings of their titles and
abstracts (n = 317), 19 articles were selected for full-text review. Finally, 14 original articles were
included in this systematic review after we applied the exclusion and inclusion criteria. Data
analyzed in this systematic review indicated that oxidative-stress-related genetic polymorphisms
are associated with BMD at different skeletal sites in diverse populations, influencing the risk of
osteoporosis or osteoporotic fracture. However, it is necessary to look deep into their association
with bone metabolism to determine if the findings can be translated into the clinical management of
osteoporosis and its progression.
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1. Introduction

Bone is a metabolically active tissue that experiences continuous remodeling via two
reciprocal processes: bone formation and bone resorption. This coordinated process is
carried out by osteoclasts, osteoblasts, and osteocytes [1]. Disturbance in the activity of
these specialized cells would ultimately lead to several diseases, such as osteoporosis [2].
Osteoporosis is a progressive bone disease characterized by a decrease in bone mineral
density (BMD) that increases the fracture risk [3]. According to many studies, genetic and
environmental factors contribute to the development of the disease by about 70% and 30%,
respectively [4].

The activity of bone cells can be influenced by various cellular factors, including
nutrients, endocrines, cytokines, growth factors, and free radicals [5]. Free radical products
of oxygen metabolism are generated from the excessive production of reactive oxygen
species (ROS) via the mitochondrial electron-transport chain (due to electron leak in the
respiratory chain) by enzymatic complexes, such as xanthine oxidase and nicotinamide
adenine dinucleotide phosphate (NADPH) oxidases, or under environmental stimuli (e.g.,
cytokines, ultraviolet radiation, drugs, pollution) [6].
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The antioxidant system consists of agents such as vitamins C and E, or reduced glu-
tathione (GSH), and antioxidant enzymes such as glutathione peroxidase (GPX), superoxide
dismutase (SOD), and paraoxonase (PON) that neutralize ROS. When there is an increase
in the production of ROS and a failure of the antioxidant systems to neutralize them,
an oxidative stress state could occur [7]. Adverse effects of oxidative stress result from
damage to cell structures due to lipid and protein oxidations. In addition, ROS could
modify mitochondrial and nuclear DNA integrity by increasing the risk of mutations
through the deregulation of redox-sensitive transcription factor activities [7]. When DNA
repair mechanisms are overwhelmed, cells undergo apoptosis or necrosis, which can lead
to tissue damage [8]. Therefore, ROS has been broadly associated with health compli-
cations, including cancer, neurological disorders, atherosclerosis, diabetes mellitus, and
osteoporosis [9].

Accumulating evidence suggests that bone biology is mainly affected by redox balance
regulation and that targeting ROS production in bone cells might be an essential approach
to preventing bone damage [10]. Briefly, controlled production of free radicals by normally
functioning osteoclasts could accelerate the destruction of calcified tissue and assist in
bone remodeling [11]. Generated superoxide from osteoclasts directly contributes to bone
degradation; however, osteoblasts produce antioxidants such as GPX to protect against
ROS [12]. Therefore, oxidative stress has an active function on osteoblast activity and
mineralization [12]. Under these conditions, the imbalance between ROS production
and antioxidant mechanisms may negatively affect bone metabolism and contribute to
osteoporosis [13]. Twin and family studies have shown that genetic variants could explain
50-80% of the risk of osteoporosis [14]. In this context, genetic association studies have
been crucial in providing information about the genetic architecture of osteoporosis and
bone fracture predisposition [15]. Because of the crucial role of oxidative stress in bone
turnover, this systematic review summarizes the principal single nucleotide variants (SNVs)
involved in oxidative stress genes associated with osteoporosis. With this information, in
the future, we could propose new therapeutic approaches for osteoporosis treatment to
improve patients’ quality of life.

2. Materials and Methods
2.1. Search Strategy and Eligibility Criteria

We followed the recommendations in the Preferred Reporting Items for Systematic
Reviews and Meta-Analyses (PRISMA) guidelines [16]. This protocol was registered in
PROSPERO (ID: CRD42023408104). Thus, we performed an extensive literature search
using PubMed, Web of Science, Scopus, EBSCO, and BVS, mainly based on the search terms,
with English language restrictions and independently applied inclusion and exclusion
criteria to screen titles and abstracts of the remaining articles. There were no restrictions
based on the race/ethnicity or gender of participants. The search strategy included the

i ", v

terms: “gene”; “single nucleotide polymorphism”; “genetic variant”; “oxidative stress”;
“antioxidant”; “bone mineral density”; “osteoporosis”; and “fractures” (Table S1). These
were seeded in text word searchers and the “related articles” function was used to broaden
the search. We also reviewed publications cited in references using these search words for
relevant studies that were not identified. In addition, all searches were conducted with no

period time specified.

2.2. Study Selection

We searched all abstracts for potentially relevant publications. Studies meeting the
following criteria were included: (1) original studies evaluating the relationship between
different oxidative status genes in bone metabolism; (2) original studies conducted in the
adult population (aged > 18 years); (3) articles written in English; (4) studies reported as
an original research paper in a peer-reviewed journal; (5) studies adequately describing
their samples (e.g., diagnostic criteria, and source of samples), and methods such that the
experiments could be replicated; (6) full text of the selected articles available for retrieval.
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Papers were excluded if (1) the study enrolled children, cell cultures, or animals; (2) the
study’s full-text version was written in a language other than English; (3) the articles were
reviews, letters to the editor, case reports, or abstracts presented at scientific events; (4) the
full-text version of the article was unavailable; and (5) the studies did not report sufficient
information on the role of genes encoding enzymes involved in regulating oxidative stress
or on oxidative stress levels. Concordance was evaluated through Fleiss’ kappa statistic.
Any disagreement between the investigators was resolved by consultation with the senior
coordinators of the project (G.L.-R. and R.V.-C.), allowing for the final selection of the
papers to be included in this systematic review.

2.3. Data Collection and Analysis
2.3.1. Data Extraction and Management

Data extraction was performed independently by three researchers (P.L.-M., A.B.-C.,
and B.R.-P.) and validated by independent researchers (A.D.A.-P. and G.L.-R.). The data
were added to a predetermined and standardized data form using Microsoft Excel 365.
Disagreements between researchers were discussed and resolved.

2.3.2. Risk of Bias

The risk of bias of selected publications was evaluated using the Joanna Briggs In-
stitute (JBI) Critical Appraisal Checklist, with a score of >5, 4, and <4 indicating low,
moderate, and high risk of bias, respectively [17]. Two researchers (P.L.-M. and A.B.-C.)
independently performed the risk of bias evaluation, and a third researcher (A.D.A.-P)
defined disagreements.

2.3.3. Data Synthesis

The data synthesis describes the SN'Vs found grouped into gene families, the outcomes
with their measurement method, and the observed association. Due to the variability
between studies and the need for more detailed information (SNVs, outcomes, methods
used to assess the variables of interest, data management, etc.), meta-analysis could not be
performed. However, the data extracted from each included study allowed us to describe
the variables of interest.

3. Results
3.1. Systematic Research

The flow diagram of the literature search process is reported in Figure 1. We detected
a total of 427 relevant articles, and we removed 112 duplicates. Two hundred ninety-six
articles were excluded based on the evaluation of titles and abstracts for not corresponding
to the aim of this review. The excluded articles were conducted in Australia (1), Austria (6),
Belgium (3), Brazil (8), Canada (5), Chile (1), China (94), Czech Republic (1), Denmark (1),
Egypt (10), Europe (1), Finland (1), France (3), Germany (9), Hong Kong (1), Hungary (1),
India (14), Indonesia (1), Iran (3), Iraq (1), Israel (3), Italy (18), Japan (12), Korea (3), Latvia
(1), Malaysia (4), the Netherlands (2), New Zealand (2), Oman (1), Poland (3), Portugal (4),
Romania (1), Slovenia (2), South Korea (4), Spain (6), Sweden (1), Taiwan (1), Thailand (1),
The Netherlands (1), Turkey (2), the United Kingdom (4), and the United States of America
(55) (Table S2).

Nineteen original articles were selected for full-text review; of them, only fourteen
met the inclusion criteria and were included in the present systematic review (Figure 1).
We observed an agreement percentage of 96% (Fleiss” kappa = 0.74, p < 0.001).
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Figure 1. PRISMA 2020 flow chart describing the screening process.

3.2. Study Characteristics

Fourteen articles studied the associations between oxidative stress genes related to
bone health outcomes, such as BMD, osteopenia, osteoporosis, and osteoporotic fracture.
All of them fulfilled the selection criteria, and the characteristics of these studies are
illustrated in detail in Table 1. The identified papers were published from 2003 to date. Five
studies were conducted in the Slovenia population [18-22], two studies in China [23,24],
and one in India, Iran, Spain, Japan, Korea, Egypt, and the United Kingdom each [25-31].
Sample size widely varied, ranging from 142 to 426,824 individuals.
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Table 1. Summary of studies included in the systematic review.
Study Sample Size Number Mean Age Measurement
Country Design (W/M) Number of Cases of Controls (Years) Site (BMD) Outcome Confounders Author, Year
. Peripheral-calcaneus
. Cross-sectional Case: 60.20 + 7.42 . a Botre et al.,
India study 180 % 82 Control: 57.4 = 8.51 BMD (spine or 05 NR 2015 [25]
proximal femur)
Case: (W: 66.04 + 4.88;
180 90 90 M: 69.73 £ 6.83) . b Al-E-Ahmad et al.,
Iran Case-control study (90 W/90 M) (45 W/45 M) (45 W/45 M) Control: (W: 64.93 + LS and proximal FN (e} Age, gender 2018 [26]
4.69; M: 68.11 + 6.36)
Total hip (EFN,
. Cross-sectional 1627 } trochanter, and Age, gender, height, Deng et al.,
China study (825 W /802 M) 1627 345+132 intertrochanter BMD and weight 2011 [23]
region)
Slovenia Cms;ﬁﬁ"nal 468 468 - 63.71 + 8.279 LS, TH, FN BMD Age, BMI, yearsince ~ Mlakar etal.,
y menopause 2012 [18]
Sex, age, BMI, BMD,
Spain Case-control stud 575 221 354 Cases: 61.37 £+ 17.88; Right calcan. OF ¢ menopause, Usategui-Martin
pa ase-controlstudy 296 W /279 M) (189 W/165 M) (107W/114M)  Control: 61.88 = 16.32 it calcaneus hypertension and etal., 2022 [27]
family history of OF.
Cross-sectional 2119* Yamada et al
Japan stud (1087-1094 - - 40-79 LS and right FN BMD Age 2003 [25] v
uey W/1112-1125 M)
Cross-sectional Age, year since
Korea tud 560 560 - 59.4 +7.2 LS, FO BMD, OF menopause, weight,  Oh et al., 2007 [29]
study and height
. Cross-sectional 712 W:60.84 & 9.99; d Age, height, and Mlakar et al.
142 97 45 Case: 479 + 8.9; Senosi et al.,
Egypt Case-control study (154 w/18 M) (85W/12M) (39W/6M) Control: 45.9 + 8.1 LS, FO 0OS, OF NR 2022 [30]




Antioxidants 2023, 12,915

60f 18

Table 1. Cont.

Study Sample Size Number Mean Age Measurement
Country Design (W/M) Number of Cases of Controls (Years) Site (BMD) Outcome Confounders Author, Year
BMI, fat-free soft
tissue body mass,
. height, type 2 -
d -sect 1 . . Michaél: tal.,
(U?fmﬁ;‘nk) Crojﬁ Soeina 426,824 53,184 373,611 NR Heel BMD, OF diabetes, smoking, 1 Zaoeﬁs[(f}]e a
o4 alcohol g
consumption, and
steroid hormones.
China Case-control study 281 123 OP/127 OS 31 45 to 65 LS, left hips BMDP? NR Liu et al., 2009 [24]
Slovenia Cross-sectional 712 292 420 d Mlakar et al.,
study (593 W/119 M) (266 W /26 M) (327 W/93 M) 62.04 +£9.79 LS, TH, FO BMD Sex, BML, age 2011 [20]
Age, height, weight,
years since
. 63.71 £ 8.28; Fl Mlakar et al.,
Slovenia Cohort 523 468 55 4456 + 3.9 LS, TH, FO BMD menopause, 2012 [21]
smoking status and

glucocorticoid use

. Cross-sectional 682 b Age, weight, height Mlakar et al.,
Abbreviations: BMI: bone mineral density; OP: osteoporosis; OF: osteoporotic fracture; OS: osteopenia; N: normal; W: women; M: men; NR: not reported; BMI: body mass index;

LS = lumbar (L1-L4) spine; TH: total hip; FN: femoral neck; FO = forearm; #: BMD, normal as T-score > 1.1 SD; osteoporotic as T-score < 2.5 SD; b. BMD WHO criteria (cases:
T-score < 2.5 SD; controls: T-score > 1.0 SD); €: Genant classification; d. International Society for Clinical Densitometry (ISCD) criteria; ¢: American College of Rheumatology /European
League Against Rheumatism criteria. Osteoporotic fractures were determined after a follow-up of 12-14 years; * varied in each SNV analyzed.



Antioxidants 2023, 12,915 7 of 18

Thirty percent of the studies were conducted in pre or postmenopausal women [18,21,24,29],
and the rest involved both men and women adults [19,20,22,23,25-28,30,31]. A total of
72% percent of all the studies were of a cross-sectional design, 21% were case-control
studies, and 7% were cohort studies, mostly diagnosed according to the following criteria:
osteoporosis T-score > 2.5 SD below peak bone mass by DXA, except one study performed
in Spain, which used peripheral instantaneous X-ray imaging [27]. Seventy-nine percent of
the reports were adjusted by confounding variables, mainly age, sex, and BMI, while the
rest of the papers did not report it.

Finally, we obtained 21 oxidative stress genes reported in the selected literature:
Arachidonate 12-Lipoxygenase 125 type (ALOX12); BUD13 homolog (BUD13); Catalase
(CAT); Glutathione-S reductase (GSR); Thioredoxin Reductase 1 (TXNRD1); Superoxide
dismutase 1 (SOD1); Superoxide dismutase 2 (SOD2); Mannose-6-Phosphate Receptor
(M6PR); Glutathione Peroxidase 6 (GPX6); Thioredoxin 2 (TXN2); Paraoxonase-1 (PON1),
Paraoxonase-2 (PON2); Glutathione S-Transferase Mu 3 (GSTM3); Cytochrome P450 Family
4 Subfamily F Member 2 (CYP4F2); Scavenger Receptor Class B Member 1 (SCARBI);
Nitric Oxide Synthase 3 (eNOS); variable-number tandem repeat (VNTR); Glutathione
S-Transferase Mu 1 (GSTM1); Glutathione S-Transferase Theta 1 (GSTT1); Glutathione
S-Transferase Pi 1 (GSTP1); and Glutathione Peroxidase 1 (GPx1). We cataloged the poly-
morphisms that affect bone mass (Table 2) from those that influence osteoporotic fracture
(OF) (Table 3).

Table 2. Polymorphisms related to oxidative stress, BMD, and osteoporosis risk.

Gene Chr SIg;lll\?\C]ant Main Findings Non-Ssllg\;]r{;ﬁcant Outcome Reference
Antioxidant enzymes
Mlakar et al.,
SOD1 21 rs4998557 1BMD 2012. [18]
Mlakar et al.,
rs4880 1BMD 2012. [18]
152053949, rs7754103,
3 _ A 157754295, rs12192410, Deng et al., 2011.
rs11968525 9.50 x 1077, p = 0.048 1510455776, 1512525670 TBMD 23]
SOD2 6 rs9355741
_ B,
54880 1.50 (0.8% 5563) 0P
p<U. Botre et al., 2015
0.23 (0.11-0.30) B *+, [25]
rs5746094 P <005 TOoP
Femoral neck
0.633 £ 0.005 vs. 0.653 4 0.004,
C
rs662 p <0001 |BMD PMW
Lumbar spine
0.798 £ 0.007 vs. 1.034 + 0.012,
p <0.05 PMW
PON1 Femoral neck
7 0.640 £ 0.003 vs. 0.774 % 0.006, Ya;&gga[gtg ]alu
p<0.01° :
rs854560 Lumbar spine
0.803 £ 0.005 vs. 0.848 4+ 0.013,
p<0.01°
Femoral neck
PON2 rs7493 0.638 4 0.004 vs. 0.657 = 0.005, |BMD PMW
p<0.05°
Femoral neck, p < 0.026 NA
rs1050450 . A JBMD
oPXI 3 Total hip, p < 0.023 N Milakar et al.,
PolvAla region Lumbar spine, p = 0.032 N4 |BMD 2010. [22]
yalares Total hip, p = 0.018 NA
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Table 2. Cont.
Significant R, Non-Significant
Gene Chr SNV Main Findings SNV Outcome Reference
GSTM17 Mlakar et al.,
GSTMI 1 1574837985 T BMD 2011. [20]
Femoral neck, p = 0.023 N4
- P
GSTT1 Cl;f5T5T01605 Lumbar spine p = 0.017 N4 1T BMD leglf;lar [ezto?l.,
s Total hip, p = 0.031 NA :
Total hip VPB
0.831 + 0.148/0.859 + 0.125 Mlakar et al.,
GSTM3 1 rs7483 vs. 0.858 + 0.139 151799735 1BMD 2012. [19]
p=0.012€
151138272 Mlakar et al.,
GSTP1 n 151695 BMD 2012. [21]
Lumbar spine VPB
0.850 + 0.170/0.880 + 0.180
vs. 0.880 £ 0.150
p=0.010C¢ rs17881315, rs17879188, Oh et al., 2007
1517880449 Femoral neck VPP 1517886119 TBMD [29]
CAT 11 0.710 + 0.130/0.730 + 0.120
vs. 0.730 + 0.120
p=0.050 €
Mlakar et al.,
rs511895 1BMD 2012. [18]
9.15 (1.06-79.11) B, Al-E-Ahmad
ALOX12 17 rs2292350 b = 0,044 NOW 1s9897850 1OP etal, 2018, [26]
Femoral neck YPB
0.689 + 0.12/0.702 £ 0.132
vs. 0.712 £ 0.110 p = 0.044 C
Total hip 28 Mlakar et al
GSR 8 152978663 0.826 +0.144/0.849 + 0.152 152911678 1BMD 2012. [18] M
vs. 0.863 4 0.107 p = 0.009 © ’
Lumbar spine VPB
0.847 +0.167/0.870 + 0.168
vs. 0.880 £ 0.163 p = 0.043 c
Femoral neck VPB .
£s1799983 0.714 + 0.109/0.717 - 0.099 JoP Liu etéi] 2009
eNOS 7 vs. 0.817 4+ 0.143,p < 0.05 €
27bp-VNTR 0.29 (0.11-0.77) B, p < 0.004 Jop Liu et[;l‘] 2009
A. B Values of association; B. Odds ratio estimation; €: p-value obtained using a dominant statistic model
(less common homozygotes together with heterozygotes were compared with common homozygotes). Increase
(1) and Decrease (|) the outcome risk. Comparison with premenopausal women (PMW) or non-osteoporotic
women (NOW), NA: not reported. P-values were obtained through comparison mayor allele homozygote vs. (*)
heterozygote in postmenopausal women. Values are means + SE of bone mineral density (BMD). VDB: Values
BMD using dominant model (the less common homozygotes/heterozygotes) vs. common homozygotes. ** Data
were re-calculated because a mistake was detected in the original paper.
Table 3. Polymorphisms related to oxidative stress and osteoporotic fracture risk.
Significant . Non-Significant
Gene Chr SNV Main Findings SNV Outcome Reference
Antioxidant enzymes
1.68 (1.30-2.16) &, Usategui-Martin
1406113 p <0.001 FR TOF etal,, 2021. [27]
GPX6 6 - 5 ot
£s974334 1.69 (1.21-2.35) 4, OF sategui-Martin

p=0.002 FR

etal., 2021. [27]
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Table 3. Cont.
Significant e . Non-Significant
Gene Chr SNV Main Findings SNV Outcome Reference
1.92 (1.38-2.66) 2, Usategui-Martin
14964779 p <0.001 B TOF etal,, 2021. [27]
TXNRDI 12 148 (1.16-1.89) A Usategui-Marti
. 16-1. , sategui-Martin
rs4077561 p=0.002B TOF etal., 2021. [27]
0.49 (0.41-0.67) &, Usategui-Martin
TXN2 22 1rs2281082 p<0.001 B |OF etal,, 2021. [27]
Vitamin-metabolism-related genes
BUD13/ZNF259/ . Michaélsson et al.,
APOA5 11 rs964184 1BMD; OF 2021. [31]
0.11 (0.07-0.14) &, ) Michaélsson et al.,
CYP4F2 19 rs2108622 p < 0.001 B 1BMD; OF 2021. [31]
0.10(0.06-0.15) &, . Michaélsson et al.,
SCARB1 12 rs11057830 p<0.001 B 1BMD; OF 2021. [31]
Others
2.14 (1.61-2.86) 4, Usategui-Martin
M6PR 12 151805754 p<0.001 B TOF etal., 2021. [27]

A: Odds ratio estimation; B: p-value obtained using a dominant statistic model (less common homozygotes
together with heterozygotes were compared with common homozygotes). Increase (1) and Decrease (|) the
outcome risk. Comparison with osteoporotic fracture (OF) group. Values are means + SE of bone mineral density
(BMD). FR: Fracture.

3.3. Risk of Bias

The risk of bias was estimated to be low across the whole set of studies (Tables S3-S5).

3.4. Results of Individual Studies and Syntheses

The association between genetic variants belonging to oxidative-stress-related genes
in osteoporosis was reported in 14 articles. All the details of the genetic associations are
described in Tables 2 and 3.

3.4.1. Antioxidant Enzymes

SOD genes family. A total of three studies have evaluated the effect of polymorphisms
in the SOD gene related to BMD levels [18,23,25]. Mlakar, in 2012, analyzed the variants
rs4998557 (SOD1int1(G > A)) in SOD1 and rs4880 (SOD2_Alal6Val) in SOD2 with the BMD
levels in a postmenopausal women cohort from Slovenia without a significant association
founded [18]. However, previously, Deng and colleagues evaluated several SNVS in
a Chinese population as follows: rs11968525-C; rs2053949-T; rs7754103-G; rs7754295-G;
rs12192410-A; rs10455776-C; rs12525670-C; and 1rs9355741-G in the SOD2 gene. Three SNVs
(rs7754103, rs7754295, and rs2053949) were significantly associated with the expression level
of the SOD2 gene represented by at least one probe (p < 0.05). The strongest association
with high BMD was observed in rs11968525-C SNV (f = 9.50 x 103, p = 0.048) [23].
Additionally, a study performed by Botre and colleagues in an Asian Indian population
described an increased odds ratio between the allele rs4880-C with osteoporosis (OR = 1.50,
p <0.05; x2 = 19.908, p < 0.0001). Contrary to rs5746094-G in SOD2, that was related to a
protective association (OR = 0.23, p < 0.05; x2 = 24.6206, p < 0.001) with osteoporosis [25].

PON genes family. Yamada and colleagues in 2003 showed that rs662 (GIn192Arg) and
rs854560 (LeuS5Met) SNVs in PON1 and rs7493 (Cys311Ser) in PON2 are associated with
low BMD values for lumbar spine (p < 0.05) and femoral neck (p < 0.05) in a population
of Japanese postmenopausal women. The authors suggested that those variants are risk
factors for reduced bone mass [28].

GPx genes family. Two studies have analyzed SNVs in the GPx gene family related to
BMD values. Mlakar, in 2010, examined rs1050450 (Pro198Leu) and PolyAla polymorphism
on the GPx1 gene in a Slovenia population. Their results showed that individuals carrying
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the C/C -rs1050450 genotype were significantly associated with higher BMD values of the
femoral neck and total hip (p < 0.026 and p < 0.023, respectively). Additionally, subjects
carrying a minor homozygous genotype T/T of PolyAla were associated with lower BMD
values in the lumbar spine and total hip (p = 0.032 and p = 0.018, respectively) [22]. Recently,
Usategui-Martin and colleagues, reported that rs406113-C and rs974334-G variants on
the GPx6 gene are genetic risk factors for osteoporotic fracture (OR = 1.68, p < 0.001 and
OR =1.69, p = 0.002, respectively) in a Caucasic population [27].

GST gene family. Polymorphism in the GST gene family has been reported in three
independent studies [19-21]. Mlakar, in 2011, reported a borderline significant association
between rs74837985-C (Lys173Asp) in the GSTM1 gene with BMD lumbar spine values
(p = 0.100). In contrast, the rs11550605-A (Thr104Pro) variant in GSTT1 was associated with
higher BMD measures in the femoral neck (p = 0.023), lumbar spine (p = 0.017), and total
hip (p = 0.031) in a Slovenian elderly population [20]. Later, the same authors examined
the association between the functional GSTM3 gene polymorphism, rs7483 (Val224lle),
and rs1799735 (224Ile-insAGG) with BMD values in a Slovenian population. Carriers
with at least one Ile allele compared to Val/Val homozygotes of GSTM3 were significantly
related to the variation in BMD total hip (0.831 £ 0.148/0.859 = 0.125 vs. 0.858 £ 0.139,
p = 0.012). No significant differences in BMD values between genotype subgroups of
insAGG polymorphisms were found [19]. Later, in 2012, Mlakar et al. analyzed rs1138272
(Alal14Val) and rs1695 (Ile105Val) polymorphism in the GSTP1 gene in 523 Slovenian pre-
and post-menopausal women. These results showed significant border differences between
the 114Val and 105 Val carriers associated with BMD values in osteopenic postmenopausal
women [21].

TXN gene family. Usategui-Martin and colleagues found that the rs4964779-C allele
and rs4077561-T in the TXNRD1 gene are two genetic risk factors associated with osteo-
porotic fracture (OR = 1.92, p < 0.001 and OR = 1.48, p = 0.002, respectively). In addition,
the rs2281082-T allele in the TXN2 gene was associated with a reduced risk of osteoporotic
fracture in the HORTEGA study cohort [27].

CAT gene. The CAT gene has been analyzed in two independent studies [18,29]. Oh
et al. evaluated the association between several polymorphisms in the CAT gene and BMD
levels in a Korean postmenopausal women cohort. After adjusting for confounders, a
significant association was found between rs17880449 (+22348C—T) and higher BMD at
the lumbar spine (p = 0.010) and femoral neck (p = 0.050). Otherwise, the polymorphisms
rs17881315 (—20T—C), rs17886119 (+144C—T), and rs17879188 (+33078A—G) did not
reach significant association [29]. Additionally, Mlakar in 2012 analyzed the rs511895
(CATint10T>C) variant in the CAT gene in a postmenopausal women cohort from Slovenia
without a significant association related to BMD values [18].

ALOX12. Al-e-Ahmad and colleagues showed that homozygous carriers for the
1rs2292350-A allele had lower BMD mean femoral neck (0.72 + 0.13) than the G-homozygous
allele (0.90 £ 0.18) in an Iranian elderly population study. However, the rs9897850 variant
was not significative associated with BMD values [26].

GSR. Mlakar and colleagues analyzed the rs2978663 (GSRint3(A>G)) and rs2911678
(GSRint10(T>A) variants in the GSR gene and their association with the BMD values in
a Slovenian postmenopausal women cohort [18]. Significant associations were detected
between the 1s2978663-G allele and BMD variation at all measured skeletal sites in women
with at least one G allele compared with AA homozygous (femoral neck, p = 0.044; lumbar
spine, p = 0.043; and total hip skeletal, p = 0.009). In contrast, the rs2911678 polymorphism
did not reach a significant association [18].

NOS gene. Liu and colleagues investigated the relationship between eNOS G894T and
27 bp variable-number tandem repeat (VNTR) gene polymorphism and osteoporosis in a
Chinese menopausal women population [24]. Their results showed that the average BMD
values of the femoral neck, ward’s triangle, and lumbar vertebrae 1~4 (L1~L4) in subjects
with T/T genotype in eNOS G894T were significantly higher than those in the subjects with
G/T and G/G genotypes (p < 0.05). In addition, the average BMD of the femoral neck in



Antioxidants 2023, 12,915

11 0f 18

the subjects with a/a genotype of eNOS 27 bp-VNTR was higher than that in non-carriers
(p < 0.004) [24].

3.4.2. Vitamin-Metabolism-Related Genes

a-tocopherol-related genes. One previous study explored three SNVs related to -
tocopherol levels and the variation of BMD in a population from Sweden and the UK.
These SNVs included rs964184 close to BUD13, ZNF259, and APOA1/C3/A4/A5; rs2108622
close to CYP4F2; and rs11057830 close to SCARB1. Two of the three variants (rs2108622-T
and rs11057830-A alleles) were strongly associated with higher BMD values and fracture
risk (OR = 0.11, p < 0.001, and OR = 0.10, p < 0.001, respectively). However, no significant
differences in BMD according to the rs964184-G were found [31].

3.4.3. Others

MG6PR. Usategui and colleagues analyzed whether the rs1805754 polymorphism on the
MG6PR gene could modify the osteoporotic fracture risk in the HORTEGA follow-up study.
They found that the rs1805754-C allele was an important genetic risk factor for fracture
(OR =2.14, p < 0.001) [27].

4. Discussion

This systematic review investigated the potential effect of oxidative-stress-related
genes on the pathophysiology of osteoporosis by qualitative synthesis of information
derived from 14 original research papers. The analyzed polymorphisms belonging to a wide
variety of genes, e.g., SOD, PON, GPx, GST, TXN, CAT, ALOX12, GSR, and NOS, focused
on BMD variation, which is the current clinical gold standard for analyzing reductions in
bone mass and diagnosing osteoporosis.

SOD is one of the major antioxidant enzymes encoded by a broad SOD gene family [32].
SOD plays a vital role in the clearance of ROS by its capacity to enzymatically dismutate
superoxide into hydrogen peroxide, contributing to the control of oxidative stress in normal
cells [33]. Evidence suggests that ROS are involved in bone resorption, directly contributing
osteoclast-generated superoxide to bone degradation [34]. While the exact mechanism by
which ROS accelerates bone resorption is still unclear, ineffective neutralization of ROS
leading to oxidative stress in the bone can increase bone loss and bone weakness, typical of
osteoporosis [35]. According to published studies, SOD variants are significantly associated
with BMD levels in Indian and Chinese populations [18,23,25]. The rs4880 and rs5746094
SNVs represent a risk factor for low BMD values, contrary to rs11968525, related to higher
BMD in middle-aged Chinese people [23].

The human PONI1 gene, located on the long arm of chromosome 7 (q21.22), encodes the
PONT1 enzyme. PON1 is a calcium-dependent esterase closely associated with high-density
lipoproteins (HDL) and confers antioxidant properties by preventing the accumulation of
lipid peroxidation products [36]. Lipid peroxidation products can inhibit the differentiation
of osteoblasts by changing mineral content, decreasing bone formation, and inhibiting
mineralization; therefore, this condition may cause osteoporosis [35]. Previous studies
revelated that some polymorphisms in this gene may influence PON activity [37]. The
findings about variants in the PON gene suggest a key role in the BMD variation determined
in Japanese postmenopausal women. Therefore, PON1 SNVs may be critical in bone
metabolism and osteoporosis [38].

The GPX gene family encodes the antioxidant enzyme GPX, which catalyzes the degra-
dation of peroxides and hydroperoxides by oxidizing glutathione, significantly regulating
oxidative stress [39]. Osteoclast-generated superoxides participate in bone degradation
and stimulate osteoclast differentiation and RANKL expression. Therefore, it is involved in
bone degradation [40]. As coupled mechanisms, osteoblasts produce enzymatic antioxi-
dants such as GPX1, preventing cellular injury [41]. Additionally, decreased GPX1 enzyme
activity and the development of osteoporosis have been established in postmenopausal
women [35]. The polymorphisms reported in the literature have been significantly asso-
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ciated with the variability in the BMD of the femoral neck and total hip in a Slovenian
population, representing a genetic risk factor for osteoporotic fracture in a Caucasian
population.

GSTs are a supergene family of dimeric enzymes that catalyze the conjugation of
glutathione [42]. This intracellular solute protects against oxidative damage of endoge-
nous and exogenous reactive metals and electrophiles [43]. Mainly, GST1 interacts with
Jun N-terminal kinase (JNK), a member of stress-activated Ser/Thr kinases, which is
involved in late-stage osteoblast differentiation [44]. Likewise, the activation of the FGF-
2/MEK/ERK1/2/Akt/p70(56K)/NF-B and PKC/JNK pathways may contribute to the
recruitment of osteoblasts [44]. Although Mlakar and colleagues (2012) have demonstrated
that GST genes are associated with BMD, their role in the association between polymor-
phisms in the GSR gene and osteoporosis susceptibility remains unclear.

The thioredoxin (Txn) pathway is a cellular antioxidant system that regulates the cells’
redox status [45]. Txn 1 (Txnl) and 2 (Txn2) are redox protein essential for controlling ROS
homeostasis, apoptosis, and cell viability [46]. It has been reported that genetic alterations
in TXN2 are associated with impaired mitochondrial function and increased oxidative
stress [47]. TXN is expressed in osteoblasts, osteoclasts, and chondrocytes and affects the
differentiation and functioning of skeletal cells through redox-dependent mechanisms.
TXN expression is reduced during human osteoclast differentiation induced by a soluble
nuclear factor-kf ligand-receptor activator (SRANKL) and macrophage colony-stimulating
factor (M-CSF) [48]. The findings report that the genetic variants in genes involved in the
Txn pathway confirm that they could have a crucial role in osteoporotic fracture.

The CAT gene is located on chromosome 11 (11p13) and encodes the CAT enzyme [29].
The CAT enzyme converts hydrogen peroxide into molecular oxygen and water, thus
preventing the accumulation of hydrogen peroxide that fuels aging, inflammation, and
cancer [49]. CAT is strongly upregulated during osteogenic differentiation of mesenchymal
stem/stromal cells (MSCs) [50]. Regulated CAT activity induces osteogenic differentiation
of vascular smooth muscle cells by increasing Runt-related transcription factor 2 (Runx2), a
key transcription factor for osteogenesis [51]. Among the polymorphisms analyzed, only
rs17880449 was associated with higher BMD at the lumbar spine in the Slovenian cohort
studied [29]. Hence, CAT polymorphisms linked to osteoporosis remain controversial,
making it necessary to increase the study sample and explore its functional implication
with BMD variation. Nevertheless, a Korean search group showed a strong association of
CAT SNVs with osteonecrosis of the femoral head from various causes, which sheds light
on the role of CAT polymorphisms in bone metabolism [52].

ALOX12 enzyme, encoded by the ALOX12 gene, produces lipid peroxides, leading
to oxidative stress and the development of osteoporosis [53,54]. ALOX12 belongs to the
arachidonate lipoxygenase enzyme superfamily, which catalyzes the insertion of molecular
oxygen into polyunsaturated fatty acids, such as arachidonic acid [55]. The product
of ALOX12 activity, i.e., 12-hydroperoxyeico-satetraenoic acid (12-HPETE), acts as an
endogenous ligand for the peroxisome proliferator-activated receptors (PPARs), which
inhibit osteoblastogenesis and increase adipogenesis from a common progenitor, namely
mesenchymal stem cells (MSCs) [56]. Therefore, ALOX12 activation could result in the
upregulation of the pathway of PPARs, decreasing osteoblastogenesis and BMD [57]. The
SNVs in ALOX12 reportedly influenced the BMD variations in the Iranian cohort study,
contributing to the development of osteoporosis.

GSR belongs to the glutathione recycling system, which reduces oxidized glutathione [58].
Previous studies have indicated that decreased antioxidant enzyme activity, such as GSR,
might cause markedly increased bone demineralization [59]. GSR was found to be up-
regulated in an osteosarcoma cell line, as well as a decreased cell proliferation rate in
osteoblasts from osteoporotic tissue [41]. In contrast, GSR activity remains unaltered in
postmenopausal osteoporosis women [40]. Moreover, Mlakar and colleagues demonstrated
that rs2978663 (GSRint3(A>G)) polymorphism is associated with BMD variation at several
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sites measured, indicating that this polymorphism could influence BMD in the Slovenian
women population [18].

The human eNOS gene at 7q35-36 includes 26 exons and 25 introns, encoded to NOS
isozymes. Three NOS isozymes, neuronal NOS (nNOS), inducible NOS (iNOS), and en-
dothelial NOS (eNOS), have been described in mammalians, even though the eNOS isoform
is predominant in bone cells [60]. The NOS enzyme synthesizes nitric oxide (NO), a signal-
ing molecule produced from L-arginine [61]. It has been found that NO may modify skeletal
remodeling by reducing the formation and differentiation of osteoblast and osteoclast [62].
Intracellular NO in pre-differentiated and differentiated osteoblasts stimulate aerobic gly-
colysis, considering the major energy resource in differentiated osteoblasts [63]. Exogenous
NO liberated by osteoblasts and osteocytes avoids osteoclast attachment and resorption.
Conversely, NO produced by osteoclasts has dual effects on osteoclasts, depending on
constitutive or inducible NOS activity [64]. IFN-y induction of NOS by cells in the marrow
leads to the suppression of osteoclastogenesis, whereas constitutive NOS activity stimulates
bone resorption [65]. Furthermore, granulocyte colony-stimulating factor induces neu-
trophils to produce NO, inhibiting osteoblast differentiation [66]. Additionally, it has been
described that NO was upregulated in osteoblasts by estrogen in a cell-autonomous manner
and could drive osteoblast proliferation and differentiation [67]. Therefore, NO has been
associated with osteoporosis in postmenopausal women [35]. eNOS also could mediate
the effects of mechanical loading on the skeleton, where it acts along with prostaglandins
to regulate bone formation [61]. It has been described that eNOS polymorphisms can
change the activity of the eNOS enzyme, thereby changing NO concentration in tissues and
impacting BMD variation [24].

a-Tocopherol has the highest antioxidant biological activity and is the most abundant
form of vitamin E [68]. Current evidence of vitamin E supplementation reveals beneficial
properties against osteoporosis through various pathways [69]. For example, it prevents
bone calcium loss by scavenging free radicals. Vitamin E plays an essential role in ox-
idative stress signaling with effects on the receptor activator of nuclear factor kappa-B
(RANK) /receptor activator of nuclear factor kappa-B ligand (RANKL)/osteoprotegerin
(OPG), and Wnt/ 3-catenin systems, affecting osteoclast and osteoblast activity [70]. Fur-
thermore, vitamin E has been reported to be anti-inflammatory in preventing osteoporosis,
regulating cytokines, such as IL-1, IL-6, RANKL, OPG, and M-CSF, critical determinants of
osteoclast differentiation, and bone resorptive activity [71].

BUD13, CYP4F2, and SCARBI genes have been associated with lipid traits in European
populations [72-74]. However, a previous GWAS found strong evidence between variants
near BUD13 and ZNF259, and APOA1/C3/A4/A5, CYP4F2, and SCARBI cluster genes are
associated with circulating «-tocopherol levels [75]. To analyze the association between
a-tocopherol gene-related BMD variation, Michaelson and colleagues measured SNVs
close to this gene cluster in a population from Sweden and the UK, with a significative
association with high BMD [31]. CYP4F2 is a cytochrome P450 monooxygenase family
member, identified as the enzyme that hydroxylates c-tocopherol and leukotrienes [76].
On the other hand, the scavenger receptor class B type 1 (SCARBI) gene is a glycosylated
cell-surface receptor for HDL. It thus plays a vital role in lipid metabolism. In osteoblastic
cells, SR-B1 is implicated in the selective uptake of cholesterol and estradiol from LDL
and HDL [77]. Thus, SR-B1 represents a possible correlation between atherosclerosis and
osteoporosis, suggesting that SCARB1 contributes to the regulation of bone metabolism [78].

Bone resorption mediated by osteoclasts depends partly on lysosome enzymatic activ-
ity [79]. Many of the acid hydrolases required are transported from the Golgi apparatus
to lysosomes after acquiring a N-glycan linked mannose 6 phosphate (M6P) recognition
mark [80]. The cation-dependent M6P receptor, encoded by the M6PR gene (Chr 12p13.31),
recognizes these M6P residues, mediating the transference of hydrolases to the lysosomal
compartments; however, its direct participation in bone metabolism has not been estab-
lished yet [81]. Nevertheless, it has been postulated that a deficiency of the M6P tag missorts
the distribution of the lysosomal enzymes, increasing bone resorption [82,83]. Usategui-
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Martin and colleagues reported that the rs1805754-C variant located in the promoter region
of M6PR increases the risk of osteoporotic fracture; therefore, variation in M6PR gene
expression could result in lysosomal dysfunction and impaired bone remodeling [27].

This systematic review highlights promising candidate SNVs in oxidative stress
pathway-related genes that might impact BMD variation and lead to osteoporosis. How-
ever, it should be noted that heterogeneity in the selected studies represents a potential
limitation, which also caused the decision to refrain from conducting a meta-analysis.
Despite this limitation, the strength lies in the detailed information on individual SNVs and
their association with bone health traits. Furthermore, this is the first systematic review to
summarize oxidative-stress-related polymorphisms, highlighting their role in this complex
disease. Further research, preferably more extensive cohort studies, are needed to delin-
eate the accuracy of genetic variants in the development of osteoporosis. In addition, we
strongly recommend designing studies that include adjustment for confounding variables,
such as gender and age, which have been reported to influence the interpretation of results.
Therefore, delving into their specific genetic mechanisms represents a promising research
area that opens the doors to future lines of research to apply this knowledge in clinical
practice.

5. Conclusions

Oxidative stress is involved in the development of osteoporosis and its associated
comorbidities. The utility of assessment polymorphisms in genes regulating redox balance
remains to be explored in future prospective cohort studies. However, the role that oxidative
stress plays in the pathophysiology of osteoporosis is indisputable, and understanding
the mechanisms by which it contributes to the initiation and maintenance of this disease
can aid the management in the near future. Thus, SNVs may emerge as essential tools in
the early diagnosis of osteoporosis, from the subclinical stage, in evaluating the pattern of
evolution and the therapeutic response.
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