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Abstract

Objective: To characterize the association between DNA damage and Inter-
vertebral disc degeneration (IDD). Summary of Background Data: IDD is
the main disorder causing low back pain and is the most promising target for
intervention. Many factors can contribute to the etiology, such as genetics,
environment and lifestyle, but it is not yet fully understood. DNA damage can
influence this process and needs to be studied, as well as the agents that can
determine these damages. Methods: A systematic literature search of
PubMed, Web of Science and Scopus was performed to identify studies re-
lated to DNA damage to the intervertebral disc. Results: After screening 61
records, 7 articles were included according to the selection criteria. All studies
showed some relation between DNA damage and IDD. However, DNA dam-
age was always considered a secondary issue to be investigated. Conclusions:
Many factors can influence DNA damage induced by different genotoxic
agents on the degenerative cascade of IVD. However, the correlation between
IDD severity and DNA damage, as well as the factual role of DNA damage in
disc degeneration could not be defined.
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1. Introduction

Intervertebral disc degeneration (IDD) has been considered the main etiology of
low back pain, and it will affect over 80% of the population worldwide at some

point in their lives [1]. IDD generates high disability rates and high treatment
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costs with medication for pain relief, physical therapy, spinal injections, and
surgery [1].

Despite the high impact on the patients’ lives, the etiology and pathophysiol-
ogy of IDD are not fully understood [2]. The degenerative disc process begins
early in life and has been related to aging and cellular senescence due to change
in the extracellular matrix (ECM) and decreasing collagen and proteoglycan
production [2]. Genetics, environmental factors, and lifestyle contribute to disc
degeneration [3] [4] [5] [6] [7]. Genetic influence on disc degeneration is up to
74% [3] [8] [9] [10]. Obesity, smoking daily, and mechanical loading are indepen-
dent conditions related to IDD [11] [12]. A lower influence of repetitive physical
loading was observed in a twins study [13]. The correlation between IDD with ge-
netics and environment was observed in the COL9A3 polymorphism and persis-
tent obesity [14] and the whole-body vibration and IL1A-889T allele [15].

DNA damage and alterations of gene expression by extrinsic or intrinsic fac-
tors can be an important biomarker of IDD. The objective of this paper is to
perform a literature review on the impact of DNA damage on IDD to determine
genotoxic biomarkers as well as to indicate the best assay to evaluate DNA dam-
age for IDD.

2. Methodology

The review was conducted following the methodological guidelines outlined by the
Transparent Reporting of Systematic Reviews and Meta-Analyses (PRISMA) [16].

2.1. Literature Search Strategy

PubMed.gov (www.ncbi.nlm.nih.gov/pubmed), Web of Science

(https://webofknowledge.com) and Scopus (www.scopus.com) were searched to

identify articles related to DNA damage of the intervertebral disc from January
2000 to August 2018. References derived from the included studies were eva-
luated to find additional reference articles pertaining to the topic.

The criteria for the search in all fields were the following string: ((DNA dam-
age OR genotoxic OR genotoxicity) AND (Intervertebral Disc OR Nucleus pul-
posus OR Annulus Fibrosus OR Cartilage Endplate) AND (Intervertebral Disc
Disease OR Intervertebral Disc Degeneration)).

The results found in the three databases were compared, duplicate records
were removed, and the rest were screened for inclusion by title and abstract re-
view. Full-text article review was performed to ensure that all relevant papers
were captured. Eligibility assessment was performed independently in a standar-
dized manner by two reviewers (authors C.A.C. and N.F.N.). Discrepancies be-
tween reviewer assessments were discussed with an independent, blinded third

reviewer (author A.F.) until a consensus was reached.

2.2. Eligibility Criteria for Study Selection

The following were used as selection criteria: articles published in English; stu-

dies that included analysis of DNA damage on intervertebral disc; studies that
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analyzed the genotoxicity on intervertebral disc and articles that was published
in a peer-reviewed journal. Exclusion criteria consisted of systematic reviews or
meta-analyses, letters to the Editor, commentaries, papers that did not involve
DNA damage and genotoxicity, or analysis of DNA damage and genotoxicity in
other tissues rather than the intervertebral disc.

2.3. Data Extraction and Analysis

After the exclusion process, the full text of each article was reviewed. Baseline
characteristics of each article were extracted from each paper: Author, year of
publication, type of study, experimental model used, evaluation of DNA damage
and genotoxicity, and follow up. These outcomes were compiled and organized

using Microsoft Excel.

3. Results

All studies found in this review were published in the last five years (2013 to
2018), which shows the recent interest concerning the genotoxicity and IDD de-
velopment and/or outcome. However, in most of them, the DNA damage was
considered a secondary issue and not a key regulatory event to solve questions

about intervertebral disc damage.

Study Characteristics

The database search was performed and yielded 61 studies and a flow diagram
illustrating the screening process (Figure 1—PRISMA). Among the collected
studies, 20 of the articles were removed because they were duplicates. The ab-
stracts of 41 non-duplicate articles were screened and 33 were discarded for not
meeting the search criteria (6 reviews; 12 studies related to other applications
and 15 did not involve the disease or DN A damage).

The remaining 8 full-text articles were included for analysis. After the full-text
articles were read, one more article was excluded because it did not analyze the
DNA damage, but rather DNA quantification to evaluate cellular proliferation.
Finally, 7 studies were included in the present review.

The animal models and techniques used to cause and evaluate the DNA dam-
age were different from one study to another. The majority used rat models to
obtain samples for in vitro analysis and only one investigated the genotoxic pro-
file in human disc cells [17]. DNA damage was identified using primary antibo-
dies, against histone y-H2A.X in four studies [17] [18] [19] [20], PicoGreen as-
say in two [21] [22] and comet assay in only one [23]. Heterogeneity was also
found in DNA damage-inducing agents. A mechanical agent was studied in
three papers [18] [19] [22], chemical agents in five articles [17] [20] [21] [22]
[23], and both mechanical and chemical effects in only one paper [22]. Mechan-
ical agents included cyclic mechanical tension (CMT), high oxygen tension and
ionizing radiation. The chemical agents employed included N-acetylated pro-

line-glycine-proline (N-Ac-PGP), hydrogen peroxide (H,0,), tobacco smoke and
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Figure 1. Systematic review flowchart, including inclusion and exclusion criteria.

mechlorethamine (MEC). Studies demonstrated the relationship between me-
chanical/chemical agents that damage the DNA of Intervertebral disc (IVD) cells
and different up- or down-regulated pathways that establish genotoxic influence
on IDD pathogenesis (Table 1).

4. Discussion

IDD has been extensively studied due to the chronic condition and its high inci-
dence, which leads to high-cost treatments and interventions that often do not
provide a resolution [24]. Extrinsic factors contributed to disc degeneration
changes such as cigarettes and obesity [11] [12]. Intrinsic factors and genetic
profile also play an important role in IDD and influenced the mechanisms of cell
senescence [3] [8]. Despite all the investigative efforts, the real influence of the
DNA damage on the degenerative cascade, the intrinsic and extrinsic factors in-
volved and the best biomarkers to guide the disc degeneration prognosis are not
fully understood. There is still a vast field of study to understand the impact of
DNA damage on IDD development and prognosis.
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Table 1. Characteristics of included studies.

Type of Donor tissue/ DNA DNA Main pathway
Author/Year Model
DNA damage Cell types Damage Assay damage  related to DNA damage
Mechanical
Cyclic mechanical tension L BrdU Incorporation . p53-p21-retinoblastoma
Feng, 2018 [18] invitro  Rat NP cells Positive .
(CMT) and y-H2A X protein (Rb)
p53-p21-retinoblastoma
High oxygen tension L BrdU Incorporation " protein (Rb)
Feng, 2017 [19] invitro  Rat NP cells Positive .
(20% O,) and ~H2A.X P16-retinoblastoma
protein (Rb)
L L . Rat NP and AF . . ROS production
Nasto, 2013 [22]  Ionization Radiation (IR) In vitro PicoGreen assay Positive ) .
cells Direct physical effect
Chemical
N-acetylated proline-glycine- BrdU Incorporation
Feng, 2017 [20 In vit Rat NP cell Positi 53-p21-Rb and p16-Rb
eng [20] proline (N-Ac-PGP) n vitro a cells and y-H2AX ositive p53-p and p
Dimozi, 2015 Hvd ide (H,0,) In vit Human NP BrdU Incorporation Positi 53-021-Rb
rogen peroxide n vitro ositive -p21-
[17] ydrogen p 22 cells y-H2A X p>>p
Nasto, 2014 [21]  Tobacco smoke Invitro Rat NP cells PicoGreen assay Positive Direct effect
. . Rat NP and AF . . Lack of ERCC1
Nasto, 2013 [22]  Mechlorethamine (MEC) In vitro PicoGreen assay Positive
cells endonuclease
Zhou, 2013 [23]  Hydrogen peroxide (H,0,) Invitro Rat NP cells Comet assay Positive INK4A-ARF pathway

NP: nucleus pulposus; ROS: reactive oxygen species; BrdU: Bromodeoxyuridine.

4.1. Genetic Influences

Studies on identical twins showed 74% to 77% heritability rates of IDD, hig-
hlighting the importance of the genetic component in the pathophysiology of the
degenerative processes [3] [25]. A high number of candidate genes and mutated
alleles are responsible for the morphology and function of ECM and are related
to the heritage of IDD pathophysiology [26] [27]. The most common genetic
variations are the polymorphisms found in genes that affect collagens I, II, III,
IX, XI, and aggrecan synthesis; the release of interleukins I, VI, X, and matrix
metalloproteinases enzymes II, III, IX, and vitamin D receptor [25] [26]. It is
impossible to precise if the alteration of IDD came from genetic or aging

process.

4.2. Disc Aging and Senescence

The IDD has morphological and functional changes related to the aging progress
[28]. Different IVD structures at different times are affected during its natural
process, which could become a source of pain and disability leading to the pa-
thological condition that characterizes the IDD. Unfortunately, it is not yet
possible to predict in advance which IVD will become symptomatic since there

is a lack of specific biomarkers to distinguish it.
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Cellular senescence consists of an irreversible cellular aging process that ar-
rests the cell cycle of the telomere shortening [2] [29]. The main hypothesis ac-
cepted for disc senescence is based on the imbalance between anabolic and ca-
tabolic mechanisms that accelerated degeneration by degrading the ECM of the
disc [29] [30]. The increases of matrix degradation enzymes and proinflamma-
tory cytokines promote the degenerative process, with the catabolism outweigh-
ing the anabolism [29] (Figure 2). The progressive reduction of telomeres trig-
gered by a DNA damage response leads to incomplete DNA replication and ac-
tivates the p53-p21-Rb signaling pathway, that promotes the replicative senes-
cence. These reductions of proteoglycan production and collagen release create
an oxidative stress environment, which increases the reactive oxygen metabolites
that inhibit disc cell proliferation and activate the p16-Rb signaling pathway to

induce a cell cycle arrest of disc cells in response to DNA damage [2] [29].

4.3. Genotoxic Clues

Feng and coworkers [18] studied the senescent response of disc cells to mechan-
ical stress. This experimental work demonstrated that the unphysiological cyclic
mechanical tension increased premature cell senescence due to a direct genotox-
ic effect on DNA damage in NP rat cells by the formation of y-H2A.X foci in the
nuclei of NP cells. Premature senescence of NP cells started 48 h
post-stimulation and occurred in a time-dependent manner for up to 12 hours
of cyclic mechanical tension application, suggesting that the longer the applica-
tion time of an unphysiological load on the disc, the greater will be the DNA
damage and senescent cell formation on it will be [18]. In another paper by the

same research group, the authors evaluated the influence of high oxygen tension
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Figure 2. Schematic drawing of the main etiologic factors involved disc degeneration.
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(O, 20%) on disc cell senescence and proved that the enhancement of Reactive
Oxygen Species (ROS) leads to DNA damage by upregulation of p53-p21-Rb and
p16-Rb pathways to mediate premature pro-senescent effect [19].

Another intrinsic agent involved in this process is the N-acetylated pro-
line-glycine-proline (N-Ac-PGP), a chemokine derived from collagen that was
recently found in the degenerative human NP and reinforces the inflammatory
contribution to the evolution of senescence [31]. The relation between
N-Ac-PGP and disc cell senescence was evaluated in an in vitro culture of rat NP
cells and showed an enhancement of ECM catabolism followed by inflammatory
cascades and consequent premature senescence induced by N-Ac-PGP [20]. In
addition, the elevated percentage of y-H2A.X-positive cells also suggested DNA
damage linked to ROS production and upregulation of both p53-p21-Rb and
p16-Rb pathways, without affecting telomerase activity [20].

Nasto et al. [21] performed a rat in vivo model to evaluate the exposition to an
extrinsic agent of tobacco for 7 weeks (~3.5 years in humans). The rats submit-
ted to tobacco inhalation presented significant degenerative changes and loss of
proteoglycan matrix components in the IVD. However, these findings can be
explained only in part through DNA damage because the effect was mild and not
significant (p < 0.18). The lack of disc nutrition and vascularization common in
spine degeneration needs to be further studied to prove the role of tobacco
smoking-induced DNA damage [21]. DNA damage in mice disc cells was also
identified in chronic exposure to the cancer therapeutic agent mechlorethamine
and ionizing radiation [22]. These results demonstrated that DNA damage
drives the loss of disc homeostasis and plays a major role in this process, starting
a degenerative cascade [21] [22].

Zhou et al. [23] and Dimozi et al [17] evaluated the hydrogen peroxide
(H,0,) capability to simulate oxidative stress and induce DNA damage. The ex-
pression of chromobox homolog 8 (CBX8), an important protein that plays a
role in cellular senescence and DNA repair, was correlated with increased DNA
damage in rat NP cells and associated with lost type II collagen and proteogly-
cans amounts and cell growth inhibition [23]. Interestingly, this was the only
study that evaluated DNA damage by comet assay to verify DNA damage in NP
cells [23]. Along the same lines, the genotoxicity caused by prolonged exposure
to H,O, at sub-cytotoxic concentrations induced a catabolic phenotype and led
to premature senescence in human intervertebral disc cells [17]. Finally, the high
phosphorylation of y-H2A.X and the upregulation of extracellular matrix-degrading
enzymes proved the enhancement of DNA damage [17].

4.4. Study Limitations

The limitations of this study come from the paucity of publications on DNA
damage related to IDD. All studies were experimental in vitro cultured cells, the
main source of cells was the rat NP, the methodology was very heterogeneous

and different types of assay were used to establish the DNA damage, and the
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DNA damage was considered a secondary issue to be investigated and not a di-
rect event that could trigger the degeneration process. Those factors explain the
difficulties to correlate the intrinsic and extrinsic factors of DNA damage in disc
degeneration.

It is critical to pursue further knowledge in this field of DNA damage in the
IDD in human disc cells to establish the best assay and methodology. It would be
useful pursuit a novel biomarker of prognosis and maximize new treatments for

this pathology.

5. Conclusion

In conclusion, intrinsic and extrinsic factors directly influence DNA damage
induced by different genotoxic agents in the degenerative cascade of IVD. The

factual role of DNA damage in disc degeneration needs to be further studied.
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