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Objective. To analyze the current literature dedicated to the etiopathogenesis and development of idiopathic scoliosis.

Material and Methods. The analysis includes studies on the etiological factors of idiopathic scoliosis. The search was carried out on eLi-

brary, PubMed and Google Scholar databases. The review includes research and experimental studies, as well as systematic reviews and 

meta-analyses. The exclusion criterion is a theoretical work without practical research/experiment to confirm the theory. The depth of 

analysis is 30 years.

Results. Out of 456 papers on the research topic, 153 were selected as meeting the inclusion/exclusion criteria. The main theories of the 

occurrence of idiopathic scoliosis are identified: genetic, neurogenic, theory of bone and muscle tissue defects, biomechanical, hormonal, 

evolutionary, and the theory of environmental and lifestyle influences.

Conclusions. The term “idiopathic scoliosis” combines a number of diseases with different etiopathogenetic mechanisms of development. 

Idiopathic scoliosis has a polygenic inheritance. Different genes are responsible for its occurrence in different populations, and the pro-

gression mechanisms are triggered by various epigenetic factors. Bone and muscle tissue defects, pathology of the central nervous sys-

tem, biomechanical disturbances, hormonal and biochemical abnormalities may play a dominant role in some cases of idiopathic scoliosis.

Key Words: idiopathic scoliosis, etiology of idiopathic scoliosis, pathogenesis of idiopathic scoliosis, theories and hypotheses of the de-

velopment of idiopathic scoliosis.
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Idiopathic scoliosis (IS) is a three-
dimensional  spine deformity  of 
unknown etiology, characterized by 
lateral deviation in the frontal plane 
(≥10° according to Cobb), axial rotation 
in the horizontal plane (torsion) and 
abnormal sagittal profile of the spine [1]. 
It is generally accepted that deformity 
less than 10° according to Cobb is not 
considered as structural scoliosis [1]. IS 
incidence in populations across different 
regions of the world is 2–5 % [2].

According to the onset age, IS is divid-
ed into infantile (in children 0–3 y.o.), 
juvenile (4–9 y.o.) and adolescent (from 
10 y.o. and older). There are also scolio-
sis with early onset (before 10  y.o.) and 
adolescent idiopathic scoliosis with onset 
after 10 y.o. [3]. In 20 % of patients with 
early scoliosis onset, pathology of the 
spinal cord and brain is detected which 
specifies mandatory MRI. 

It is customary to treat IS as a diag-
nosis of exclusion – when anamnesis, 
clinical and introscopic data, as well as 

genetic analysis data do not provide 
clear evidence of any specific etiology 
of disease development [4], attributed 
to a lot of genetic and epigenetic fac-
tors [5]. Numerous theories of IS origin 
can be divided into the following groups: 
genetic, neurogenic, the theory of bone 
and muscle tissue defects, biomechanical, 
hormonal, biochemical, evolutionary and 
the theory of the influence of the envi-
ronment and lifestyle [6].

The objective is to analyze the current 
literature on etiology and development 
of idiopathic scoliosis.

When planning this study, we tried 
to answer the following question: is IS 
a single nosological unit or does it com-
bine several conditions with different 
pathogenesis?

Material and Methods

An analysis of research publications over 
the past 30 years on IS etiology and patho-
genesis is carried out. The search was 

performed by three independent authors 
using eLibrary, PubMed, and Google 
Scholar databases. The analysis covers 
research and experimental work, as well 
as systematic reviews and meta-analyses. 
The exclusion criteria were the theoretical 
nature of a work (advancing a particular 
theory without confirmation through 
practical research/experiments) and the 
papers published more than 30 years ago.

Results and Discussion

A total of 456 papers on the research top-
ic were found. Having excluded the pub-
lications (already included in systematic 
reviews and meta-analyses), the list was 
reduced to 153 (Fig.). The review also 
includes 5 papers published more than 
30 years ago that are of fundamental 
historical value.

Publications have been analyzed 
in accordance with the above men-
tioned theories of idiopathic scoliosis 
development.
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Genetic theory
Modern studies demonstrate that 

chromosomal anomalies, as well as 
anomalies of gene loci, cause primary 
expression changes, while epigenetic 
changes caused by environmental fac-
tors additionally regulate gene expres-
sion. Most likely, these elements work 
together in different combinations, caus-
ing dysfunction of the cellular activity 
of various (bone, muscle, fat, nervous) 
tissues, that leads to the development of 
idiopathic scoliosis [7].

Chromosomal abnormalities and 
genetic mutations. The genetic prereq-
uisites for the development of IS are 
known and proven, however, the most 
clinically significant causative loci are 
still not clear, and additional studies are 
needed to understand their molecular 
pathways.

In 1875, after studying twins with 
IS, Galton [8] first noted the role of the 
genetic factor in the development of spi-
nal deformity. One of the most recent 
studies by Simony et al. [9] showed a 
higher degree of concordance in mono-
zygotic pairs of twins (0.13) than in 
dizygotic twins (0.00). However, not all 
monozygotic twins are completely iden-
tical phenotypically, despite the same set 
of genes, which demonstrates the influ-
ence of epigenetic factors that already 
exist at the stage of intrauterine growth 
(for example, differences in blood supply, 
in the composition of amniotic fluid and 
fetal position).

Studying the genes and degree of 
relationship of 145 patients with ado-
lescent IS from the United States, Ogilvie 
et al. [10] found that many of them had 
common relatives – early settlers from 
Europe. In almost all (97 %) patients in 
this group the disease was of family ori-
gin. The authors noted the existence of 
at least one major gene, while the differ-
ences in penetrance and expressivity in 
two large unrelated pedigrees may indi-
cate the presence of more than one gene. 
Genetic relationship between families of 
patients with adolescent IS from close 
regions was also noted by other research-
ers [11]. Inheritance can be recessive, 
dominant, codominant, or X-linked.

The possibility of X-linked inheritance 
is under scrutiny precisely because ado-
lescent IS occurs more often in girls [12]. 
Justice et al. [12] demonstrated the pres-
ence of a region on the X chromosome 
that may be associated with adolescent 
IS. However, Ward et al. [13] pointed to a 
more likely polygenic inheritance of ado-
lescent IS by presenting examples of its 
transmission from male to male, refuting 
the hypothesis of exclusively X-linked 
inheritance.

In recent decades, the hereditary 
nature of scoliosis has been investigat-
ed along the lines of genome-wide asso-
ciated studies (GWAS) and candidate-
genes analysis. Genetic studies point to 
many genes associated with IS. At the 
same time, genes that correlate with IS 
severity rather than simply with its pres-
ence can be put in a separate group. Cor-
relation with the presence of IS in at least 
one study was revealed in relation to the 
MAPK7 genes [14] and the DS1034 allel-
ic ladder in the chromosome 19p13.3 
[15], LBX1 [16], MATN1 (matrilin 1) 
[17], ESR2 (estrogen receptor beta) [18], 
BMP4, IL-6 (interleukin-6), leptin, MMP3, 
MTNR1B (melatonin receptor 1b) [19], 
CALM1 (calmodulin 1) [20], VDR (vita-
min D receptor) [21], TPH1 (tryptophan 
hydroxylase 2) [22], FBN1 (fibrillin-1) 
and FBN2 (fibrillin-2) [23], COL11A1, 
COL11A2 and TGFBR2 [24], GPR126 (G 
protein-coupled receptor 126) [25], PAX1 
(paired box 1) [26], TGFB1 (transform-
ing growth factor beta 1) [27], C17orf67 
and DOT1L [28], IL-17RC (interleukin 17 
receptor C) [ 29], POC5 (centriole pro-
tein) [30], NUCKS1 (nuclear casein kinase 
and cyclin-dependent kinase substrate 1) 
[31], homeobox genes HOXB8, HOXB7, 
HOXA13, HOXA10), ZIC2, FAM101A 
(filamin A protein regulator), COMP 
(cartilage oligomeric matrix protein) and 
PITX1 (paired-type homeodomain tran-
scription factor 1) [32, 33].

Epigenetics. Epigenetics studies inher-
ited changes in gene activity during cell 
growth and division, namely, changes 
in protein synthesis caused by mecha-
nisms that do not change the nucleotide 
sequence in DNA [34]. Fendri et al. [33] 
found 145 genes differently expressed in 
osteoblasts in adolescent IS, which may 

be related to the peculiarities of epi-
genetic regulation. Mao et al. [35] noted 
that during DNA methylation, positive 
methylation of the cartilage oligomeric 
matrix protein (COMP) promoter led to 
low expression of the COMP gene affect-
ing bone formation, which correlated 
with younger age and more pronounced 
deformity in patients with IS. The cor-
relation between the severity of spinal 
deformity and site cg01374129 hypo-
methylation is indicated by Meng et al. 
[36].

The role of mesenchymal stem cells 
(MSC) of the bone marrow in IS develop-
ment. This theory can be considered to 
be a part of the genetic theory, but since 
the volume of studies in this field is cur-
rently quite significant, we considered it 
right to cover it separately.

Multipotent MSC differentiate into 
osteoblasts, chondrocytes or adipocytes. 
Reduced osteogenetic ability of MSC and 
the tendency of MSC towards adipogenic 
differentiation were found in patients 
with IS [37, 38]. Impaired MSC differen-
tiation can impact bone mass formation 
in IS patients, thereby participating in its 
development. This is further supported 
by the fact that patients with adolescent 
IS show a decrease in bone mineral den-
sity [39, 40].

Proteomic analysis of MSC in patients 
with adolescent IS revealed defects in 
the regulation of a number of proteins 
that affect bone growth [41]. It is noted 
that enhanced activity of one of these 
proteins causes increased cell prolifera-
tion, while the reduced activity of oth-
er proteins decreases ossification and 
bone mass. The authors continued their 
study and identified several differential-
ly expressed genes associated with the 
onset of adolescent IS [42].

Chen et al. [43] found that expres-
sion of melatonin receptors in MSC in 
patients with adolescent IS is suppressed, 
which can lead to a decreased response 
to melatonin, and since melatonin 
increases the activity of alkaline phos-
phatase, enhances the synthesis of gly-
cosaminoglycans (GAG) and other fac-
tors influencing gene differentiation, this 
may affect endosmal and endochondral 
ossification.
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Another study noted that leptin recep-
tors in MSC in patients with adolescent IS 
are suppressed which, in turn, may lead 
to hyposensitivity of MSC to circulating 
leptin [37].

Spot14 nuclear protein and its mes-
senger RNA (mRNA) are more expressed 
in adipogenic MSC in patients with ado-
lescent IS than in the control group. Their 
higher expression was also found in the 
adipose tissue of patients with adolescent 
IS that reflects an abnormal adipogenic 
differentiation [44].

Lower expression of the MAPK7 pro-
tein was found in MSC with adolescent 
IS; it affects the osteogenic differentia-
tion of MSC [45].

The GPR126 gene has a higher expres-
sion in the vertebral bodies on the con-
vex side of scoliosis, and its malfunction 
impacts MSC ossification [46].

The following long non-coding RNAs 
(lncRNAs) and microRNAs (miRNAs) 

have been identified. They are epigen-
etic factors associated with MSC differ-
entiation: lncAIS (associated with osteo-
penia) [47], miR-17-5p, miR-106a-5p, 
miR-106b-5p, miR-16-5p, miR-93-5p, 
and miR-181b-5p (suppress osteogenic 
differentiation of the MSC and impair 
bone formation), miR-15a-5p (regulates 
cell apoptosis) [48].

Neurogenic theory
Brain. Research on relationship 

between the influence of brain on IS 
development is focused mainly on 
neuroanatomical and neurofunctional 
changes observed in brain, brainstem 
and cerebellum.

Examining brain MRI scans in 
patients with adolescent IS with the left-
sided lower thoracic curve, Shi et al. [49] 
revealed thinning of white matter in cor-
pus callosum and left internal capsule 
in patients. The same group of authors 
confirmed the difference in cortical 

thickness in patients with adolescent IS 
in comparison with the normal control 
group, mainly in the region associated 
with motor and vestibular functions [51]. 
Liu et al. [51] noted regional differences 
in brain volume in patients with ado-
lescent IS, as well as neuroanatomical 
asymmetries in brain regions functionally 
associated with somatic motor control 
and coordination.

When analyzing EEG in 106 patients 
with IS and in 35 without pathology 
(aged from 6 to 16 years), Dudin et al. 
[52] revealed various deviations more 
often in the study group, for example, 
signs of neurodynamic disorders with a 
shift towards the predominance of excit-
atory processes over inhibition processes, 
more often noting impairment of corti-
cal-subcortical relationships at the level 
of diencephalic formations, epileptiform 
manifestations and the predominance of 
neurophysiological signs of CNS dysfunc-

Primary search on databases of 1991–2022: 
PubMed – 2165 

Google Scholar – 16700 
eLibrary – 939 

Analysis of systematized literature reviews for the 
presence of experimental and original research papers 

already included in the list – 456 

3935 of duplicates were excluded, and 
11 946 of sources are off topic

3467 of papers were excluded due to the following reasons: 
theoretical nature, non-systematized literature review, 
absence of sufficient information, 
the paper is not available in full for analysis

303 of original papers were excluded because they have 
already been analyzed in later systematic reviews 
or meta-analyses on the topic 
(the review is included in the analysis) 

Distribution of papers depending on the theory
1.  Genetic theory – 34. 
2.  Neurogenic theory  – 19. 
3.  Theory of bone and muscle tissue defects  – 21. 
4.  Biomechanical theory  – 12. 
5.  Hormonal theory  – 34. 
6.  Biochemical theory – 11. 
7.  Evolutionary theory – 1.
8.  Theory of environmental and lifestyle influence – 16.
9.  Papers devoted to the study of several theories – 5. 

Distribution of papers 
depending on the level 
of evidence:

Checking sources by criteria  – 3923 

The total number of papers included in the review  – 153 
 IV – 24 
 V – 0

I – 9 
II – 49
III – 71

Fig. 
Scheme for selection of literature for systematic review 
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tion at the level of the oral parts of the 
brain stem.

Brain stem and cerebellum. In patients 
with adolescent IS, in comparison with the 
control group, asymmetry of the ventral 
pons and medulla oblongata in the region 
of the cortical-spinal tract was found [53], 
a lower level of the cerebellar tonsils, 
including when examined on a vertical 
tomographic scanner [54, 55], a relative 
increase in several regions of the cerebel-
lum [56], a significantly larger diameter 
and area of the foramen magnum, while 
the peak rates of cerebrospinal fluid flow 
through it did not have a significant dif-
ference [54].

In addition, girls with adolescent IS 
showed a prolonged latency of somato-
sensory evoked potentials, while cerebel-
lar tonsil ectopia was found in 58% of 
patients with abnormal responses [57].

At the same time, no significant dif-
ferences in glucose metabolism were dis-
covered in the brains of patients com-
pared with healthy people [58].

Thus, abnormalities in the structure of 
the brain of patients with adolescent IS 
were exposed, however, currently there 
is no convincing evidence that they are 
the cause of scoliosis development. Many 
experts are inclined to believe that in 
some cases scoliosis may be associated 
with abnormal development of cerebel-
lum and/or latent Chiari malformation 
(Chiari 0) or asymptomatic Chiari type I 
malformation.

Asynchronous neuroosseous growth 
(hidden tethered spinal cord syndrome). 
The hypothesis of asynchronous neu-
roosseous growth suggests that small 
length of a spinal cord can lead to 
hypokyphosis and, consequently, to the 
initiation of a curve with or without sco-
liosis progression [59]. Chu et al. [60] not-
ed a relative segmental elongation of the 
spinal column at the thoracic level in IS 
patients with a significant decrease in 
the ratio of spinal cord length to spinal 
column length.

Vestibular system and IS. Asymmetry 
of vestibular system can lead to an asym-
metric increase in the tone of paraspinal 
muscles and development of scoliosis 
[61–65], however, there is no sufficient 
evidence for this theory [66].

Tissue defect theory
Bone tissue. At present, bone mal-

formations in IS at the morphological 
level have been identified [67–72], and 
it has been established that osteope-
nia is a prognostic factor for scoliosis 
progression.

According to Tanabe et al. [73], exam-
ining the segmented spinal processes of 
patients with IS taken intraoperatively, 
67% of specimens showed a reduced 
bone volume and 76 % showed high 
bone tissue metabolism.

Examining growth plate cells taken 
from 50 children with IS, Zaidman et al. 
[74, 75] found cells similar to glio- and 
neuroblasts on the concave side of the 
deformity, while cells similar to chon-
droblasts were found on the convex side. 
The authors suggested that the etiologi-
cal factor of scoliotic disease may be 
ectopic localization in the vertebral body 
growth plate of neural crest-derived cells 
that are not genetically determined to 
chondrogenic differentiation and to the 
growth process.

Muscular tissue. Studies of paraverte-
bral muscles in IS patients demonstrate 
structural changes and muscle asym-
metries that can either cause scoliosis 
or be caused by scoliosis. Morphological 
changes in the muscles in IS are predomi-
nantly of a nonspecific diffuse nature [76, 
77], and the performance asymmetry of 
paraspinal muscles is confirmed by EMG 
data [78, 79].

On the convex side of the deformity 
in patients with adolescent IS, a higher 
concentration of calmodulin was found 
which affects muscle contractility [80]. 
At the same time, muscles on the con-
vex side contain more type I fibers than 
those on the concave side that may be 
due to their higher fatigue and resistance 
at a lower rate of contraction [81].

Changes in paravertebral muscles 
have also been confirmed at the genetic 
level: Buchan et al. [82] identified rare 
FBN1 and FBN2 variants that correlat-
ed with deformity progression, while 
Nowak et al. [83] – a high content of 
TGF-β2, TGF-3 transcripts and transform-
ing growth factor beta receptor 2 (TGF-
BR2) in muscles on the concave side of 
the deformity.

Genetic studies have also shown that 
some risk loci for IS onset and progres-
sion have formed in zones located near 
or within genes associated with muscle 
biogenesis [84, 85].

Having performed dopplerography of 
the vessels of extremities, as well as ultra-
sound of the heart and abdominal organs 
and spirometry to 598 pupils of the Euro-
pean North of Russia, 160 of whom had 
scoliosis [86], Chernozemov and Dudin 
found that children with scoliosis have 
a lower rate of blood flow in extremities, 
a greater frequency of mitral valve dys-
function and pulmonary valve regurgita-
tion, as well as a decrease in spirometry 
and a pathology of biliary tract, which 
may indicate generalized connective tis-
sue dysplasia.

Biomechanical theory
Accelerated growth of the anterior col-

umn. Back in 1996, Murray et al. [87] 
found that in IS there is an increase in 
the anterior column of the spine rela-
tive to the posterior one. The discrep-
ancy between the growth of the ante-
rior and posterior elements of the ver-
tebral bodies, as well as the growth of 
the vertebral bodies and their posterior 
elements, leads, first of all, to thoracic 
hypokyphosis. Increased pressure on the 
epiphyseal plate of the vertebra slows 
down its growth, while the reduced pres-
sure accelerates it. Theory assumes that 
on the concave side of the curve, the 
epiphyseal plates experience abnormal-
ly high pressure that leads to a decrease 
in the growth rate, while on the convex 
side the pressure is lower which leads 
to accelerated growth [88]. Shi et al. [89] 
confirmed this model experimentally 
and suggested that the increase in the an-
terior support column in IS may be sec-
ondary, since the model with previously 
established hypokyphosis did not devel-
op scoliosis during the study. The theory 
of the accelerated growth of the anterior 
supporting column was also confirmed 
by the model of developing hypoky-
photic spine deformity with an anterior 
restraining band that imitates the con-
traction of the anterior muscles and liga-
ments, even without the preset left-right 
asymmetry that caused the deformity to 
form in the frontal plane [90].
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Guo et al. [91] found that enchondral 
ossification of the vertebral bodies in 
patients with adolescent IS is the main 
type of ossification and occurs faster 
than membranous (endesmal) ossifica-
tion of the pedicles, which explains the 
principle of the theory on accelerated 
growth of the anterior supporting col-
umn in IS.

Wedging of the intervertebral discs (IVD). 
Some authors note that IVD growth and 
formation can play the leading role in IS 
development. Will et al. [92] and Brink 
et al. [93] revealed a more pronounced 
wedging of the intervertebral discs than 
the wedge shape of the bodies in adoles-
cent IS at the beginning of the growth 
spurt.

Thorax and limbs. In addition to three-
dimensional changes in the spine, IS has 
deviations in the positioning and bio-
mechanics of other segments (shoulders, 
shoulder blades, pelvis) that may be a 
consequence or initial trigger of spinal 
deformity. Thus, asymmetry in the rib 
length may be a secondary change [94], 
or asymmetry in chest formation may 
contribute to IS development [95]. Left-
handedness and the peculiarities of chest 
organs location can play a role in the 
nature of the curve in adolescent IS [96]. 
The same authors suggested that right-
handedness is associated with stronger 
muscles in the right half of the back, which 
may cause a convexity to the right side.

Hormonal theory
Melatonin and calmodulin. Changes 

in melatonin metabolism can lead to an 
imbalance in cell proliferation and differ-
entiation in various cell types which dis-
rupts the normal formation of bone mass 
and can cause IS [97–101]. The question 
of whether melatonin deficiency is the 
cause of adolescent IS remains contro-
versial, since studies of the level of this 
hormone in the blood serum show com-
pletely opposite results [102, 103].

The first studies on melatonin and its 
supposed influence on IS development 
have been performed on chickens [104, 
105], rats [106] and rabbits since 1995. 
Experimental pinealectomy in animals 
led to the development of scoliosis [107].

Pinchuk et al. [108] suggested that the 
cause of scoliosis may be a dysfunction of 

the biorhythm of secretion as a result of 
an imbalance in the activity of the supra-
chiasmatic nucleus/pineal gland but not 
melatonin deficiency. At the same time, 
impairment in melatonin signaling were 
revealed in cultures of osteoblasts, when 
examining bone tissue samples taken 
during spinal surgery in patients with 
IS [109].

During the study the level of mela-
tonin in patients with IS, both negative 
[110, 111] and positive results [112] were 
obtained, which may be due to the poly-
morphism of the disease. Mutations pos-
sibly associated with impaired melatonin 
metabolism have been identified in the 
Chinese population of patients with IS 
[100, 113], while no potentially signifi-
cant mutations have been identified in 
other studies [114, 115].

Koyama et al. [116] demonstrated 
that melatonin is involved in stimulating 
bone cell proliferation and type I colla-
gen synthesis in osteocytes and inhibiting 
bone tissue resorption by suppressing 
RANKL-mediated osteoclasts. 

Calmodulin is a calcium-binding 
protein that regulates the actin-myosin 
complex associated with skeletal mus-
cle contraction and platelet aggregation. 
Calmodulin regulates muscle function 
and bone formation, participates in vari-
ous metabolic systems as a second mes-
senger, it is widely expressed in various 
cells and takes part in the contractile 
system of cells and is also a melatonin 
inhibitor [97, 113]. Several studies have 
found elevated concentration of calmod-
ulin in platelets in patients with adoles-
cent IS [117]. In addition, its imbalance 
in the paraspinal muscles was found in 
patients with adolescent IS [118], as well 
as a decrease in the level of calmodulin 
after spinal fusion [119].

A case-control study showed a rela-
tionship between the level and form of 
spinal deformity with different subtypes 
of the calmodulin gene [20].

Leptin. Leptin influences function-
ing of the nervous system (the central 
function of leptin), as well as has a direct 
impact on the skeletal system (periph-
eral function). Ultimately, leptin is a hor-
mone involved in bone formation reg-
ulation. Its production is regulated by 

the nuclei of the hypothalamus and the 
sympathetic nervous system [120]. It is 
mainly secreted by adipocytes, and the 
leptin receptor (OB-R) is found in chon-
drocytes and osteoblasts. Leptin regulates 
osteogenic differentiation of bone mar-
row stem cells and chondrocyte function 
by directly binding to the OB receptor 
[121].

In patients with adolescent IS a 
decrease in circulating leptin level was 
found, which is believed to be associated 
with lower body mass index (BMI) and 
bone density [122]. The change in the 
level of circulating leptin in adolescent 
IS may be secondary, caused by a low 
capacity for adipogenesis which is the 
result of their lower fat accumulation 
[37]. A study of the level of leptin and 
its soluble receptors (OB-R) in girls with 
adolescent IS compared with healthy 
girls showed that lower body weight in 
girls with scoliosis was due to both low-
er skeletal muscle mass and lower body 
fat content. Altered leptin bioavailability 
also exists in girls with adolescent IS and 
may lead to weight loss [123]. Hyposen-
sitivity to it is a plausible explanation for 
the abnormally low bone mineral density 
observed in IS patients [124].

Wang et al. [121] found a lower 
expression of membrane leptin receptors 
in chondrocyte cells of the facet joints of 
patients with adolescent IS.

Low BMI can be directly related to 
low leptin levels and it is usually low-
er than average in IS patients. Does low 
leptin cause of low body weight and 
reduced fat accumulation or is it an 
inverse relationship? The answer to this 
question is not clear yet. It is likely that 
IS patients have higher leptin utiliza-
tion due to higher levels of the soluble 
leptin receptor (OB-R). In addition, as 
BMI decreases in IS patients, the fat con-
tent decreases that probably leads to a 
decrease in leptin secretion. Although the 
trigger for lower leptin levels and lower 
BMI in IS is unclear, the effects appear 
to be mediated by increased leptin uti-
lization, reduced secretion, and abnor-
mal downstream signaling in the leptin 
pathways [37].

Sex hormones. It is known that IS is 
more common in women than in men 
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[12]. Estrogen performs a lot of func-
tions and its lack leads to a deficiency in 
bone maturation that can further lead to 
IS development. Estrogens affect bone 
tissue remodeling and growth by inter-
acting with factors that modulate bone 
growth, their biomechanics and structure.

Estrogens suppress production 
of cytokines, including interleukin-6  
(IL-6), interleukin-1 (IL-1), nuclear fac-
tor B ligand receptor activator (RANKL) 
from immune cells and osteoblasts, 
enhance osteoblast proliferation, reduce 
osteoblast and osteocyte apoptosis and 
induce osteoclast apoptosis.

Kulis et al. [125] examined IS patients 
before and after menarche onset, the 
control group included girls without 
spinal deformity. In the main group 
before menarche, the levels of FSH, LH 
and estradiol were reduced, the levels 
of progesterone, estrone and estriol 
were higher, and the concentrations of 
estrone and estriol were normal, also 
there were higher levels of RANKL (gly-
coprotein of the TNF superfamily, pro-
duced by osteoblastic cells and activated 
T-lymphocytes), osteocalcin and alkaline 
phosphatase in this group. These figures 
were significantly higher in the group 
of girls after the menarche onset. The 
concentrations of FSH, LH, estradiol and 
progesterone in girls with IS after the 
onset of menarche were lower, estrone 
was slightly lower, and estriol was normal.

The cellular response to estrogen 
in IS patients altered and may lead to 
delayed menarche and osteopenia. Estro-
gen receptors can influence the response 
of vertebral growth sites to stress which 
affects bone formation. Estrogens also 
impact the work of other hormones, for 
example, melatonin and estrogen have 
the opposite effects on regulation of 
cAMP level in cells and calmodulin, in 
turn, can affect the work of estrogen in 
signaling pathways [126, 127].

Growth hormone. Growth hormone 
(STH – somatotropic hormone) regu-
lates the overall body growth, changes in 
its secretion and performance can affect 
the skeleton growth. Willner et al. [128] 
found a higher secretion of the growth 
hormone in adolescent girls with IS than 
in healthy peers. Yang et al. [129] and 

Zhuang et al. [130] identified gene poly-
morphisms of STH receptors in patients 
with adolescent IS that were associated 
with higher STH level in blood and low 
bone mass.

Park et al. [131] found that growth 
hormone treatment of IS patients did not 
affect its progression and in the group 
of children who previously did not have 
IS, during growth hormone treatment of 
idiopathic growth retardation, de novo 
scoliosis occurred in 3.7 %. However, Day 
et al. [132] obtained data that is different 
from these results.

The conflicting data are explained by 
the fact that patients treated with growth 
hormone probably had syndromes when 
scoliosis is more common than in an age-
comparable population. Thus, in Turner 
syndrome, the prevalence of scoliosis 
reaches 28.8 % [132].

Through genetic studies, it can be 
concluded that changes in STH recep-
tors may play a more important role than 
changes in its secretion or structure. Fur-
ther research is needed to find out the 
specific role of STH and interactions 
between STH and other hormones.

Biochemical theory
Mineral metabolism of bone tissue. 

The decrease in bone tissue mass (osteo-
penia) in patients with adolescent IS has 
been confirmed by numerous studies. 
Osteopenia can theoretically lead to cur-
vature appearance and progression. The 
ligand-receptor system RANK/RANKL/
OPG is a key link in bone tissue homeo-
stasis, which directly regulates osteoclast 
differentiation and osteolysis and plays 
an important role in bone metabolism. 
Suh et al. [133] found a relative increase 
in the concentration of receptor acti-
vator of nuclear factor kappa B ligand 
(RANKL) compared to osteoprotegi-
rin (OPG), as well as low vertebral and 
femoral neck bone mass. In turn, Zhou 
et al. [134] found increased expression 
of RANKL not only in serum, but also in 
osteoblasts.

Eun et al. [135] confirmed that the 
OPG gene and the IL-6 gene, which was 
a candidate gene for osteopenia, have 
polymorphisms in patients with ado-
lescent IS and may be associated with 
deformity development. Wang et al. [136] 

found a decrease of RUNX2 expression 
in osteoblasts of patients with adolescent 
IS. It is an important transcription fac-
tor regulating osteoblast differentiation 
and skeletal formation that correlates 
with decreasing bone mass in the spine 
and femoral neck. Using finite element 
modeling, it was possible to confirm that 
osteopenia on the concave side in thora-
cic scoliosis can change the bone struc-
ture, including the joints structure, their 
regular growth and cause the deformity 
progression.

Metabolism of fats and proteins. 
Impaired serum lipid metabolism found 
in patients with adolescent IS [138] con-
cerns glycerophospholipids, glycerolipids 
and fatty acid esters. Lipid metabolism 
is associated with various types of hor-
mones and regulatory systems, therefore, 
most likely, these changes are secondary.

The intervertebral disc structure. Bio-
chemical processes can cause histological 
discs changes which, in turn, can cause 
biomechanical changes that can lead 
to scoliosis onset or progression. Ghosh 
et  al. [139] noted pathological distri-
bution of glycosaminoglycans in scoli-
otic vertebral discs, the concentration 
of which should initially be the highest 
in the vertebral pulp.

An increase in the amount of collagen 
types I and II was found on the convex 
side of the discs compared to the con-
cave side [140].

Evolution theory
A study of a large sample of monkey 

skeletons did not identify a single case 
of scoliosis in chimpanzees or gorillas 
[141]. This may be due to the anatomy 
difference, since, compared to humans, 
they have a shorter and less mobile lum-
bar spine, and they rarely move on two 
limbs.

Theory of the environment 
and lifestyle impact
Nutrition and ecology. The interac-

tion of genes and diet has been observed 
in many aspects of growth development, 
most profoundly in adolescence during 
puberty. Golding [142] drew attention 
to the sudden increase in IS incidence in 
Jamaica after 1965, particularly, to endo-
crine supplements that began to be used 
to stimulate the growth of livestock.
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DNA methylation and epigenetic fac-
tors are considered to be the main mech-
anism underlying these changes, since 
these epigenetic factors can cause genet-
ic predisposition. In particular, nutrition-
al components thought to play a role 
include bioactive polyphenols, zinc, sele-
nium, and vitamins A and D [143].

Yang et al. [144] hypothesized that 
high level of selenium in the environ-
ment can cause discoordination of the 
spine and bones growth, excessive 
growth of the spine in relation to the 
spinal cord (hidden tethered spinal cord 
syndrome), all that, in turn, can cause 
scoliosis. This assumption is related 
to the fact that guppy fish developed 
a S-shaped deformity in an environment 
with high selenium content.

The cohort study by Ji et al. [145] con-
firmed that high selenium level was sig-
nificantly associated with the incidence 
of adolescent IS, while low level was not 
significantly correlated.

It is considered that there is a link 
between IS and anorexia nervosa. Nutri-
tional modification may delay spinal 
deformity progression [143].

Differences in gut microbiomes were 
found between patients with and with-
out adolescent IS. Microbiome may influ-
ence plasma protein composition, and 
abundance of fecal prevotella is positive-
ly correlated with Cobb angles in patients 
with adolescent IS [146].

Vitamin D and its metabolites play 
the key role in bone metabolism and 
phosphorus-calcium homeostasis , 
affect the growth and differentiation 
of cells in various target organs. It is 
also a ligand for the nuclear receptor 
encoded by the VDR gene, which, in 
turn, regulates the activity of many tar-
get genes through its interaction with 
specific DNA sequences in the promot-
er regions of these genes. Vitamin D 
deficiency or insufficiency may influ-
ence the development of adolescent 
IS through various mechanisms [147, 
148, 150].

Vitamin D correlates with calcium 
metabolism and may also affect regula-
tion of fibrosis and postural control that 
may lead to the development of adoles-
cent IS [147]. Probably, it interacts with 
estrogen, melatonin and leptin affecting 
bone density [147].

Children may suffer from insufficient 
level of vitamin D for various reasons: 
for example, in the cold season due to 
reduced insolation [149]. According to 
Mithal et al. [149] the mean vitamin D 
level in children was 16.6 ng/mL, while 
Balioglu et al. [150] noted the lowest level 
(14.41 ng/mL) in patients with adoles-
cent IS in winter. This difference may be 
related to the location of the study.

The vitamin D receptor (VDR) is 
another point of interest in vitamin D 
metabolism. Vitamin D deficiency affects 
the modulation of brain neurotransmit-
ters such as acetylcholine and catechol-
amines, and disrupts vitamin D-VDR sig-
naling pathways, resulting in impaired 
motor function, poor balance and pos-
tural control in mice with low vitamin D 
level [151, 152]. Associations have been 
found between the risk of IS develop-
ing and polymorphisms of the vitamin 
D receptor (VDR) genes [21, 153]. Until 
now, this remains controversial: does the 
VDR gene polymorphism contribute to 
development of adolescent IS? Some stu-
dies do not support this theory [154].

McMaster et al. [155] suggested that 
chloroform generated in heated pools 
has a neurotoxic effect causing adoles-
cent IS. In adult healthy swimmers, circu-
lating neurotoxins were detected, among 
which were found chloroform, bromodi-
chloromethane, dibromochloromethane 
and bromoform, as well as cyanide chlo-
ride and dichloroacetonitrile. It has been 
noted that in healthy adolescents who 
exercised in indoor heated pools, as well 
as in infants, there is a vertical asymmetry 
of the spinous processes [156].

Physical activity. Physical activity 
with different training strategies can 
give different results in IS. IS is less com-

mon among girls who go in for dancing, 
as well as among adolescents who are 
fond of gymnastics, karate, horseback 
riding and speed skating. There was no 
statistically significant association with 
previous regular football or ice hockey. 
IS occurred 8 times more often in chil-
dren who started swimming at the age 
of less than one year in comparison with 
those who did not go the pool at this age 
[157], an explanation of this hypothesis 
is presented above. Watanabe et al. [158] 
found that the likelihood of developing 
IS raised with an increasing frequency of 
child’s training in classical ballet, as well 
as with the duration of ballet lessons.

Conclusion

The common term “idiopathic scolio-
sis” most likely combines a number of 
diseases with different etiopathogenet-
ic mechanisms of development. The 
most popular hypothesis at present is 
that there is no single gene responsible 
for scoliosis formation and, most likely, 
IS is a polygenic inheritance, which 
development is triggered by epigenetic 
factors.

Such causes of IS development as 
bone and muscle tissue defects, pathol-
ogy of the central nervous system, bio-
mechanics disorders, hormonal and 
biochemical abnormalities may play 
a dominant role in some cases of IS 
development.

Genetic and neurogenic theories, the 
theory of bone and muscle tissue defects, 
biomechanical, hormonal and biochemi-
cal, evolutionary, environmental and life-
style theories are closely related to each 
other and intersect in many key points.

Searching for an etiological factor and 
studying factors that play a certain role 
in IS progression will remain relevant 
from both scientific and clinical points 
of view.

The study had no sponsors. The authors declare that 

they have no conflict of interest.
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