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Abstract

Purpose The purpose of this study was to understand potential baseline transcriptional expression differences in paraspinal
skeletal muscle from patients with different underlying lumbar pathologies by comparing multifidus gene expression profiles
across individuals with either disc herniation, facet arthropathy, or degenerative spondylolisthesis.

Methods Multifidus biopsies were obtained from patients (n=44) undergoing lumbar surgery for either disc herniation, facet
arthropathy, or degenerative spondylolisthesis. Diagnostic categories were based on magnetic resonance images, radiology
reports, and intraoperative reports. Gene expression for 42 genes was analysed using qPCR. A one-way analysis of variance
was performed for each gene to determine differences in expression across diagnostic groups. Corrections for multiple com-
parisons across genes (Benjamini—-Hochberg) and for between-group post hoc comparisons (Sidak) were applied.

Results Adipogenic gene (ADIPOQ) expression was higher in the disc herniation group when compared to the facet arthropa-
thy group (p=0.032). Adipogenic gene (PPARD) expression was higher in the degenerative spondylolisthesis group when
compared to the disc herniation group (p=0.013), although absolute gene expression levels for all groups was low. Fibrogenic
gene (COL3A1) had significantly higher expression in the disc herniation group and facet arthropathy group when compared
to the degenerative spondylolisthesis group (p <0.001 and p=0.038, respectively). When adjusted for multiple comparisons,
only COL3A1 remained significant (p =0.012).

Conclusion Individuals with disc herniation and facet arthropathy demonstrate higher COL3A1 gene expression compared
to those with degenerative spondylolisthesis. Future research is required to further understand the biological relevance of
these transcriptional differences.

Keywords Multifidus - Lumbar spine - Muscle degeneration - Gene expression - Surgery

Introduction multifidus muscle in particular, given its role as a primary

spine stabilizer [4]. The association between such degenera-

Lumbar spine pathology (LSP) is a common cause of mus-
culoskeletal disability and can present as a complex multi-
factorial condition associated with debilitating back and/or
lower extremity pain [1]. Studies have shown observations of
paraspinal musculature atrophy and fat and fibrotic infiltra-
tion in individuals with LSP, observed through both imag-
ing and muscle biopsies [2, 3]. Many studies focus on the
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tive changes in the multifidus muscle and poor patient out-
comes highlights the clinical relevance in understanding the
molecular drivers of these muscle changes [5—7]. Recent lit-
erature highlights the potential clinical impact of paraspinal
muscle degeneration, as seen in studies concluding a higher
risk of post-operative proximal junctional kyphosis, cage
subsidence, and overall worse clinical outcomes in patients
with lower paraspinal muscle volume and cross-sectional
area [8, 9].

Despite the shared characteristic of tissue compositional
changes in the multifidus muscles of many patients with
LSP, muscle phenotypes of degeneration are highly variable,
and the associated influencing factors are not well under-
stood. Different spinal pathologies or severities of pathology
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may have different effects on muscle health. For instance,
Faur and colleagues found lumbar disc degeneration grade to
be correlated with lumbar multifidus fatty atrophy and lower
paraspinal muscle mass in general [10]. This finding was
preceded by animal data demonstrating increased adipose
tissue, fibrotic proliferation, and inflammatory gene expres-
sion in a disc injury model [11]. While the above study dem-
onstrates differences in muscle health within a single disease
aetiology (lumbar disc degeneration), others have shown dif-
ferent paraspinal muscle degenerative phenotypes between
different lumbar spine pathologies. For instance, both degen-
erative lumbar kyphosis and spondylolisthesis have been
shown to be associated with segmental multifidus degen-
eration, whereas only degenerative lumbar spondylolisthesis
was associated with erector spinae degeneration [7]. One
study showed that in patients with lumbar radiculopathy,
the presence of spondylolisthesis was associated with higher
levels of multifidus fatty infiltration on MRI [12].

Less understood are the underlying molecular mecha-
nisms behind changes seen between disease severity and
diagnosis. To our knowledge, there is no prior literature
analysing the relationship between paraspinal muscle gene
expression and the aetiology leading patients to undergo
lumbar spine surgery. Understanding transcriptional-level
variations related to multifidus muscle pathology can help
direct further investigation as to the impact of certain clini-
cal phenotypes on muscle recovery potential in this patient
population. The purpose of this study is to understand
whether there are baseline transcriptional expression differ-
ences in paraspinal skeletal muscle from patients with dif-
ferent underlying pathologies by comparing multifidus gene
expression profiles across aetiologies of LSP. We hypoth-
esized there to be differential gene expression of fibrogenic,
adipogenic, and atrophic genes between diagnostic groups.
We expected increased fibrogenic and adipogenic gene
expression in more degenerative pathologies and increased
atrophic gene expression in disc herniation groups.

Methods
Cohort

This was a cross-sectional observational study of 44 indi-
viduals undergoing surgery for LSP. All patients consented
to intraoperative biopsies of the multifidus muscle and were
included if they underwent a posterior approach surgery,
including laminoforaminotomies, laminectomies, discec-
tomies, or 1-2 level fusions. Patients with any diagnosed
myopathy or systemic neurological condition were excluded.
This study was performed in accordance with the Declara-
tion of Helsinki and received approval from the Institutional
Review Board (IRB). Demographic and condition-specific

@ Springer

characteristics including age, gender, and symptom duration
were collected pre-operatively.

Diagnostic categories

Patients were categorized into one of three diagnostic
groups, which were defined as disc herniation, facet arthrop-
athy, or degenerative spondylolisthesis. These categories
were developed based on a combination of lumbar spine
MRI images, MRI radiology reports, and detailed operative
reports. Given the wide spectrum of lumbar spine disease,
detailed operative reports aided in the identification of the
target pain generating structure. For example, if the surgi-
cal procedure targeted removal of disc, and the imaging and
symptoms were consistent with disc herniation, then the par-
ticipant was classified accordingly. Disc herniation in this
study is defined as extension of disc material beyond the
edges of the vertebral endplates contributing to stenosis or
nerve root abutment as directly visualized both on imaging
and intraoperatively [13]. Facet arthropathy, which in this
study frequently included ligamentum flavum hypertrophy,
was defined as the bony overgrowth of the facet joints due
to degenerative disease resulting in neuroforaminal stenosis
as well as spinal cord stenosis depending on the degree of
ligamentum flavum hypertrophy [13]. Degenerative spon-
dylolisthesis develops as a result of disc degeneration lead-
ing to ligamentum flavum buckling and micro-instability.
This is thought to lead to the antero- or retrolisthesis seen
on imaging that can compromise the spinal canal, in addi-
tion to the hypertrophic and osteophytic changes seen in the
ligamentum flavum and facet joints, respectively [14].

Muscle biopsy

After informed consent, multifidus biopsies were obtained
intraoperatively. Muscle tissue was collected at a standard-
ized anatomic location 1 cm lateral to the spinous process
at the spinolaminar border at the level and side of primary
pathology. Biopsies were immediately pinned at in vivo
length using non-ferrous magnetic pins and cork, and flash-
frozen using liquid nitrogen-cooled isopentane. Biopsies
were then transported on dry ice back to the laboratory and
stored at — 80 °C until processing.

Tissue composition

Given the heterogeneous nature of paraspinal muscle biop-
sies, tissue composition was quantified to define any differ-
ences in composition between diagnostic groups. Muscle
biopsy tissue composition was visualized via histology using
Gomori trichrome staining [15]. Relative fractions of mus-
cle, fat, and collagen were quantified from trichrome-stained
biopsies using Imagel] software [16]. Manual intensity
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thresholding was used for tissue type segmentation between
red (muscle), green (loose collagen), and blue (dense col-
lagen) channels of whole section slides, allowing for quan-
tification of the relative fraction of muscle, collagen, and fat
in each biopsy (Fig. 1).

RNA Isolation and Quantitative PCR

Approximately 25-50 mg of tissue was homogenized in a
round bottom bead tube (Navy, NextAdvance) with 1 ml of
QIAzol (Qiagen). RNeasy spin columns (Qiagen) were used
to extract ribonucleic acid (RNA) by following the RNe-
asy Lipid Tissue Mini Kit protocol for the aqueous phase
by following the manufacturer’s protocol. Extracted RNA
was analysed for concentration and quality using QIAxpert
Analysis (Qiagen). After determining acceptable purity and
concentration, one microgram of complimentary deoxynu-
cleic acid (cDNA) was reverse transcribed using the iScript
cDNA Synthesis Kits (Bio-Rad). Quantitative polymerase
chain reaction (QPCR) was performed on custom plates
(Bio-Rad) on a Bio-Rad CFX384 Touch qPCR analyser for
a panel of 42 genes associated with adipogenic/metabolic,
atrophic, fibrogenic, inflammatory, and myogenic pathways
(Table 1). Cycle threshold values (Ct values) were deter-
mined using a SYBR green fluorophore. On-plate quality
assessment was performed to assess genomic DNA contami-
nation and RNA quality.

Fig.1 Gomori trichrome-stained biopsy section (top image) demon-
strating regions of muscle, collagen, and fat. Bottom image demon-
strates tissue type segmentation between red (muscle), green (loose
collagen), blue (dense collagen), and white (fat) after manual inten-
sity thresholding for quantification of tissue composition

Statistical analyses

Raw Ct values were obtained from all samples and read into a
gPCR expression set using the R Bioconductor package high-
throughput qPCR (HTqPCR) [17]. Ct values were then quan-
tile normalized to the mean Ct value to obtain individual gene
expression values. A maximum Ct value of 39 was applied to
all genes of interest to allow for statistical comparison, with
lower values indicating higher gene expression.
Demographics and biopsy composition were compared
between each group with one-way analysis of variance
(ANOVA) for continuous variables and Chi-square analysis
for dichotomous variables. An ANOVA was performed for
each gene of interest to determine whether there were dif-
ferences in normalized Ct values across diagnostic groups.
Given the large number of genes evaluated, two levels of cor-
rection for multiple comparisons were employed. First, raw
p-values from each model were adjusted for between-model
multiple comparisons for each gene group using the Benja-
mini and Hochberg method [18], which is a well-established
multiple testing procedure for analysing expression levels for
multiple genes. Significance was set at an adjusted p-value
threshold of p <0.05, and trends were defined as p <0.1. Sec-
ond, post hoc analyses with Sidak corrections for multiple
comparisons were performed to determine specific differ-
ences between LSP aetiologies. Because we observed that
there were differences in age between our diagnostic cohorts,
we also evaluated models including a covariate adjustment
for age using a multivariate linear regression model with
group together with age as independent variables in order
to evaluate whether the differences observed were primarily
as a result of these age discrepancies [19]. All analyses were
performed using SPSS version 28.00 (IBM Corp. 2021).

Results

Most patients were undergoing surgery for a primary pathol-
ogy of disc herniation (56.8%, n=25), followed by facet
arthropathy (22.7%, n=10), and degenerative spondylolis-
thesis (20.5%, n=9). Mean (SD) ages in disc herniation,
facet arthropathy, and degenerative spondylolisthesis groups
were 43(13.3), 62.7(15.2), and 66.3(8.9), respectively, with
disc herniation patients being significantly younger than
both facet arthropathy (p <0.001) and degenerative spon-
dylolisthesis patients (p <0.001). There were more males
(52.3%, n=23) than females (47.7%, n=21) overall, but no
statistically significant differences in gender within diagnos-
tic groups (p =0.435). Importantly, there were no differences
in duration of symptoms (p =0.940), nor relative fraction
of muscle, collagen, or fat on tissue histology across diag-
nostic groups (p=0.676, 0.692, and 0.725, respectively).
Additional patient demographics are listed in Table 2.
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There were, however, statistically significant differences in
gene expression across diagnostic categories for the adipogenic
genes ADIPOQ and PPARD, as well as the fibrogenic gene
COL3A1. ADIPOQ gene expression was significantly higher
in the disc herniation group compared to the facet arthropa-
thy group (p=0.032) and trended towards being higher than
the degenerative spondylolisthesis group (p=0.088) (Fig. 1).
PPARD expression was higher in the degenerative spondylolis-
thesis patients when compared to the disc herniation group
(p=0.013) and trended towards higher expression compared to
the facet arthropathy group (p=0.077) (Fig. 2). COL3A1 had
significantly higher expression in the disc herniation group and
facet arthropathy group when compared to the degenerative
spondylolisthesis group (p <0.001, and p=0.038, respectively)
(Fig. 3). When adjusted for observed group differences in age,
these findings remained significant for COL3A1 and PPARD
gene expression but not ADIPOQ. When corrected for multiple
gene comparisons, only COL3A1 expression remained sig-
nificantly different across diagnostic groups (p =0.012), while
PPARD and ADIPOQ still trended towards being significantly
different across groups (p=0.056 and p =0.06, respectively).

No significant group differences were observed in the expres-
sion of inflammatory, atrophic, myogenic, or metabolic genes
(p>0.171) (Fig. 4).

Discussion

The aim of this study was to investigate the transcriptional
expression in a panel of genes within the atrophic, myogenic,
fibrogenic, adipogenic, and inflammatory pathways, and
compare this across three common aetiologies of patients
undergoing decompressive lumbar spine surgery. The ration-
ale for selecting this panel of genes related to muscle health
has been previously described and aims to represent the
molecular pathways involved in changes in muscle health
associated with poor functional outcomes [20]. There were
three genes (ADIPOQ, PPARD, and COL3A1) with signifi-
cantly different expression levels across patients with either
disc herniation, facet arthropathy, or degenerative spon-
dylolisthesis, although overall levels of expression for the
genes of interest were low.

Table 2 Demographics,

e . Variable/characteristic Disc herniation Facet arthropathy Degenerative p-value

characte‘r%stlcs, anq tissue spondylolis-

composition of patients theses

undergoing decompressive

lumbar spine surgery n (44) 25 (56.8%) 10 (22.7%) 9 (20.5%)
Age: Mean (SD) 43 (13.3) 62.7 (15.2) 66.3 (8.9) <0.001
Gender: Male 12 (48%) 7 (710%) 4 (44%) 0.435
Smoker 12 (48%) 4 (40%) 7 (17%) 0.209
Duration symptoms months: Mean (SD) 26.2 (65) 20.3 (17.9) 21.3 (21) 0.940
Relative fraction (%) in tissue composi-

tion: Mean (SD)

Muscle 54.6 (22.8) 47.2(23.2) 54 (16.8) 0.676
Collagen 26.5 (15.1) 27.8 (20.1) 20.9 (11.8) 0.692
Fat 15.3 (12.3) 11.7 (12) 13.2(7.7) 0.725

Fig.2 Levels of gene expres-

Simple Bar Mean of ADIPOQ by Etiology

sion between the three diagnos-

tic groups as measured by Cycle 34.00
threshold values (Ct values),

with lower values indicating

higher level of gene expression.
Disc herniation patients had
higher ADIPOQ expression
than facet arthropathy patients,
although after correcting for age
this was no longer significant.
*p<0.05

32.00

30.00

Mean ADIPOQ

28.00

26.00

disc herniation

facet arthropathy degenerative

spondylolisthesis
Etiology
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Fig.3 Levels of gene expres-

Simple Bar Mean of COL3A1 by Etiology

*

facet arthropathy degenerative

spondylolisthesis

Etiology

Simple Bar Mean of PPARD by Etiology

sion between the three
diagnostic groups as measured 34.00
by Cycle threshold values (Ct
values), with lower values
indicating higher level of gene
. . . 32.00
expression. Disc herniation and .
facet arthropathy patients had "
significantly higher COL3A1 é
expression than degenerative £ 30.00
spondylolisthesis patients, S
although after correcting for age
this was no longer significant.
#p<0.05 28.00 =
26.00
disc herniation
Fig.4 Levels of gene expres-
sion between the three diagnos-
tic groups as measured by Cycle 36.00
threshold values (Ct values),
with lower values indicating 35.00
higher level of gene expression.
Degenerative spondylolisthesis
patients had significantly higher g 34.00
PPARD expression than disc &
herniation patients. *p <0.05 § 33.00
-
32.00
31.00
30.00

disc herniation

ADIPOQ is a gene known to be expressed in adipose
tissue, but more recently this gene has been suggested to
be important in skeletal muscle health based on studies in
muscle development, regeneration, protein turnover, and
inflammatory signalling [21]. ADIPOQ gene expression was
higher in the disc herniation group when compared to the
facet arthropathy group, and trended towards being higher
than in the degenerative spondylolisthesis group. When cor-
rected for age, this difference was not retained, which likely
reflects the impact of the younger patient population in the
disc herniation group. This suggests that disc herniation may
have a differential impact on adipogenic muscle changes in
young versus old individuals, independent of duration of
symptoms. Further studies of the downstream effects of
ADIPOQ expression, such as evaluation of protein abun-
dance related to age, are needed to further understand this
relationship.

@ Springer

facet arthropathy

degenerative
spondylolisthesis

Etiology

Although the differences observed in ADIPOQ expres-
sion were not retained with correction for age and was
reduced to a trend (p=0.060), another gene associated
with fatty metabolism, PPARD, retained its significance.
PPARD expression was higher in degenerative spondylolis-
thesis patients when compared to disc herniation patients
and trended towards being significantly higher in facet
arthropathy patients. While the role of PPARD in skeletal
muscle is still under investigation, research suggests a role
in lipid uptake for energy use during fasting and exercise, as
well as the potential for alleviation of muscle disorders and
physiologic mimicry of exercise adaptation with pharma-
cological activation of PPARD [22]. Our observations that
PPARD was higher in patients exhibiting greater degenera-
tive pathology may suggest that intramuscular fat is being
metabolized more than in disc herniation. Prior literature
supports greater fatty infiltration in individuals with more
severe degenerative disease, which supports the possibility
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that higher absolute fat content may be driving increased
lipid metabolism demand in these patients [23]. However,
it should be noted that the mean Ct values across groups
for this gene were high (above 30), which may suggest that
the observed differences in transcriptional activity between
groups may not likely to be biologically relevant. However,
the correlation between gene expression at any level and
structural changes in muscle or general phenotypic changes
cannot be elucidated without a mechanistic experimental
design where expression levels are intentionally perturbed
and the resulting muscle changes are measured. Of course,
this is more challenging in humans, and the intent of this
study was to understand gene expression changes at the time
of surgery in order to identify candidate gene and pathways
for further exploration. Additionally, the low expression of
these genes may also be a broad indicator of severe tissue
degeneration. Again, this requires mechanistic explora-
tion, but it is a concept that may be supported by the high
level of degenerated tissue observed histologically in these
patients. Regardless of the approach, further research is
needed to understand the time course of substantial pheno-
typic changes in tissue composition in muscle in response
to gene expression.

Finally, we observed higher expression of the fibrogenic
gene COL3AI in the disc herniation and facet arthropathy
groups when compared to the degenerative spondylolisthesis
group. COL3A1 is one of various collagen isoforms that
composes the extracellular matrix (ECM), secreted by mus-
cle fibroblasts in response to muscle injury. Prior studies
demonstrate COL3A1 upregulation in multifidus muscles of
those with chronic versus acute LSP [20]. Given that we did
not observe significant differences in the duration of symp-
toms across groups, this may indicate that fibrogenesis is a
process that is initiated under specific biomechanical stress-
ors. Alternatively, muscle in the presence of more severe
degeneration of multiple surrounding tissues may lack the
ability to generate a fibrotic response mechanism. Indeed,
the groups with more severe degeneration also demonstrated
high mean Ct values, indicating lower expression for this
gene.

While the results in this study are cross-sectional and
observational in nature, they do provide insight into the
molecular underpinnings involved in muscle changes across
various pathological aetiologies. To our knowledge, no other
study has looked at gene expression between various phe-
notypes of lumbar spine disease. The observations made
here can help direct future studies involving the above sig-
nificant genes and related downstream molecular activity.
Nevertheless, there are several limitations associated with
these findings. First, although we documented symptom
duration in our patient cohort, the cross-sectional nature of
this study limits any temporal resolution and only gives a
snapshot of gene expression in patients at various stages in

their disease progression. Further studies replicating these
data and looking at changes in muscle health over time with
relation to gene expression can help give a more complete
picture of the molecular mechanisms occurring. Importantly,
the gene expression levels for many of the genes measured
were relatively low compared to literature-based data on
normal healthy muscle. In some cases, all groups demon-
strated mean Ct values of over 30, indicating very low gene
expression that may not be biologically relevant. It could
also indicate a lack of biological activity that impairs adapta-
tion in response to external tissue stressors such as surgery
or rehabilitation. Despite these low expression values, these
observations are consistent with previous literature in spine
and other degenerative musculoskeletal pathologies, sug-
gesting that a possible feature of these chronic degenerative
changes is reduction in overall gene expression [24]. Study-
ing gene expression in isolation is another limitation of this
study and further protein assays corroborated with histo-
logical analyses would help to clarify the overall molecular
timeline between different spine pathologies. As mentioned
above, the cross-sectional nature of this study limits the
proper evaluation of all potential confounders, and we did
not employ matching in our group selection. It is unknown
whether additional unmeasured confounders exist that would
further influence these observations. The authors recognize
that these three diagnostic aetiologies can exist on a spec-
trum of degeneration and delineation into three groups may
not represent the general LSP population. Finally, there was
no healthy control group to compare gene expression given
the invasive nature of obtaining a multifidus biopsy without
an overall surgical indication.

Conclusion

Multifidus fibrogenic and adipogenic gene expression dif-
fered across patients undergoing surgery for disc herniation,
facet arthropathy, or degenerative spondylolisthesis, with the
facet arthropathy and degenerative spondylolisthesis group
demonstrating overall low gene expression. ADIPOQ gene
expression was higher in the disc herniation group when
compared to the facet arthropathy group before correcting
for age differences between the groups. PPARD expression
was higher in the degenerative spondylolisthesis patients
when compared to disc herniation, although the expression
levels are not likely to be biologically relevant. COL3A1
had significantly higher expression in the disc herniation
group and facet arthropathy group when compared to the
degenerative spondylolisthesis group. When corrected for
multiple comparisons, only COL3A1 expression remained
significantly different across diagnostic groups, while
PPARD and ADIPOQ expression trended towards remain-
ing significantly different. These differences in expression
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levels between different severities and aetiologies of lower
back and extremity pain provide insight into targets for fur-
ther research.
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