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ACKGROUND CONTEXT: Hypertrophy of the ligamentum flavum (LF) is a major contributor

to the development of lumbar spinal canal stenosis (LSS). Although previous studies have identi-

fied some factors related to hypertrophy of the LF, the etiology remains unclear. It is well known

that myofibroblasts have a key role in the pathology of fibrosis in other tissues, including the skin,

liver, kidney, and lung. We hypothesized that myofibroblasts were also important players in the

pathology of fibrosis in the LF.

PURPOSE: To elucidate the distribution and role of myofibroblasts in the hypertrophic LF.

STUDY DESIGN: A histological, immunohistochemical, and gene expression analysis of the LF

in the human lumbar spine.

PATIENT SAMPLE: Hypertrophic LF tissue samples were collected from patients with LSS.

OUTCOME MEASURES: Histology, immunohistochemistry, microarray, reverse transcription-

quantitative polymerase chain reaction, western blotting, and enzyme-linked immunosorbent assay.

METHODS: The degree of fibrosis in the dural and dorsal layers of the LF was evaluated by

Masson’s trichrome tissue staining. Collagen gene expression was evaluated by quantitative reverse

transcription polymerase chain reaction. Immunostaining of aSMA was performed to evaluate

localization of myofibroblasts in LF tissue. The association between gene expression of alpha-

smooth muscle actin (aSMA) and that of several types of collagen was investigated. The signal

activated on the dorsal side of LF was examined by gene set enrichment analysis using microarray

data. Expression levels of aSMA and several types of collagen in LF fibroblasts were investigated

under hypoxic conditions.

RESULTS: In the histological study using Masson’s trichrome staining, the fibrosis score was sig-

nificantly higher in the dorsal layer than in the dural layer. Gene expression levels for several types

of collagen (COL1A1, COL1A2, COL3A1, COL5A1, COL6A1, and COL11A1) and heat shock

protein 47 (a collagen-specific chaperone) were significantly higher in the dorsal layer. Further-

more, immunohistochemistry revealed a significantly greater number of aSMA-stained cells in the

dorsal layer. There was a strong correlation of aSMA mRNA expression with COL1A-1 in LF
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fibroblasts. Gene set enrichment analysis showed that the set of fibrosis-related gene signals,

including those for epithelial-mesenchymal transition, hypoxia, and inflammation, were signifi-

cantly upregulated in the dorsal layer compared with the dural layer. Under hypoxic stimulation,

expression of aSMA and several types of collagen was increased in LF fibroblasts.

CONCLUSIONS: This study is the first to reveal that myofibroblast expression levels are higher in

the dorsal layer of the LF than in the dural layer. We confirmed that hypertrophy of the LF in LSS is

associated with increased expression of myofibroblasts in the dorsal layer. Hypoxia could be a

cause of expression of myofibroblasts leading to fibrosis and finally to hypertrophy of the LF.

CLINICAL SIGNIFICANCE: The results of this study partially elucidate the molecular mecha-

nisms of LF hypertrophy and suggest that myofibroblasts may be involved in age-related degenera-

tion of the LF. © 2021 Elsevier Inc. All rights reserved.
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Introduction

Lumbar spinal canal stenosis (LSS) is one of the main

causes of lower leg pain, sciatica, and intermittent claudica-

tion in the elderly, and the main etiology in patients with

this spinal disorder is hypertrophy of the ligamentum flavum

(LF) [1]. Histopathological investigations have been per-

formed to understand the pathological mechanism of hyper-

trophy of the LF. In the non-hypertrophic ligament, 60% to

70% of the extracellular matrix is composed of elastic fibers

[2]. However, in the hypertrophic ligament, the proportion

of elastic fibers is decreased, the proportion of collagen

fibers is increased, and fibrotic changes are evident [3]. Sev-

eral studies have investigated the mechanism underlying

hypertrophy of the LF and found that the expression levels

of several growth factors, namely, connective tissue growth

factor, basic fibroblast growth factor, and transforming

growth factor-beta (TGF-b), inflammatory cytokines (inter-

leukin-1 and interleukin-6), collagenases (matrix metallo-

proteinases-1, -3, and -9), angiogenesis factors (vascular

endothelial growth factor and platelet-derived growth fac-

tor), and fibroblast growth factor 9 are increased in the

hypertrophic LF associated with LSS when compared with

non-hypertrophic ligaments associated with lumbar disc her-

niation [4−6]. Sairyo et al [7−9] found that these fibrotic

changes were more common in the dorsal layer than in the

dural layer. Mechanical stress was considered as a cause of

fibrosis when three-dimensional finite element modeling

revealed that the mechanical stress was greater on the dorsal

layer than on the dural layer [7]. However, the cause of

fibrosis in the dorsal layer has not been fully elucidated.

It is well known that myofibroblasts have a key role in

fibrosis in other body tissues, including the skin, lung, liver,

heart, and kidney [10−14]. Tissue damage caused by sev-

eral stimuli triggers an acute reaction and initiates the

wound healing process. Inflammation and immunocytes

stimulate conversion of fibroblasts to myofibroblasts, which

promote expression of smooth muscle actin, synthesis of

collagen, and matrix deposition. We hypothesized that

myofibroblasts would have an important role in the pathol-

ogy of fibrosis in the dorsal layer of the LF.
Therefore, the aim of this study was to clarify whether

myofibroblasts are present in the hypertrophic LF, and if so,

to investigate the role of myofibroblasts in this ligament.
Materials and methods

Patients

Fifty-one LF specimens were collected during surgery

from 37 patients with LSS or degenerative spondylolisthesis

(16 men, 21 women; 24 underwent one-level surgery, 12

underwent two-level surgery, and 1 underwent three-level

surgery) with LSS or degenerative spondylolisthesis during

surgery. Mean age at the time of surgery was 69.3 (range, 51

−81) years. Exclusion criteria were systemic inflammatory

disease, rheumatoid arthritis, spondylolytic spondylolisthe-

sis, scoliosis (Cobb angle >10˚), and lumbar revision surgery

for the following reasons. In the case of systemic inflamma-

tory disease and rheumatoid arthritis, the signals that nor-

mally occur may be suppressed because steroids and

immunosuppressive agents are taken orally. In the case of

scoliosis, because the mechanical stress applied to the right

side and the left side is different, it is not clear which to eval-

uate. In the case of spondylolytic spondylolisthesis, the

mechanical stress normally applied does not apply to the lig-

amentum flavum because of the fracture. In the case of reop-

eration, it is not possible to evaluate whether the ligamentum

flavum remains. Patients with LSS and calcification of the

LF detected on computed tomography were also excluded.

The study protocol was approved by the institutional review

board of each institution involved in the investigation.
Isolation and culture of cells

We harvested 14 LF specimens (1 at L1/2, 2 at L2/3, 4 at

L3/4, and 7 at L4/5) from 12 patients (8 men, 4 women;

mean age, 58.7 [range, 51−81] years) during surgery. The

LF tissue samples were washed in phosphate-buffered

saline, minced, and incubated for 1 h at 37˚C in Dulbecco’s

modified Eagle’s medium containing 0.2% type 1 collage-

nase (Fujifilm Wako Pure Chemical Corporation, Osaka,
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Japan) and 1% penicillin-streptomycin (Fujifilm Wako Pure

Chemical Corporation). The LF cells were filtered through

a sterile 70-mm-pore nylon mesh and centrifuged to collect

the cells. Subsequent experiments were performed using

cells from the first and second passages. The LF cells were

maintained in Dulbecco’s modified Eagle’s medium supple-

mented with 10% fetal bovine serum (Invitrogen, Carlsbad,

CA, USA)

Histological analysis

Twenty-one of the 51 LF specimens (1 at level L2/3, 5 at

L3/4 5, 13 at L4/5, and 2 at L5/S1) from 16 patients (5 men,

11 women); mean age 72.6 [range, 58−79] years) were

used in this study. The specimens were fixed in 4% parafor-

maldehyde, embedded in paraffin, and sagittally sectioned.

The sections were stained using Masson’s trichrome to

assess the degree of fibrosis. Fibrosis was graded on a five-

point scale according to the method devised by Sairyo et al

[8] (grade 0, normal tissue showing no regions of fibrosis;

grade 1, fibrosis occupying <25% of the entire area; grade

2, fibrosis occupying 25%−50% of the entire area; grade 3,

fibrosis occupying 50%−75% of the entire area; grade 4,

fibrosis occupying >75% of the entire area).

Immunohistochemistry

Immunohistochemistry was performed to detect alpha-

smooth muscle actin (a-SMA), a myofibroblast marker,

using standard protocols in 7 LF samples harvested from 7

patients (4 men, 3 women) of mean age 74.0 (range, 63−79)
years. Briefly, the LF samples were fixed in 4% paraformal-

dehyde. After defatting using 70% ethanol extraction, the

decalcified tissues were embedded in paraffin and sectioned

into 4-mm slices. The deparaffinized sections were stained

with rabbit anti-a-SMA (1:100, Abcam, Cambridge, UK).

The slides were counterstained with hematoxylin. It is known

that a-SMA is also expressed in vascular smooth muscle

cells, and thus these cells were determined to be myofibro-

blasts if the cytoplasm was a-SMA-positive on immunohis-

tochemistry and they did not form a vascular lumen. The

proportion of a-SMA-positive cells was counted in five areas

of the dorsal layer and in five areas of the dural layer.

RNA analysis

Twenty-four LF samples (8 at level L3/4, 12 at L4/5, and

4 at L5/S) from 22 patients (10 men, 12 women; mean age,

71.8 [age range, 61−79] years) were used in this study. The

samples were separated into a dorsal layer and a dural layer

and frozen in liquid nitrogen. Next, the samples were

crushed, and total RNA was extracted using the RNeasy

Lipid Tissue kit (Qiagen, Hilden, Germany) according to

the manufacturer’s protocol. The total RNA was also

extracted from the cultured cells.

The total RNA from the tissue and cells was used as a

template for synthesis of cDNA with ReverTra Ace qPCR
RT Master Mix and gDNA Remover (Toyobo, Osaka,

Japan). A Step One Plus Real-Time PCR System (Applied

Biosystems, Foster City, CA, USA) with Thunderbird

qPCR Mix (Toyobo) or FastStart Universal SYBR Green

Master (Roche Diagnostics, Basel, Switzerland) were used

for quantitative reverse transcription polymerase chain

reaction (qRT-PCR) analyses. 18S ribosomal RNA was

used for the internal controls. The primers used are listed in

Supplemental Table 1.

Selection of LF samples

LF samples that could be removed en mass were used for

RNA analysis and tissue analysis in this study: the first 24

specimens were used for RNA analysis and the next 21 speci-

mens were used for tissue analysis. The 14 LF samples that

could not be removed enmass were used for the in vitro assay.

Immunoblot analysis

The LF fibroblast lysates were prepared in RIPA buffer

(50-mM Tris-HCl, 150-mM NaCl, 1% NP-40, 0.1% sodium

dodecyl sulfate, and 0.5% sodium deoxycholate) containing

protease inhibitor cocktail (Nacalai Tesque, Kyoto, Japan)

and phosphatase inhibitor cocktail (Biotools Inc., Jupiter,

FL, USA) using a Polytron homogenizer (Kinematica,

Lucerne, Switzerland). The protein concentrations in the

lysates were measured using the bicinchoninic acid method,

and immunoblot analyses were performed as described pre-

viously [12]. Proteins were detected using anti-hypoxia

inducible factor (HIF)-1a and a-tubulin (Cell Signaling

Technology, Danvers, MA, USA). Bands were detected

using WesternSure ECL Substrate (Li-Cor Biosciences,

Lincoln, NE, USA), and images were acquired using an

EZ-Capture II Cooled CCD Camera System (ATTO Corp.,

Tokyo, Japan).

Hypoxic treatments

The LF fibroblasts were cultured under hypoxic condi-

tions in 1% oxygen for 24 hours, 36 hours or 48 hours using

a BIONIX-1 hypoxic culture kit (Sugiyamagen, Tokyo,

Japan) according to the manufacturer's instructions.

Measurement of procollagen type I in the medium

The concentrations of procollagen type I in the medium

were determined using a commercially available enzyme-

linked immunosorbent assay kit (Procollagen Type I C-Pep-

tide EIA Kit; Takara Bio, Kusatsu, Japan) according to the

manufacturer’s instructions. Each sample was analyzed in

duplicate.

Gene set enrichment analysis

Gene set enrichment analysis (GSEA) was performed on

4 LF samples (1 at level L3/4, 3 at L4/5) from 4 patients (2

men, 2 women; mean age, 67.8 [range, 52−77] years). We
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divided the samples into a dorsal layer and a dural layer,

giving a total of 8 samples. Before performing the microar-

ray analysis, a Low Input Quick Amp Labeling Kit (Agilent

Technologies, Santa Clara, CA, USA) was used to label

total RNA purified with the RNeasy MinElute Cleanup Kit

(Qiagen). The labeled RNA was then used to probe a Sure-

Print G3 Human Gene Expression 8 £ 60K microarray, and

the signals were scanned with a G2565 microarray scanner

(both from Agilent Technologies).

The microarray data were extracted from the scanned

images using Feature Extraction 10.7 (Agilent Technolo-

gies). Gene expression pathway analysis was performed

using GSEA software V3.0 (Broad Institute, MIT, Cam-

bridge, MA, USA) [15]. GSEA performs a competitive

analysis of predefined gene sets, so is suitable for examin-

ing relatively heterogeneous biological samples. In brief,

GSEA first ranks all genes analyzed by expression arrays

according to their differential expression between two cate-

gories of samples; in this study, these categories were the

dural and dorsal layers.

Next, “h.all.v6.0.symbols.gmt” was chosen as the gene

set used for the enrichment analysis. GSEA calculates a

pathway enrichment score that reflects the degree to which

a gene set is overrepresented at the top or bottom of a

ranked list of genes. Default settings were used, except for
Fig. 1. Fibrosis was aggravated in the dorsal layer of LF tissue. (A) Representati

Whole image. Bar, 1 mm. Blue indicates collagen fibers and red indicates elastic fi

LF (n=21). (C) The LF was divided into a dorsal layer and a dural layer. Comp

COL6A-1, COL11A-1, and HSP47 mRNA in the dorsal and dural layers of the

*p<.05, **p<.01. LF, ligamentum flavum.
the maximum size of the gene sets, which was set to 1,500

in order to include all predefined gene sets for analysis.

Thresholds for significance of the enrichment score were

determined by analysis of 1,000 permutations. A p-value of

<.05 and a false discovery rate of <0.25 were considered

statistically significant.

Statistical analysis

Pearson’s correlation test was used to analyze the cells in

the LF. All quantitative data are reported as the mean §
standard error of the mean. The Student’s t test was used

for normally distributed data. The statistical analysis was

performed using SPSS version 21.0 (IBM Corp., Armonk,

NY, USA). All tests were two-tailed. A p-value <.05 was

considered statistically significant.

Results

Fibrosis was aggravated in the dorsal layer of the ligament

Fibrosis of the LF was evaluated by Masson’s trichrome

staining. The tissue in the dorsal layer stained blue well and

the fibrosis score was significantly higher in the dorsal layer

compared with the dural layer (3.5§0.2 vs. 0.9§0.2, p<.05;
Fig. 1A, B). The 24 LF tissue samples were divided into
ve histopathology of the LF fibrosis score by Masson’s trichrome staining.

bers. Bar, 50 mm. (B). Fibrosis scores for the dorsal and dural layers of the

arison of mRNA expression of COL1A-1, COL1A-2, COL3A-1, COL5A-1,

LF (n=24). Data are presented as the mean § standard error of the mean.



Fig. 2. The number of a-SMA-positive cells was increased in the dorsal

layer of the LF tissue. (A) Representative immunohistochemistry of

a-SMA expression in the LF tissues. Arrows indicate a-SMA-positive

cells. Bar, 50 mm. (B, C) Comparison of the average in 5 points of the ratio

of a-SMA-positive cells in the dural layer and the dorsal layer of the LF

(n=7). Data are presented as the mean § standard error of the mean.

**p<.05. LF, ligamentum flavum; a-SMA, alpha-smooth muscle actin.
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dural and dorsal layers, and the mRNA expression was

evaluated. Expression of several types of collagen mRNA

was significantly greater in the dorsal layer compared with

the dural layer (collagen (COL)1A1: 1.0§1.7 vs. 2.4§4.5,

COL1A2: 1.0§0.6 vs. 2.4§1.6, COL3A1: 1.0§1.0 vs. 2.4§
1.8, COL5A1: 1.0§0.7 vs. 2.4§2.2, COL6A1: 1.0§0.7 vs.

2.0§1.5, COL11A1: 1.0§0.8 vs. 1.6 § 1.2; Fig. 1C). More-

over, the expression of heat shock protein (HSP) 47, which

is a collagen-specific chaperone required for normal colla-

gen synthesis, was also increased in the dorsal layer (1.0§
0.5 vs. 1.6§0.8). The fibrosis was found to be aggravated in

the dorsal layer both on histology (Fig. 1A, B) and gene

expression analysis (Fig. 1C).
Myofibroblasts increased in the dorsal layer of the ligament

Immunohistochemistry with antibodies against a-SMA

was used to evaluate the localization of myofibroblasts in

7 LF tissue samples. There was a significantly greater

number of a-SMA-stained cells in the dorsal layer

(16.8%§5.5%) compared with the dural layer (7.4%§
Fig. 3. Association between mRNA expression of a-SMA and COL1A1, CO
2.5%), indicating that there were more fibroblasts in the

dorsal layer (Fig. 2A−C).
mRNA expression of a-SMA was positively associated with

expression of COL1A1

To clarify whether a-SMA-expressing cells contribute to

production of collagen, the correlation between expression

of a-SMA and that of various types of collagen was investi-

gated in vitro. There was a strong correlation between

expression of a-SMA mRNA and expression of COL1A1

mRNA (r=0.665, p=.009) in LF cells (Fig. 3). Expression

levels of a-SMA mRNA and COL3A1 mRNA tended to

correlate (r=0.505, p=.066). There was no significant corre-

lation between expression of a-SMA mRNA and that of

COL5A1 mRNA (r=0.428, p=.127).
Hypoxic stimulation increased a-SMA gene expression and

production of collagen

To investigate the signal pathway activated in the dor-

sal layer, we performed a microarray analysis of four

samples each in the dorsal and dural layers. We per-

formed GSEA using the microarray results and found

that the set of fibrosis-related gene signals, including epi-

thelial-mesenchymal transition, hypoxia, and inflamma-

tion, was strongly associated with fibrosis in the dorsal

layer of the LF (Table).

We investigated whether hypoxic stimulation also

increased a-SMA gene expression and collagen production

in LF fibroblasts. HIF-1a was apparently induced in LF

fibroblasts when cultured under hypoxic conditions (1%

oxygen) for 24 h, 36h or 48 h, and LF fibroblasts were

appropriately stimulated under hypoxic condition

(Fig. 4A). We found that mRNA expression of a-SMA was

increased under hypoxic conditions (1.0§0.1 vs. 2.1§0.2).

Moreover, under these conditions, there was an increase in

mRNA expression of several types of collagen (COL1A1:

1.0 § 0.1 vs. 2.9§0.2, COL1A2: 1.0§0.1 vs. 1.8§0.1,

COL3A1: 1.0§0.2 vs. 2.1§0.3, COL5A1: 1.0§0.1 vs. 4.0§
0.3, COL6A1: 1.0§0.1 vs. 2.4§0.1, COL11A1: 1.0§0.1 vs

.2.1§0.1), fibronectin (1.0§0.0 vs. 1.8§0.1), and HSP47

(1.0§0.1 vs. 1.6§0.2). Given that collagen is a secretory
L3A1, and COL5A1 in fibroblasts in the ligamentum flavum (n=14).



Table

Top 14 sets of upregulated genes in the dorsal and dural layers of the liga-

mentum flavum identified by gene set enrichment analysis.

Name NOM p-val FDR q-val

G2M checkpoint .000 0.001

Epithelial mesenchymal transition .000 0.000

E2F targets .000 0.004

Heme metabolism .000 0.015

Hypoxia .001 0.020

MTORC1 signaling .001 0.030

Glycolysis .005 0.017

MYC targets V1 .007 0.042

Oxidative phosphorylation .022 0.107

Unfolded protein response .028 0.088

Angiogenesis .030 0.043

DNA repair .032 0.113

Estrogen response late .038 0.128

Inflammatory response .085 0.218
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protein, its production in culture medium was evaluated by

enzyme-linked immunosorbent assay. Under hypoxic con-

ditions, the production of procollagen type 1 was increased

at 24, 36, and 48 hours.
Fig. 4. Hypoxic stimulation increased a-SMA gene expression and production of

ditions (21% oxygen) and hypoxia (1% oxygen) by Western blotting at 24 and 4

COL1A-1, COL1A-2, COL3A-1, COL5A-1, COL6A-1, and COL11A-1 in LF fibro

by quantitative reverse transcription polymerase chain reaction at 24 hours (n=4).

tions of procollagen type I in the medium were determined by enzyme-linked im

mean. *p<.05, **p<.01. HIF-1a, hypoxia-inducible factor 1-alpha; LF, ligamentu
Discussion

The three main findings of this study were as follows: (1)

the amount of myofibroblasts, indicated by a-SMA-positive

cells, was increased in the dorsal layer of the LF compared

to with the dural layer; (2) there was a positive correlation

between the expression of a-SMA and that of COL1A-1 in

fibroblasts from LF tissue; and (3) hypoxia induced fibrosis

via the increased amount of myofibroblasts.

It is well known that myofibroblasts have a key role in

tissue fibrosis. After tissue injury, fibroblasts differentiate

into myofibroblasts that express a-SMA as a result of stim-

ulation by mechanical stress and TGF-b and synthesize

components of the extracellular matrix, such as collagen

types I and III, which contribute to tissue repair during

wound healing [3,11−14,16−18]. Furthermore, myofibro-

blasts have contractile properties that can compensate for

tissue defects [13,16]. Myofibroblasts normally disappear

from granulation tissue via apoptosis after closure of a

wound [19]. However, in some circumstances, myofibro-

blasts persist and may contribute to formation of pathologi-

cal scar tissue. Secretion of protein from the extracellular
collagen. (A) Expression of HIF-1a in LF fibroblasts under normoxic con-

8 hours. (B) Comparison of mRNA expression of a-SMA, FN, HSP47, and

blasts under normoxic conditions (21% oxygen) and hypoxia (1% oxygen)

Data are presented as the mean§standard error of the mean. (C) Concentra-

munosorbent assay. Data are presented as the mean § standard error of the

m flavum.
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matrix in the tissues and organs may be excessive, as in

fibroproliferative disorders (FPDs), such as scleroderma,

Dupuytren’s disease, some heart, hepatic, and kidney dis-

eases, and pulmonary fibrosis [20−22]. It has been reported

that fibroblasts and myofibroblasts are key players in FPDs

[21], and drug treatment targeted to myofibroblasts is being

investigated as a strategy for prevention of fibrosis [23].

Therefore, it is important to clarify the role of myofibro-

blasts in the LF.

Recently, Hur et al [24] reported that myofibroblasts

were present among fibroblasts obtained from LF and

that there was a positive correlation between the expres-

sion of a-SMA and that of TGF-b in these cells. How-

ever, in that study, it was not clear where in the ligament

the myofibroblast became localized. It was also uncertain

whether production of the collagen that causes fibrosis

was actually increased in a-SMA-expressing cells

because only the relationship between a-SMA and TGF-

b was investigated. Delen et al [25] subsequently

reported increased expression of a-SMA in the dorsal

layer of the LF. However, they evaluated homogenized

LF tissue, which contains a mixture of various types of

cells. Other cells, including vascular smooth muscle

cells, also express a-SMA, so it was not clear in that

study whether or not there was an actual increase in num-

bers of myofibroblasts in the LF. Therefore, we evaluated

the localization of a-SMA-positive cells by immunohis-

tochemistry and found more a-SMA-positive cells in the

dorsal layer of the ligament than in the dural layer, indi-

cating that in patients with LSS, the hypertrophic LF con-

tains more myofibroblasts, especially in the dorsal layer.

Moreover, we found a positive correlation between the

expression of a-SMA and that of COL1A-1 in fibroblasts

from the LF. Consequently, myofibroblasts can be

assumed to contribute to fibrosis in LF as in other FPDs.

Next, we performed a microarray analysis of the dorsal

and dural layers of the LF to determine the reason for the

increased amount of myofibroblasts in the dorsal layer of

the LF. Some microarray studies have used the LF from

patients with lumbar disc herniation as the control [26,27].

In this study, we used the dural layer in the same LF sample

as the control in an attempt to identify the precise patholog-

ical mechanism, independent from individual differences.

We attempted to identify the predominant signal pathway

that becomes activated using GSEA, and found that fibro-

sis-related signals, including epithelial-mesenchymal tran-

sition, hypoxia, and inflammation, were activated more in

the dorsal layer than in the dural layer, indicating that these

signals are involved in the expression of myofibroblasts.

Many researchers have investigated the relationship

between hypertrophy of the LF and inflammation. How-

ever, our microarray results showed that gene expression in

the dorsal layer of the LF was more positively associated

with hypoxic stimulation than with inflammation signaling

pathways. Therefore, in this study, we evaluated the rela-

tionship between hypoxia and hypertrophy of the LF.
In addition to direct enhancement of the ability to

produce collagen, enhanced production of extracellular

matrix, and suppression of degradation via TGF-b,

TIPM1 and TIMP-2 have been reported as a further

mechanism of hypoxia-induced fibrosis [28]. Higgins

et al [29] reported that proximal tubular epithelial cells

changed to a fibroblast-like morphology when cultured

under hypoxic conditions. Moreover, expression of ZO-

1, which is a tight junction protein of epithelial cells,

was found to disappear, and the expression of a-SMA

was confirmed. Until now, the role of hypoxia in hyper-

trophic LF was not known. In this study, we found that

hypoxic stimulation increased a-SMA gene expression

and collagen production, leading to fibrosis. Jezek et al

[1] reported supportive findings. They evaluated the

microvascular density of LF tissue morphometrically as

the length density and found that vascular density

decreased up to the age of 50. It is possible that this

decrease in vascular density leads to hypoxia.

Although the exact reason why hypoxic stimulation

increased the amount of fibroblasts in the dorsal layer of the

LF is not known, we suspect that mechanical stress was

involved. Sairyo et al [7,8] reported that tissue damage

induced by mechanical stress, especially in the dorsal layer

of the LF, would be the initial triggering event for fibrosis

of the LF. Nakashima et al [30] reported that when mechan-

ical stress was reduced after indirect decompression using

lateral lumbar interbody fusion, the LF became thinner .

Moreover, Wang et al [31] found increased expression of

HIF-1a in fibroblasts in the anterior cruciate ligament and

increased hypoxia signaling after mechanical stretching.

From these reports, we believe that hypoxia signaling is

activated in the dorsal layer of the LF due to mechanical

stress and leads to fibrosis.

This study has several limitations. First, expression of

a-SMA in the LF was not evaluated by qRT-PCR. We

anticipated that vascular smooth muscle cells rather than

myofibroblasts would be expressed a-SMA in the dural

layer, even in samples from a normal LF. Therefore, we

decided that use of qRT-PCR would be inappropriate and

hence we evaluated a-SMA-positive cells, including their

morphology, by immunohistochemistry. Second, we cannot

explain why the hypoxia signaling pathways were activated

in the dorsal layer. We suspect that these pathways may

have been activated by tissue damage as a result of mechan-

ical stress [7]. Accordingly, further investigations in an ani-

mal model of hypertrophic LF are needed [9,32].
Conclusion

This study is the first to reveal that there are more myofi-

broblasts in the dorsal layer of the LF than in the dural layer in

patients with LSS. Hypoxia might trigger expression of myo-

fibroblasts, and lead to fibrosis and hypertrophy of the LF. If a

pharmacological agent can be developed that specifically tar-

gets the signal for proliferation of myofibroblasts in the LF,
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fibrosis at this site could be decreased and the symptoms of

LSS attenuated.
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