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Abstract. Previous studies have reported that the Ras 
homolog family member A (RhoA)/myocardin‑related 
transcription factor A (MRTF‑A) nuclear translocation axis 
positively regulates fibrogenesis induced by mechanical forces 
in various organ systems. The aim of the present study was 
to determine whether this signaling pathway was involved in 
the pathogenesis of nucleus pulposus (NP) fibrosis induced by 
mechanical overload during the progression of intervertebral 
disc degeneration (IVDD) and to confirm the alleviating effect 
of an MRTF‑A inhibitor in the treatment of IVDD. NP cells 
(NPCs) were cultured on substrates of different stiffness 
(2.9 and 41.7 KPa), which mimicked normal and overloaded 
microenvironments, and were treated with an inhibitor of 
MRTF‑A nuclear import, CCG‑1423. In addition, bipedal rats 
were established by clipping the forelimbs of rats at 1 month 
and gradually elevating the feeding trough, and in order to 
establish a long‑term overload‑induced model of IVDD, and 
their intervertebral discs were injected with CCG‑1423 in situ. 
Cell viability was determined by Cell Counting Kit‑8 assay, 
and protein expression was determined by western blotting, 
immunofluorescence and immunohistochemical staining. 
The results demonstrated that the viability of NPCs was not 
affected by the application of force or the inhibitor. In NPCs 
cultured on stiff matrices, MRTF‑A was mostly localized 
in the nucleus, and the expression levels of fibrotic proteins, 

including type  I collagen, connective tissue growth factor 
and α‑smooth muscle cell actin, were upregulated compared 
with those in NPCs cultured on soft matrices. The levels of 
these proteins were reduced by CCG‑1423 treatment. In rats, 
6 months of upright posture activated MRTF‑A nuclear‑cyto‑
plasmic trafficking and fibrogenesis in the NP and induced 
IVDD; these effects were alleviated by CCG‑1423 treatment. 
In conclusion, the results of the present study demonstrated 
that the RhoA/MRTF‑A translocation pathway may promote 
mechanical overload‑induced fibrogenic activity in NP tissue 
and partially elucidated the molecular mechanisms underlying 
the occurrence of IVDD.

Introduction

Intervertebral disc (IVD) degeneration (IVDD) has long 
been considered to contribute to lower back pain, which has 
a prevalence ranging between 1.4 and 20.0% (1) and has been 
one of the three leading causes of non‑fatal health loss for 
nearly three decades (2), leading to a considerable economic 
burden on health care systems (3). Therefore, novel treatments 
that effectively prevent and treat IVDD are urgently needed. 
Understanding the mechanism underlying the pathogenesis 
of IVDD is of great significance for developing effective 
therapeutics to treat IVDD.

Epidemiological studies have reported that excessive 
mechanical stress is one of the major factors that induce IVDD, 
that the IVD is always affected by stress even in a resting 
state, and that overloaded compressive force accelerates the 
initiation and progression of IVDD (4,5).

The IVD contains a nucleus pulposus (NP) core, surrounded 
by an outer ring of the annulus fibrosus (AF) between two carti‑
laginous endplates. A previous study has demonstrated that NP 
fibrosis triggers and serves a prominent role in the progression 
of IVDD (6). In addition to the degradation and gradual loss of 
aggrecan and type II collagen, and the enhanced production of 
fibrotic proteins, the progression of tissue fibrosis is character‑
ized by the excessive remodeling and abnormal deposition of 
extracellular matrix (ECM) components and the subsequent 
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accentuated distortion of the architecture, which has been 
observed in the NP of degenerative discs (7,8).

Previous studies have demonstrated that the Rho GTPase 
family and its downstream signaling pathways are involved 
in the basic cellular regulatory mechanisms associated 
with biological activities and diseases, including prolifera‑
tion, differentiation, migration and gene expression  (9,10). 
The role of the mechanical stress/Ras homolog family 
member A (RhoA)/myocardin‑related transcription factor A 
(MRTF‑A)‑mediated pathway in cellular mechanical stress 
responses and the fibrotic process of a number of organ 
systems, including the heart, lung, eye and kidney, has been 
previously established (11‑15). Mechanical stimulus‑initiated 
signals derived from the ECM are detected by cognate trans‑
membrane receptor proteins termed integrins, which are the 
main structure‑organizing components of focal adhesions; 
subsequently, RhoA signaling is activated through selective 
Rho guanine nucleotide exchange factors (9). Consequently, 
monomeric globular actin (G‑actin) subunits in the cytoplasm 
assemble into long filamentous F‑actin polymers. Following 
RhoA‑induced actin polymerization, MRTF‑A is released 
from G‑actin and translocated to the nucleus, where it acts as 
a transcriptional cofactor for serum response factor (SRF) by 
binding to the CArG regulatory sequence [CC(A/T)6GG] in the 
promoter regions of its target genes, resulting in the increased 
expression levels of type I collagen, connective tissue growth 
factor (CTGF), smooth muscle cell actin (SMA) and other 
fibrosis‑related factors (9,16). To the best of our knowledge, no 
relevant studies have been conducted to determine whether this 
molecular mechanism serves a dominant role in the process of 
the fibrotic changes observed in NP cell types to date.

A previous study has demonstrated that CCG‑1423 is 
a small molecule inhibitor that specifically binds to the 
N‑terminal basic domain (which acts as a functional nuclear 
localization signal) of MRTF‑A and inhibits the nuclear 
import of MRTF‑A (17). Therefore, the present study aimed to 
determine the role of the RhoA/MRTF‑A signaling pathway in 
mechanically induced NP fibrosis in rats in vivo and in vitro, 
and to investigated whether pharmacological inhibition by 
the MRTF‑A chemical inhibitor CCG‑1423 may alleviate NP 
fibrogenesis.

Materials and methods

Materials. The primary antibodies against RhoA (cat. 
no. A15641), MRTF‑A (cat. no. A8504), α‑SMA (cat. no. A7248), 
CTGF (cat. no. A11067), collagen type I (cat. no. A1352) and II 
(cat. no. A1560) were purchased from ABclonal Biotech Co., 
Ltd. The anti‑F‑actin antibody (cat. no. ab205) was purchased 
from Abcam, the anti‑β‑actin antibody (cat. no. AF5003) was 
purchased from Beyotime Institute of Biotechnology, and 
CCG‑1423 was purchased from Cayman Chemical Company.

Ex vivo rat NP explant preparation and treatment. The present 
study was approved by the Laboratory Animal Care and Use 
Committee of the Affiliated Hospital of Qingdao University 
(Qing'dao, China; approval no. QYFYWZLL 26037).

Cell culture. NP explants were obtained from one female 
Sprague‑Dawley rat (age, 1 month) as previously described (18). 

In brief, the rat was euthanized by intraperitoneal injection 
of sodium pentobarbital (100 mg/kg); the spinal column was 
removed under aseptic conditions, and the gel‑like NP was 
separated from the AF. The NP tissues were digested with 
0.01% trypsin (HyClone; Cytiva) for ~30 min at 37˚C, followed 
by treatment with 0.125% collagenase II (MilliporeSigma) for 
~4 h. The digested tissue was filtered using a 100‑µm cell 
strainer and washed twice with phosphate‑buffered saline 
(PBS; Gibco; Thermo Fisher Scientific, Inc.). The isolated 
NPCs were maintained in Dulbecco's modified Eagle's medium 
(DMEM, Gibco; Thermo Fisher Scientific, Inc.) supplemented 
with 10% fetal bovine serum (FBS; Gibco; Thermo Fisher 
Scientific, Inc.) and 1% penicillin/streptomycin under hypoxic 
conditions with 5% O2 and 5% CO2 at 37˚C, and the culture 
media were exchanged every 3 days. All experiments were 
completed with low‑passage (<3) cells cultured in monolayers.

Polyacrylamide (PA) substrate preparation. PA hydrogels are 
a well‑established matrix substrate system used for matrix 
stiffness assays (11). PA gels (PAGs) with defined mechanical 
stiffness levels were prepared by mixing polymerizing acryl‑
amide (8% final concentration, prepared from a 40% stock 
solution; Bio‑Rad Laboratories, Inc.) with two concentrations 
of bis‑acrylamide (0.048 and 0.48%, prepared from 2% stock 
solution; Bio‑Rad Laboratories, Inc.) to create substrates of 
two different stiffnesses (19). The procedures for preparing the 
substrates and determining the modulus values were adopted 
from previous studies (20,21). Briefly, the gels were prepared 
between two glass coverslips respectively coated with 3‑amino‑
propyl trimethoxy silane and octadecyl‑trichlorosilane. The 
thickness of the gel was controlled by adjusting the volume of 
the solution placed between the coverslips. Following gelation, 
the nonadherent plate was removed. Fibronectin (10 µg/ml; 
MilliporeSigma), which is an abundant ECM ligand in the NP 
to which NPCs adhere (20), was added dropwise to the surface 
of the treated gel using sulfo‑SANPAH‑based conjugation. 
Before seeding the cells, the polyacrylamide gels were washed 
twice with precooled sterile HEPES (pH 8.5) and equilibrated 
with media for 1 h at room temperature. To prevent the stimu‑
lation of SRF signaling by serum and the potential paracrine 
signaling induced by cell adherence to the surrounding plastic 
coverslip, prior to transferring the coverslip and hydrogel to a 
new 6‑well plate containing minimal FBS (0.5%), the NPCs 
were allowed to attach to the prepared matrix for 2 h.

For the inhibitor experiments, CCG‑1423 was diluted in 
vehicle (0.1% DMSO) to obtain a final concentration of 10 µM 
according to a previous study (22). NP cells were seeded on 
either stiff or soft substrate in reduced‑serum (0.5% FBS) 
DMEM to reduce the serum‑induced activation of gene 
expression (23). According to the manufacturer's instructions, 
10 µM CCG‑1423 and an equivalent volume of 0.1% DMSO 
were added to the cells and cultured for 72 h at 37˚C. A total of 
four experimental groups were established in the subsequent 
experiments: i) Soft, NPCs cultured on a soft substrate without 
intervention; ii)  stiff, NPCs cultured on a stiff substrate 
without intervention; iii) soft + CCG‑1423, NPCs cultured on a 
soft substrate with CCG‑1423; and iv) stiff + CCG‑1423, NPCs 
cultured on a stiff substrate with CCG‑1423. Subsequently, the 
cytotoxicity of the inhibitor and solvent was assessed using 
the Cell Counting Kit‑8 (CCK‑8) assay (Beyotime Institute of 
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Biotechnology) by adding 10% CCK‑8 solution to the cells for 
2 h at 37˚C, and the viability of the cells in the four groups was 
determined by measuring the optical density value at 450 nm. 
Images of the cells were captured under an inverted Olympus 
BX51 light microscope (magnification, x20; Olympus 
Corporation) for identification, and the cells harvested for 
protein detection or fixed for immunofluorescence staining 
and confocal microscopy.

Immunofluorescence imaging. To visualize MRTF‑A, 
following NPC incubation and treatment, the gels were 
washed with PBS, and the NPCs were fixed with 4% para‑
formaldehyde at room temperature for 10 min, followed by 
permeabilization with 0.2% Triton X‑100 in PBS for 15 min 
at room temperature. Subsequently, the gels were washed 
3 times with precooled PBS and blocked with PBS containing 
1% BSA (Beyotime Institute of Biotechnology). The gels were 
incubated with rabbit anti‑MRTF‑A (1:200) and anti‑F‑actin 
(1:200) primary antibodies at room temperature for 2  h. 
Following washing three times with PBS, the NPCs were incu‑
bated with FITC‑conjugated anti‑rabbit IgG (cat. no. F9887, 
MilliporeSigma) and TRITC‑conjugated anti‑mouse IgG 
secondary antibodies (cat. no. T5393, MilliporeSigma) diluted 
1:1,000 in PBS/0.1% Triton for 30 min at room temperature. 
After three times of washes with PBS, the cell nuclei were 
counterstained with 4',6‑diamidino‑2‑phenylindole (DAPI; 
MilliporeSigma). The nuclear localization of MRTF‑A and 
F‑actin was analyzed by a Nikon A1 confocal microscope 
(magnification, x20; Nikon Corporation) and quantified by 
ImageJ software (version 1.52v; National Institutes of Health) 
to determine the integral optical density. The analyses were 
performed in a blinded manner.

Western blotting. The protein concentrations of the cell lysates 
obtained using RIPA lysis buffer (Beijing Solarbio Science 
& Technology Co., Ltd.) were detected with the BCA protein 
assay kit (Beijing Solarbio Science & Technology Co., Ltd). 
Then, samples with equal amounts of proteins (30 µg/lane) 
were resolved by 10%  SDS‑polyacrylamide gel electro‑
phoresis, electrotransferred onto nitrocellulose membranes 
(MilliporeSigma), blocked with 5% BSA at room temperature 
for 1 h and incubated with primary antibodies against RhoA 
(1:1,000), F‑actin (1:1,000), type I collagen (1:5,000), type II 
collagen (1:5,000), β‑actin (1:1,000), α‑SMA (1:1,000) and 
CTGF (1:1,000) overnight at  4˚C. Subsequently, the blots 
were washed with Tris‑buffered saline with 1% Tween‑20 
and incubated with appropriate anti‑rabbit (cat. no. ZB‑2301) 
or mouse (cat. no. ZB‑2305) IgG HRP‑conjugated antibodies 
(both 1;3,000; OriGene Technologies, Inc.) at 37˚C for 2 h. 
The membranes were developed with a chemiluminescence 
reagent (Thermo Fisher Scientific, Inc.) using the ChemiDoc™ 
MP Imaging System (Bio‑Rad Laboratories, Inc.), and 
densitometry was performed using ImageJ software.

IVDD animal model and surgical techniques. A total of 
60 healthy female Sprague‑Dawley rats (Charles River 
Laboratories, Inc.; specific pathogen‑free; initial weight, 
80‑100 g) aged one month were provided by the Experimental 
Animal Center of The School of Medicine at Qingdao 
University. The animals were housed in an environmentally 

controlled room with a 12‑h light cycle. Initially, two experi‑
mental groups were established: The intact control group 
(n=15) and the IVDD model group (n=45). Establishment of the 
animal model was conducted as previously described (24,25). 
Briefly, the animals were anesthetized with sodium pento‑
barbital (40 mg/kg, intraperitoneally) and aseptically treated 
during the experiments. Transverse circular incisions were 
made over the axilla of the bilateral forelimbs of each rat. 
Both brachial plexus rhizotomy as well as distal skeleton and 
musculature amputation procedures were performed. The 
height of the food and water was gradually increased from 15 
(standard height) to 30 cm (maximum height) as the length 
and weight of the rats increased to induce bipedalism. Within 
6 months, this procedure led to the development of IVDD. 
Age‑matched untreated rats served as the intact controls.

CCG‑1423 treatment. To assess the therapeutic effects of 
CCG‑1423 in vivo, at 3 months post‑surgery, the animals in 
the IVDD group were randomly divided into three subgroups: 
i) IVDD model, bipedal rats without treatment; ii) CCG‑1423 
treatment, bipedal rats injected with CCG‑1423 dissolved in 
DMSO; and iii) vehicle (DMSO), bipedal rats injected with 
DMSO alone. Through a retroperitoneal approach and with 
the exposure of the lumbar disc, 2 µl CCG‑1423 (effective dose 
of 5 µg dissolved in DMSO) or the same volume of DMSO was 
injected into the NP of L4/5 IVD using a microliter syringe 
(5  µl; Shanghai Gaoge Industrial and Trading CO., Ltd.) 
attached to a 31‑G needle.

MRI and data processing. At 3 months post‑injection, the rats 
were sedated with 10% chloral hydrate (300 mg/kg, intraperi‑
toneally) for the MRI scans. The lumbar spines of the rats were 
assessed in a 3.0 T Varian MR scanner (MAGNETOM Skyra; 
Siemens AG) to obtain T2‑weighted images (Water: SAG 
IDEAL fat‑suppression sequence; repletion time, 3,000 ms; 
echo time, 80 ms; field of view, 150x150 mm; slice thick‑
ness, 1.2 mm) in the midsagittal plane. None of the animals 
exhibited signs of peritonitis, pain or discomfort. According to 
the modified Thompson classification (26,27), the discs in the 
T2‑weighted images were scored from grade I to IV.

All the assessments and quantitative data collection were 
performed by three independent, blinded observers and 
calculated as the mean of the three evaluations.

Histological analyses. Following the MRI scans, the rats 
were euthanized using the aforementioned method, and 
histological examinations were performed on samples from 
the four groups. The L4/5 IVD along with the adjacent verte‑
brae dissected from the four groups (n≥5 per group) were 
fixed in 10% buffered formalin (pH 7.4) for 24 h, decalcified 
in a 10% EDTA solution for 3 weeks, embedded in paraffin 
and sectioned transversely at 3‑µm thickness with a micro‑
tome. The sections were stained with hematoxylin and eosin 
(H&E). All procedures were conducted at room temperature. 
The cellularity and morphology of the NPs were indepen‑
dently examined by two experienced histology researchers 
in a blinded manner using a panoramic scanning micro‑
scope (magnification, x20; Pannoramic DESK, P‑MIDI, 
P250, P1000; 3DHISTECH, Ltd.) with the accompanying 
CaseViewer software (version  2.3; 3DHISTECH, Ltd.). 
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The disc degeneration scores in all groups were assessed 
and calculated according to a modified grading system as 
previously described (28,29).

Immunohistochemical staining. Immunohistochemical 
staining was performed to examine the expression of 
MRTF‑A (1:200), CTGF (1:100), α‑SMA (1:100) and type I 
collagen (1:200) in the tissues. Following deparaffinization, 
each specimen was incubated for 5 min at room temperature 
with 3% hydrogen peroxide to eliminate the endogenous 
peroxidase activity. Subsequently, 20% goat serum (OriGene 
Technologies, Inc.) was used to block the nonspecific protein 
binding sites. This step was followed by incubation with the 
corresponding antibodies at 4˚C overnight. The following 
day, the tissue sections were incubated for 30 min with horse‑
radish peroxidase‑conjugated goat anti‑rabbit IgG secondary 
antibodies (1:200; cat. no. ZB‑2301; OriGene Technologies, 
Inc.) at 37˚C. The color was developed by incubation with 
chromogen 3,3'‑diaminobenzidine (DAB) tetrahydrochloride, 
followed by counterstaining with hematoxylin for 3 min at 
room temperature. An Olympus IX71 light microscope was 
used to capture the images (magnification, x60) in a total of 
five randomly selected regions in each immunohistochemical 
section, and the positive cells were counted with ImageJ 
software. NPCs in which the nucleus was stained and the cyto‑
plasm exhibited brown staining were considered to be positive 
for the target proteins.

Tissue immunofluorescence. The whole L4/5 disc along with 
the adjacent vertebrae of the remaining rats (n≥5 per group) 
were frozen and coronally sectioned into 5‑µm sections using 
a Leica CM1950 cryostat (Leica Microsystems GmbH); 
subsequently, the sections were stained as aforementioned.

Statistical analysis. All experiments were replicated three 
times. Quantitative data are presented as the mean ± standard 
error. Statistical analysis was performed using GraphPad Prism 
7 software (GraphPad Software, Inc.). Data were analyzed using 
one‑way ANOVA with Tukey's multiple comparison test. P<0.05 
was considered to indicate a statistically significant difference.

Results

Stiffness activates RhoA in nucleus pulposus cells. Soft and 
stiff PAGs that mimic the physical properties of normal and 
overloaded microenvironments, respectively, were established 
for the in vitro experiments in the present study. Dynamic 
fatigue testing machine measurements demonstrated that 
the soft PAGs had a mean stiffness value (Young's modulus) 
of 2.9±0.2 kPa, whereas the stiff PAGs had a mean value of 
41.7±0.8 kPa (Fig. 1A).

Following seeding, within 72  h, the NPCs gradually 
adhered to the bottom of the culture dish (Fig. 1C). The results 
of the CCK‑8 assay revealed that the cell viability was compa‑
rable in the four groups, suggesting that neither stiff nor soft 

Figure 1. Effects of polyacrylamide gel stiffness on cell viability. (A) The stiffness/elasticity of soft and stiff polyacrylamide hydrogels were determined by 
dynamic fatigue testing machine in five locations. Young's modulus of each individual location of the gels and the mean values of the soft and stiff gel stiff‑
ness ± SD are presented. (B) The effects of substrate siffness and 72‑h CCG‑1423 treatment on nucleus puplosus cell viability. (C) Representative image of 
NPCs captured under light microscope. ns, not significant. NPCs, nucleus pulposus cells.
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substrates exerted significant effects on the proliferation of 
NPCs in 72 h (Fig. 1B).

Under serum‑free conditions, the western blotting results 
demonstrated that the protein levels of RhoA and F‑actin were 
upregulated in the NPCs in the stiff group compared with 
those in the NPCs in the soft group (Fig. 2A). The results of 
the immunofluorescence analysis also confirmed that a stiff 
matrix induced changes in actin dynamics, as more intense 
F‑actin staining was observed in the cytoplasm of rat NPCs 
cultured on a stiff matrix compared with that in the cytoplasm 
of rat NPCs cultured on a soft matrix (Fig. 2B).

Stiff matrix induces nuclear‑cytoplasmic trafficking of 
MRTF‑A and expression of associated factors. The impact 
of mechanical cues on the subcellular localization of 
MRTF‑A was further determined. Based on the localization 
of MRTF‑A‑GFP in fluorescence microscopy images, the NP 
cells were classified into two categories: Mainly nuclear or 
mainly cytoplasmic. MRTF‑A was mainly located in the cyto‑
plasm in 81% of the cells in the soft group, with a mean nuclear 
state of 13‑25%. As demonstrated by immunofluorescence, 

culture on a stiff matrix resulted in notable nuclear staining of 
MRTF‑A, and the proportion of MRTF‑A in the nuclei of the 
NPCs was significantly increased compared with that in the 
soft group (75% nuclear and 25% cytoplasmic; Fig. 3).

Since high levels of α‑SMA and type I collagen are major 
characteristics of fibrogenic activation (30), the present study 
examined the discrepancy in their expression in NPCs cultured 
on soft and stiff matrices. As demonstrated by western blotting, 
the protein levels of targeted fibrogenic cytokines, such as type I 
collagen and CTGF, were nearly undetectable in the NPCs 
cultured on the soft substrate, whereas increasing matrix stiffness 
caused a significant increase in the levels of the two proteins. In 
addition, elevated α‑SMA and downregulated collagen II expres‑
sion levels were also observed in the stiff matrix‑cultured cells 
compared with those in the soft group (Fig. 4A).

Inhibition of MRTF‑A alleviates the levels of fibrogenic 
factor expression in NP cells exposed to mechanical stress. 
Treatment with 10 µM CCG‑1423 for 72 h partially blocked 
the stiff matrix‑induced nuclear accumulation of MRTF‑A in 
the NP cells (Fig. 3). Consistently, the protein levels of F‑actin 

Figure 2. Expression levels of RhoA and F‑actin in NPCs. (A) Western blot analysis results demonstrated that the levels of RhoA and F‑actin were higher in 
NPCs of the stiff group compared with those in the soft group, and CCG‑1423 treatment reduced the levels of F‑actin of NPCs cultured on a stiff matrix. No 
significant differences were observed in RhoA levels between cells in the stiff and stiff + CCG‑1423 groups (B) F‑actin staining (red) in NPCs in the soft, 
stiff, soft + CCG‑1423 and stiff + CCG‑1423 groups. NPCs with a spindle morphology were observed in the stiff group. Cell nuclei were visualized with DAPI 
(blue). ***P<0.001. NPCs, nucleus pulposus cells; RhoA, Ras homolog family member A.
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were reduced in the stiff + CCG‑1423 compared with those 
in the stiff group (Fig. 2). However, no significant differences 
were observed in the levels of RhoA with or without CCG‑1423 
treatment in NPCs (Fig.  2A). Treatment with CCG‑1423 
significantly abrogated matrix stiffness‑induced α‑SMA and 
type I collagen expression, as well as CTGF expression to 
levels below those observed in cells that received no treat‑
ment. These results suggested that the nuclear translocation 
of MRTF‑A induced by a stiff matrix stimulated the expres‑
sion of the SRF‑induced proteins α‑SMA, type  I collagen 
and CTGF. Another protein, type II collagen, exhibited an 
opposite trend compared with that of the three aforementioned 
markers (Fig. 4A).

Changes in the histopathology of intervertebral discs with 
increasing modeling time and CCG‑1423 treatment. In the 
in vivo experiments, the present study first aimed to assess 
the progression of IVDD. Fig. 4B demonstrates representa‑
tive T2‑weighted midsagittal images of the approached 
rat lumbar disc acquired by MRI. At 6 months after the 

initial modeling surgery, all bipedal rats exhibited weaker 
signal densities in the L4/5 discs compared with those in 
the intact controls, and the MRI images of the NP in the 
CCG‑1423‑treated group revealed stronger signal intensi‑
ties compared with those in the IVDD model and DMSO 
groups. The perturbed disc degeneration grades were 
determined by the modified Thompson grading evaluation 
revealed that the rats in the three IVDD groups exhibited 
higher grades compared with those in the control group. The 
CCG‑1423‑treated group exhibited lower grades compared 
with those in the IVDD or DMSO groups, suggesting that 
CCG‑1423 treatment inhibited the reduction in the MRI 
signal intensity in the IVDD model discs.

The fibrotic changes in the NP were subsequently 
verified, and the results demonstrated that long‑term 
(6 months) upright posture resulted in notable NP fibrosis. 
As demonstrated by the H&E staining (Fig.  5A), in the 
control group, the NP remained relatively normal cellu‑
larity, and large numbers of vacuolated notochordal cells 
and round chondrocyte‑like cells were distributed between 

Figure 3. Immunofluorescence analysis of the effects of stiffness and CCG‑1423 on MRTF‑A subcellular localization in NPCs. (A) MRTF‑A translocated to 
the nucleus in cells cultured on a stiff substrate. In CCG‑1423‑treated cells cultured on a stiff matrix, MRTF‑A was retained mostly in the cytoplasm. Blue, 
DAPI; green, MRTF‑A. (B) Percentage of cells in which MRTF‑A was scored as predominantly cytoplasmic or predominantly following culture on a soft or 
stiff substrate and inhibitor treatment. Data are presented as the mean ± SEM. **P<0.01 and ***P<0.001. MRTF‑A, myocardin‑related transcription factor A.
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the cartilage end plate and AF, suggesting low exposure to 
mechanical stress. Degeneration of the IVDs in the IVDD 
model and DMSO groups was more severe compared with 
that in the control group. The qualitative signs were as 
follows: The volume of gelatinous NP was reduced; clefts 
were observed; the primary NP was replaced with disorga‑
nized collagen fibers; the density and volume of the NPCs 
low; and spindle‑shaped fibroblast‑like cells appeared. The 
indistinct boundary between the AF and NP indicated the 
formation of NP fibrosis (Fig. 5A). However, compared with 
IVDD model and DMSO group, fibrosis was relieved, and 
more even and regular cell distribution, relatively reduced 
disorganization of collagen fibers, and intact extracellular 
matrix alignment full of proteoglycan and water were iden‑
tified in CCG‑1423‑treated IVDD group. The histological 
scores based on the H&E staining results demonstrated 
that the model group exhibited higher degeneration scores 
compared with those in the control group, and the structure 
of the degenerative IVDD was improved by CCG‑1423, but 
not by DMSO alone (Fig. 5C).

Long‑term upright posture induces MRTF‑A nuclear 
translocation, changes in F‑actin expression and fibrosis 
biomarker expression, which is attenuated by CCG‑1423 
in the rat IVD. The present study further analyzed whether 

long‑term mechanical stress altered MRTF‑A distribution in rat 
NP samples. Immunohistochemical staining (Fig. 5B and C) 
revealed that sustained mechanical load provoked the nuclear 
accumulation of MRTF‑A labeling in more NPCs compared 
with that in the normal control rats, which was consistent 
with the results demonstrated in  vitro. In the CCG‑1423 
group, the number of NPCs exhibiting MRTF‑A nuclear 
localization decreased compared with that in the model group, 
suggesting that orthotopic injection of CCG‑1423 mitigated 
the mechanical load‑induced MRTF‑A nuclear translocation 
in initiated fibrotic NPs. These results suggested that MRTF‑A 
nuclear‑cytoplasmic shuttling may participate in NP fibrosis.

To determine whether the MRTF‑A that accumulated in 
the nucleus was transferred from the cytoplasm, the expression 
of F‑actin, a product of MRTF‑A nuclear shuttling, was deter‑
mined in the cytoplasm by immunofluorescence, and increased 
cytoplasmic staining intensity of F‑actin was observed in the 
NP tissues of IVDD model rats compared with that in the 
control animals. In NP tissues treated with CCG‑1423, cyto‑
plasmic F‑actin levels were reduced (Fig. 6). These results 
further confirmed the association between mechanical load 
stress and actin/MRTF‑A signaling in the NP of rats.

The statistical analysis of the immunohistochemical staining 
results (Fig. 7) revealed that prolonged upright positioning led 
to heterogeneous trends of upregulated levels of type I collagen, 

Figure 4. Fibrotic protein expression of NPCs and rat spine imaging. (A) Representative type I and II collagen, α‑SMA and CTGF western blots of NPCs 
treated in different conditions. Quantitation of protein expression as normalized to β‑actin. n=3. (B) Representative MRI scans of the pre‑modelling animals 
and the experimental groups at 3 months after drug injection. The selected region included L3/4, L4/5 and L5/6. The CCG‑1423‑treated group exhibited 
stronger signal intensities (red arrow) compared with those in the model and DMSO groups. Quantitative analysis of IVDD grade was performed by MRI 
according to the modified Thompson classification. *P<0.05, **P<0.01 and ***P<0.001. NPCs, nucleus pulposus cells; MRI, magnetic resonance imaging; 
IVDD, intervertebral disc degeneration; α‑SMA, α‑smooth muscle actin; CTGF, connective tissue growth factor.
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CTGF and α‑SMA expression in the model group compared 
with those in the control group. The modelling‑enhanced 
immunoreactivity was downregulated by CCG‑1423 injection 
to varying degrees. These results suggested that type I collagen, 
CTGF and α‑SMA may serve important roles in the process 
of NP fibrosis in IVDD and validated the positive effects of 
CCG‑1423 on fibrosis in a rat model of IVDD.

Discussion

NP fibrosis is a key complication of IVDD for which there 
is currently no available treatment (31,32). Numerous in vivo 
studies in other organ systems have demonstrated the role of 
mechanoregulation in fibrosis initiation, ECM remodeling and 
subsequent tissue stiffening (33,34).

It has been established in vitro that the Rho signaling 
pathway serves multiple functions ranging from cellular 

mechanosensing and motility to signal transduction and 
transcriptional regulation (35), and the Rho signaling pathway 
is a key pathway in the fibrosis of numerous types of solid 
organs at the organism level (15,36). In light of the essential 
roles of Rho GTPases in cellular activity, the present study 
focused on a classic signaling pathway, namely, the mechan‑
ical force‑stimulated Rho GTPase cascade, followed by actin 
filament recombination and pivotal MRTF‑A nuclear trans‑
location, which contributes to fibrotic gene expression; thus, 
this pathway links external stress to MRTF‑A‑mediated tran‑
scriptional activation and subsequent α‑SMA, type I collagen 
and CTGF expression, providing evidence for a mechanical 
force‑induced transcriptional response that may contribute to 
the development of NP fibrosis.

Comprehensive research findings have indicated that 
multiple regimens of mechanosensing may interconnect to form 
a synergistic mechanosensing system upstream of MRTF‑A; 

Figure 5. H&E and immunohistochemical staining of intervertebral disc in the four groups of rats. (A‑a‑d) Overview of morphological changes in the discs of 
the four groups. (A‑a) In the control group, the intervertebral altitude was reserved; the NP was highly hydrated; the boundary between the AF and the NP was 
distinct. (A‑b and d) In the (A‑b) model and (A‑d) DMSO groups, the intervertebral space was narrow, and the boundary between the AF and the NP became 
indistinct. (A‑c) In the CCG‑1423‑treated group, a reserved boundary was observed between the AF and the atrophic NP. (A‑e‑h) Magnified images of selected 
regions of the NP. (A‑e) In the control group, the NP was highly cellular with notochordal and chondrocyte‑like cells. (A‑f and h) In the (A‑f) model and 
(A‑e) DMSO groups, the cell density was low; spindle‑shaped fibroblast‑like cells and filamentous collagen fibers with clefts were observed. (A‑g) Low levels 
of hydration and cluster‑distributed cells were observed in the CCG‑1423‑treated group, and clefts were rare. (B) Subcellular expression of MRTF‑A in various 
disc tissues was detected by the immunohistochemical staining. Regions indicated by black arrows are magnified in black‑bordered images. (C) The degree of 
IVDD in the model and DMSO groups was increased compared with that in the control group. Rats in the CCG‑1423 group exhibited relatively a lower grade 
of IVDD compared with the model and DMSO groups. (D) Quantitative analysis of the subcellular localization of MRTF‑A in the four groups based on the 
results of immunohistochemical staining. n≥3. **P<0.01 and ***P<0.001. IVDD, intervertebral disc degeneration; AF, annulus fibrosus; NP, nucleus pulposus; 
MRTF‑A, myocardin‑related transcription factor A.
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these studies have demonstrated that Rho signaling includes 
a variety of intracellular molecules, such as Rho family small 
G protein subfamilies RhoA, Rac1, RhoC and Ras, and their 
downstream target Rho kinase, which are important regula‑
tors of the response to mechanical stress (37‑39). For example, 
CTGF is a hallmark of fibrotic diseases, is upregulated in 
numerous pathological processes involving mechanically 
challenged organs, and promotes ECM accumulation and, 
notably, macromolecule synthesis (i.e., type I collagen) (40). 
Blomme et al (41) silenced RhoA, RhoC and Rac1 expression 
using small interfering RNAs in valvular interstitial cells and 
reported that Rac1 and RhoA were involved in regulating the 
basal level of CTGF, whereas RhoC potentially participated 
in the mechanical signaling‑induced upregulation of CTGF 
gene expression. Therefore, the identification of the systematic 
mechanism in NP tissue is complicated. However, it has been 
demonstrated that the type  I collagen, α‑SMA and CTGF 
gene transcription levels are directly mediated by cooperation 
between SRF and the strain‑associated nuclear translocation of 
MRTF‑A (42‑44). Thus, the actin treadmill‑dependent nuclear 
accumulation of MRTF‑A appears to be a key mediator of the 
upstream signals in the progression of fibrogenesis.

Since the Rho signaling pathway is involved in various 
pathological processes in addition to fibrosis, such as the cell 
cycle, morphology and motility along with transcription regula‑
tion and reactive oxygen species production (45,46), the multiple 
effects of the Rho signaling pathway have limited selective drug 
discovery efforts. RhoA inhibitors, which alter cytoskeletal 
dynamics, such as Y‑27632, have limited clinical utility due 
to their potential side effects and weak efficacy (47). MRTF‑A 

is sequestered in the cytoplasm by preferentially forming a 
complex with G‑actin, which significantly attenuates the inter‑
action between MRTF‑A and importin α/β1, a regulator of the 
nuclear import of MRTF family members (48). In response 
to mechanical force, the activated Rho signaling pathway 
induces rapid depletion of the G‑actin pool, thus increasing 
the binding of G‑actin‑free MRTF‑A to importin α/β1 and its 
nuclear localization (49). External force‑reduced G‑actin mono‑
mers in the cytoplasm assembly promote the accumulation 
of F‑actin subjacent to the plasma membrane (50). Currently, 
pharmacological development has shifted from focusing on 
the upstream locus inhibition to targeting fibrotic transcription 
activation (MRTF‑A/SRF) (51). Studies have identified that 
CCG‑1423 acts as an inhibitor of the binding between MRTF‑A 
and importin α/β1 protein (49,52) due to the N‑terminal basic 
domain of G‑actin‑free MRTF‑A, which functions as a nuclear 
localization signal (17). Therefore, the present study investigated 
MRTF‑A nuclear‑cytoplasmic trafficking downstream of the 
Rho signaling pathway and demonstrated it to be a potential 
clinical target for the treatment of mechanical stimulus‑induced 
NP fibrogenesis. In addition, the beneficial antifibrotic efficacy 
of CCG‑1423 was assessed both in vitro and in vivo by the func‑
tional inhibition of MRTF‑A nuclear localization.

The present study used two approaches to test the role of 
stress‑induced MRTF‑A translocation and NP fibrosis in the 
process of IVDD. First, since PAG substrates with different stiff‑
ness (2.9 and 41.7 kPa in the present study) effectively mimic 
various magnitudes of static tension sustained by NP cells 
from the mechanical environment (53,54), the existence of this 
pathway in NPC was assessed in vitro, and the present study 

Figure 6. Representative images of F‑actin immunostaining in the NP tissues from rats in the four groups. Intense signals were observed in the cytoplasm of 
NP cells of rats in the model and DMSO groups; F‑actin staining was less intense in NP cells of rats that received CCG‑1423 treatment and those of intact 
control animals. NP, nucleus pulposus.
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further examined whether NPCs cultured on soft and stiff matrix 
substrates expressed different fibrogenic proteins, and whether 
interference with MRTF‑A signaling may alter the production of 
mechanically induced cytokines. Furthermore, using a brachial 
plexus rhizotomy approach, a bipedal rat model was established 
to imitate the upright posture of humans and exacerbate the 
transmitted force input to the IVD. Th present study tested 
whether long‑term upright posture induced rat lumbar disc NP 
fibrogenesis associated with the upregulation of CTGF, α‑SMA 
and type I collagen; the results demonstrated that the disruption 
of MRTF‑A postponed the fibrogenic process in the NP.

The NP tissue is the inner gel‑like portion of the IVD that it 
is composed primarily of small cartilage‑like NPCs stemming 
from notochord cells and other ECM components, and large 
aggregating proteoglycans loosely held together by a network 
of type II collagen and elastin fibers (55). The influx of water 

molecules to the NP is created by osmotic pressure, which is 
maintained by sulfated glycosaminoglycans in the NP system 
and provides the elasticity required for the NP to keep the 
body stable against compressive loads (56). Previous studies 
have reported that type II collagen, the levels of which gradu‑
ally decrease from the inner NP to the outer AP, is replaced 
by high expression levels of type I collagen in degenerative 
discs (57,58). Consistently, type II collagen protein expression 
levels were decreased in NPCs cultured on a stiff substrate in 
the present study, which was opposite to the changes observed 
in type I collagen expression. These pathological alterations 
may be responsible for the NP degeneration and dehydra‑
tion that occurred in the bipedal rat model, as observed by 
T2‑weighted MR imaging. These results suggested that the 
IVDD models were successfully established, which laid the 
foundation for subsequent experiments.

Figure 7. Inhibition of myocardin‑related transcription factor A translocation alleviates the NP fibrosis phenotype in vivo. (A) Overview and magnified images 
of immunohistochemical staining for type I collagen in the intravertebral discs of rats in the four groups. (A‑a and e) In the control group, type I collagen 
(brown) was mainly present around the NP, and most normal NP (blue) was retained. (A‑b, f, d and h) In the model and DMSO groups, the expression of type I 
collagen covered a large area of NP, and positive staining was detected in the intercellular substance of NP cells. (A‑c and g) The area of NP with positive 
type I collagen staining was smaller following treatment with CCG‑1423 compared with that in the model and DMSO groups, and the boundary between the 
AF and the NP remained distinct. (B) Following 6 months of upright posture, upregulated expression levels of CTGF and α‑SMA were observed in the NP 
of bipedal rats compared with those in the control group, which were reduced by CCG‑1423 treatment. (C) Quantitative analysis of the positive area of type I 
collagen, CTGF and α‑SMA in the four groups based on the immunohistochemical staining. **P<0.01 and ***P<0.001. NP, nucleus pulposus; AF, annulus 
fibrosus; SMA, α‑smooth muscle actin; CTGF, connective tissue growth factor.
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The nuclear translocation of MRTF‑A in response to high 
mechanical force has been identified in primary studies with 
various human cell types, such as human colonic fibroblasts 
and intestinal cells (59‑61). Consistent with previous data in 
the fibrosis of other organs, the present study first demonstrated 
that mechanical stiffness of the culture substrate affected the 
nucleocytoplasmic shuttling of MRTF‑A in rat NPCs in vitro. 
Consistent with a previous study (62), the results of the present 
study demonstrated upregulated expression levels of fibrotic 
markers of the ECM, such as α‑SMA, type I collagen and 
CTGF, in the NP samples of a bipedal rat IVDD model, and 
the levels of these markers were significantly attenuated in 
the CCG‑1423‑treated animals. These results suggested the 
involvement of MRTF‑A nuclear‑cytoplasmic trafficking in the 
regulation of the expression of a series of fibrosis‑associated 
proteins induced by excessive external stress.

In the present study, CCG‑1423 treatment partly abol‑
ished the matrix stiffness‑dependent upregulation of fibrotic 
protein expression levels in vitro. Notably, no further suppres‑
sion of fibrotic protein expression levels was observed in 
NPCs co‑treated with physiological stiffness and inhibitors 
in the stiff + CCG‑1423 group, and these levels may represent 
the basal level. These results were consistent with a previous 
study, which demonstrated the basal expression of CTGF 
observed in a static condition (41). In addition, CCG‑1423 
treatment had no effect on cell viability, indicating that the 
downregulation of fibrotic protein expression in NPCs was 
not associated with the cytotoxicity of CCG‑1423. Finally, 
F‑actin was studied to determine the role of MRTF‑A in 
regulating the differentiation fate of NPCs by mediating 
the actin dynamics. The results demonstrated that MRTF‑A 
inhibition significantly decreased the intensity of F‑actin 
staining; a similar inhibitory effect on F‑actin has been 
recently demonstrated in human adipose stem cells treated 
with CCG‑1423 (63). These results further suggested that 
MRTF‑A together with fibrotic proteins participate in the 
fibrogenesis initiated by mechanical overload by coupling 
actin. In conclusion, the results of the present study suggested 
that strain‑derived MRTF‑A translocation‑regulated fibrotic 
protein expression may be a key genetic switch in the devel‑
opment of NP fibrosis, and provide a theoretical basis for 
targeting this signaling pathway as an effective therapeutic 
approach. In a model of bipedal rats, the therapeutic admin‑
istration of CCG‑1423 significantly limited the extent of NP 
fibrosis. Thus, these findings may aid in the formulation of 
mechanotransduction‑based therapies or the identification 
of drug targets for treating IVDD at the molecular level 
to prevent or reverse the deleterious effects of mechanical 
overload.
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