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Abstract. Epidural fibrosis (EF)‑induced failed back surgery 
syndrome (FBSS) in patients post‑laminectomy remains a 
medical challenge. Although the scarring mechanisms remain 
unclear, the majority of aetiological studies have reported 
fibroblast dysfunction. Honokiol, the major bioactive constit-
uent of the magnolia tree, exerts a variety of pharmacological 
effects, including anti‑proliferative and anti‑fibrotic effects, 
on various cell types. The present study investigated whether 
honokiol attenuates EF progression. In vitro, it was found that 
honokiol inhibited excessive fibroblast proliferation induced 
by transforming growth factor‑β1 (TGF‑β1) and the synthesis 
of extracellular matrix (ECM) components, including fibro-
nectin and type I collagen, in a dose‑dependent manner. These 
effects were attributed to the ability of honokiol to suppress the 
activity of connective tissue growth factor (CTGF), which is 
indispensable for the progression of fibrosis. Mechanistically, 
honokiol attenuated the TGF‑β1‑induced activation of the 
Smad2/3 and mitogen‑activated protein kinase (MAPK) 
signalling pathways in fibroblasts. In vivo, honokiol reduced 
the proliferation of fibroblasts and the synthesis of ECM 
components, thus ameliorating EF in a rat model post‑lami-
nectomy. Taken together, these preclinical findings suggest 
that honokiol deserves further consideration as a candidate 
therapeutic agent for EF.

Introduction

Laminectomy is commonly used in the treatment of lumbar 
disc herniation and its associated conditions (1). However, up 
to 40% of patients suffer from failed back surgery syndrome 
(FBSS), which is characterized by recurrent and continuous 
pain following neurosurgical interventions, such as lumbar 
laminectomy (2‑5). Extensive epidural fibrosis (EF), or scar-
ring adjacent to the dura mater, may develop following lumbar 
laminectomy and may lead to clinically significant FBSS 
by compressing and irritating the surrounding anatomical 
structures (6‑8). EF accounts for 24% of revision surgeries (9). 
Surgical scar excision is challenging and extremely risky; thus, 
biological therapies are receiving increasing attention (10‑12).

Although the pathogenesis underlying the formation 
and development of EF remains largely unknown, exces-
sive fibroblast proliferation and extracellular matrix (ECM) 
production reportedly play key roles (13‑15). A number of 
studies have demonstrated that transforming growth factor‑β1 
(TGF‑β1), the major factor triggering EF, regulates fibroblast 
proliferation and ECM production (14,16‑18). Hence, efforts 
to inhibit TGF‑β1‑associated signal transduction in order to 
reduce excessive fibroblast proliferation and ECM overpro-
duction are increasing. The TGF‑β1‑induced activation of the 
Smad2/3 signalling pathway plays a major role in fibroblast 
proliferation and ECM accumulation  (19,20). In addition, 
TGF‑β1 stimulation increases the levels of phosphorylated 
receptor‑activated Smad2/3 transcription factors, which form 
heteromeric complexes with Smad4 and are then translocated 
to the nucleus. The heterocomplexes then initiate fibrosis by 
recruiting various transcription factors and binding to specific 
sequences in the promoter regions of target genes  (21,22). 
Additionally, mitogen‑activated protein kinases (MAPKs), 
which play important roles in Smad‑independent TGF‑β1 
signalling, also regulate TGF‑β1‑mediated stimulation (21,23). 
Moreover, there is substantial evidence to indicate that the 
transcriptional activity of the Smad complex is regulated by 
the TGF‑β1‑induced activation of MAPK (23,24). Thus, the 
inhibition of TGF‑β1‑related pathways, such as the Smad and 
MAPK pathways, to reduce the cell proliferation and ECM 
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overproduction of fibroblasts is regarded as a potentially 
crucial target for the treatment of EF.

Honokiol [30,5‑di‑(2‑propenyl)‑1,10‑biphenyl‑2,40‑diol], a 
small polyphenol, is a major bioactive constituent isolated from 
the traditional Chinese medicine, Magnolia officinalis (25). 
Previous pharmacological studies have demonstrated that 
honokiol exerts anti‑inflammatory, antioxidant, anti‑bacterial, 
antitumour, anti‑calmodulin and neuroprotective effects, 
among others (25‑29). A recent study reported that honokiol 
alleviated hypertrophic scarring by inhibiting excessive ECM 
deposition and hypertrophic scar‑derived fibroblast prolifera-
tion (30). Similarly, honokiol has been reported to ameliorate 
fibrosis by inhibiting the expression of pro‑fibrotic factors and 
ECM proteins in a rat model of renal fibrosis (31). Additional 
findings provide evidence that the promising anti‑fibrotic 
effects of honokiol in rats with liver fibrosis are related to the 
suppression of the TGF‑β/Smad and MAPK signalling path-
ways (32). Based on these findings, it was hypothesized that 
honokiol may attenuate the development of EF. The present 
study examined its effects on the proliferation and ECM 
production of TGF‑β1‑stimulated fibroblasts. Moreover, the 
protective role of honokiol against EF was further confirmed 
in a rat model post‑laminectomy.

Materials and methods

Reagents and antibodies. Honokiol, purchased from 
Sigma‑Aldrich; Merck KGaA, was freshly dissolved in 
DMSO. The purity of honokiol used in the present study 
was >98%. Fibronectin, connective tissue growth factor 
(CTGF; cat. no. ab6992), type I collagen (cat. no. ab260043), 
Smad2/3 (cat. no. ab202445), p‑Smad2 (cat. no. ab188334), 
p‑Smad3 (cat.  no.  ab52903), p‑p38 (cat.  no.  ab178867), 
p‑JNK (cat.  no.  ab124956), p‑ERK (cat.  no.  ab201015), 
p38 (cat.  no.  ab170099), JNK (cat.  no.  ab179461), ERK 
(cat. no. ab184699) and GAPDH (cat. no. ab181602) antibodies, 
were purchased from Abcam); primary antibody against 
cyclin B1 (cat. no. sc‑245), cyclin D1 (cat. no. sc‑8396) and 
cyclin E (cat. no. sc‑247) were purchased from Santa Cruz 
Biotechnology. Inc.; the goat anti‑rabbit (cat. no. BS13271) and 
anti‑mouse (cat. no. BS12471) IgG‑HRP were purchased from 
Bioworld. Recombinant human TGF‑β1 was purchased from 
PeproTech Group, Inc. DMSO, carboxymethylcellulose (CMC) 
and collagenase I were purchased from Sigma‑Aldrich; Merck 
KGaA. Cell culture reagents were purchased from Gibco; 
Thermo Fisher Scientific, Inc.

Fibroblast culture. A total of 16 male Sprague‑Dawley rats 
(3 months old; weight, 350‑400 g), were purchased from the 
Animal Centre of the Chinese Academy of Sciences. Lumbar 
laminectomy was performed on rats as described in a previous 
study (33). The rats were housed under specific pathogen‑free 
conditions at 25˚C with a 12‑h light/dark cycle and free access 
to food and water. Epidural scar tissues were collected when 
the rats were sacrificed. The epidural scar tissues were placed 
in PBS to maintain moisture, then minced and incubated in 
a solution of collagenase type I (0.1 g/l) at 37˚C for 3 h to 
separate the primary fibroblasts. Following enzymatic diges-
tion, the isolated cells were incubated in Dulbecco's modified 
Eagle's medium (DMEM; Gibco; Thermo Fisher Scientific, 

Inc.), supplemented with 10% foetal bovine serum and 1% 
antibiotic mixture of penicillin and streptomycin, for the 
culture of the cells. The cells were incubated at 37˚C with a 
humid atmosphere of 95% air and 5% CO2. The fibroblasts 
used in the present study were at passages 2 to 5. All the cells 
were incubated at 37˚C for 24 h until they reached 70‑80% 
confluence. The cells were starved in serum‑free DMEM for 
24 h, followed by supplementation with 10 ng/ml TGF‑β1 
and/or honokiol for 2 h prior at various concentrations (1, 2.5, 
5, 10 or 20 µM), followed by incubation at 37˚C for a further 
72 h.

Cell viability and proliferation. To determine the cytotoxicity of 
honokiol, the cells were incubated with various concentrations 
(1, 2.5, 5, 10 or 20 µM) of honokiol for 72 h. For the analysis 
of cell proliferation, the cells were seeded in 96‑well plates for 
24 h and then stimulated with TGF‑β1 and/or honokiol for 2 h 
prior at various concentrations (1, 2.5, 5, 10 or 20 µM) for a 
further 72 h. Subsequently, the cells were washed 3 times with 
phosphate‑buffered saline (PBS), and then incubated for 2 h in 
CCK‑8 solution (CCK‑8; Dojindo, Tokyo, Japan), at 37˚C. A 
spectrophotometer (Thermo Fisher Scientific, Inc.) at 450 nm 
was used to measure the absorbance of the cells.

EdU incorporation assay. The effects of honokiol on 
TGF‑β1‑induced proliferation were determined using a 
Cell‑Light EdU DNA cell kit (Guangzhou RiboBio Co., 
Ltd.,), according to the manufacturer's instructions. In brief, 
after being subjected to the appropriate treatments, fibroblasts 
were incubated at 37˚C in EdU solution (50 µmol/l) for 2 h. 
The cells were then fixed in 4% formaldehyde for 30 min and 
incubated at room temperature with 0.5% Triton X‑100 in 
PBS for 10 min. After washing with PBS, Click‑iT™ reaction 
cocktail was added to the plates for 30 min, and the cells were 
then stained with Hoechst 33342 dye at room temperature 
for a further 30 min. Proliferating cells were imaged under a 
fluorescent microscope (Nikon Corporation) and were counted 
using ImageJ software (NIH). A total of 5 fields were randomly 
selected for microscopic observation.

Reverse transcription‑quantitative polymerase chain reaction 
(RT‑qPCR). Total RNA was extracted from the treated 
fibroblasts and epidural scar tissues using TRIzol reagent 
(Invitrogen; Thermo Fisher Scientific, Inc.), according to the 
manufacturer's instructions. The concentration was deter-
mined spectrophotometrically at 260 nm (NanoDrop 2000; 
Thermo Fisher Scientific, Inc.). Total RNA (1 µg) was reverse 
transcribed to synthesize cDNA using PrimeScript Reverse 
Transcriptase (Takara Bio, Inc.). Subsequently, 5 µl of 2X 
SYBR Master Mix, 0.25 µl of each primer and 4.5 µl of diluted 
cDNA were used for PCR amplification. The qPCR thermo-
cycling conditions were as follows: 95˚C for 3 min, 40 cycles 
of 95˚C for 30 sec, annealing at 60˚C for 45 sec, and a final 
elongation step at 72˚C for 20 sec. The CFX96 Real‑Time PCR 
System (Bio‑Rad Laboratories, Inc.) was used to conduct the 
reaction and detection. All mRNA quantification data were 
collected and normalized to the level of the housekeeping 
gene, GAPDH. The 2‑ΔΔCq method (34) was used to calculate 
the relative mRNA levels of each target gene. The primers 
used are listed in Table I.
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Western blot analysis. The treated fibroblasts and epidural 
scar tissues were lysed with radioimmune precipitation assay 
(RIPA; Beyotime Institute of Biotechnology) buffer to extract 
whole‑cell proteins. Protein concentration was determined 
using a BCA assay kit (cat. no. 23250; Pierce; Thermo Fisher 
Scientific, Inc.). Equal amounts (30 µg each) of total proteins 
were subjected to electrophoresis on sodium dodecyl sulphate 
polyacrylamide 10% gels and transferred onto nitrocellulose 
membrane (Life Technologies; Thermo Fisher Scientific, Inc.). 
After blocking, the membranes were probed with primary 
antibodies against CTGF, type I collagen, fibronectin, cyclin 
B1, cyclin D1, cyclin E, p‑Smad2, p‑Smad3, Smad2/3, p‑p38, 
p‑JNK, p‑ERK, p38, JNK, ERK and GAPDH (all 1:1,000) 
overnight at 4˚C. The membranes were then incubated with 
appropriate secondary antibodies (1:3,000) for 2 h at room 
temperature. The protein bands were visualized by electro-
chemiluminescence plus reagent (Invitrogen; Thermo Fisher 
Scientific, Inc.). The ChemiDoc™ XRS Imaging System 
(Bio‑Rad Laboratories, Inc.) was used to quantify the band 
intensity.

Immunofluorescence. Fibroblasts were plated on glass cover-
slips in 24‑well plates. Following stimulation with TGF‑β1 
(10 ng/ml) and/or various concentrations (5, 10 or 20 µM) of 
honokiol for 2 h prior, cells were fixed in 4% formaldehyde 
for 10 min, and permeabilized with 0.1% Triton X‑100 for 
5 min, followed by blocking with 5% normal goat serum for 
5 min. The cells were then labelled with anti‑Smad3 antibody 
(cat. no. ab40854; 1:500) overnight at 4˚C and probed with 
FITC‑conjugated anti‑rabbit IgG antibody (cat. no. ab6717; 
1:3,000) for 1  h at room temperature and DAPI (Roche 
Diagnostics GmbH). Finally, the cells were photographed 
using a fluorescence microscope (Nikon Corporation).

Hepatotoxicity and survival rate assessment. The animals 
were arbitrarily divided into 3 groups (n=15), treated with 
0, 10, 20 mg/kg intragastrically every other day for 4 weeks 
until sacrificed. Then, the serum aspartate aminotransferase 
(AST), alanine aminotransferase (ALT) and albumin were 
tested colourimetrically by using commercially available kits 
(Biodiagnostics, Cairo, Egypt). In addition, survival rate was 
estimated using Kaplan Meier analysis.

Animal ethics statement and models. All experimental 
procedures for animal studies were carried out in compli-
ance with the principles of International Laboratory Animal 
Care and the experimental protocol was approval by the 
Animal Care and Use Committee at the Wenzhou Medical 
College (approval no. wydw2017‑0007). A total of 78 male 

Sprague‑Dawley rats (3 months old; weight, 350‑400 g) were 
purchased from the Animal Centre of the Chinese Academy 
of Sciences. Rats were housed under specific pathogen‑free 
conditions at 25˚C with a 12‑h light/dark cycle and free access 
to food and water. The rats were randomly assigned to the 
sham‑operated (sham) group (n=6, treatment without lami-
nectomy), the control group (n=24), the honokiol 10 mg/kg 
group (n=24) and the honokiol 20 mg/kg group (n=24). The 
rats in each group were weighed and injected intraperitone-
ally with 2% (w/v) pentobarbital (40 mg/kg) and fixed on 
the operation board in the prone position. Laminectomy was 
performed as described in a previous study (33). The hair of 
each rat was shaved around the first lumbar vertebra (L1), 
and the exposed skin was sterilized with povidone‑iodine. 
A dorsal midline incision (T12‑L3) was made to remove 
the spinous process and vertebral plate and to expose the 
dura mater at the L2 level. Close attention was paid not to 
traumatize the neural tissue. The rats in the sham group 
were not subjected to laminectomy, but only underwent the 
same surgical procedure and were exposed for 2 min. After 
satisfactory haemostasis, the wound was surgically closed. 
Post‑operatively, the rats in the honokiol group received 
honokiol (10 or 20 mg/kg) dissolved in CMC intragastrically 
every other day until the rats were sacrificed, while the rats 
in the other 2 groups were administered the same volume 
of CMC. Daily monitoring of the rats was carried out to 
ensure their well‑being and all animals were allowed free 
unrestricted activity. No animals were found dead during 
the duration of the experiment. All rats were euthanized 
by an overdose of pentobarbital sodium (100‑150 mg/kg; 
intraperitoneally injected; cat. no. B005; Nanjing Jiancheng 
Bioengineering Institute) at 4 weeks post‑operatively. Rat 
euthanasia was confirmed prior to disposing of the animal 
remains by the criteria of the AVMA euthanasia guidelines 
2020 (35), including lack of pulse, breathing, corneal reflex, 
response to firm toe pinch and so on. The epidural scar and 
surrounding tissues were collected for subsequent analyses.

Macroscopic assessment. Macroscopic assessment was 
performed at 4 weeks post‑operatively, to assess both the 
spaces between the dura mater and the surrounding soft tissues. 
The epidural scar adhesion was evaluated based on the Rydell 
classification (36) as follows: Grade 0, epidural scar tissue was 
not adherent to the dura mater; grade 1, epidural scar tissue 
was adherent to the dura mater, but easily dissected; grade 2, 
epidural scar tissue was adherent to the dura mater, and it was 
difficult to dissect without disrupting the dura matter; grade 3, 
epidural scar tissue was firmly adherent to the dura mater and 
could not be dissected.

Table I. Primer sequences used in RT‑qPCR.

Gene	 Forward primer	 Reverse primer	 Product size (bp)

CTGF	 5'‑TGGCTTGCTCAGGGTAACTG‑3'	 5'‑CTGCCTCCCAAACCAGTCAT‑3'	 80
Type I collagen	 5'‑CCCAGCGGTGGTTATGACTT‑3'	 5'‑CGGCCACCATCTTGAGACTT‑3'	 68
Fibronectin	 5'‑CCCCAACTGGTTACCCTTCC‑3'	 5'‑GGTGACGAAGGGGGTCTTTT‑3'	 90
GAPDH	 5'‑AGTGCCAGCCTCGTCTCATA‑3'	 5'‑TGAACTTGCCGTGGGTAGAG‑3'	 189
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Determination of hydroxyproline (HPC) content. HPC 
content analysis was performed to observe the main signs 
of fibrosis. The HPC content of wet scar tissue obtained 
from the laminectomy site was determined as described in a 
previous study (37). The samples were lyophilized, ground and 
hydrolysed with HCL at 110˚C for 24 h. The hydroxyproline 
developer (β‑dimethylaminobenzaldehyde solution; Beyotime 
Institute of Biotechnology, Inc.) was then used to examine the 
samples and standards, and a spectrophotometer (Thermo 
Fisher Scientific, Inc.) was used to evaluate the absorbance of 
the solution was at 550 nm. The HPC content per milligram of 
scar tissue was calculated.

Histopathological analysis. The rats from each group were 
sacrificed and histopathological analysis was performed at 
week 4 following surgery. The specimens, including the entire 
L1‑L2 spinal column, the paraspinal muscles and epidural 
fibrotic tissue, were fixed in 4% paraformaldehyde and decal-
cified, then dehydrated and embedded in paraffin. The gross 
specimens were then sectioned at a thickness of 5 µm. The 
slides of each disc were stained with haematoxylin and eosin 

(H&E; Beyotime Institute of Biotechnology, Inc.) and Masson's 
trichrome stain (Beyotime Institute of Biotechnology, Inc.) at 
room temperature. Epidural scar adhesion was evaluated under 
an optical microscope (Olympus Corporation; x40 magnifica-
tion), and the number of fibroblasts was counted under an optical 
microscope (Olympus Corporation; x200 magnification).

Statistical analysis. Statistical analyses were performed 
using SPSS 20.0 statistical software. The experiments were 
performed for 3 biological replicates and 3 technical repli-
cates. All results are presented as the means ± SEM. The 
variance of ≥2 groups was analysed using one‑way analysis 
of variance followed by Tukey‑Kramer as post‑hoc test. The 
Kruskal‑Wallis test followed by Dunn's multiple comparison 
was used to analyse non‑parametric data. Statistical signifi-
cance was set at P<0.05.

Results

Honokiol inhibits the TGF‑β1‑induced proliferation of fibro‑
blasts. The chemical structure of honokiol is presented in 

Figure 1. Effects of honokiol on toxicity and proliferation of fibroblasts. (A) Chemical structure of honokiol. (B) Fibroblasts were incubated with various 
concentrations of honokiol for 72 h. (C) Fibroblasts were treated with 10 ng/ml TGF‑β1, alone or with the indicated concentrations of honokiol for 72 h. 
(D) Effects of honokiol on cyclin D1, cyclin E and cyclin B1 induced by TGF‑β1 were examined by western blot analysis. (E‑G) Bar diagram of the cyclin D1, 
cyclin E and cyclin B1 expression. (H) The active DNA synthesis of fibroblasts was detected by EdU incorporation assay (x100 magnification). (I) Ratios of 
EdU‑positive cells. Data are presented as the means ± SEM, **P<0.01, vs. the control group. #P<0.05, ##P<0.01 compared with the TGF‑β1‑stimulated group; 
n=3.
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Fig. 1A. First, to ascertain the susceptibility of fibroblasts to 
honokiol, a dose‑response experiment with various concentra-
tions of honokiol (0, 1, 2.5, 5, 10 or 20 µM) was performed. 
Following 72  h of incubation, cell viability was assessed 
by CCK‑8 assay. No significant differences were observed 
following 72 h of treatment with various concentrations of 
honokiol (Fig. 1B). Therefore, 5, 10, or 20 µM were selected 
as the appropriate concentrations of honokiol for use in subse-
quent experiments. Second, to determine whether honokiol 
affects the proliferation of fibroblasts, the cells were incubated 
with various concentrations of honokiol in the presence of 
TGF‑β1 (10 ng/ml) for 72 h, and cell viability was assessed by 
CCK‑8 assay. As shown in Fig. 1C, TGF‑β1 led to an increased 
fibroblast proliferation, and this was significantly reversed by 
honokiol treatment in a dose‑dependent manner. To further 
confirm the anti‑proliferative effects of honokiol, the protein 
levels of cyclin D1 and cyclin E, major cyclin proteins that are 
involved in the regulation of G0/G1 phase progression (38,39), 
were examine by western blot analysis. In addition, the expres-
sion of cyclin B1, which plays a pivotal role in controlling the 
G2 to M phase transition and is widely used as a marker of 
cell proliferation (39,40), was analysed. The results revealed 
that honokiol treatment induced a significant decrease in 
cyclin D1 and cyclin E expression in a dose‑dependent manner, 
whereas cyclin B1 expression was not affected, suggesting 
that honokiol arrests fibroblast proliferation during the G0/G1 
phase progression by inhibiting the expression of cyclin D1 
and cyclin E (Fig. 1D‑G). A similar anti‑proliferative effect 
was observed in the TGF‑β1‑stimulated fibroblasts, by EdU 
fluorescence staining. Treatment with honokiol (20  µM) 
significantly reduced the percentage of EdU‑positive cells 
(red; Fig. 1H and I). Taken together, these results suggested 
that pre‑treatment with honokiol suppressed the increased 
fibroblast proliferation induced by TGF‑β1.

Honokiol suppresses TGF‑β1‑induced ECM production. EF 
can trigger the increased expression of ECM components. To 
examine the effects of honokiol on TGF‑β1‑induced ECM 
production, the expression of fibronectin and type I collagen, 
which are considered to be the main components of ECM, were 
examined by western blot analysis. As shown in Fig. 2, the 
stimulation of fibroblasts with TGF‑β1 induced a noticeable 
increase in the expression of fibronectin and type I collagen 
at both the gene and protein levels, which was reversed by 
honokiol treatment in a dose‑dependent manner. These data 
demonstrated that honokiol prevented the ECM overproduc-
tion induced by TGF‑β1 in fibroblasts.

Honokiol inhibits TGF‑β1‑induced CTGF expression. 
Previous studies have indicated that CTGF, as a matricel-
lular protein of the CCN family of ECM‑associated proteins, 
plays an important role in regulating ECM production and 
proliferation in various cell types (14,17). In the present study, 
to further confirm the mechanisms through which honokiol 
participates in TGF‑β1‑induced stimulation, RT‑qPCR and 
western blot analysis of the gene and protein levels of CTGF 
were performed. As was expected, it was found that honokiol 
treatment effectively inhibited the noticeable TGF‑β1‑induced 
increase in both the mRNA and protein levels of CTGF in a 
dose‑dependent manner (Fig. 3). Taken together, these findings 
demonstrated that the protective role of honokiol may involve 
the inhibition of ECM overproduction and proliferation by 
suppressing the upstream protein, CTGF.

Honokiol inhibits TGF‑β1‑induced Smad2/3 pathway activa‑
tion. To further determine the mechanisms through which 
honokiol exerts its effects, the present study examined the 
activation of the Smad2/3 signalling pathway, which is 
involved in classic TGF‑β1‑induced signalling, by western 
blot analysis. Regardless of the presence of honokiol, the 
level of phosphorylated Smad2/3 was significantly increased 
following 1 h of TGF‑β1 stimulation. However, honokiol treat-
ment markedly decreased the level of phosphorylated Smad2/3 
in a dose‑dependent manner (Fig.  4A‑C). Similar results 
were also observed by immunofluorescence staining, which 
revealed the TGF‑β1‑induced nuclear translocation of Smad3 
(Fig. 4D and E). These results demonstrated that honokiol 
suppressed TGF‑β1 signalling by inhibiting the sustained 
phosphorylation and nuclear translocation of Smad2/3.

Honokiol suppresses TGF‑β1‑induced MAPK pathway acti‑
vation. Based on previous studies, TGF‑β1 activates MAPK 
signalling in a Smad2/3‑independent manner (24,41). Therefore, 
the present study further examined the effects of honokiol on 
the levels of phosphorylated ERK, JNK and p38 by western blot 
analysis. Compared with the control treatment, TGF‑β1 notably 
increased the levels of phosphorylated ERK, p38 and JNK, while 
honokiol treatment resulted in significantly lower levels of p‑p38 
and p‑JNK, but not p‑ERK, in a dose‑dependent manner (Fig. 5). 
These findings provide evidence that the protective effects of 
honokiol are involved in the inhibition of the phosphorylation of 
p38 and JNK MAPKs and the inhibition of the Smad2/3 pathway.

Honokiol attenuates EF in rats post‑laminectomy in vivo. 
To ensure the safety of the dose of honokiol (10 and 
20 mg/kg) used in the present study, a toxicological anlasis 
was performed. No hepatotoxicity or death were observed 
until the rats were sacrificed (Table SI and Fig. S1). To deter-
mine the therapeutic effects of honokiol on EF in vivo, a rat 
model of laminectomy was established. The grade scores 
of epidural scar adhesion were obtained to assess the adhe-
sion of the EF specimens according to a previous study (36). 
Macroscopically, the epidural scar adhesions in the control 
group were severe and dense around the laminectomy sites, 
and these epidural scar adhesions were clearly ameliorated by 
honokiol treatment (Table II). Of note, in the sham group, no 
scar tissue formation adjacent to the dura mater was observed 
due to the intact lamina. Therefore, the samples in the sham 

Table  II. Degree of epidural adhesion according to Rydell's 
classification (36).

	 Grade
	 ------------------------------------------------------------
Group	 0	 1	 2	 3

Control	 0	 0	 2	 4
Honokiol (10 mg/kg)	 1	 3	 2	 0
Honokiol (20 mg/kg)	 2	 3	 1	 0
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Figure 2. Effect of honokiol on TGF‑β1‑induced ECM production by fibroblasts. (A and B) The cellular levels expression of type I collagen and fibronectin 
were measured by real‑time PCR. The expression levels of these genes were normalized to the expression of GAPDH. (C) Fibroblasts treated with TGF‑β1, 
alone or with the indicated concentrations of honokiol, then, harvested for the measurement of type I collagen and fibronectin by western blot. (D and E) Bar 
diagram of type I collagen and fibronectin expression. Data are presented as the means ± SEM, **P<0.01, vs. the control group. #P<0.05, ##P<0.01 compared 
with the TGF‑β1‑stimulated group; n=3.

Figure 3. Effect of honokiol on CTGF in TGF‑β1‑stimulated fibroblasts. (A) The cellular levels expression of CTGF was measured by RT‑qPCR. The expression 
level of this gene was normalized to the expression of GAPDH. (B) Fibroblasts treated with TGF‑β1, alone or with the indicated concentrations of honokiol, 
then, harvested for the measurement of CTGF by western blot analysis. (C) Bar diagram of CTGF expression. Data are presented as the means ± SEM, **P<0.01, 
vs. the control group. #P<0.05, ##P<0.01 compared with the TGF‑β1‑stimulated group; n=3.
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group were only subjected to H&E staining (data not shown). 
A corresponding anti‑EF effect was also observed in the histo-
logical analysis. Compared with that in the control group, the 
degree of EF adhesion in the honokiol group was moderate, 
and only loosened or scant scar adhesion was observed in the 
laminectomy areas (Fig. 6A). Consistent with the histological 
findings, the fibroblast counts in the H&E images revealed 
that the number of fibroblasts was significantly lower in the 
honokiol groups (Fig. 6B). Similar results were also observed 
in the collagen tissues by Masson's trichrome staining. The 
control group exhibited a much higher collagen density in the 
epidural tissue, while the honokiol group exhibited only scant 
amounts of collagen tissue (Fig. 7A), which was consistent 
with the results of the HPC analysis (Fig. 7B). Moreover, the 
production of fibronectin and type I collagen in the scar tissues 
was also decreased at the protein level by honokiol treatment 
(Fig. 7C and D). These therapeutic effects of honokiol on EF 

occurred in a dose‑dependent manner. Taken together, these 
results indicated that honokiol ameliorated the progression of 
EF in vivo and may be involved in the inhibition of excessive 
fibroblast proliferation and ECM overproduction, which is 
consistent with the in vitro findings.

Potential molecular mechanism involved in honokiol treat‑
ment in fibroblasts. Honokiol attenuated TGF‑β1 induced 
excessive fibroblast proliferation and the synthesis of ECM 
components in rats post‑laminectomy via suppressing Smad2/3 
and MAPK signalling pathways (Fig. 8).

Discussion

Fibrosis of the local dura mater following laminectomy, which 
is not uncommon, leads to worse patient outcomes (42,43). The 
current treatment options, namely, conservative treatment and 

Figure 4. Effect of honokiol on TGF‑β1‑induced Smad2/3 pathway activation. (A) Fibroblasts were pre‑treated with honokiol for 2 h, and TGF‑β1 was added 
for an additional 1 h. The cell lysates were then examined for the expression of p‑Smad2, p‑Smad3, and Smad2/3 by western blot analysis. (B and C) The ratios 
of the intensity of p‑Smad2 and p‑Smad3 relative to Smad2/3. (D) Fibroblasts were treated with TGF‑β1 and/or various concentrations (5, 10 or 20 µM) of 
honokiol for 2 h prior to confocal microscopy (scale bar, 10 µm). (E) The nuclear/cytosolic ratio of Smad 3 staining was measured. Data are presented as the 
means ± SEM, **P<0.01, vs. the control group. #P<0.05, ##P<0.01 compared with the TGF‑β1‑stimulated group; n=3.
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Figure 5. Effects of honokiol on the MAPK pathway in TGF‑β1‑stimulated fibroblasts. (A) The effects of honokiol on the MAPK signalling pathway were 
assessed by western blot analysis to detect the expression of phosphorylated ERK, JNK and p38. The cell lysates were prepared from fibroblasts pre‑treated 
with honokiol for 2 h and subsequently induced by TGF‑β1 for 1 h. (B‑D) Bar diagrams of p‑ERK, p‑JNK andp‑p38 relative to total ERK, JNK, and p38, 
respectively. Data are presented as the means ± SEM, **P<0.01, vs. the control group. #P<0.05, ##P<0.01 compared with the TGF‑β1‑stimulated group; n=3.

Figure 6. Effect of honokiol on epidural scar tissue in post‑laminectomy rats. (A) Representative haematoxylin and eosin staining of samples were from 
different experimental groups at 4 weeks post‑operatively (x40 and x100 magnification; scale bars, 250 and 100 µm, respectively). (B) The number of fibroblasts 
was counted in selected areas under optical microscopy in each group. Data are presented as the means ± SEM, *P<0.05, **P<0.01, vs. the control group; n=6.
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scar excision, are unsatisfactory (44). Therefore, biological 
therapies are increasingly being investigated. Honokiol, an 
extract of Magnolia officinalis, exhibits potent anti‑prolif-
erative and anti‑fibrotic effects  (30,31). The present study 
simultaneously used primary fibroblasts and a post‑laminec-
tomy rat model to investigate the anti‑EF effect of honokiol. 
Consistent with the biological activities of honokiol described 
in previous studies  (30,31), the present study found that 
honokiol attenuated EF development by inhibiting excessive 

fibroblast proliferation and ECM overproduction induced by 
TGF‑β1 in primary fibroblasts, and the anti‑EF effect was 
further confirmed in a rat model post‑laminectomy.

Fibroblasts are responsible for the majority of scar tissue, 
and trigger the fibrosis of various tissues and organs. During 
scar formation, fibroblasts rapidly proliferate and produce 
large quantities of ECM components, including type collagen I 
and III and fibronectin (45,46), which is widely considered to 
be the predominant cause of EF following lumbar laminec-
tomy (15). Therefore, accumulating evidence emphasizes that 
it is crucial to suppress excessive fibroblast proliferation and 
ECM production during the tissue remodelling associated 
with EF (13‑15). TGF‑β1, a cytokine that regulates various 
cellular functions, is reportedly the key initiating factor of 
EF. Elevated TGF‑β1 levels in scar tissue trigger aberrant 
fibroblast proliferation and ECM overproduction (14,16‑18). In 
the present study, it was found that honokiol exerted a marked 
anti‑proliferative effect on TGF‑β1‑treated fibroblasts, which 
was confirmed using EdU incorporation assays and western 
blot analysis of cyclin D1 and cyclin E, major important mole-
cules involved in proliferation. Moreover, TGF‑β1‑induced 
fibrosis was accompanied by significant increases in the 
expression levels of type I collagen and fibronectin (at both the 
gene and protein levels) in primary fibroblasts; these increases 
were effectively reversed by honokiol in a dose‑dependent 
manner. To further explore the underlying mechanism, 
the effect of honokiol on CTGF was determined. CTGF, a 
matricellular protein of the CCN family of ECM‑associated 
proteins that is minimally expressed in normal adult tissue but 
strongly upregulated in fibrotic tissue (47), has been proven to 

Figure 8. Schematic of the potential protective effects of honokiol in epidural 
fibrosis development.

Figure 7. Effect of honokiol on ECM in epidural scar tissue in vivo. (A) Masson's trichrome staining was used to demonstrate the collagen density of epidural 
adhesion tissues in each group under optical microscopy (x40 magnification; scale bar, 250 µm). (B) The assessment of fibrosis was performed by hydroxy-
proline content analysis in each group. (C) The protein expression of type I collagen and fibronectin were detected by western blotting in each group. (D) Bar 
diagram of type I collagen and fibronectin expression in each group. Data are presented as the means ± SEM, *P<0.05, **P<0.01, vs. the control group; n=6.
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participate in TGF‑β1‑dependent fibrosis by regulating prolif-
eration and ECM production in various cell types (48‑50). 
CTGF has been reported to mediate the TGF‑β1‑induced 
upregulation of collagen type I in fibroblasts (51). An increased 
CTGF expression in epidural scar tissue plays a key role in 
EF development by stimulating TGF‑β1‑induced fibroblast 
proliferation and ECM production, as well as collagen and 
fibronectin synthesis  (13). As was expected, it was found 
that TGF‑β1 treatment significantly stimulated the produc-
tion of CTGF at both the gene and protein levels, which was 
reversed by honokiol in a dose‑dependent manner. Thus, these 
results suggested that honokiol may protect against excessive 
TGF‑β1‑induced fibroblast proliferation and ECM overpro-
duction by inhibiting CTFG during EF. The data of the present 
study are in agreement with those of previous studies in which 
honokiol protected against both hypertrophic scarring and 
renal fibrosis (30,31).

TGF‑β1 and its downstream signalling cascades play 
vital roles in initiating the pathological mechanisms under-
lying EF (51). The incubation of cells with TGF‑β leads to a 
long‑lasting increase in CTGF (52). Subsequently, CTGF acts as 
an extracellular adapter protein by binding to a transmembrane 
receptor serine threonine kinase (TGF‑β receptor II) through 
its cysteine‑rich domain, and thus helps to induce the phosphor-
ylation of another serine threonine kinase complex (TGF‑β 
receptor I/ALK5) (53). In turn, phosphorylated ALK5 induces 
the phosphorylation of Smad2 and Smad3, which then bind to 
Smad4 in order to form a heteromeric Smad complex to activate 
the transcription of target genes, including CTGF, triggering 
the transcription of genes encoding ECM proteins (47,54‑57). 
Notably, of the Smad transcription factors, only Smad3 seems 
to be required for the regulation of TGF‑β‑mediated CTGF 
promoter activation in primary osteoblasts (58). Moreover, the 
TGF‑β1‑induced activation of the Smad2/3 pathway has also 
been suggested to regulate several important cell functions, 
including differentiation, proliferation and ECM component 
synthesis (23,24). However, TGF‑β1‑induced CTGF expres-
sion can be blocked via Smad‑dependent transcription (59). 
It has been demonstrated that the inhibition of the Smad2/3 
pathway markedly ameliorated keloid expression by inhibiting 
cell proliferation and ECM synthesis, and keloid scarring is 
similar to that characterizing EF (20,60). Therefore, the present 
study explored the molecular mechanisms underlying the 
anti‑fibrotic effects of honokiol by suppressing Smad signal-
ling. As was expected, Smad2 and Smad3 phosphorylation 
were increased by TGF‑β1 stimulation; honokiol significantly 
attenuated this effect in a dose‑dependent manner, which was 
further confirmed by examining the TGF‑β1‑induced nuclear 
translocation of immunofluorescent Smad3. The present study 
revealed that honokiol attenuated fibroblast proliferation 
and ECM production by inhibiting Smad2/3 phosphoryla-
tion and nuclear translocation. In addition, TGF‑β1 also acts 
via non‑canonical pathways in a cell‑specific manner. The 
TGF‑β1‑mediated induction of CTGF is further modulated by 
MAPK signalling (61,62). It has been suggested that the inhibi-
tion of any two MAPKs, namely, ERK, p38, or JNK, completely 
inhibits the TGF‑β1‑mediated induction of CTGF in lung 
fibroblasts  (47). Moreover, TGF‑β1‑induced MAPK activa-
tion has been reported to contribute to the modulation of the 
TGF‑β1‑induced phosphorylation and the nuclear translocation 

of Smad2/3 signalling pathway components (41,63). Although 
the molecular mechanisms of the crosstalk between the MAPK 
and Smad signalling pathways are not yet fully understood, 
interest in the important role of the MAPK‑Smad crosstalk 
pathway in fibrosis is growing  (23). Furthermore, a recent 
study demonstrated that MAPK signalling played a critical 
role in liver injury and hepatic stellate cell proliferation (64). 
p38 MAPK signalling increases the half‑life and stability of 
type I collagen mRNA (65). Honokiol has also been reported 
to suppress the activity of the MAPK signalling pathway by 
inhibiting the phosphorylation of p38 and JNK in human 
epithelial cells (66). As shown in in the present study, TGF‑β1 
also activated the MAPK signalling pathway. Of note, honokiol 
preconditioning significantly reduced the TGF‑β1‑induced 
phosphorylation of p38 and JNK, but not p‑ERK, which is 
consistent with the findings of previous studies (32,66). Taken 
together, it was surmised that the anti‑EF effects of honokiol 
may be associated with the inhibition of CTGF via the Smad2/3 
and MAPK (p38 and JNK) pathways.

The therapeutic effects of honokiol were further assessed 
in a rat model of EF post‑laminectomy. Compared to the 
honokiol‑treated group, the control group exhibited more 
severe epidural adhesion and higher numbers of fibroblasts. 
Honokiol significantly reduced collagen density, hydroxypropyl 
cellulose, and fibronectin and type I collagen production by 
epidural scar tissue, indicating that honokiol could ameliorate 
EF in vivo. These results and those of the in vitro experiments 
further demonstrated that honokiol has potential value in 
preventing epidural scar adhesion.

However, the present study still has some limitations. 
First, the present study did not assess the effects of a MAPK 
pathway inhibitor, such as the p38 kinase inhibitor SB203580 
or the JNK inhibitor SP600125. Second, in addition to fibro-
blast proliferation and ECM deposition, the lack of further 
mechanistic analysis to determine the involvement of fibroblast 
activation, migration and differentiation is another limitation 
of the present study that will be investigated in future studies. 
Third, it would be better to further confirm whether honokiol 
arrests cell growth by other assays, such as flow cytometry.

In conclusion, the present study demonstrates that honokiol 
may serve as a promising and effective therapeutic agent for 
the treatment of EF in the future. The potential mechanisms 
involved in its protective effects are the reversal of aberrant 
fibroblast proliferation and ECM production by inhibiting the 
Smad2/3 and MAPK pathways.
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