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Abstract

Apart from aging process, adult intervertebral disc (IVD) undergoes various degenerative processes. However, the nicotine
has not been well identified as a contributing etiology. According to a few studies, nicotine ingestion through smoking, air or
clothing may significantly accumulate in active as well as passive smokers. Since nicotine has been demonstrated to adversely
impact various physiological processes, such as sympathetic nervous system, leading to impaired vasculature and cellular
apoptosis, we aimed to investigate whether nicotine could induce IVD degeneration. In particular, we evaluated dose-
dependent impact of nicotine in vitro to simulate its chronic accumulation, which was later treated by platelet-derived
biomaterials (PDB). Further, during in vivo studies, mice were subcutaneously administered with nicotine to examine IVD-
associated pathologic changes. The results revealed that nicotine could significantly reduce chondrocytes and chondrogenic
indicators (Sox, Col Il and aggrecan). Mice with nicotine treatment also exhibited malformed IVD structure with decreased
Col Il as well as proteoglycans, which was significantly increased after PDB administration for 4 weeks. Mechanistically, PDB
significantly restored the levels of IGF-I signaling proteins, particularly pIGF-1 R, pAKT, and IRS-1, modulating ECM synthesis
by chondrocytes. Conclusively, the PDB impart reparative and tissue regenerative processes by inhibiting nicotine-initiated
IVD degeneration, through regulating IGF-1/AKT/IRS-1 signaling axis.
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Introduction population. During early degenerative events, a reduced cell

Intervertebral discs (IVDs) degeneration is well-known to  population in the inner, gelatinous nucleus pulposus (NP) of
contribute to back, neck as well as radicular pain in aging IVD is the notable hallmark. NP cell is generally considered
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as chondrocyte-like cells™, which its tissue is composed of
proteoglycans (PGs), assisting the retention of water to with-
stand the compression, transfer and distribution of spinal
loads between vertebral bodies while maintaining their
mobility*. This pathologic condition has been attributed to
elevated levels of pro-inflammatory cytokines such as TNF,
and interleukins such as IL-1, IL-6, and IL-17 in IVD cells,
promoting extracellular matrix degradation, chemokine pro-
duction and changes in IVD phenotype. The several etiolo-
gical factors underlying IVD degeneration include
mechanical damage, genetic variations and exposure to
pathogenic substances®. Besides, many previous studies
have revealed that smoking is highly correlated to back pain,
and tobacco users may display IVD degenerative character-
istics®”. Of tobacco products, nicotine is well-known to be a
major addictive component which may contribute to various
pathophysiologies including IVD degeneration®®, possibly
through vasoconstriction, arteriosclerotic, carboxy-
hemoglobin production, changes in blood flow, and impaired
fibrinolytic activity'®'%. Besides, passive cigarette smoking
has also been implicated in exerting histologic changes in
intervertebral disc'®, indicating that nicotine exposure may
contribute to degeneration of IVD; however, the underlying
mechanism still remain unclear. Therefore, in order to con-
firm nicotine-induced I'VD pathology, we established mouse
model of nicotine-induced IVD degeneration. Of note, since
creating the animal models mimicking chronic accumulation
of toxic chemicals like nicotine seems difficult to manifest
its dose-dependent impact; hence, higher doses of nicotine
were applied during in vitro studies. In addition to our pre-
vious study on nicotine-induced osteoarthritis'®, another
seminal study has already employed higher doses of nicotine
on human umbilical vein endothelial cells (HUVECs) to
mimic chronic accumulation of nicotine-induced toxicity,
which revealed progression of periodontal disease as well
as cardiovascular disease'.

Besides, the positive impact of traditional/current thera-
pies for degenerative IVD is still very limited, and often
resulted in inability to relieve the pain, or accelerated adja-
cent segment degeneration. Hence, restoring adequate func-
tional behavior by maintain disc height and spine curvature
in IVD remains a challenge. In recent years, cell-based bio-
logical therapies are gaining attention to provide a more
biological approach, with minimal adverse effects. In the
recent years, platelet-derived biomaterials (PDB), a whole
blood-extracted biomaterial enriched with platelets and var-
ious growth factors, has been widely used as regenerative
medicine. PDB contains several prominent growth factors
including platelet-derived growth factor (PDGF), transform-
ing growth factor-B (TGF-p), insulin-like growth factor-1
(IGF-1), epidermal growth factor (EGF), bone morphoge-
netic protein (BMP)-2 and BMP-7, which have also been
implicated in our previous study to restore extracellular
matrix (ECM) of cerebral, renal and knee-joint patholo-
gies'*'®. Moreover, research had indicated the composition
and degeneration process of articular joint and IVD are quite

similar'’, which motivated us to further investigate whether
nicotine and PDB exhibit the consistent effects on IVD.
However, the pathophysiologies of IVD degeneration still
differed from knee osteoarthritis. Knee joint osteoarthritis
is characterized by loss of chondrocytes and narrowing of
joint space'®, whereas IVD degeneration responsible for
back pain is associated with changes during disc which
includes hypocellularity, low extracellular matrix (ECM)
and reduced disc height'?. Also, the avascular articular car-
tilage is nourished by both subchondral bone marrow and
synovial?®, whereas in IVD tissue such as NP cells are rely
on nutrients supplied from cartilaginous endplate route,
while the cells in the annulus fibrosus region are mainly
nurtured by annulus peripheral pathway?'. Hence, we were
interested whether PDB shares similar therapeutic mechan-
ism in these two different pathophysiologies. Therefore, this
study investigated the ameliorative effect of PDB therapy on
nicotine-induced IVD degeneration, and further explored the
underlying mechanism.

In our study, we established a chronic degenerative IVD
in vitro model by treating immortalized human nucleus pul-
posus cells (ihNPs) with high-doses of nicotine, which was
determined in the terms of chondrogenic gene and protein
expressions. Later, PDB was then administered to nicotine-
treated ihNPs for determining its therapeutic potential. Fur-
ther, the effects of PDB was also evaluated in neo-cartilage
model, which is a 3D collagen scaffold containing ihNPs, for
mimicking the in vivo cartilage microenvironment. Finally,
we developed in vivo nicotine-induced IVD degeneration
mice model as pre-clinical study to investigate the therapeu-
tic potential of PDB and explored the possible underlying
mechanism.

Materials and Methods

Establishment of Immortalized Human Nucleus
Pulposus cells (ihNPs) and Ethics

To establish the immortalized hNPs, hNPs were isolated
from the healthy IVD of a 39 years old male donor. Informed
consent was provided by the volunteer for using the NP cells
in accordance with the principles of the Ethics Committee of
Taipei Medical University Hospital, Taiwan. The NP tissue
was collected aseptically and cut into pieces in the Hank’s
balanced salt solution (HBSS; Gibco BRL) containing anti-
biotics. Enzymatic solution (0.4% collagenase I and 0.04%
protease, purchased from Sigma) was then treated for 4h at
37°C to isolate NP cells. Later, the cell suspension was fil-
tered by 40-um nylon mesh, centrifuged, then resuspended
in the Dulbecco’s modified Eagle’s medium (DMEM/F-12;
Gibco BRL) with 10% fetal bovine serum (FBS). The iso-
lated NP cells were cultured in 10-cm dishes and maintained
in 5% CO, incubator at 37°C prior to successive experi-
ments. Later, as described in the previous study, the isolated
hNPs were immortalized through transfecting them with ret-
roviral vector-driven HPV16 E6/E7°%. Briefly, the HPV-16
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E6/E7 retroviral vector (LXSN16E6E7)**% carrying a virus
produced from PA317 cell line (from the American Type
Culture Collection (ATCC)) was expanded in DMEM con-
taining 10% FBS (Gibco). The isolated primary hNPs were
seeded on 6-well plates at a density of 2.5 x 10° cells/well,
then infected with 1 mL of viral stock in medium containing
8 ug/mL polybrene for 48 h. The virus removal was done by
replacing with DMEM/F12 medium supplemented with 10%
FBS. Cell passaging was done on the next day at 1:3 ratio.
After 3 weeks of transduction, cells were harvested when
obvious clones of actively dividing cells developed. Similar
to primary cultures, the infected ihNPs were grown in the
same medium twice a week and passaged at a 1:3 ratio when
the cells appeared subconfluent.

PDB Preparations and Cell Proliferation

The preparation and quantification of PDB has been
described in a previous study®*. Briefly, whole blood was
procured from Taipei Blood Center and separated using
MCS blood cell separation system (Haemonetics Corp.,
Braintree, MA). Thereafter, bovine thrombin was applied
and centrifuged with 3000 rpm at room temperature for 6
minutes to remove the aggregated fibrin, then PDB was
prepared and stored at —20°C. PDB concentrations were
determined through TGF-B1 by enzyme-linked immunosor-
bent assay. The 5 x 10° cells/ml ihNPs were seeded into six-
well plate, and then PDB (TGF-1 = 1 ng/ml)-conditioned
medium was later treated, while medium with 1% FBS was
employed as experimental control. After 7 days of treatment,
the effects of nicotine (Sigma 36733, USA) and PDB on
cell proliferation and their numbers were determined using
automated cell counter Countess™ (Life Technologies,
Carlsbad, USA).

Real-Time Polymerase Chain Reaction (qPCR)

Total RNA was extracted using High Pure RNA Isolation Kit
(Roche, Germany) in accordance with manufacturer’s pro-
tocols. Reverse transcription-PCR (RT-PCR) was performed
as described in the previous study®”. The qPCR assay was
conducted using ABI 7300 real-time detection PCR system
(Applied Biosystems, USA), and the relative gene expres-
sion was evaluated by 272" or 272 approach with cali-
bration samples in each experiment. Primers utilized are
listed below:
SOX9 — Forward: AGACCTTTGGGCTGCCTTAT;

Reverse: TAGCCTCCCTCACTCCAAGA
Col IT — Forward: CCTTCCTGCGCCTGCTGTC;

Reverse: GGCCCGGATCTCCACGTC
Aggrecan — Forward: CCGCTACGACGCCATCTG;

Reverse: CCCCCACTCCAAAGAAGTTTT
MMP-1 — Forward: AGCTAGCTCAGGATGACATTGATG;

Reverse: GCCGATGGGCTGGACAG
MMP-3 — Forward: TGGCATTCAGTCCCTCTATGG

Reverse: AGGACAAAGCAGGATCACAGTT
MMP-9 — Forward: CCTGGAGACCTGAGAACCAATC

Reverse: CCACCCGAGTGTAACCATAGC
B-actin — Forward: AGAGCTACGAGCTGCCTGAC

Reverse: AGCACTGTGTTGGCGTACAG

Western Blotting

Cell lysis was done in radioimmunoprecipitation assay buf-
fer (RIPA buffer) (150 mM NaCl, 50 mM Tris, 1% NP-40,
0.5% deoxycholate (DOC), and 0.1% sodium dodecyl sul-
fate). The spinal discs were harvested from lumbar and tail
segments through directly excision from vertebral body, then
disc tissue was mixed with RIPA buffer and sonicated by
Misonix XL-2000 ultrasonic liquid homogenizer (Misonix
Inc., NY) for isolation of protein. Afterwards, the cellular
total protein was isolated and denatured for 10 min at 100°C,
then gel electrophoresis was performed to separate the pro-
teins according to their different molecular weight. The
separated proteins were later transferred to polyvinylidene
difluoride (PVDF) membrane (Millipore, USA), and 4%
bovine serum albumin (BSA) blocking buffer was done and
incubated for 1 hour at room temperature to avoid non-
specific binding. The membranes were further incubated
with Sox9 (ab59252, 1:500, Abcam, Cambridge, UK), Col
1T (ab34712, 1:1000, Abcam), AGN (MABTS3, 1:500, Milli-
pore, Billerica, MA, USA), IGF-1 R (9750 S, 1:500, Cell
Signaling, Danvers, MA, USA), pIGF-1 R (3024 S, 1:500,
Cell Signaling), AKT (GTX121937, 1:2500, GeneTex,
Irvine, CA, USA), pAKT (GTX59559, 1:1000, GeneTex),
IRS-1 (GTX78916, 1:500, GeneTex), B-actin (GTX109639,
1:10000, GeneTex) and GAPDH (GTX100118, 1:10000,
GeneTex) antibodies. Anti-rabbit secondary peroxidase-
conjugated antibody (111-035-003; Jackson ImmunoRe-
search, Newmarket, UK) and anti-mouse secondary
peroxidase-conjugated antibody (115-035-003, Jackson
ImmunoResearch) were later applied and incubated for
1 hour at room temperature. The expression of protein bands
were visualized through chemiluminescence detection kit
(WBKLS0500, Millipore, USA) and the images were cap-
tured by Mutigel-21 (Fluorescent Gel Image System, Top-
Bio, Taipei, Taiwan).

Formation of In Vitro 3D Neo-Cartilage
and Histological Analysis

The protocol for ihNP neo-cartilage synthesis has already
been previously described®. Briefly, neo-cartilages were
incubated in rotatory cell culture system (RCCS-4D®, Synthe-
con, Houston, TX, USA) with DMEM/F12 (control group),
nicotine (1,000 puM) (disease group) and nicotine+PDB
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Figure |. Schematic representing determination of nicotine impact on IVD in vitro as well as in vivo. ihNPs: Immortalized human nucleus

pulposus cells, IVD: intervertebral disc.

(treatment group) containing medium respectively in a 5%
CO, incubator at 37°C, and medium were replaced every
2 days. After 4-week culture period, neo-cartilages were sec-
tioned for histological analysis. Hematoxylin and eosin
(H&E) staining was further conducted for identifying ultra-
structural changes, and immunohistochemical (IHC) staining
of Col II (Millipore, Temecula, CA, USA) and alcian blue
stain were performed to determine the accumulation of chon-
drogenic extracellular matrix (ECM) and proteoglycans,
respectively.

Nicotine-Induced IVD Degeneration Animal Model

Eight-week-old male C57BL/6 mice (n = 5) were subcuta-
neously injected with 1.5 mg/kg nicotine to induced with
IVD degeneration as per the previous study”’, while mice
without any treatment were assigned as control (n = 5). After
1 month of nicotine administration, 100 pl of PDB (1 ng/ml)
was subcutaneously injected to the skin above the spine
(n = 5) once per week for total 4 weeks. Thereafter, the
animals were euthanized and the IVDs of each group were
then harvested for histological and immunohistological
studies.

Histological and Immunobhistological Analysis

IHC staining of fixed tissue sections was performed via
avidin-biotin peroxidase detection technique. In brief, the
paraffin wax of the unstained section was removed by xylene
and the tissue sections were then rehydrated using decreas-
ing concentrations of ethanol. 4% BSA buffer was used to
block non-specific binding. Further, avidin and biotin bind-
ing sites were blocked using a commercial avidin—biotin
blocking kit (Vector Laboratories, USA). Tissue sections
were firstly incubated with their respective antibodies for
30 minutes at room temperature, following by overnight
incubation at 4°C. These sections were then rinsed in ice-

cold saline and incubated with secondary biotinylated anti-
mouse immunoglobulin G. The 0.3% H,0, in horseradish
peroxidase (Vector Laboratories) was used to blocked the
endogenous peroxidase activity, and the peroxidase activity
was visualized by diaminobenzidine (Vector Laboratories).
Slides were further rinsed in water and afterwards counter-
stained by hematoxylin. Additionally, the sections were fur-
ther stained with Col II and alcian blue to observe the
expression of cartilage and PG, respectively. The quantifica-
tions were performed using Image J software. Disc height
index (DHI) was assessed from lumbar segment using
method as described previously?®.

Statistical Analysis

Data are presented as mean + SD. The experiments were
performed in at least three biological replicates if no further
stated, and the statistical analysis was done with Student’s
t-test and one-way ANOVA with post-hoc Tukey HSD test
(Sigma Plot Version 10.0 and GraphPad Prism 7). P-value
<0.05 was considered statistically significant. The symbols
* ** and *** gpecify P < 0.05, P < 0.01, and P < 0.001,
respectively.

Results

In order to assess the regenerative bioactivities impact of
PDB against IVD degeneration, we established in vitro as
well as in vivo animal models, the experimental schematic of
which has been illustrated in Fig 1.

Nicotine Degenerated Immortalized Human Nucleus
Pulposus Cells (ihNPs)

To ascertain the impact of chronic accumulation of nicotine
on IVD degeneration, we administered higher dosage of nico-
tine on ithNPs. In particular, the proliferative characteristics of
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Figure 2. Impact of nicotine on ihNPs cellular activity and chondrogenic markers. Initially, immortalized human nucleus pulposus
cells (ihNPs) of IVD were treated with 100 uM, 500 1M and 1000 1M of nicotine for 7 days to evaluate its effects on proliferation ability
(A). Owing to the increased deteriorating effect, concentration of 1000 1M nicotine was applied for the further experiments. (B) Gene and
(C) protein expressions of chondrogenic markers including Sox9, Col Il, and aggrecan. We further relatively quantified the expression of
alcian blue in control and nicotine-treated ihNPs (D). The results are presented as mean + S.D. (n = 3; *P < 0.05 and ***P < 0.001,

respectively compared to control group).

ihNPs was determined through treating various concentration
of nicotine (100 uM, 500 pM, and 1,000 pM) for 7 days. In
contrast to control group, all the nicotine-treated groups
exhibited significantly declined cell numbers, particularly in
1000 uM group (Fig. 2A). Hence, in the line with our previous
report'®, we employed 1000 pM of nicotine in subsequent
experiments to mimic chronic accumulation. We further
investigated the degenerative effects of nicotine in ihNPs
through examining cartilage-specific biomarkers (SOX9, Col
II, Aggrecan), the results revealed that gene (Fig. 2B) and
protein (Fig. 2C) levels of which were significantly sup-
pressed after nicotine treatment. These results were further
reinforced by the suppressed quantification levels of alcian
blue staining in nicotine-treated group (Fig. 2D), indicating
the loss of proteoglycans (PGs), which is a hallmark of IVD
degeneration®”.

Chondroprotective and Chondroregenerative Impacts
of Platelet-Derived Biomaterials (PDB)
in Nicotine-Treated ihNPs

After confirming the deteriorating outcomes of nicotine on
ihNPs, we evaluated whether PDB possess therapeutic

potential against it. Our results demonstrated that the
reduced cell number of nicotine-treated thNPs, was restored
by PDB treatment (Fig. 3A). Meanwhile, the expressions of
cartilage-specific proteins including SOX9, Col II and
aggrecan were also enhanced at gene (Fig. 3B) as well as
protein levels (Fig. 3C). These results indicate the chondro-
protective and chondroregenerative characteristics of PDB
which was further substantiated through alcian blue staining
(Fig. 3D).

PDB Prevents Chondral Degeneration in 3D
Neo-Cartilage Model

To simulate an in vivo environment, we further examined
effects of PDB in a nicotine-treated 3D neo-cartilage model.
After the treatment of PDB, the 3D neo-cartilage tissues
were then sectioned for conducting H&E staining, IHC of
type II collagen (Col II) and alcian blue staining. The H&E
staining revealed a deformed morphology with decreased
blue-purple color in nicotine-treated group (Fig. 4A-b) com-
pared to control (Fig. 4A-a), which implied the reduction of
nucleic acids in ihNPs; however, this reduction was restored
by PDB treatment (Fig. 4A-c). Similarly, suppressed ITHC
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Figure 3. Therapeutic effects of platelet-derived biomaterials (PDB) on cell proliferation and chondrogenic markers of nicotine-treated
ihNPs. Following PDB treatment for seven days, we investigated the (A) proliferation ability, (B) gene and (C) protein levels of chondrogenic
markers including Sox9, Col Il and aggrecan in ihNPs. (D) Quantification of alcian blue in control, nicotine-treated and PDB-treated ihNPs.
Results are presented as mean + S.D. (n = 3; *P < 0.05, **P < 0.01, ***P < 0.001).

Col II and alcian blue staining in nicotine-treated group
implied reduced content of Col II and PGs (Fig. 4A, ¢ and
h), as compared to their respective controls (Fig. 4A, d and
g). In contrast, Col II was significantly promoted while
alcian blue signals showing increasing trend in PDB treat-
ment group, indicated the restorative potential of PDB treat-
ment (Fig. 4A, f and i). These data were further confirmed
through their quantification (Fig. 4B, C, respectively).

PDB Prevents Nicotine-Induced IVD Degeneration

in Vivo

Finally, to evaluate the in vivo remedial effects of PDB,
C57BL/6 mice were subcutaneously injected with nicotine
(1.5 mg/kg/day) for 4 weeks to induce IVD degeneration.
Thereafter, PDB was subcutaneously applied to the mice for
further 4 weeks. After PDB treatment, spinal tissues were
sectioned and staining were subsequently conducted to
observe the physiological effects of nicotine and PDB to the
IVD. The H&E staining revealed that compared to control

(Fig. 5A-a), a narrowed and flattened morphology of nucleus
pulposus and intervertebral space were exhibited in nicotine-
treated group (Fig. 5SA-b), which was recovered by PDB
treatment (Fig. 5A-c). Further, the reduction of Col II and
alcian blue signals in the nicotine-treatment groups (Fig. SA,
e and h) were observed when compared to their respective
controls (Fig. 5A, d and g), which was restored through PDB
administration (Fig. 5A, f and i). The Col II and alcian blue
signals were further validated though their respective quan-
tification (Fig. 5B, C, respectively). Additionally, the disc
height index was further measured in the H&E staining sec-
tions (Fig. 5D), in which the results showing PDB recovered
the DHI, which was decreased by nicotine (Fig. 5E).

PDB Regulated Signaling Pathways in Nicotine-Induced
IVD Degeneration
To investigate the underlying signaling pathway of PDB-

inhibited IVD degeneration, the isolated RNA and protein
from IVD tissue were further employed. Previous research
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had implicated beneficial effect of IGF-1 in producing ECM
in human endplate chondrocytes®°. Further IGF-1/IRS path-
way could modulate the phosphorylation of PI3K/AKT,
thereby regulate the synthesis of ECM proteins during chon-
drocyte early development®'. Our results clearly showed that
nicotine inhibited the protein levels of IGF-1 signaling path-
way, in particular pIGF-1 R (Fig. 6A), pAKT (Fig. 6B), and
IRS-1 (Fig. 6C) in IVD compared to control. However, PDB
significantly upregulated these levels implying a positive
regulator of IGF-1 signaling pathway leading to increased
ECM biosynthesis.

PDB Retarded Inflammatory Biomarkers profile
in Nicotine-Induced IVD degeneration

The PI3K/AKT signaling is known to trigger the production
of matrix metalloproteinases (MMPs), which are the inflam-
matory biomarkers responsible for degradation of cartilagi-
nous extracellular matrix>?. Hence, we attempted to
determine catabolic MMPs such as IL-1, MMP-1, MMP-
3, and MMP-9 in cartilaginous matrix of nicotine-induced
IVD. The qPCR analysis exhibited increased levels of these
inflammatory biomarkers in nicotine-treated groups as com-
pared to controls (Fig. 6D). However, all the inflammatory
molecules were suppressed in the PDB-treated group, indi-
cating its anti-inflammatory characteristics.

Impact of PDB on Chondrogenic Markers in Nicotine-
Induced IVD Degeneration

In the line with in vitro data, the levels of chondrocyte-
lineage-specific genes (Fig. 6E) and proteins (Fig. 6F)
including SOX9, Col II, and AGN were highly reduced in
nicotine-treated group. However, PDB therapy restored
these chondrogenic biomarkers. These data suggest that
nicotine adversely influence IVD leading to degeneration
of chondrocytes, which could be evidenced through loss of
collagen and PG, yet could be repaired and regenerated by
PDB treatment.

Discussion

In this study, we have presented the evidences of PDB ther-
apeutic efficacy on nicotine-induced IVD degeneration.
Through applying the increasing doses of nicotine to mimic
the accumulation, the ihNPs population was significantly
reduced. Further, pathophysiologic characteristics were
revealed at molecular level in the terms of inhibited levels
of chondrogenic-specific genes and proteins respectively,
including SOX9, Col II and AGN, which were also con-
firmed through the feeble alcian blue staining in nicotine
treated group, implying decreased proteoglycan (PG) con-
tent, hence a suppressed chondrogenesis. The pathophysio-
logic impacts of nicotine may be attributed to different
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stereoisomeric forms of nicotine; in particular the (-)-nico-
tine which is comparatively highly active and greater toxic
than (4)-nicotine®*. Compared to control, the inhibited pro-
liferation and reduced mRNA levels of Sox9, type II col-
lagen and aggrecan in nicotine-treated group is supported by
previous reports**>, which indicate nicotine toxicity on
IVD, resulting into degenerative phenotype. Similar to our
study, nicotine adversely influenced the proliferation and
chondrogenic differentiation of mesenchymal stem cells
from the human Wharton’s jelly, and this impairment was
indicated through mediation of o7 nicotinic acetylcholine
receptors36.

After corroborating nicotine-induced IVD degeneration,
we employed platelet-derived biomaterials (PDB), a concen-
trated platelet releasate, exerting various therapeutic appli-
cations due to their strong anti-inflammatory, reparative and
regenerative activities'®>’. In this study, the reduced chon-
drogenic proteins and PG content in nicotine induced-IVD
group was enhanced by PDB therapy, indicating its retardant
effects to nicotine-mediated degenerative IVD. It is notable
that nicotine is a cholinergic alkaloids, and depending on
ingested dose, it could bind to central and peripheral nico-
tinic and muscarinic receptors, and finally modulate central
nervous system, sympathetic autonomic, parasympathetic
autonomic, and exert neuromuscular effects in varying com-
binations*®. Nicotine-mediated activities have been pro-
posed to act into two phases, that is, stimulatory and later
the inhibitory one. Firstly, nicotine act as an agonist at nico-
tinic receptor leading to a stimulatory effect on sympathetic
system, which later blocks the receptor directing blockade of
late parasympathetic and neuromuscular effects. Hence the
pathological influence of nicotine on degenerative IVD phe-
notype during our in vivo and in vitro studies could be
ascribed to preponderance of inhibitory response of chronic
accumulation of nicotine. In our previous report, we have
already demonstrated the use of higher doses of nicotine to
mimic chronic accumulation in an osteoarthritis mice
model'®. Besides, previous study by Na An et al. employed
a high range of doses of nicotine (10pM-10 mM) and found
its detrimental impact on functions of human umbilical vein
endothelial cells (HUVECs)', playing a key role in progres-
sion of both cardiovascular disease and periodontal disease.
This study specifically revealed that it is not the lower dose
(10 pM), but higher dose (10 mM) of nicotine inhibited
HUVECs, indicating the chronic accumulation-mimicking
ability of nicotine. Since nicotine could be uptaken
transdermally through skin in daily life, we established
nicotine-induced IVD degeneration mice model through
subcutaneous injection.

The therapeutic effect of PDB in nicotine-induced IVD
degeneration could be attributed to released growth factors,
like insulin-like growth factor-1 (IGF-1), vascular endothe-
lial growth factor (VEGF), hepatocyte growth factor (HGF),
epidermal growth factor (EGF), adenosine triphosphate
(ATP) and adenosine diphosphate (ADP)*°. We have previ-
ously showed that three-dimensional cultures are crucial for

normal chondrocyte physiology in tissue-engineered con-
structs, which mimic its in vivo microenvironment*’. Our
results revealed that nicotine treatment altered the neo-
cartilage morphology and suppressed the synthesis of ECM.
However, after PDB treatment, the enhanced Col II and
alcian blue stains indicated a restored gelatinous chondro-
genic ECM in nucleus pulposus, and hence the chondrocytes
recovery. Further, since creation of animal model plays a
crucial role in understanding degenerative human IVD
pathophysiology, we established nicotine-induced IVD
degeneration mouse model, to investigate the in vivo effects
of subcutaneously administered PDB, which revealed a pro-
minent recovery from deformed nucleus pulposus, and pro-
teoglycans in nicotine-treated group, leading to increased
disc height index. These therapeutic efficacies of PDB might
also be attributed to potent mitogenic and antifibrotic activ-
ities of HGF in nucleus pulposus*', regulating repair of
inflamed tissues leading to matrix restoration**. Though
intradiscally injected potential cell therapies have been com-
monly reported, to our knowledge, this is the first evidence
of subcutaneously injected therapy in mouse model of IVD
degeneration. A few similar studies were conducted by using
MSCs; however, the cells either did not persist or generated
unstable cartilage in vivo®. Other report revealed that the
injected region turned into vascularized and calcified**.

It has already further been established that IGF-1/AKT
regulatory machinery may control the development of IVD,
by regulating proteoglycan synthesis in healthy chondro-
cytes™**. We evidenced that phosphorylated level of
IGF-1, AKT, and IRS-1 was significantly declined in
nicotine-treated group, and was later restored by PDB. These
results are also in line with the previous study showing nico-
tine exposure would inhibit IGF-1 signaling pathway,
including IGF-1 R, IRS1, and AKT-1/2, which may directly
cause the reduction of extracellular matrix (ECM) synthesis,
leading to retarded chondrogenesis*’. It has also noted that
PI3K/AKT signaling axis may stimulate the production of
MMPs*®. MMPs are proteolytic enzymes and associated
with degradation of the matrix components of the IVD.
Basaran et al. reported that [VD degeneration was positively
affected by increased expression of MMPs such as MMP-1,
-2, -3, and -9*°. Our previous study on nicotine-induced
osteoarthritis also exhibited an elevated expression of
inflammatory biomarkers, including IL-1, MMP-1, MMP-
3, and MMP-9, which were further significantly decreased in
PDB-treated groups'®.

Additionally, according to previous studies, the accumu-
lation of nicotine would induce hypertrophy of vascular
walls, causing the narrowing of vascular network surround-
ing IVD, thereafter limit the exchange of anabolic agents and
nutrients from blood to disc, this would eventually decrease
the synthesis of proteoglycan and collagen, afterwards facil-
itate the IVD degeneration®® 2. Meanwhile, many studies
indicated that the abundant growth factors of PDB could
promote neovascularization®>>°, in which may help disc
cells to access nutrients and anabolic agents from blood,
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Figure 7. Possible mechanistic insight of therapeutic PDB in
nicotine-induced IVD degeneration.

further recover the degeneration of IVD. Moreover, subcu-
taneous injection of PRP had been indicated increasing car-
tilage viability through enhancing the vascularity of the
periphery vessels’®. Hence, except for the above-
mentioned mechanism, the therapeutic effects of subcuta-
neous PDB in this study may also achieved possibly though
improving the vascular network surrounding IVD. However,
the detailed mechanism remains to be investigated in further
researches.

Conclusively, PDB performed as an efficient therapeutic to
IVD degeneration, through restoring the nicotine-inhibited
IGF-1 signaling pathway, including the expression of pIGF-
1 R, pAKT, and IRS-1, assisting the recovery of ECM synth-
esis and chondrogenesis (Fig. 7). Also, through supressing the
nicotine-induced inflammatory markers in IVD, PDB could
engender the elevated levels of cartilage-specific genes and
proteins (SOX9, Col II and aggrecan), hence promoting the
regenerative effects on IVD degeneration.
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