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Abstract

Objectives: Despite the rising number of patients with osteoarthritis, no sufficient chondroprotective and prophylactic
therapy for osteoarthritis has been established yet. The purpose of this study was to verify whether stimulation of the nicotinic
acetylcholine receptor via nicotine has a beneficial effect on cartilage degeneration in the development of osteoarthritis and
is capable of reducing the expression of proinflammatory cytokines and cartilage degrading enzymes in synovial membranes
after osteoarthritis induction.

Methods: Experimental osteoarthritis was induced in Lewis rats using a standardized osteoarthritis model with
monoiodoacetate. A total of |6 Lewis rats were randomized into four groups: control, sham+ nicotine application,
osteoarthritis, and osteoarthritis + nicotine application. Nicotine (0.625 mg/kg twice daily) was administered intraperitoneally
for 42 days. We analyzed histological sections, radiological images and the expression of the proinflammatory cytokines, such
as interleukin- 1B, tumor necrosis factor-o. and interleukin-6, and of matrix metalloproteases 3, 9 and |3 and tissue inhibitors
of metalloprotease- | in synovial membranes via quantitative polymerase chain reaction.

Results: Histological and x-ray examination revealed cartilage degeneration in the osteoarthritis group compared to control
or sham + nicotine groups (histological control vs osteoarthritis: p=0.002 and x-ray control vs osteoarthritis: p=0.004).
Nicotine treatment reduced the cartilage degeneration without significant differences. Osteoarthritis induction led to a
higher expression of proinflammatory cytokines and matrix metalloproteases as compared to control groups. This effect
was attenuated after nicotine administration. The differences of proinflammatory cytokines and matrix metalloproteases did
not reach statistical significance.

Conclusion: With the present small-scale study, we could not prove a positive effect of nicotinic acetylcholine receptor
stimulation on osteoarthritis due to a conservative statistical analysis and the consecutive lack of significant differences.
Nevertheless, we found promising tendencies of relevant parameters that might prompt further experiments designed to
evaluate the potency of stimulation of this receptor system as an additional treatment approach for osteoarthritis.
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Introduction

Osteoarthritis (OA) is one of the leading diseases in modern
orthopedic surgery. Multiple pathophysiological changes
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have been identified to be relevant for the pathogenesis of
OA. This includes a proinflammatory immune reaction with
an increased release of proinflammatory cytokines such as
interleukin (IL)-1B, tumor necrosis factor (TNF)-o and
IL-6.12 Furthermore, matrix metalloproteases (MMPs) are
eminent pathogenic factors in the development of OA due to
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their importance to cartilage matrix turnover.> Important
MMPs are MMP-3, MMP-9 and MMP-13. They are often
used in OA models as markers of cartilage metabolism and
vitality.38 For example, the overexpression of MMP-13 in
transgenic mice led to cartilage degeneration which is com-
parable with the degeneration found in human OA.? On the
other side, MMP-13-deficient mice had less cartilage
destruction in a surgically induced OA model than wild-type
mice.!?

MMPs are physiologically inhibited by tissue inhibitors of
metalloproteases (TIMPs) via a one-to-one stoichiometry.!!
In osteoarthritic cartilage, the imbalance between the activi-
ties of MMPs and TIMPs is considered to be a reason of tis-
sue degeneration.!2 In vitro studies showed that there is a link
between proinflammatory cytokines and the production of
MMPs.>:13 Bondeson et al.’ verified decreased expressions of
MMPs via reduction in IL-13 and TNF-a. Accordingly, the
inhibition of these proinflammatory cytokines and MMPs
could be of paramount importance to reduce the progression
of OA.>19 In several rat animal models, OA was induced
using monoiodoacetate (MIA).!4-18

Tracey et al.! described an anti-inflammatory effect via
stimulating the nicotinic acetylcholine receptor (nAchR).
Nicotine is a potent agonist of this receptor and its anti-
inflammatory effect has been described in several experi-
mental animal models for inflammatory processes like
sepsis, peritonitis, autoimmune myocarditis and rheumatoid
arthritis.!®-2! Interestingly, Felson et al.?? delineated in their
study from 1989 that cigarette smoking seems to have a pro-
tective effect against OA. Moreover, Mnatzaganian et al.?3
could show that smoking seems to reduce the rate of per-
formed total joint replacements. In a recent study, Liu et al.2*
investigated the effect of nicotine on MIA-induced OA.
They verified that the activation of the nAchR with nicotine
leads to an inhibition of the phosphorylation of signaling
pathways and therefore has a protective effect of nicotine on
MIA-induced OA.

The central purpose of this small-scale study was to eval-
uate whether nicotine is capable of reducing cartilage degen-
eration and thereby might decelerate the development of
OA. Furthermore, this study was undertaken to investigate
whether nicotine reduces the expression of proinflammatory
cytokines, MMPs and effects the expression of TIMP-1 in
the MIA model of OA.

Materials and methods

Study design

Male Lewis rats (220-240g) from the breeding of Hannover
Medical School were housed under specific pathogen-free con-
ditions at a 12-h light-dark cycle and fed ad libitum. The
Institutional Committee on Use and Care of Animals of the
Hannover Medical School (MHH) and the Lower Saxony State
Board on the Care and Use of Animals (LAVES; Oldenburg,
Lower Saxony, TV 12/0686) approved all experiments. Rats

CTRL(3)

0A (5)

Male Lewis Rats

OA + NICOTINE (4)

SHAM + NICOTINE (4)

Figure I. Study design: 16 male Lewis rats were randomly
divided into four groups.

were categorized into four groups as follows: untreated
control (CTRL), OA, OA plus nicotine application (OA+
NICOTINE) and sham-operated plus nicotine application
(SHAM+NICOTINE) (Figure 1). In the CTRL group, both
legs of the animals were used for radiological, histological and
polymerase chain reaction (PCR) evaluation. In the other
groups, the operated legs of the rats were used for the analysis.
Rats of the CTRL group received no further treatment before
being euthanatized. The experimental animals of OA,
OA+NICOTINE and SHAM+NICOTINE groups were
euthanatized after 42 days by heart removal under deep isoflu-
rane anesthesia.

Anesthesia and OA induction

For anesthesia, the induction chamber was ventilated with
5% isoflurane under an oxygen-flow rate of 2.5 L/min. The
experimental animal remained in the induction chamber for
3 min. Then it was ventilated via a mask with 3% isoflurane
under an oxygen flow rate of 2.0 L/min during the induction
of OA and tissue harvesting.

OA was induced according to the protocol of Woo et al.?
We conducted a single unilateral injection with 4-mg MIA
(Sigma Aldrich, St Louis, MO, USA) dissolved in 50 uL of
0.9% saline with a tuberculin syringe through the patellar
ligament of the left knee joint. SHAM+NICOTINE rats
were injected with an equivalent volume of saline. CTRL
rats have not been injected.

Nicotine application

Nicotine application started directly on the day of the OA
induction. Liquid nicotine was applied twice daily via intra-
peritoneal injection. The dose was 0.625mg/kg nicotine
(Sigma Aldrich) for 42 days. Rats from the OA+NICOTINE
and SHAM+NICOTINE groups received nicotine treat-
ment. The application dose was orientated on a study by Yu
et al.?®
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Grades

Grade 0: Surface intact, cartilage morphology intact
Grade 1: Surface intact, superficial fibrillation
Grade 2: Surface discontinuity

Grade 3: Vertical fissures (clefts)

Grade 4: Erosion

Grade 5: Denudation

Grade 6: Deformation

Grade x Stage = Score

Stages

Stage 0: No OA activity seen
Stagel: 0 % involvement
Stage 2: 10-25% involvement

Stage 3: 25-50% involvement

Stage 4: > 50% involvement

Figure 2. The OACH assessment system score. For histological assessment of OA, we used the OACH assessment system score.?’
The sections were first allocated to one of the six grades. Depending on the horizontal expansion of OA, the sections were allocated to
one of the four stages. The multiplication of grade and stages produces the corresponding score value.

Sample preparation, radiological and histological
analysis

After euthanasia, a 3 x 3-mm piece of synovial membrane tis-
sue of the prepared joint was cut and shock frozen for RNA
extraction. Then legs were dissected and fixed in 4% buffered
formalin (Roti®-Histofix 4%; Carl Roth, Karlsruhe, Germany)
for radiological assessment and histological analysis.

We conducted x-ray images in two layers (anterior—pos-
terior and lateral) which were analyzed independently by
two investigators utilizing the Kellgren and Lawrence?’
Score. The score included 0—4 points resulting in five grades
of OA as follows: 0 points: no OA, 1 point: doubtful OA, 2
points: minimal OA, 3 points: moderate OA and 4 points:
severe OA.

Fixed samples were decalcified in 5% formic acid for 55h,
dehydrated by ascending concentrations of ethanol (ETOH)
and then embedded in paraffin. Frontal sections (5 um) of the
posterior third of the knee joint were cut and deparaffinized
by descending concentrations of ETOH. After being hydrated
with distilled water, the slides were stained with hematoxylin
and eosin (H&E) or Safranin O fast green (SO/FG). H&E
staining was carried out for routine diagnostic and synovial
inflammation assessment and SO/FG staining was used for
evaluation of cartilage degeneration. OA was scored after the
osteoarthritis cartilage histopathology (OACH) assessment
system.”® The sections were first allocated to 1 of 6 grades
and then categorized into four stages. The multiplication of
grade and stage produces the corresponding score value
(Figure 2).28 Synovial inflammation was scored according to
the thickness of the synovial lining cell layer, the cell density

and the inflammatory infiltrate in the synovial membrane
(Figure 3).2°

RNA purification and quantitative PCR

For RNA extraction, the sample of synovial membrane mate-
rial was immersed in liquid nitrogen and grinded using pestle
and mortar. The grinded samples were homogenized in
1000-puL Trizol (Ambion RNA; Life Technologies, Carlsbad,
CA, USA) and centrifuged at 12,000g for Smin. A 200-pL
chloroform was added to the supernatant and centrifuged at
12,000g for 15 min. The aqueous phase was transferred and
mixed with 500-uL isopropanol and then centrifuged at
12,000g for 10min. The resulting RNA pellet was washed
with 1000 pL of 75% ETOH in dimyristoylphosphatidylcho-
line (DMPC) water and centrifuged at 7500g for Smin. The
supernatant was then removed and the pellet was first dried
and then dissolved in 20-uL DMPC water. Purity and intact-
ness of the resulting total RNA were verified by spectropho-
tometry (Nanodrop 1000; Peqlab, Erlangen, Germany) and
RNA electrophoresis. Reverse transcription was carried out
with the iScript™ cDNA Synthesis Kit (Bio-Rad
Laboratories, Inc., Hercules, CA, USA). Quantitative PCR
was performed in triplicates using 5-uL cDNA and was car-
ried out with SsoFast™EvaGreen®Supermix (Bio-Rad
Laboratories, Inc.) using the i-Cycler system (Bio-Rad
Laboratories, Inc.). For PCR analysis, we used the
BIOGazelle gbase+ (Biogazelle, Zwijnaarde, Belgium) pro-
gram and the results were normalized using two reference
genes (Ribosomal protein L32 (RPL32) and beta2 microtu-
bulin). PCR was used to detect the gene expression rates of
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0 points: The lining cells form one layer
1 point: The lining cells form 2-3 layers
2 points: The lining cells form 4-5 layers
3 points: The lining cells form more than
5 layers. the lining might be ulcerated

and multinucleated cells might occur

0 points: Synovial stroma shows normal cellularity

1 point: The cellularity is slightly increased

2 points: The cellularity is moderately increased

3 points: The cellularity is greatly increased
multinucleated giantcells, pannus
formationand rheumatoid granulomas

might occur

No synovitis
Low-grade synovitis

High-gradesynovitis

0 peints: No inflammatory infiltrate

1 point: Few mostly perivascular situated
lymphocytes or plasmacells

2 points: Numerous lymphocytesor plasma
cells, sometimes forming follicle-like
aggregates

3 points: Dense band-like inflammatory

infiltrate or numerous large

follicle-like aggregates

Figure 3. The synovitis score. To classify synovitis, we used the synovitis score.!” Each of the features received 0-3 points and the sum

of all points produces the corresponding score value.

IL-1B, TNF-a and IL-6 and of MMP-3, MMP-9 and MMP-
13. We also measured the expression of TIMP-1. For primer
sequences, see Table 1.

Data analysis

Statistical analysis consisted of Kruskal-Wallis test and mul-
tiple comparisons were corrected by Dunn’s test. Statistical
analysis was performed with GraphPad Prism 6 (GraphPad
Software, Inc., La Jolla, CA, USA). The values were
expressed as mean=standard deviation. A p value of <0.05
was accepted as statistically significant.

Results

In this study, the effect of nicotine on cartilage degeneration
was evaluated radiologically and histologically. Furthermore
gene expression analyses of proinflammatory cytokines,
MMPs and TIMP-1 were performed to gain insight in poten-
tial reasons for the effect of nicotine application.

Radiological and histological analysis

The radiological assessment of the dissected legs verified
advanced joint degeneration after OA induction. The resected
knees were highly affected up to deformation of femur and
tibia. In contrast, experimental animals of the CTRL group

Table I. Primer sequences used in our experiment.

Target Direction  Primer sequence (5'-3')

MMP-3 Forward CGACGTCGGTGGCTTCAGTA
MMP-3 Reverse TCACCTCCTCCCAGACCTTCA
MMP-13 Forward ~ ATCCCCGCCTCATAGAAGA
MMP-13 Reverse TGGGCCCATTGAAAAAGTA
MMP-9 Forward ~CCACCGAGCTATCCACTCAT
MMP-9 Reverse GTCCGGTTTCAGCATGTTTT
TIMP-1 Forward ~ ACAGGTTTCCGGTTCGCCTAC
TIMP-1 Reverse CTGCAGGCAGTGATGTGCAA
IL-6 Forward ~CCGGAGAGGAGACTTCACAG
IL-6 Reverse ACAGTGCATCATCGCTGTTC
TNF-o Forward =~ CTCCCAGAAAAGCAAGCAAC
TNF-o Reverse CGAGCAGGAATGAGAAGAGG
IL-1B Forward  TGCTGATGTACCAGTTGGGG
IL-1B Reverse CTCCATGAGCTTTGTACAAG
RPL32 Forward ~ AGATTCAAGGGCCAGATCCT
RPL32 Reverse CTACGATGGCTTTTCGGTTC
B-2- Forward  TGACCGTGATCTTTCTGGTG
microglobulin  Reverse ATCTGAGGTGGGTGGAACTG
p-2-

microglobulin

MMP: matrix metalloprotease; TIMP: tissue inhibitors of metalloprotease;
IL: interleukin; TNF: tumor necrosis factor.

showed no degenerative changes (Figure 4). Compared to
CTRL group, the Kellgren and Lawrence score of the OA
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Figure 4. X-ray examinations and macroscopic appearance. (a) Representative x-ray images: A: CTRL; B: OA; C: OA+NICOTINE;
and D: SHAM + NICOTINE. Whereas in OA (B) bone deformity and joint destruction were detectable (white arrow), nicotine-
treated animals (C) showed only low-grade cartilage degeneration. (b) Representative macroscopic images: A: CTRL; B: OA; C:
OA+NICOTINE; D: SHAM + NICOTINE; E: magnification of (B); and F: magnification of (C). In the OA group, bone deformity was
detectable (red arrow in E). It is apparent from these pictures that nicotine alleviated joint destruction. The arrow (F) indicates fissures

found in the OA+NICOTINE group.

group was elevated with a value of 2.9+1.5 (p=0.004). In
radiological analysis, nicotine-treated animals had less carti-
lage degeneration. A slightly lower Kellgren and Lawrence
score of 1.4£0.63 in the OA+NICOTINE group illustrates
this (p>0.99). The SHAM+NICOTINE group showed no
statistically relevant differences to the CTRL group (Figure
5). The SO/FG samples of the OA group showed a high grade
of cartilage degeneration. Joint destruction was characterized
by delamination or complete cartilage depletion. In some
cases, a fibrocartilaginous repair tissue could be detected over
the bony surface (Figure 6). In none of the dissected knees
H&E-stained sections indicated histologically visible syno-
vial inflammation 42days post-MIA induction (Figure 7).
The OA group had a score of 1946 in the OACH assessment
system. This value was increased compared to the baseline of
0.0£0.0 of the CTRL group (p=0.002). In histological analy-
sis, nicotine-treated animals had less cartilage degeneration
with a score of 12.2+4.7, whereas the difference did not
reach statistical significance (p>0.99). No significant
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Figure 5. Kellgren and Lawrence score. Nicotine application led
to a reduced score compared to the OA group. Statistical results
of comparison between CTRL and OA group, and OA and

OA +NICOTINE groups are highlighted.
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Figure 6. Safranin O fast green staining. Representative pictures of SO/FG staining: (a) CTRL, (b) OA, (c) OA+NICOTINE, (d)
SHAM +NICOTINE and (e) zoomed region of picture (b). No degenerative changes were found in the control group. In the OA group,
(b) severe cartilage affection was found, whereas in (c) nicotine-treated samples reduced cartilage degeneration could be detected.

We did not find degenerative changes in the (d) SHAM+NICOTINE group. The star in picture (e) depicts reparative tissue above the
eroded articular surface.

Figure 7. (a)—(e) H&E staining. Representative pictures of H&E-stained histologic slides of synovial membranes: (a) and (b) CTRL,
(c) OA, (d) OA+NICOTINE and (e) SHAM +NICOTINE. No synovitis was found after 42 days in any probe.
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Figure 8. Histological scoring. (a) OACH assessment system score. The graph shows semiquantitative scoring of SO/FG stained cuts
42 days after OA induction. Statistical results comparing CTRL and OA group and OA and OA + NICOTINE groups are shown. OA has
been attenuated following nicotine application, (b) Synovitis score. The histologic assessment indicated no synovitis in any group.

differences were found regarding SHAM+NICOTINE and
CTRL group (p=0.66; Figure 8). In no group the synovitis
score was higher than 1, indicating that no synovitis was
detectable (Figure 8).

Proinflammatory cytokines

In the OA group, slightly higher gene expression rates of the
proinflammatory cytokines IL-1p, TNF-o. and IL-6 com-
pared to CTRL groups were found (TNF-o: p=0.055; IL-1f3:
p=0.147; and IL-6: p=0.077). The administration of nico-
tine did not influence the expression of IL-1f as in the OA
group expression was 1.3+0.65 arbitrary units (a.u.) com-
pared to 1.4+0.45 in the OA+NICOTINE group (p>0.99).
The expression of TNF-a decreased by trend from 2.2+0.9
t0 0.9+0.5 a.u. (p=0.285). Additionally, nicotine application
reduced the expression of IL-6 from 3.8+3.2to 1.4+0.8 a.u.,
whereas the difference did not reach statistical significance
(p>0.99). The SHAM +NICOTINE group showed no statis-
tically relevant differences to the CTRL group (Figure 9).

MMPs

Compared to CTRL group, the OA group had a slightly higher
expression MMP-3 (p=0.135). After nicotine application it
was reduced by trend from 3.0£2.1to 1.3+1.2 a.u. (p>0.99).
Gene expression rates of MMP-9 were significantly increased
t0 2.6+0.9 in the OA group compared to 0.8+0.5 a.u. of the
CTRL group (p=0.018). The expression of MMP-9 was
slightly decreased to 1+0.46 a.u. in the OA+NICOTINE
group (p=0.183). Simultaneously, the expression of MMP-
13 was decreased in the OA+NICOTINE group compared to
the OA group without significant difference (p=0.975).

Additionally, we found slightly increased TIMP-1 expression
in the OA group compared to CTRL group (p>0.99). In the
OA-+NICOTINE group, TIMP-1 expression was signifi-
cantly lower compared to the OA group (p=0.039). No sig-
nificantdifferences were foundregardingSHAM +NICOTINE
and CTRL group (Figure 10).

Discussion

OA is one of the leading diseases in modern medicine, espe-
cially in an aging population.? Its pathogenesis includes
the release of proinflammatory cytokines and MMPs.!
Moreover, an anti-inflammatory effect of nicotine is widely
described.20-21:3031 We therefore intended to investigate
whether nicotine has a potential beneficial effect on cartilage
degeneration and thereby on the development of OA.
Furthermore, we set out to examine whether nicotine reduces
the expression of proinflammatory cytokines and MMPs in
the MIA model of OA.

This study has some limitations. In our study, we assessed
the gene expression rates of proinflammatory cytokines,
MMPs and TIMP-1 via PCR in the synovial membrane. This
does not directly correlate with protein concentrations, but it
shows the effects on cell metabolism level. Wang et al.® and
Kobayashi et al.!3 also evaluated gene expressions of MMPs
in their studies as relevant outcome parameter; however, the
assessment of protein concentrations would have led to addi-
tional information. Additionally, the group sizes should be
enhanced in following studies to reach statistically relevant
differences. With this study, we concentrated on a late state
after MIA injection. Proinflammatory cytokine and MMPs
evaluation as well as the influence of nicotine on the early
stages of OA development are of interest and cannot be
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Figure 9. Quantitative PCR of proinflammatory cytokines in synovial membrane. The results were normalized using RPL32 and
B-2-microglobulin as stable reference genes. Gene expression rates are described as arbitrary units. Statistical results of comparison
between CTRL and OA group, and OA and OA +NICOTINE groups are highlighted. (a) IL-1B: Gene expression of IL-I3 was higher in
the OA than in the CTRL group and tendentiously lower in the OA+NICOTINE compared to the OA group. (b) TNF-a.: Expression of
TNF-o was higher in the OA than in the CTRL group. There was a decrease in the gene expression of TNF-a. in the OA+NICOTINE
compared to the OA group. (c) IL-6: Expression of IL-6 was higher in the OA than in the CTRL group. There is a clear trend of

decreasing the gene expression of IL-6 through nicotine application.

answered by our study. Moreover, the oral median lethal
dose (LD50) of nicotine in rats is with 50 mg/kg much higher
than the oral LD50 in humans which is estimated to be
<5mg/kg.?? As humans tolerate less nicotine than rats, the
dose of nicotine we used for our study will probably cause
side effects in humans. Additionally, we do not know how
much nicotine will be needed to evoke an anti-inflammatory
effect in human OA. Based on these facts, nicotine itself
might not be applicable on humans. This points up the impor-
tance of further research in this field.

The first major question of this study contemplated the
effect of nicotine on the cartilage degeneration in OA. OA
was induced utilizing the established MIA model of OA that
has a high correlation to human OA.!8 It has therefore been

used to study osteoarthritic pain and the effect of several
medicaments on cartilage destruction in OA.1415.17.3334
Interestingly, we could not detect a histologically visible
inflammation 42 days after OA induction. Nevertheless, in a
similar case, Beyreuther et al.> and Bove et al.!¢ were not
able to detect synovial inflammation 14 days post-MIA injec-
tion. Maybe the fact that the induction of OA using MIA is
based on the inhibition of glycolysis in chondrocytes might
not completely correlate to the pathophysiological process in
men.'* We pharmacologically stimulated the nAChR with
the potent agonist nicotine.’ In their study, Van Maanen
et al.?0 showed that intraperitoneally nicotine application to
mice could alleviate clinical rtheumatoid arthritis. In addi-
tion, Leib et al.2! showed that nicotine reduces inflammation
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Figure 10. Quantitative PCR of MMPs and TIMP-1. Gene expression rates are described as arbitrary units: statistical results of
comparison between CTRL and OA group, and OA and OA + nicotine groups are highlighted. (a) MMP-3: MMP-3’s expression was
higher in the synovial membrane of the OA group than in the CTRL group. An impaired gene expression in the OA+NICOTINE
group compared to the OA group could be detected. (b) MMP-9: Gene expression of MMP-9 was increased in OA but lower in the
OA +NICOTINE group. (c) MMP-13: Gene expression of MMP-13 was elevated in the OA group and nicotine-treated animals showed
a reduced expression of it. (d) TIMP-1: Gene expression of TIMP-1 was higher in the OA than in the CTRL group. These data illustrate

that it has been reduced following nicotine application.

in a mouse model of autoimmune Myocarditis and Claassen
et al.3336 verified an antiinflammatory effect of Nicotine
after burn trauma. In clinical studies, the anti-inflammatory
effect of nicotine has been verified in patients suffering from
ulcerative colitis.?”*8 Furthermore, Ying et al.?® could show
that nicotine has a positive effect on the cell proliferation of
OA chondrocytes in vitro. Recently, Liu et al.>* also investi-
gated the effect of nicotine on cartilage degeneration in
MIA-induced OA. They could detect the nAchR on chondro-
cytes. Additionally, on cell level, they could prove the anti-
inflammatory effect of nicotine in chondrocytes via inhibiting
the signaling cascade.?* This supports the basic assumptions

of this study that nicotine is capable to attenuate the inflam-
matory response to OA directly in the joint and on cell level.
And thereby, Liu et al.?* could show that the activation of the
nAChHR and the ensuing inhibition of the phosphorylation of
signaling pathways play a pivotal role in the protective effect
of nicotine on cartilage degeneration. In another previous
study, Gu et al.*0 gained additional information on glycosa-
minoglycan and collagen changes and an evaluation of
degenerative changes via magnetic resonance imaging
(MRI). Their study was characterized by a high number of
used animals. Both most recent studies described in OA
models an attenuated joint degradation after nicotine
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application. However, the present study solely provides an
evaluation of MMPs. In this study, the development of OA
has been verified radiologically and histologically. Both
radiological and histological examinations revealed that the
reaction of cartilage degeneration in the OA model was
attenuated by trend after nicotine application.

The second major question intended to regard the effect of
nicotine on proinflammatory cytokines and MMPs in the MIA
model of OA. In this study, the OA-induced increased expres-
sion of both proinflammatory cytokines and MMPs was
reduced after nicotine application, whereas differences did not
reach significance. Concordantly with the literature we found
increased expression of IL-1 and IL-6 in the OA group com-
pared to the CTRL group. Likewise, tendentiously higher
expression of TNF-a could be detected in the OA group. This
is exemplified in the work undertaken by Orita et al.*! and
Ashkavand et al.!* where IL-6, TNF-o and IL-1f were signifi-
cantly increased in a MIA model. The gene expression rates of
proinflammatory cytokines were decreased after nicotine
application by trend. These findings are consistent with the
fact that nicotine was capable of inhibiting TNF-o and IL-6 in
a mouse model of autoimmune myocarditis.?!

The increased gene expression rates of MMP-3, 9, 13 and
TIMP-1 additionally indicated the development of OA. This
is in accordance with Wang et al.*> where MMP-3 and MMP-
13 were significantly upregulated in a MIA model.
Additionally, we confirm the findings of another study that
found increased MMP-9 expression in osteoarthritic carti-
lage.** Moreover, our findings are in correspondence with a
study of Naito et al.** where TIMP-1 was increased in OA. In
our study, gene expression rates of all MMPs and TIMP-1
were decreased by trend after nicotine application. Given the
fact that we concurrently observed a reduction in cytokine
expression of TNF-a and IL-6, it is possible that the inhibi-
tion of those cytokines leads to an inhibition of MMPs and
TIMP-1 in the MIA model of OA. Bondeson et al. showed
that there is a link between cytokine production and MMP
production. They verified that the inhibition of each of the
proinflammatory cytokines IL-18 and TNF-o on its own
leads to an inhibition of MMPs. Moreover, in their study, the
neutralization of both cytokines leads to a more intensive
inhibition of all MMPs (1, 3, 9 and 13) regarded.
Consequently it is possible that the reduction in gene expres-
sion of proinflammatory cytokines after nicotine is accom-
panied by a reduction in MMPs’ production and therefore
could have a protective effect on cartilage destruction in OA.
This correlates with the decreased cartilage destruction that
we detected in histology and x-ray investigation.

Conclusion

This small-scale study provides indication that gene expres-
sion rates of proinflammatory cytokines and MMPs are
increased due to osteoarthritic processes in the MIA model
of OA. Nicotine application tendentiously reduced the gene

expression rates of proinflammatory cytokines and MMPs
and thereby led to macroscopically and microscopically vis-
ible protective effects on cartilage degeneration in OA. In the
light of these results, this study therefore may prompt further
studies in this research field. Self-evidently pure nicotine as
used in our study cannot be compared to cigarette smoking.
Contrary to pure nicotine, tobacco smoke contains toxic and
carcinogenic substances.® Still for nicotine itself adverse
effects are described especially on wound healing.*¢ This
emphasizes the importance that possible positive aspects of
nicotine application have to be distinguished from its side
effects via more specific agents. The findings of this study
are worth exploring further and the challenge for future
research will be to develop useful treatment approach for
treating frequent orthopedic diseases like primary and sec-
ondary OA. Ongoing studies are needed to identify the exact
mechanism of OA prevention of nicotine. Furthermore, the
goal of these studies should be the development of a specific
agonist with low toxicity.
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