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Objective: To study the therapeutic effects that different physical factors may have on rabbits with
osteoarthritis of the knee.
Methods: A total of 64 rabbits were randomised and organised into eight groups, eight of which were each
assigned a different physical factor, in which the rabbits received one type of physical therapy: millimetre
waves for 20 min, pulsed electromagnetic fields, millimetre waves for 40 min, ultrasound, low-level laser
therapy or ultrashort wave diathermy. The two remaining groups, the normal group and the model
group, served as controls. The efficacy of the different treatments were determined by observing the
configuration and structure of the cartilaginous tissue by haematoxylin and Eosin staining, measuring
the serum tumour necrosis factor-� levels by enzyme immunoassay, evaluating the expression levels
of caspases-3 and -8 by immunohistochemistry, and calculating the ratio of chondrocytes apoptosis by
TdT-mediated dUTP nick end labelling. The values obtained for each assessment of the eight groups were
analysed by a One-way ANOVA.
Results: By applying upmentioned physical treatments, the organisational configuration and structure of

cartilage cells from the knees of rabbits with osteoarthritis increased. These treatments also decreased
serum tumour necrosis factor-� levels, reduced the expression of caspase-3 and caspase-8 and reduced
chondrocyte apoptosis, resulting in an overall delay in osteoarthritis development.
Conclusion: The application of pulsed electromagnetic fields, millimetre waves for 40 min, ultrasound, or
low-level laser therapy had significant effects in improving osteoarthritis; in particular, treatment with
pulsed electromagnetic fields or ultrasound yielded the greatest therapeutic effect.

nçais
© 2011 Société fra

. Introduction

Osteoarthritis (OA) is the most common joint disease and is a
eading cause of chronic disability [1]. This disease is compounded
y age, genetic factors, and mechanical forces, and is characterised
y distinct changes in both superficial and interior cells within the
artilage [2]. The pathogenesis of OA remains unclear, but recent

tudies have revealed that apoptosis is associated with the onset
nd development of OA [3]. Apoptosis, a form of programmed cell
eath, is critical not only during development and tissue homeosta-
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sis, but also in the pathogenesis of a variety of diseases [4]. Blanco
et al. have found that the proportion of apoptotic cells in OA is
greater when compared to that in normal or healthy cartilage [5].
The greater proportion of apoptotic cells in OA implies that apopto-
sis plays an important role in the development of OA. In molecular
studies, the expression of several caspases, such as caspase-3 and
caspase-8, is increased in human osteoarthritic cartilage and in ani-
mal models [6,7]. Additionally, tumour necrosis factor-� (TNF-�) is
a pleiotropic cytokine that plays a central role in inflammation and
apoptosis [8].

Millimetre waves (MW), pulsed electromagnetic fields (PEMFs),
ultrasounds (US), low level laser therapy (LLLT) and short wave
diathermy (SWD) are non-invasive techniques that are considered
safe and effective forms of physiotherapy for the management of

OA [9–14].

We hypothesised that an effective treatment can significantly
improve the progression of OA and can be monitored through
the analysis of several key disease indicators, such as histological

lsevier Masson SAS. All rights reserved.
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valuation of the articular cartilage, serum TNF-� levels, expres-
ion of caspase-3 and caspase-8 and apoptosis of chondrocytes.
n this study, we quantitively evaluated the effects of MW for
0 min, PEMFs, MW for 40 min, US, LLLT and SWD therapies on
erum TNF-� levels, chondrocyte apoptosis, and caspase-3 and
aspase-8 expression in rabbits with osteoarthritis of the knee. Our
esults may shed light on the efficacy of various physical therapies
vailable to patients in the management OA of the knee.

. Materials and methods

.1. Animals

A total of 64 New Zealand White (NZW) rabbits, 32 male and 32
emale, 3 months of age and weighing 2–2.5 kg, were used for this
tudy.

All animals were given a standard laboratory diet with drink-
ng water and housed in individual cages with a 12-hour light-dark
ycle at 20–26 ◦C. The research complied with national legislation
nd with Ministry of Health of the People’s Republic of China Guide
or the Care and Use of Laboratory Animals, and had local ethical
ommittee approval. All the rabbits were sacrificed by air embolisa-
ion 8 weeks after the OA model induction operation. NZW rabbits
ere supplied by the Sichuan University, Huaxi animal testing cen-

er, batch number was: SCXK (Sichuan) 2004-14.

.2. OA of the knee joint model

The rabbits were in given intraperitoneal injections of 5% chlo-
al hydrate (3 ml/kg). The surgical operations performed to create
he knee OA model in rabbits were conducted as described in the
eported literature [15]. Briefly, the right knee was shaved, then
terilised and draped in sterile fashion before a medial arthrotomy
as performed. OA was induced by anterior cruciate ligament tran-

ection (ACLT). All the rabbits were sacrificed 8 weeks after the
peration. After the surgeries, the rabbits were injected with Gen-
amicin (15 mg/kg, 40 mg/ml) once a day for 5 days and allowed to

ove freely in a cage. OA of the knee joint was successfully induced
n rabbits that were caged post-operatively for 6 weeks.

.3. Intervention

After 6 weeks of OA modelling, rabbits in each group (A-F) were
reated with one physical factor for 10 days:

Group A: MW for 20 min (MV 20): 10mw/cm2, 35 GHz;
Group B: PEMFs for 30 min: 8mw/cm2, 75 Hz. Two sets of red and
white alternating electrodes were placed on the skin of the upper
and lower edge of the patella;
Group C: MW for 40 min (MV 40): conditions were the same as
that of group A;
Group D: US for 10 min: 300mw/cm2, 1 MHz;
Group E: LLLT for 10 min: wavelength of 810 nm, the output
power of the laser ranged from 0 mW to 1000 mW and could
be adjusted by a controller. The radius of laser spot was approxi-
mately 5 mm with a distance of 1 cm between the surface of the
knee and the lens in all the treatments;
Group F: SWD for 20 min: 5 mw/cm2, 27.12 MHz;
Group G: the normal group (NORMAL). These rabbits did not

undergo surgery to induce OA or receive treatment;
Group H: the model group (MODEL). These rabbits underwent
surgery for induction of knee joint OA, but did not receive any
treatment.
e 78 (2011) 604–610 605

2.4. Histological analysis

Cartilaginous tissue was prepared by staining 5 �m sections
with Hematoxylin and Eosin (H&E). The sections were mounted
with neutral balsam and morphology of the tissues was observed
by light microscopy. Sections were scored using a modified Mankin
scoring system [16]. The distal femur of the cartilage tissue from the
right knee of each rabbit had been previously evaluated.

2.5. Detection TNF-˛ serum levels

After 10 days of treatment, serum from all experimental ani-
mals was collected. The concentration of TNF-� in the serum was
detected by an enzyme immunoassay (ELISA) using a TNF-� kit,
purchased from Kemei Biological Technology Co., LTD (Peking,
China; batch number QRCT-301332322133EIA\UTL). The assays
were performed according to the manufacturer’s instructions.

2.6. Immunohistochemistry assessment of caspase-3 and
caspase-8

To investigate the level of caspase-3 and caspase-8 protein
expression, immunohistochemistry assessment was conducted
on the cartilaginous tissue from the rabbit knees. Tissues were
prepared in 5 �m sections. The commercial kits for immunohisto-
chemistry assessment of caspase-3 and caspase-8 were purchased
from Boster Biological Technology Co., LTD (Wuhan, Hubei, China);
the primary monoclonal antibody was used at a dilution of 1:150.
An immunohistochemical SP assay was performed following the
manufacturer’s instructions. The digital images were captured by
an optical microscope with a 400x magnification. Cells positive for
caspase-3 or caspase-8 expression appeared brown. The expression
levels of the caspases were calculated using the image processing
software, Image-Pro Plus 6.0 (Media Cybernetics Co. USA), and the
mean densities (MD) of caspase-3 or caspase-8 expression were
determined.

2.7. TUNEL assay to observe Apoptosis of Chondrocytes

The degree of Chondrocyte apoptosis was measured by a fluo-
rometric TUNEL system (G3250, Promega Co., USA). Cartilaginous
tissue was prepared in 5 �m sections and stained with TUNEL
following the manufacturer’s instructions. Images of the tissues
sections were immediately captured under the fluorescence micro-
scope at wavelengths of 520 ± 20 nm and > 620 nm. The apoptosis
ratio was obtained using the image processing software, Image-Pro
Plus 6.0.

2.8. Statistics

Statistical analysis was completed using the statistical soft-
ware program, SPSS 17.0 (SPSS Co. USA). One-way ANOVA was
used to assess the statistic differences among values obtained from
each of the eight treatment groups. Measurement values from the
assessment of the eight groups were expressed as the mean ± SD
(standard deviation). Differences were considered to be statistically
significant at P < 0.05.

3. Results

3.1. The appearance of cartilage sections by H&E staining
In Fig. S1 (see the supplementary material associ-
ated with this article online), we found that normal rabbit
cartilage (Group G) appeared as a thick layer of cartilage neatly
arranged in a grid-like pattern. In the model group (Group H), the
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Table 1
Comparison of mean density of all kinds of physical factors on modified Mankin scoring.

Group Normal MW20 PEMFs MW40 US LLLT SWD Model

MD 0.125 ± 0.35 4.44 ± 1.01a**b** 2.89 ± 0.78a**b** 3.71 ± 0.76a**b** 2.89 ± 0.60a**b** 3.33 ± 0.50a**b** 4.11 ± 0.60a**b** 6.86 ± 0.90

P
0.0003
.0002,
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< 0.05 *, P < 0.01**.
a Comparing with Normal group, P = 0.0001, P = 0.0004, P = 0.0002, P = 0.0004, P =
b Comparing with Model group, P = 0.0004, P = 0.0001, P = 0.0003, P = 0.0001, P = 0

artilage layer was thinner and contained fewer cartilage cells;
hese cells appeared in a less ordered structure. After treatment,
he number of cartilage cells increased and the cells re-established
n ordered pattern. The modified Mankin scores of the MW for
0 min, PEMFs, MW for 40 min, US, LLLT, SWD, NORMAL and
ODEL groups (Group A, B, C, D, E, F, G and H) were respectively

hown in Table 1. The scores of the groups that underwent the 6
hysical intervention factors (A, B, C, D, E and F) were significantly

ower than those of MODEL group (Group H) (P < 0.01).

.2. Post-intervention serum TNF-˛ level in all groups

TNF-� serum levels in the samples evaluated were compared
ith baseline levels. The serum TNF-� (pg/ml) levels in the model

roup and the 6 physical factor groups were increased compared
ith that in the normal group (Group G) (Fig. 1). The level of

NF-� in the PEMFs group (Group B) and the US group (Group D)
ere significantly lower than that in the model group (Group H)

P < 0.05) and were similar to that of the normal group (Group G)
Table 2).

.3. Positive expression of caspase-3 and caspase-8 in articular
artilage

Immunohistochemistry analysis revealed the positive expres-
ion of caspase-3 (Fig. 2) and caspase-8 (Fig. 3) in the articular
artilage in each of the eight groups. Differences in the average
ptical density of caspase-3 (Table 3) and caspase-8 (Table 4) were
bserved among the eight groups. Caspase-3 and caspase-8 expres-
ion levels in the 6 intervention groups were increased compared
o that of the normal group, but were decreased when compared to
hat of the model group. The expression of caspase-3 in the groups
reated with PEMFs, MW40 and US were significantly lower than
hat of the MODEL group (P < 0.05) (listed in the Table 3). How-

ver, the expression of caspase-8 in the groups intervened by MW
or 40 min, US and LLLT were significantly lower than that of the

ODEL group (listed in the Table 4).

ig. 1. Concentrations of TNF-� (pg/ml) in MW20, PEMFs, MW40, US, LLLT, SWD,
ORMAL and MODEL. MW20: millimeter waves 20 min; PEMFs: pulse electromag-
etic fields for 30 min; MW40: millimeter waves 40 min; US: ultrasound for 10
in; LLLT: Low level laser therapy for 10 min; SWD: Ultrashort Wave Diathermy for

0 min; NORMAL: the normal group; MODEL: the OA model group G: the normal
ontrol group; H: the OA model group (n = 8 in each group).
, P = 0.0001 respectively.
P = 0.0004 respectively.

3.4. Apoptosis of chondrocytes

It can be seen in Fig. S2 that apoptosis of chondrocytes occurred
in each of the eight groups. Compared to the NORMAL group, the 6
intervention groups had an insignificantly higher ratio of chondro-
cytes apoptosis (P < 0.05). However, in comparison with the MODEL
group, all of intervention groups, groups A-F, had a significantly
lower ratio of chondrocytes apoptosis (P < 0.01), with respect to the
alphabetical ordering of the group (listed in the Table 5).

3.5. Scoring of each intervention factor

For quantitative analysis of the effect each of the 6 treatments
had on OA, the individual intervention factors were graded and
the total score for each intervention factor is shown in Table 6.
The lower values indicate more significant differences as compared
to the model group, suggesting that the particular treatment was
more effective than others. This study demonstrated that exposure
to PEMFs (scores of 26), MV (MW) for 40 min (scores of 18), US
(scores of 26) and LLLT (scores of 16) were all effective at improving
OA in the knee joints of the rabbits, whereas the effects of MW for
20 min (scores of 9) and SWD (scores of 10) treatments were not
evident (Tables 1–6). By establishing a grading system to evaluate
the 6 treatments analyzed in this study, we can conclude that these
treatments can be classified as ineffective, effective, or inconsistent
at improving OA.

4. Discussion

In this study, we evaluated the effects of six intervention factors
on OA in the knee by using four indices: histological evaluation of
the articular cartilage by H&E staining, analysis of serum TNF-�
levels by ELISA, assessment of caspase-3 and caspase-8 expres-
sion by immunohistochemistry and apoptosis of chondrocytes by
TUNEL. According to the graded scores based on the four indices
(shown in Table 6), PEMFs and US were confirmed as the two most
optimal physical intervention factors, whereas MW for 40 min and
LLLT were confirmed as feasible but non-optimal physical interven-
tion factors. The resulting effects of MW for 20 min and SWD were
inconclusive for treating OA in the knee.

4.1. Optimal treatments: PEMFs and US

PEMFs had been confirmed to be a safe and effective physio-
therapy for OA, leading to increased cartilage weight and providing
a greater surface as a stent for supporting bone formation [17].
Ryaby et al. had suggested that magnetic fields could promote
the short-term secretion of insulin-like growth factor II and could
result in long-term effects of electromagnetic stimuli due to the
development of a dependent mechanism involving growth factors
as a dependent mechanism [18]. TNF-� concentration was signif-
icantly lower in PEMFs-treated animals compared to the control
group. It is speculated that treatment with PEMFs could largely

prevent articular cartilage degeneration by providing a protective
effect on the whole articular cartilage OA [19]. Of the proin-
flammatory cytokines, TNF-� is the most prominent in the early
stages of inflammation in OA and can stimulate the production
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Table 2
Comparison of TNF-� (pg/ml) serum levels in all kinds of physical factors groups.

Group Normal MW20 PEMFs MW40 US LLLT SWD Model

MD 117.5 ± 23.9a,b 146.9 ± 42.5a,b 124.5 ± 52.7a,b* 134.4 ± 35.0a,b 129.8 ± 38.6a,b* 152.3 ± 32.5a,b 154.8 ± 48.4a,b 182 ± 63.8

P
, P = 0
P = 0.3

o
f
o
c

F
f
g

< 0.05*.
a Compared to the Normal group, P = 0.304, P = 0.774, P = 0.507, P = 0.605, P = 0.176
b Compared to the Model group, P = 0.210, P = 0.021, P = 0.062, P = 0.030, P = 0.233,
f other cytokines, such as IL-8, IL-6, and leukaemia inhibitory
actor, leading to accelerated damage of articular tissue [20]. More-
ver, Lopez-Armada MJ et al. indicated that TNF-� can affect
hondrocytes apoptosis and is related to the caspase family in

ig. 2. Caspase-3 postive expression in the each group, ×400 magnification. Arrows indi
or 30 min; C: millimeter waves 40min; D: ultrasound for 10 min; E: Low level laser the
roup without any treatment; H: the model group only produce OA of knee joint model w
.193, respectively
27, respectively
articular tissue [21]. Further evidence has confirmed that apop-
tosis may play an important role in the development of OA [22].
In contrast with normal cartilage in animal models and humans,
cartilage stricken with OA has a higher ratio of chondrocytes

cate positive cells. A: millimeter waves for 20 min; B: pulse electromagnetic fields
rapy for 10 min; F: Ultrashort Wave Diathermy for 20 min; G: the normal control
ithout any interferent (n = 8 in each group).
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ig. 3. Caspase-8 postive expression in the each group, × 400 magnification. Arrow
or 30 min; C: millimeter waves 40min; D: ultrasound for 10 min; E: Low level las
roup; H: the OA model group (n: 8 in each group).
poptosis and may result in a contribution to cartilage matrix
oss [23]. The caspase family of proteins had been confirmed to
lay key roles in apoptosis signalling, especially caspase-3, which
as considered to be the executor of apoptosis [24]. Molecular

able 3
omparison of mean density of all kinds of physical factors on expression of caspase-3.

Group Normal MW20 PEMFs MW40

MD 158.5 ± 6.1 167.0 ± 5.1a*b 160.3 ± 9.4a,b** 163.8 ± 8.7a,b

< 0.05 *, P < 0.01**.
a Compared to the Normal group, P = 0.027, P = 0.688, P = 0.199, P = 0.298, P = 0.083, P = 0
b Compared to the Model group, P = 0.232, P = 0.008, P = 0.045, P = 0.014, P = 0.058, P = 0.0
cate positive cells. A: millimeter waves for 20 min; B: pulse electromagnetic fields
rapy for 10 min; F: Ultrashort Wave Diathermy for 20 min; G: the normal control
studies have reported that expression of caspase-3 and caspase-
8 were observed in human osteoarthritic cartilage and in animal
model [25]. Caspase-8 is activated by membrane death recep-
tors or by cytochrome C, which is released by the mitochondria;

US LLLT SWD Model

** 162.6 ± 9.9a,b* 165.0 ± 8.8a,b 163.7 ± 8.a,b 170.7 ± 7.3

.226, respectively.
58, respectively.
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Table 4
Comparison of mean density of all kinds of physical factors on expression of caspase-8.

Group Normal MW20 PEMFs MW40 US LLLT SWD Model

MD 157.7 ± 8.9 174.0 ± 8.8a**b 169.5 ± 7.2a**b 168.0 ± 9.7a*b* 166.6 ± 8.7a*b* 162.4 ± 7.8a**b 170.6 ± 9.6a**b 177.5 ± 9.1

P < 0.05 *, P < 0.01**.
a Compared to the Normal group, P = 0.001, P = 0.005, P = 0.021, P = 0.034, P = 0.259, P = 0.006, respectively.
b Compared to the Model group, P = 0.426, P = 0.060, P = 0.038, P = 0.013, P = 0.001, P = 0.139, respectively.

Table 5
Comparison of positive ratio of all kinds of physical factors on expression of chondrocyte apoptosic index.

Group Normal MW20 PEMFs MW40 US LLLT SWD Model

AI (%) 9.0 ± 0.08 15.2 ± 0.12a,b** 10.7 ± 0.07a,b** 14.1 ± 0.08a,b** 13.4 ± 0.11a,b** 16.0 ± 0.13a,b** 17.0 ± 0.10a,b** 38.7 ± 0.22

P
, P = 0
P = 0.0
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< 0.01**.
a Compared to the Normal group, P = 0.280, P = 0.746, P = 0.394, P = 0.421, P = 0.206
b Compared to the Model group, P = 0.003, P = 0.001, P = 0.003, P = 0.001, P = 0.003,

n turn, caspase-8 activates the downstream effector, caspase-3
26].

US transforms electrical energy into an acoustic waveform that
s subsequently converted into heat through tissues of varying
esistance to treat musculoskeletal disorders, such as tendinitis,
enosynovitis, bursitis and OA [27]. Huang et al. found that US
an affect the release of inflammatory mediators in addition to
nhancing microcirculation, the rates of protein synthesis and the
epair of articular cartilage [28]. Although effective ultrasound
reatment can reduce pain and improve the functional ability of
eople with OA of the knee, the quantitative results were incon-
lusive when applied to the treatment of symptomatic OA of the
nee [29]. According to the grading score system described in the
resent study, US obtained the highest score and was regarded
s an optimal treatment. Furthermore, the highest score reflected
he ability of US treatment to effectively improve all of the 4
ndices investigated in this study, which was consistent with a
revious report [27–29]. In sum, our hypothesis was supported
y the observation that both PEMFs and US gained high scores,
hich is can be regarded as a critical index of optimal treatment

or OA.

.2. Secondary optimal treatments: MW 40 min, LLLT

More than 50 diseases and conditions have been successfully
reated with MW [30]. In previous studies, the most commonly
eported indications for MW were a variety of diseases associated
ith pain relief [31]. MW treatment can inhibit apoptosis of chon-
rocytes through the p38 MAPK pathway [32]. The results of the
rading scores of MW for 40 min indicated that this treatment was
egarded as a feasible but non-optimal treatment for OA. Our results

ere consistent with previously published research [30–32].

Different studies on OA present conflicting results for LLLT treat-
ent depending on the method of application and other features of

his particular treatment [33]. LLLT had moderate-quality evidence

able 6
rading of 6 physical factors in the expression of caspase-3, caspase-8 levels and the ratio

MW 20 PEMFs MW

Mankin scoring 4.44 ± 1.01 2.89 ± 0.78 3.71
Grade 1 5 3
TNF-� 146.9 ± 42.5 124.5 ± 52.7 134.
Grade 3 6 4
caspase-3 167.0 ± 5.1 160.3 ± 9.4 163.
Grade 1 6 3
caspase-8 174.0 ± 8.8 169.5 ± 7.2 168.
Grade 1 3 4
Chondrocyteapoptosic 15.2 ± 0.12 10.7 ± 0.07 14.1
Grade 3 6 4
Grade of the total 9 26 18
.149, respectively.
05, respectively.

for reducing pain of OA [34] and can act as a preventive tool against
cell apoptosis [35]. The results of the grading scores on LLLT indi-
cated that this treatment could also be regarded as a feasible but
non-optimal treatment for OA. Again, our results were consistent
with previously published research [33–35]. In sum, hypothesis
was validated because both MW for 40 min and LLLT were feasible
but non-optimal treatment for OA.

4.3. Inconclusive treatments: MW for 20 min and SWD

The previous study regarding the length of exposure did not
include data on the outcome of MW treatment after shorter or
longer exposures [36]. In the present study, the effect of MW for
40 min on OA received a higher grading score than MW for 20 min,
suggesting that a longer exposure of MW was important in the
treatment for OA of the knee. Marks et al. reported that that SWD
was commonly used in clinical treatment of knee OA, but the effect
of SWD on improving knee OA was inconclusive in this study [37].
A recent review suggested that further study on the benefits of
undergoing knee OA treatments that yield inconclusive would be
addressed in the future [38].

In this study, using the levels of histological morphol-
ogy, immunohistochemistry and apoptosis of chondrocytes, and
expression of caspase-3 and caspase-8 we confirmed that four
physical intervention factors, PEMFs, MW for 40 min, US and LLLT,
improve the health of knee joint cartilage rabbit with OA. In par-
ticular, treatment with PEMFs and US resulted in the greatest
improvements across the indices we examined. Our study sug-
gested that these two physical intervention factors may be used
for clinical management of OA of the knee.
Disclosure

We declare that we have no conflict of interest statement.

of Chondrocytes Apoptosis mean (comparing with that of model group).

40 US LLLT SWD

± 0.76 2.89 ± 0.60 3.30 ± 0.48 4.10 ± 0.57
6 4 2

4 ± 35.0 129.8 ± 38.6 152.3 ± 32.5 154.8 ± 48.4
5 2 1

8 ± 8.7 162.6 ± 9.9 165.0 ± 8.8 163.7 ± 8.8
5 2 4

0 ± 9.7 166.6 ± 8.7 162.4 ± 7.8 170.6 ± 9.6
5 6 2

± 0.08 13.4 ± 0.11 16.0 ± 0.13 17.0 ± 0.10
5 2 1
26 16 10
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