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Abstract

Background—It has been proposed for many years that low-level laser (or light) therapy (LLLT)
can ameliorate the pain, swelling, and inflammation associated with various forms of arthritis. Light
is thought to be absorbed by mitochondrial chromophores leading to an increase in adenosine
triphosphate (ATP), reactive oxygen species and/or cyclic AMP production and consequent gene
transcription via activation of transcription factors. However, despite many reports about the positive
effects of LLLT in arthritis and in medicine in general, its use remains controversial. For all
indications (including arthritis) the optimum optical parameters have been difficult to establish and
so far are unknown.

Methods—We tested LLLT on rats that had zymosan injected into their knee joints to induce
inflammatory arthritis. We compared illumination regimens consisting of a high and low fluence (3
and 30 J/cm?), delivered at high and low irradiance (5 and 50 mW/cm?) using 810-nm laser light
daily for 5 days, with the positive control of conventional corticosteroid (dexamethasone) therapy.

Results—Illumination with 810-nm laser was highly effective (almost as good as dexamethasone)
at reducing swelling and a longer illumination time (10 or 100 minutes compared to 1 minute) was
more important in determining effectiveness than either the total fluence delivered or the irradiance.
LLLT induced reduction of joint swelling correlated with reduction in the inflammatory marker
serum prostaglandin E2 (PGE2).

Conclusion—LLLT with 810-nm laser is highly effective in treating inflammatory arthritis in this
model. Longer illumination times were more effective than short times regardless of total fluence or
irradiance. These data will be of value in designing clinical trials of LLLT for various arthritides.
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INTRODUCTION

Rheumatic diseases are chronic, debilitating conditions. Varying degrees of severity and
heterogeneity in clinical manifestations demand complex management and treatment
strategies. Hundreds of millions of people in the world today are beset with a host of disabilities
caused by trauma, aging, and degeneration and other affections of the musculoskeletal system.
The economic burden of rheumatologic diseases has a considerable impact on our society [1].
In the last decade, musculoskeletal disease ranked number one in chronic impairments
worldwide. Recognizing the enormous burden that is posed by musculoskeletal conditions, the
United Nations and World Health Organization declared 2000-2010 the “bone and joint
decade” with the aim to improve the outcomes and health-related quality of life (QOL) of
patients who have rheumatologic disorders [2].

Pain and swelling characterize many conditions involving inflammatory and degenerative
arthritides (osteoarthritis, rheumatoid arthritis, psoriatic arthritis, lupus arthritis, etc.). These
conditions are among the most costly in terms of QOL affecting people of all ages, but the
burden of degenerative diseases of bones and joints is very likely to increase substantially as
the population ages. Limitation of movement is a serious problem in patients presenting with
inflammatory arthropathies. Although pain relief is frequently the main goal in the acute
treatment of these conditions, little is known about the mechanisms involved in pain
development inarthritis. Drug and non-drug treatments are used to relieve pain and/or swelling.
Non-steroidal anti-inflammatory agents (NSAIDs) and selective cyclooxygenase (COX-2)
inhibitors (coxibs) [3] are commonly used as analgesic and anti-inflammatory agents. Although
selective COX-2 inhibitors were designed to prevent the adverse effects in the gastrointestinal
tract mediated by NSAID inhibition of COX-1 [4], prolonged use of COX-2-selective
inhibitors may confer a risk of cardiovascular events, including myocardial infarction and
stroke [5,6]. The cause of the cardiovascular adverse effects is uncertain but may include an
imbalance in prostacyclin and thromboxane levels in the endothelium and blockade of
prostanoid actions on renal function [7]. These considerations have prompted the search for
alternative non-drug treatments for arthritis [8].

Low-level laser (or light) therapy, commonly known as LLLT, is a form of phototherapy which
involves the application of low power light in the red or near infrared wavelengths to mitigate
and treat various diseases and traumatic injuries. The light is frequently monochromatic and
coherent as produced by lasers and is used to stimulate healing and regeneration. LLLT is used
to increase the speed, quality, and tensile strength of tissue repair [9,10], resolve inflammation
[11], reduce swelling [12], and give pain relief [13-15]. The technical term often used to
describe this form of therapy is photobiomodulation or biostimulation [16]. Lasers or non-
coherent light sources such as light-emitting diodes (LED) can be used for the stimulation of
cell function. Their biological effect is not thermal, as is the case with surgical lasers. Visible
or near-infrared photons are thought to be absorbed by chromophores within the cells such as
cytochrome c oxidase located in the mitochondria [17]. Alterations in the activity of
cytochrome c oxidase results in increased production of adenosine triphosphate (ATP), a major
source of cellular energy, which leads to normalization of cell function, pain relief, and healing
[18]. Many reports have investigated which are the optimal optical parameters such as
wavelength, total fluence, irradiance (also known as fluence rate or power density), polarization
state, coherence, and pulse structure for various experimental and therapeutic outcomes, but
as yet there is little consensus on this complicated matter. There have also been many studies
that have reported negative results [19].

In this study, we describe the effect of LLLT on the outcome of zymosan-induced arthritis
(ZIA) in rats. Zymosan, a polysaccharide from the cell wall of Saccharomyces cerevisiae, is
composed of glucan and mannan residues [20]. Injection of zymosan activates innate immune
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responses, stimulates inflammatory cytokine production [21] and can activate complement in
the absence of immunoglobulins. Zymosan is recognized and phagocytosed principally by
macrophages (TLR-2 mediated process) [22] leading to cellular activation. ZIA in mice was
first described by Keystone in 1977 [23]. Using this model, the course of the inflammatory
process is described as biphasic [24]. After an initial peak of inflammation at about day 3,
inflammation subsides by day 7 but a chronic residual inflammation remains. There are gait
disturbances in rats with ZIA starting at 2 hours, reaching a maximal value between 3 and 4
hours, after the injection of zymosan [25]. The purpose of this study was to analyze the effect
of LLLT in the first acute phase of ZIA.

MATERIALS AND METHODS

Laboratory Animals

All animal experiments were approved by the Subcommittee on Research Animal Care of
Massachusetts General Hospital and were in accordance with NIH guidelines. Female Lewis
rats (Charles River) weighing 180-200 g were housed in individual cages with free access to
standard laboratory diet and drinking water. Animals were kept ina 12:12-hour light-dark cycle
(lights on 6:00 AM to 6:00 PM) in a temperature-controlled room (26°C). All experiments
were designed to minimize animal suffering and to use the minimum number associated with
valid statistical evaluation.

Zymosan-Induced Arthritis

Rats received an intra-articular (ia) injection of 4-mg zymosan (Sigma Chemical Company,
St. Louis, MO) dissolved in sterile saline, 50 ul total volume, into one rear knee (stifle) joint.
The procedure was done under general anesthesia, using a mix of ketamine 80 mg/kg (Hospira,
Inc.; Lake Forest, IL)/xylazine 20 mg/kg (Lloyd, Inc.; Shenandoah, 1A) intramuscular. Before
the zymosan injection, 5 hours after, and on a daily base during 6 days, the circumference of
the knee was measured as the most accurate clinical parameter of swelling and inflammation.
The circumference measurement of each rat knee at each time point was divided by the pre-
zymosan circumference measurement of the knee of that particular rat to give the parameter
termed “fraction of original circumference.”

Light Sources, Dosimetry, and Treatment

A diode laser (Model D030-MM-FCTS/B, Opto Power Corp., Tucson, AZ) was used. This
laser was operated at 810-nm wavelength and had a maximum output power of 10 W, and the
total power could be reduced to 50 mW by a power adjustment control on the laser. The
homogeneous laser spot was produced by a lens and was approximately 45 mm in diameter
and the distance between the surface of the rat knee and the lens was kept at 10 cm. These
measurements were kept constant for all illumination regimens. The power output was
controlled to give irradiances of either 5 mW/cm? (total power 79 mW), or 50 mW/cm? (total
power 790 mW) as measured with a power meter (model DMM 199 with 201 Standard head,
Coherent, Santa Clara, CA).

Five hours after zymosan injection rats were distributed in several treatment groups: using
different fluence and irradiances all delivered from the 810-nm laser: 3 J/cm? at 50 mW/cm?
(1 minute illumination); 3 J/cm? at 5 mW/cm? (10 minutes illumination); 30 J/cm? at 50 mW/
cm? (10 minutes illumination); 30 J/cm? at 5 mW/cm?2 (100 minutes illumination). The
treatments were repeated on a daily basis for 5 days. A group of rats were treated with
dexamethasone as a positive control (Sigma Chemical Company). Rats received 0.01 mg/kg
of dexamethasone dissolved in 100 pl sterile saline as an intra-articular injection into the
affected joint starting 5 hours after the zymosan injection, and continuing daily for 5 days.
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Prostaglandin E2 Assay

This was carried out using an enzyme immunoassay (EIA) kit for prostaglandin E2 (PGE2)
metabolite, 13,14-dihydro-15-keto-PGE2 (PGEM), (Cayman Chemicals, Ann Arbor, MI). The
PGEM assay was developed as a method of converting all of the immediate PGE2 metabolites
to a single stable derivative that can be easily quantified by EIA. Known amounts of rabbit
anti-PGE2 antisera bind to either the PGE2 in the sample or to the added acetylcholinesterase-
linked PGE2 in a competitive assay. After purification and overnight derivatization of the
samples (serum), they were plated in triplicates, the PGEM AChE Tracer and PGEM antiserum
were added; following 18 hours of incubation at room temperature cholinesterase substrate
was added and the plate was read at a wavelength of 405 nm.

Data Analysis and Statistics

Values are presented as means and standard deviations. The numbers representing the percent
of original knee circumference at each time point were used for curve generation using Microcal
Origin 6.1 program. Areas under the curve for each rat were calculated using the calculus
integration function. The integrals were used for comparing the effects of different treatment
regimens (irradiances, fluences). Differences in the areas under the curve between control and
treatment groups and between different treatments groups were compared for statistical
significance using a t-test for two samples assuming unequal variance in Microsoft Excel. The
value of P<0.05 was considered significant.

RESULTS

Rat Model of Zymosan-Induced Arthritis and the Effect of Dexamethasone as a Positive
Control Treatment

The rats with ZIA show increased inflammation and a predictable course of disease with the
circumference of the knee rising to 15% more than the control knee at 5 hour, with a maximum
swelling (34% increase in the circumference) 24 hours after the zymosan injection and then a
gradual decline in swelling. Five days after ZI A there is a significant recovery but still a residual
inflammatory process (16% increased knee circumference). Dexamethasone injected into the
affected knee acts as a positive control therapy, initiated 5 hours after the zymosan injection
and continued daily for 5 days. There is a significant reduction in the swelling compared to
untreated ZIA after 24 hours (knee circumference 20% increase with dexamethasone treatment
vs. 34% without treatment) and after 5 days there is almost complete recovery of the edema
(residual 5% increase with dexamethasone vs. 16% without treatment) (Fig. 1A). There are
highly significant differences in the mean areas under the curve between untreated rats and
zymosan-treated rats, and between dexamethasone-treated zymosan rats (Fig. 1B).

LLLT Effect on Arthritis Depends on Total Fluence Delivered at 50 mW/cm?

In Figure 2, we show the comparisons of the effect of 810-nm LLLT using two different
fluences: 30 and 3 J/cm? delivered at the same irradiance (50 mW/cm?). It is apparent that there
is a significant reduction in the swelling seen with the 30 J/cm? regimen especially at all
timepoints starting 24 hours after zymosan injection (Fig. 2A). The lower fluence of 3 J/cm?
does not begin to have any positive effect until day 3 (72 hours) and then has a progressively
greater positive effect at the 96 and 120-hour timepoints but still less than the 30-J/cm? regimen
(Fig. 2). There was a statistically significant difference between the mean area under the curve
for zymosan and zymosan with 30 J/cm? delivered at 50 mW/cm? not seen between the other
groups (Fig. 2B).
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LLLT Effect on Arthritis Does Not Depend on Total Fluence Delivered at 5 mW/cm?

We then asked whether the observation described in the previous section, that a bigger fluence
was more effective than a lower fluence in reducing ZIA knee swelling, would still apply when
the light was delivered at a much lower irradiance of 5 mW/cmZ. Using the identical previous
fluences (3 and 30 J/cm?) there were equally positive benefits with both regimens that gave
the same reduction in swelling of the knees on days 1, 2, 3, 4, and 5 after ZIA (Fig. 3A). Both
the light treatment regimens gave statistically significant differences in areas under the curve
compared to zymosan-treated knees, but the two light regimens were not significantly different
from, each other (Fig. 3B). There therefore appears to be a contradiction with the previous
results, in that the bigger fluence gives a better result than does the smaller fluence at 50 m\w/
cm?, but not at 5 mW/cm2. This discrepancy could be explained if the main factor to be
considered in explaining the results was in fact the irradiance rather than the total fluence.

LLLT Effect on Arthritis Does Not Depend on Irradiance When 30 J/cm? Is Employed

We therefore compared 30 J/cm? delivered at either, an irradiance of 5 mW/cm? or at an
irradiance of 50 mW/cm? (Fig. 4). As can be seen (Fig. 4A) these regimens were equally
effective in reducing swelling at days 1, 2, and 3 post-zymosan injection. At days 4 and 5 the
low irradiance of 5 mW/cm? had a slight advantage in reducing swelling over the high
irradiance of 50 mW/cm?2. Both the light regimens gave significant differences in area under
the curve compared to zymosan-treated knees, but were not significantly different from each
other (Fig. 4B).

LLLT Effect on Arthritis Does Depend on Irradiance When 3 J/cm2 Is Employed

Since the previous results suggested that the irradiance did not have an effect on the LLLT
reduction of swelling when the light dose was 30 J/cm?, we asked whether the same finding
of independence of the effect on the irradiance would pertain when the fluence was 3 J/cm?.
As can be seen in Figure 5A, this did not prove to be the case; 3 J/cm? delivered at 50 mW/
cm? had only a slight effect in reduction of swelling at days 4 and 5, while the identical fluence
delivered at 5 mW/cm? had a positive effect in reducing swelling at all timepoints. The effective
regimen of 3 J/cm? delivered at 5 mW/cm? gave statistically significant differences in area
under the curve from the other two regimens (Fig. 5B).

How can we explain these seemingly contradictory findings? We believe that the answer can
be found in considering the length of time needed to deliver the indicated amount of light to
the knee joint. The effective regimens were:

30 J/cm? delivered at 5 mW/cm? taking 100 minutes.

30 J/cm? delivered at 50 mW/cm? taking 10 minutes.

3 Jlcm? delivered at 5 mW/cm? taking 10 minutes.
The ineffective regimen was

Jlem? delivered at 50 mW/cm? taking 1 minute.

It therefore seems as if a certain length of time of illumination such as 10 minutes is required
to see a positive effect and that the effect is independent of the amount of energy delivered in
that time, or the irradiance at which the light is delivered, and that moreover, employing an
even longer illumination time gives no added benefit.

Prostaglandin E2 Assay

In Figure 6 we show the values determined from the serum PGE2 measurements carried out
on serum isolated from blood samples taken from rats 24 hours after the injection of zymosan.
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The mean PGE2 concentration was more than doubled by the zymosan-induced inflammation
and this elevated value was significantly reduced by almost 50% by the intra-articular injection
of dexamethasone. The light regimen we found to be ineffective in reducing swelling (3 J/cm2
at 50 mW/cm?2) did produce a significant reduction in serum PGE2 but the reduction was much
less than the reduction seen with dexamethasone. By contrast the light regimen we found to
be effective (30 J/cm2 at 50 mW/cm2) in reducing swelling produced a much greater reduction
in serum PGE2, almost to the level obtained using dexamethasone.

DISCUSSION

We investigated the use of LLLT for the treatment of ZIA in rats. Initially we evaluated the
benefit of LLLT compared with the anti-inflammatory “gold-standard” treatment,
dexamethasone. The progress of the inflammatory phase of the arthritis was conveniently
followed by measuring the circumference of the rat hind knee or stifle joint. We saw a
significant and progressive decrease in the circumference of rat knees, using five daily intra-
articular injections of the anti-inflammatory corticosteroid, dexamethasone. Our initial
experiments with five daily illuminations with 810-nm laser light suggested that the positive
benefit in reduction of swelling was related to total fluence delivered, with 30 J/cm? giving a
significantly better reduction in circumference than did 3 J/cm? when they were both delivered
at an irradiance of 50 mW/cm?. However, the next set of experiments confounded this
hypothesis because when we compared the same two fluences of 30 J/cm? and 3 J/cm?, this
time delivered at a low irradiance of 5 mW/cm?, there were no significant differences between
the two fluences. We then hypothesized that perhaps the irradiance at which the light is
delivered makes a difference to the outcome in LLLT for arthritis. Again in two experiments
we obtained conflicting results. Thirty J/cm? was highly effective whether delivered at 50 mwW/
cm? or delivered at 5 mW/cm?, but 3 J/cm? was only highly effective when delivered at 5 mW/
cm?, and almost without any positive effect when delivered at 50 mW/cm2. Therefore we
propose that the most important parameter in defining the optimum light delivery regimen is
the illumination or time of exposure. The benefits in the reduction of swelling were significantly
better when the time of exposure was 10 minutes (or 100 minutes) versus 1 minute.

Although LLLT has been used to treat several clinical conditions and has also been studied in
many animal models and in cell culture systems, the mechanisms are still incompletely
understood, and perhaps it will turn out to be the case that multiple mechanisms operate. On a
molecular level, LLLT is known to stimulate ATP production, mitochondrial membrane
potential, cytokine secretion, and cell proliferation [26]. There have been several reports that
the enzyme cytochrome c oxidase, otherwise known as unit 4 of the respiratory chain located
in the inner mitochondrial membrane, is an important chromophore in LLLT [16,17]. This
protein has absorption bands that stretch from the visible into the near-infrared region of the
spectrum (>900 nm). A recent commentary [27] proposed that the photons absorbed by
cytochrome c oxidase led to dissociation of the inhibitory molecule, nitric oxide, from oxygen
binding sites within the enzyme, thus increasing the enzyme activity in cellular respiration. If
the primary cellular effect of LLLT is indeed to increase the activity of an enzyme, it makes
sense to suppose that this increased activity should last for a sufficiently long time to have a
real effect on cellular metabolism. In some photobiological processes such as photodynamic
therapy and phototoxicity, the principal of reciprocity first described by Bunsen and Roscoe
[28] is accepted to operate [29]. This principle states that the biological effect of light depends
on the total number of photons absorbed (total fluence) rather than the irradiance or fluence
rate. However, the photobiological processes in which reciprocity operates depend more on a
photochemical effect (each photon has an equal chance to cause a chemical reaction) rather
than on modifying the reactivity of an enzyme as proposed for LLLT.
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The concept that the total delivered fluence is not the most important factor to be considered
in analyzing the relationship between effectiveness and the optical parameters of LLLT has
been suggested previously. In vitro experiments by Azevedo et al. [30] and by van Breugel et
al. [31] both showed that the irradiance and illumination time were important in determining
outcome, and that the relationship between total delivered fluence and response had a bell-
shaped curve with a fluence value at which the observed response was maximal.

The correlation of the anti-inflammatory of LLLT in our ZIA model with reduction in serum
PGE2 provides some hard biochemical evidence that there is a real effect on a cellular level.
Reductions in inflammatory mediators such as PGE2 have previously been reported. Soriano
et al. [11] found reduction in PGEZ2 in rats with microcrystalline arthropathies treated with
LLLT, and this reduction correlated with beneficial effects of LLLT in patients with gout,
pyrophosphate or hydroxyapatite arthropathies. In patients with Achilles tendonitis LLLT
using infrared (904 nm, 5.4 J per point, power density 20 m\W/cm?), it was reported that PGE2
concentrations significantly decreased after the treatment and this reduction correlated with
decrease in pain and inflammation [32].

Brosseau [33] reported a meta-analysis, using the registries of the Cochrane Musculoskeletal
Group and the field of Rehabilitation and Related Therapies as well as the Cochrane Central
Register of Controlled Trials (CENTRAL). Only randomized controlled trials of LLLT for the
treatment of patients with a clinical diagnosis of RA or OA were eligible. Thirteen trials were
included, with 212 patients randomized to laser and 174 patients to placebo laser, and 68
patients received active laser on one hand and placebo on the opposite hand. In patients with
RA, relative to a separate control group, LLLT reduced pain by 70% relative to placebo and
reduced morning stiffness. There were no significant differences between subgroups based on
LLLT dosage, wavelength, site of application, or treatment length. There are still more clinical
trials required to establish the LLLT dosage and the treatment length.

The novel finding that the duration of light exposure is an important parameter in determining
the effectiveness of LLLT, should of course be confirmed by more studies, but may go some
way to explain some of the published negative studies that maybe did not use long enough
illumination times. In addition, further studies will be required to better define the best optical
parameters for LLLT and the complex relationship between disease state, total fluence,
irradiance, illumination time, and number and frequency of treatments.
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A: Curves showing time course of increase in relative circumference of rat knees that received
either no treatment, injection of zymosan alone, or injection of zymosan with five daily 1A
injections of dexamethasone. B: Mean of areas under the curve for individual time courses of

knee circumference.
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A: Curves showing time course of increase in relative circumference of rat knees that received
either, injection of zymosan alone, or injection of zymosan with five daily illuminations with
810-nm laser light at fluences of either 3 J/cm? or 30 J/cm? both delivered at 50 mW/cm2. B:
Mean of areas under the curve for individual time courses of knee circumference.
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Fig. 3.

A: Curves showing time course of increase in relative circumference of rat knees that received
either, injection of zymosan alone, or injection of zymosan with five daily illuminations with
810-nm laser light either 3 J/cm? or 30 J/cm? both delivered at 5 mW/cm2. B: Mean of areas
under the curve for individual time courses of knee circumference. LLLT effect on arthritis
does not depend on total fluence delivered at 5 mW/cm?.
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Fig. 4.

A: Curves showing time course of increase in relative circumference of rat knees that received
either, injection of zymosan alone, or injection of zymosan with five daily illuminations with
810-nm laser light of 30 J/cm? delivered at either 5 mW/cm?2 or 50 mW/cm?2. B: Mean of areas
under the curve for individual time courses of knee circumference. LLLT effect on arthritis
does not depend on irradiance at which 30 J/cm? is delivered.
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Fig. 5.

A: Curves showing time course of increase in circumference of rat knees that received either,
injection of zymosan alone, or injection of zymosan with five daily illuminations with 810-nm
laser light of 30 J/cm? both delivered at either 5 mW/cm? or 50 mW/cm2. B: Mean of areas
under the curve for individual time courses of knee circumference. LLLT effect is significantly
better at low irradiance of 5 mW/cm?2,
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Fig. 6.

Mean serum PGE2 levels taken from rats 24 hours after they received either: no treatment,
zymosan alone, zymosan+dexamethasone, zymosan+an ineffective light regimen (3 J/cm? at
50 mW/cm?), zymosan-+an effective light regimen (3 J/cm? at 50 mW/cm?). Values are means
of six independent determinations of aliquots from serum pooled from three rats per group and
bars are SD.
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