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Abstract  

 Background: Rheumatoid arthritis (RA) and its accepted animal model, murine 

collagen-induced arthritis (CIA), are classic autoimmune inflammatory diseases which 

require proinflammatory cytokine production for pathogenesis.  We and others have 

previously used N,N-dimethylglycine (DMG) and extracts from the New Zealand green-

lipped mussel Perna canaliculus (Perna) as potent immunomodulators to modify ongoing 

immune and/or inflammatory responses.  Methods/Results: Here, we first treated 

lipopolysaccahride (LPS) stimulated THP-1 monocytes in vitro with increasing 

concentrations of Perna extract and observed dose-dependent reductions in TNF-α and 

IL-12p40 production in Perna treated cultures.   However, DMG treatment showed 

significant increases in both of these cytokines in the range of 0.001-1 µM.  Additionally, 

we demonstrated that in vitro neutrophil superoxide burst activity is dose-dependently 

reduced in the presence of Perna.  To test whether Perna and/or DMG could block or 

inhibit an ongoing pathologic disease process, we induced CIA in rats and mice and 

treated them with either of the two immunomodulators and found significant reductions 

in disease incidence, onset, and severity of CIA when rats were treated prophylactically 

with either if the two immunomodulators.  More importantly, amelioration of mouse CIA 

was observed following therapeutic administration of Perna.  In contrast, DMG appeared 

to have little effect in mice and may act in a species-specific manner.  Conclusions: 

These data suggest that Perna, and perhaps DMG, may be useful supplements to the 

treatment of RA in humans.     
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Background 

  Immunomodulation is the process of modifying an immune response in a positive 

or negative manner by administration of a drug or compound.  Many proteins, amino 

acids, and natural compounds have shown a significant ability to regulate immune 

responses, including interferon-γ (IFN-γ) [1-4], steroids [5-7], DMG [8-11] and extracts 

from the New Zealand green-lipped mussel, Perna [12, 13].  Previous work in our 

laboratory demonstrated that natural compounds, including Perna [13, 14] and DMG 

[10], exhibit both humoral and cellular immunomodulating effects.   

Perna, a New Zealand green-lipped mussel preparation, has demonstrated strong 

anti-inflammatory properties and was shown to be as efficient as non-steroidal anti-

inflammatory drugs (NSAIDs) at reducing inflammation in rats with carrageenan-induced 

footpad edema [12].  Furthermore, following Perna treatment inhibition of 

proinflammatory prostaglandins was described in pregnant rats [15].  A lipid-rich extract 

of Perna was shown to prevent the development of adjuvant-induced polyarthritis and 

collagen-induced auto-allergic arthritis in rats [16].  This therapeutic effect was 

associated with the inhibition of prostaglandins and leukotriene B4 biosynthesis.  

Moreover, Perna contains the histamine blocker lysolecithin that also likely contributes to 

its anti-inflammatory properties [17]. 

DMG, an intermediate in the degradation of choline, also appears to be an 

effective immunomodulator.  As a significant part of a calcium pangamate preparation, 

DMG was reported to help reverse immunosuppression after irradiation in guinea pigs 

[8].  Following antigenic challenge, DMG alone enhanced antibody levels and 

lymphocyte proliferation in both humans [9] and rabbits [10].  When DMG was 
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administered in vitro to hybridoma cells, antibody output significantly increased 

(unpublished data).  Interestingly, DMG was shown to reduce ulcer number, size and 

index after gastric ulcer induction by either its free radical scavenging activity and/or 

cytoprotection of the gastric lining [18].    

CIA is a well-established animal model of human RA [19].  Injection of native 

type II collagen (CII) leads to the development of severe polyarticular arthritis in 

primates and rodents.  This model, which relies upon the host’s own immune system, is 

associated with synovitis and erosion of both bone and cartilage leading to severe loss of 

joint function.  The mechanism(s) underlying the disease are not clearly defined, but both 

B cells and T cells are clearly involved in its pathogenesis [20].   

In this paper, we demonstrate that in vitro treatment with extracts derived from 

Perna canaliculus inhibited a monocytic cell line from producing several 

proinflammatory cytokines and similarly treated neutrophils showed deficiencies in 

effector function.  Rats treated prophylactically with either DMG or Perna showed 

reduced incidence and onset of CIA.  Remarkably, mice with established CIA treated 

with Perna showed significantly reduced joint inflammation and amelioration of disease.  

These findings indicated that Perna, DMG or perhaps a combination of the two might be 

effective therapeutic agents in the treatment of RA.   
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Methods 

Perna and DMG 

Perna® is lyophilized Perna canaliculus powder provided by Food Science 

Corporation (Essex Junction, VT, USA). The freeze dried green-lipped mussel powder 

used in these studies is produced from the entire mussel (minus the shell) and was 

supplied by Aroma New Zealand Ltd, Christchurch, New Zealand. The N,N-

Dimethylglycine (DMG) free base (mp 180-183 C) was also provided by Food Science 

Corporation.   

DMG and Perna cytokine assays 

 Human THP-1 monocytes (American Type Tissue Collection, Manassas, VA) 

were differentiated into mature monocytes in 1.2% DMSO overnight.  Cells were washed 

and then primed with recombinant IFN-γ (10 ng/ml) for 16 hrs and preincubated for 2 hrs 

with or without increasing concentrations of DMG or Perna extract.  Monocytes were 

stimulated overnight with LPS (1 µg/ml) after which IL-12p40 and tumor necrosis factor-

α (TNF-α) levels were determined 48 hrs later by ELISA (BioLegend, San Diego, CA).  

Perna was extracted with 0.1% Tween-20 overnight, filtered, and protein content 

determined by Bradford assay as described [13]. 

Neutrophil superoxide assay 

Perna (1 g) was extracted in 10 ml of 30% phenol by stirring for 45 min at room 

temperature, precipitated with ethanol, and resuspended in water.  Samples were 

precipitated a second time with ethanol, again resuspended in water, dialyzed against 

water overnight (8-12 kD dialysis membrane tubing), frozen, and freeze-dried producing 
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a fine powder of Perna extract.  Rat neutrophils were isolated from peripheral blood and 

equal numbers of neutrophils were added to wells of a 96-well plate in appropriate 

culture medium.  Perna extract at 0, 100, 200, and 400 µg/ml was added to the cultures 

and neutrophils were activated with 50 ng/ml of the mitogen, phorbol 12-myristate 13-

acetate (PMA).  Percent inhibition of superoxide generation was calculated as described 

[21].       

Induction of collagen-induced arthritis 

       Type II collagen from chicken sternal cartilage (Sigma Chemical Co., St. Louis, 

MO) was dissolved in 0.01 N acetic acid (2 mg/ml) by stirring overnight at 4
o
C.  The 

collagen solution was emulsified in complete Freund’s adjuvant (CFA) (Sigma) at a ratio 

of 6:4. In rats, collagen was administered intradermal (i.d.) into the left hind foot-pad 

with a booster injection into the tail one week later, and in mice 100 µg of type II 

collagen was injected i.d. into the base of the tail.  Booster CII injections with incomplete 

Freund’s adjuvant (Sigma) were administered at the base of the tail into mice that had not 

yet exhibited clinical signs of arthritis on days 14, 30 and 73.  Rats showed 58% 

incidence with time of onset at 16-24 days following immunization.  Mice had an 83% 

incidence with time of onset ~28-32 days following immunization.   

Assessment of arthritic severity 

      Animals were examined twice daily for signs of footpad erythema and joint 

swelling/locking.  Joint locking was monitored in rats at which time joints were measured 

using mm calipers.  Mouse arthritis was graded on a 4-point scale of 0-3: 0=no pathology, 

1= swelling in one limb, 2=moderate swelling in multiple limbs with joint locking, and 

3=pronounced swelling in all four limbs with joint locking.   
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Animal and treatment groups 

      Female Wistar rats were obtained from Charles River Laboratories (Wilmington, 

MA).  Female DBA/1J mice were obtained from The Jackson Laboratory (Bar Harbor, 

ME).  Rats were separated into 4 treatment groups: control, DMG (100 mg/kg/day), 

Perna (100 mg/kg/day) or DMG plus Perna (at the previously indicated concentrations).  

Rats were injected with type II collagen and followed for incidence and onset of CIA, as 

well as degree of paw inflammation.  In contrast, following induction of CIA, mice were 

randomly assigned to one of three therapeutic treatment groups: control-, Perna-, or 

DMG-treated.  Perna was administered daily by either preformed pellets of rodent 

chow/Perna mix at a 1:1 ratio or by grinding chow pellets and mixing it with Perna 

powder at the same ratio.   For the mice, DMG was either dissolved in drinking water at 

1.7 mg/ml or for the rats, DMG was injected daily intraperitoneal (i.p.) at 100 mg/kg in 

saline.  Mice drank ~0.94-1.43 ml of the DMG-water solution per day that provided ~2-3 

mg of DMG per day (100-150 mg/kg/day).  In addition, 3 control groups (10 mice/group) 

were treated with Perna, DMG or control chow/water at identical concentrations except 

arthritis was not induced. No toxic side effects were noted in any of these control groups.  

If the compounds were administered orally, food and water consumption from the 

animals was carefully monitored to assure each animal was receiving the prescribed daily 

dosage of Perna or DMG.  The experimental protocol was carried out under the 

supervision of the Clemson University Institutional Animal Research Committee. 
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Serology 

 Sera were collected from rats on day 7 and periodically after until development of 

CIA, which typically occurred between days 16 and 22.  Anti-collagen antibody levels 

were determined by ELISA as previously described [22].  Briefly, plates were coated 

with collagen (5 µg/mL) overnight at 4° C.  Plates were then blocked with ovalbumin and 

diluted serum samples (1:10,000) were incubated for 2 hrs at room temperature (RT).  

IgG and IgM titers were revealed with appropriate anti-rat horseradish peroxidase 

conjugates (Sigma).  Plates were read at 495 nm on a Dynatech ELISA plate reader.        

Interleukin-2 (IL-2) bioassay 

      IL-2 activity was determined by the proliferative response of the IL-2-dependent-cell 

line CTLL-2 (ATCC, Manassas, VA) to serum IL-2.  50 µl of sera from treated or 

untreated rats were added to CTLL-2 cells cultured at 2 x 10
5
 cells/ml on 96-well plates 

at 37º C in assay medium not containing IL-2.  After 24-hr incubation, [
3
H]-thymidine (2 

Ci/mmol, ICN Biomedical Inc., Irvine, CA) was added to each well and plates were 

incubated for an additional 4-6 h.  CTLL-2 cells were harvested onto glass-fiber filters 

and incorporated radioactivity was counted in a beta-scintillation counter.  An IL-2 

standard was run with each assay to convert the counts per minute (CPMs) to IL-2 units. 

Immunoassay for rheumatoid factors          

96-well microtiter plates were coated with rat IgG (5 µg/ml).  Plates were 

blocked, washed, and 100 µl of treated or untreated rat serum (diluted 1:100) were added 

to the wells in triplicate.  Following overnight incubation at 4º C, wells were washed and 
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100 µl of F(ab)2 goat anti-rat IgG peroxidase conjugate or F(ab)2 goat anti-rat IgM 

(µ−chain specific)  peroxidase conjugate (Jackson ImmunoResearch Laboratories, West 

Grove, PA)  was added, and incubation was continued for 4 hrs at room temperature 

(RT).  Plates were again washed and 100 µl of substrate solution containing ortho-

phenylenediamine (Sigma) was added.  After ~20 minutes, 50 µl of H2SO4 stop solution 

was added to each well and rheumatoid factor levels were determined by reading 

absorbance at 492 nm (Titertek Mutiskan MCC/340, Labsystems, Finland).  

Flow cytometry 

      Splenocytes were surface-stained with fluorescent conjugated antibodies to CD4, 

CD8 or CD45RA/B220 (BD PharMingen, San Diego, CA).  All samples were analyzed 

on an EPICS 751-flow cytometer (Coulter, FL) with a Cicero acquisition module and 

Cyclops analysis software (Cytomation, CA). 

Statistical methods 

      Student’s unpaired t-tests were used to compare group mean values where 

appropriate. CIA disease severity scores are depicted as the average of the treatment 

group per day over the treatment period and were analyzed using the Kruskal-Wallis test 

for significance.  Percent data were analyzed using ANOVA for unequal subclasses (SAS 

Institute, Inc.).  Results are expressed as mean ± SEM.  P<0.05 was considered 

significant. 
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Results 

Perna decreased while DMG increased TNF-α and IL-12p40 production from THP-1 

cells 

 Perna and DMG have been previously reported to affect immune responses by 

either augmenting the response, as in the case of DMG, or suppressing the response, as in 

the case of Perna.  To address this issue we used a monocytic cell line that produces IL-

12p40 and TNF-α following LPS stimulation.  We cultured the monocytes with 0-100 

µM DMG for 48 hrs and following LPS stimulation, showed a significant increase in the 

production of both IL-12p40 and TNF-α at concentrations of 0.001-1 µM (Figure 1).  

Interestingly, concentrations below 0.1 pg/ml as in the case of TNF-α and above 1 µM as 

in the case of IL-12p40 had no effect.  These results are consistent with our earlier studies 

showing a specific range at which DMG is active, but above or below that concentration 

DMG appears ineffective (unpublished data).  In contrast, treatment of the monocytes 

with a Tween-20 Perna extract resulted in a dose-dependent reduction in the production 

of these same cytokines, particularly at concentrations greater than 0.1 mg/ml (Figure 2).  

Neutrophil superoxide production is reduced in the presence of Perna 

 To further detail the anti-inflammatory properties of Perna, a phenol Perna extract 

was generated as described above and rat neutrophils were treated at 0-400 µg/ml prior to 

PMA stimulation.  In the presence of PMA, neutrophils normally undergo burst activity 

and secrete superoxides, which can be detected in the culture medium by the tetrazolium 

salt, WST-1 [21].  Indeed, Perna showed a dose-dependent inhibition of superoxide 
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production with the highest concentration showing only 27.4% of the activity of the 

controls, which were set at 100% activity (Figure 3).     

Prophylactic treatment with Perna and DMG reduced CIA development in rats 

 Taking the in vitro results into account, we next tested whether Perna or DMG 

had beneficial effects in an in vivo model of inflammation.  Rats were immunized with 

type II collagen emulsified in CFA on day 0 and treated with Perna (100 mg/kg/day), 

DMG (100 mg/kg/day), a Perna-DMG combination (each at 100 mg/kg/day) or control 

rodent chow (Table 1).  In the Perna treated group, 3/18 (~17%) rats developed arthritic 

joints with an average paw size of 14.2 mm.  DMG treated animals also had a significant 

reduction in arthritic severity with 8/27 (~30%) of rats showing acute inflammation with 

an average paw size of 17.2 mm.  The combination of Perna and DMG showed beneficial 

effects with 2/9 (~22%) rats showing arthritic joints with an average paw size of 19 mm.   

In contrast, 14/24 (~58%) control treated animals showed severe joint inflammation with 

an average paw size of 19.5 mm.  Individually, both Perna and DMG significantly 

reduced paw swelling; however, the combination did not reduce swelling albeit it did 

reduce the incidence of CIA.  Additionally, the combination of Perna and DMG or DMG 

alone delayed CIA induction by almost 2 days as compared to the Perna-treated and 

controls groups.      

Perna and DMG reduced anti-collagen IgM antibodies in rats 

 Antibody responses to type II collagen were measured by ELISA on day 16 from 

Perna, DMG, Perna-DMG and control treated rats.  There was a significant difference in 

IgM titers between Perna treated (0.5 ± 0.15 O.D. units), DMG treated (0.4 ± 0.15 O.D. 
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units), Perna-DMG treated (0.6 ± 0.23 O.D. units) and control (0.89 ± 0.37 O.D. units) 

animals to type II collagen; however, no difference was noted in IgG subclass titers for 

any of the groups (Figure 4).  Additionally, IL-2 serum levels and IgM rheumatoid 

factors were also determined from the treatment groups with no differences observed 

(data not shown). 

Therapeutic administration of Perna ameliorated ongoing CIA in mice 

     Our first experiments demonstrated the prophylactic effects of Perna and DMG on rat 

CIA.  In a follow-up experiment, we analyzed the possible therapeutic effects of these 

compounds in a mouse model of CIA.  In these studies, mice were first immunized with 

type II collagen and followed for induction of arthritis.  As mice developed disease (score 

>1), they were randomized into three different treatment groups, Perna alone (n=12), 

DMG alone (n=12) and untreated controls (n=15).   

Mice were scored (0-3) twice daily for 107 days. One week prior to treatment 

initiation, the three groups were graded to ascertain an initial group average disease 

severity score.  All mouse groups, on day 10 after commencement of treatment, averaged 

a score of ~2.  By day 81, a 95% confidence interval test showed a significant difference 

between the severity scores of the Perna versus the DMG or control groups and the 

Kruskal-Wallis test showed a similar significant difference over the course of the entire 

experiment (Figure 5).  Sixty-one percent of control mice fed a standard rodent chow diet 

ended the study with an average score of 3 (most severe) indicating multiple locked and 

highly inflamed joints.  Similarly, 59% of mice that consumed DMG in their water ended 

the study with an average severity score of 3.  In contrast, only 20% of mice fed Perna 
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mixed with standard mouse chow ended the study with a disease score of 3.  The control 

group spiked at day 92 with an average score of 2.85 indicating that the majority of the 

mice in this group had multiple joint involvement.  These mice exhibited severe swelling 

and edema and usually all four limbs were significantly inflamed.  By the end of the 

study, the control group had dropped slightly with an average severity score of 2.63.  The 

DMG group was similar to the control group except they spiked much earlier (day 52), 

with an average score of 2.9 and ended the study with an average score of 2.71.  In 

contrast, the Perna treated group peaked at day 40 with an average score of 2.4.  

However, by day 107, the average group severity score of the Perna group was markedly 

reduced to 1.42.  In the Perna fed group, a reversal of inflammation occurred by the end 

of the study with one animal completely free of disease and eight others showing only 

mild limb swelling.  Additionally, control mice that were simultaneously fed the same 

experimental diets as the CIA groups, but were not immunized with type II collagen did 

not show any overt signs of toxicity or paw inflammation for up to 172 days. 

DMG and Perna did not alter T and B cell ratios 

On day 107, splenocytes from all three mouse treatment groups were stained with 

anti-CD4, CD8 and CD45/B220 for flow cytometric analysis.  Following arthritic 

induction, CD4
 
and CD8 T and B cell frequencies were mostly unaffected by either of the 

two treatments (Table 2).  Although some treatment group data were statistically different 

from the control group, the biological relevance of these very small changes is unclear.  

Additionally, absolute counts of total splenic T and B cells were unchanged among all 

groups (data not shown). 
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Discussion 

 In this paper, we examined the prophylactic and therapeutic effects of the 

immunomodulators Perna and DMG in two separate animal models of inflammation, rat 

and mouse CIA.  We observed differing results, in particular with regards to the effects of 

DMG, depending upon which animal model was used.  For example, in rats DMG 

showed a protective effect; however, in mice DMG appeared ineffective as a therapeutic 

agent.  Perna, on the other hand, was shown to be very beneficial in both animal models.  

The beneficial effects of Perna were associated with reductions in anti-collagen antibody 

levels, pro-inflammatory cytokine production, superoxide release, and amelioration of 

established CIA.   

 The mechanism(s) by which DMG acts in these animals is still unknown and may 

be, as suggested here, species specific.  In support of this idea, humans [9] and rabbits 

[10] both show increased humoral and cellular immune responses following DMG 

administration.  In contrast, however, it was reported that virus neutralizing antibody 

levels to an inactivated feline virus vaccine showed reduced levels of anti-viral 

antibodies, as well as interferon activity following DMG treatment [11].  In contrast, we 

found that DMG acted negatively on the immune response in rats, thus decreasing the 

severity and incidence of CIA.  But, in mice, DMG had no appreciable effect in the 

arthritic model.    Therefore, similar to the cat study, DMG may cause an overall 

reduction in anti-collagen antibodies resulting in reduced CIA severity and incidence as is 

the case with rats.  It has previously been suggested that low-affinity antibodies to 

collagen are necessary for CIA pathogenesis in rats [23],  thus DMG may inhibit 
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production of these pathologic antibodies.  In total, these data suggest species specific 

responses to DMG, and depending upon the desired clinical outcome, one has to carefully 

assess how DMG may interact with the immune system of a given species.  Alternatively, 

the species differences could be related to the fact that Wistar rats are outbred while 

DBAJ/1 mice are inbred.  Of note, humans with RA and osteoarthritis treated with a 

combination of DMG and Perna have reported beneficial effects (unpublished data).  

These data, although anecdotal, suggest that DMG either acts synergistically with Perna 

or the anti-inflammatory effects of Perna mask the unknown stimulatory effects of DMG.  

Due to the apparent species specific effects of DMG, further studies in humans 

addressing this matter appear warranted.     

 It was previously noted in New Zealand that native Maori tribes who lived in 

close proximity to the sea had a greatly reduced incidence of arthritis in comparison to 

other Maori that lived in the interior area of the country [24].  Diets were found to be 

similar except that coastal tribes consumed much higher quantities of the green-lipped 

mussel Perna canaliculus.    Here, we report a consistent significant reduction in arthritic 

inflammation when rats or mice were treated prophylactically or therapeutically with 

Perna.  Our results are supported by several other groups detailing reduced inflammation 

in Perna treated arthritic dogs [25, 26], arthritic humans [27-29], and carrageenan-

induced rat paw edema [12, 30].  This anti-inflammatory effect has been attributed to 

several factors, one of which is a reduction in the biosynthesis of the proinflammatory 

prostaglandins.  It was reported that green-lipped mussel powder increased the gestation 

period of rats, suggesting that Perna contains active inhibitors of prostaglandin 

production [15].  Work with the lipid fraction of Perna has also been associated with high 
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levels of anti-inflammatory activity due to the presence of omega-3 polyunsaturated fatty 

acids [16], which block arachidonic metabolism by the cyclooxygenase (COX) and 

lipoxygenase pathways.  Indeed, our laboratory recently reported that several extracts of 

Perna could potently block the activity of both the COX-1 and COX-2 enzymes in a 

dose-dependent manner [13].  This blockade in the COX pathways was also associated 

with marked reductions in several proinflammatory cytokines such as IL-1, IL-2, IL-6 

and TNF-α.  We confirm here a dose-dependent reduction in TNF-α production from 

stimulated monocytes, as well as a reduction in neutrophil burst activity.  The disease-

promoting role of TNF-α in RA has been well established [31, 32] as it appears to 

directly regulate the proinflammatory network, and agents which reduce levels of 

systemic TNF-α are already in the clinic [33, 34] or are actively being investigated.  

TNF-α and both types of the TNF-αR  are easily detectable in synovial fluid as either 

protein [35-37] or mRNA [38, 39] and numerous reports have demonstrated worsening of 

CIA following treatment with TNF-α [40, 41], whereas administration of anti-TNF-α 

antibodies [42-44] or IgG-TNF-receptor fusion proteins [45, 46] blocked development 

and ameliorated disease.   

  It has also been suggested that green-lipped mussel powder is non-gastrotoxic 

[16, 18], and preferentially blocks the proinflammatory COX-2 enzyme over the more 

physiologically important COX-1 enzyme, thus perhaps making Perna safer than 

NSAIDs.  On the other hand, extensive disruption of the ratio of COX-1 to COX-2 

activity may be involved with cardiovascular abnormalities [47].  Our data, however, 

indicated that both enzymes systems were inhibited, albeit COX-2 activity was more 

effectively reduced than COX-1 (13).        
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We also previously (13, 14) developed bioassays to determine whether Perna 

modulated either or both antibody and inflammatory cytokine production. Extracts of 

Perna canaliculus derived from Tween-20, acid, or ethanol treatment were shown to 

significantly decrease the production of TNF-α, IL-1, IL-2, and IL-6 as well as 

hybridoma antibody production.  Cytokine decreases ranged from ~48% in the case of 

TNF-α to ~10% in the case of IL-1. These inhibitory effects, including the smaller 

percentage changes noted with IL-1, were abolished following treatment of the various 

extracts with several proteolytic enzymes.  Miller et al., also found that Perna harbored 

an anti-inflammatory component susceptible to proteolysis and both ethanol and lipid 

extracts of Perna were no longer effective, after protease treatment, in inhibiting 

inflammation associated with injection of carrageenan and thought to be mediated by 

inflammatory cytokines, especially TNF-α [12]. These decreases in the levels of 

inflammatory cytokines demonstrated in the bioassays support the present work and may 

help explain the delayed onset of arthritis in CIA rats or even the reversal of 

inflammation observed in the CIA Perna-treated mice. 

Conclusions 

 Overall, we demonstrated significant immunomodulatory effects of DMG and in 

particular Perna.  As many inflammatory and autoimmune diseases, such as RA, Crohn’s 

disease, psoriasis, ankylosing spondylitis and perhaps asthma, require abnormally high 

levels of TNF-α for pathogenesis, interference in its production by nontoxic natural 

compounds such as Perna and DMG may likely prove beneficial.           
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Rheumatoid arthritis (RA) 

Collagen-induced arthritis (CIA) 

N,N-dimethylglycine (DMG) 
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Interferon-� (IFN-�) 
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Room temperature (RT) 
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Cyclooxygenase (COX) 

 

 

 

 



 19

Competing Interests 

No author has any financial competing interests in the interpretation of these data. 

 

Authors Contributions 

BRL participated in the design of the study, carried out the mouse and in vitro 

experiments, and drafted the manuscript; SMB participated in the design of the study and 

carried out the rat experiments; JFW participated in the design of the study and carried 

out FACS experiments; PD conducted neutrophil experiments; JWL participated in the 

design of the study, helped draft the manuscript, and obtained support for this research.  

All authors read and approved the final manuscript.  

 

Acknowledgements 

The authors would like to thank Adena Therrien for editorial assistance, Melanie 

DeCock and David Little for technical help, and Michael D. Wilson for statistical advice.  

Special thanks to Roger Kendall for critical evaluation of the manuscript and for 

providing several of the necessary reagents.   

 

 

 

 

 



 20

References 

1. Schroder K, Hertzog PJ, Ravasi T, Hume DA: Interferon-gamma: an overview 

of signals, mechanisms and functions. J Leukoc Biol 2004, 75:163-189. 

2. Hill N, Sarvetnick N: Cytokines: promoters and dampeners of autoimmunity. 

Curr Opin Immunol 2002, 14:791-797. 

3. Bach JF: Cytokine-based immunomodulation of autoimmune diseases: an 

overview. Transplant Proc 1996, 28:3023-3025. 

4. De Maeyer-Guignard J, De Maeyer E: Immunomodulation by interferons: 

recent developments. Interferon 1985, 6:69-91. 

5. Szekeres-Bartho J, Barakonyi A, Par G, Polgar B, Palkovics T, Szereday L: 

Progesterone as an immunomodulatory molecule. Int Immunopharmacol 2001, 

1:1037-1048. 

6. Abo-Zena RA, Horwitz ME: Immunomodulation in stem-cell transplantation. 

Curr Opin Pharmacol 2002, 2:452-457. 

7. Roberts CW, Satoskar A, Alexander J: Sex steroids, pregnancy-associated 

hormones and immunity to parasitic infection. Parasitol Today 1996, 12:382-

388. 

8. Nizametidinova G: Effectiveness of calcium pangamate introduced into 

vaccinated and X-irradiated animals. Reports of the Kazan Veterinary Institute 

1972, 112:100-104. 

9. Graber CD, Goust JM, Glassman AD, Kendall R, Loadholt CB: 

Immunomodulating properties of dimethylglycine in humans. J Infect Dis 

1981, 143:101-105. 



 21

10. Reap EA, Lawson JW: Stimulation of the immune response by 

dimethylglycine, a nontoxic metabolite. J Lab Clin Med 1990, 115:481-486. 

11. Weiss RC: Immunologic responses in healthy random-source cats fed N,N-

dimethylglycine-supplemented diets. Am J Vet Res 1992, 53:829-833. 

12. Miller TE, Dodd J, Ormrod DJ, Geddes R: Anti-inflammatory activity of 

glycogen extracted from Perna canaliculus (NZ green-lipped mussel). Agents 

Actions 1993, 38 Spec No:C139-142. 

13. Mani S, Lawson JW: In vitro modulation of inflammatory cytokine and IgG 

levels by extracts of Perna canaliculus. BMC Complement Altern Med 2006, 

6:1. 

14. Mani S, Whitesides JF, Lawson JW: Use of Perna and Dimethylglycine (DMG) 

as immunotherapeutic agents in autoimmune diseases and melanoma. 

Critical Reviews in Biomedical Engineering 2000, 25:405. 

15. Miller TE, Wu H: In vivo evidence for prostaglandin inhibitory activity in 

New Zealand green-lipped mussel extract. The New Zealand Medical Journal 

1984, 97:355-357. 

16. Halpern GM: Anti-inflammatory effects of a stabilized lipid extract of Perna 

canaliculus (Lyprinol). Allerg Immunol (Paris) 2000, 32:272-278. 

17. Kosuge T, Tsuji K, Ishida H, Yamaguchi T: Isolation of an anti-histaminic 

substance from green-lipped mussel (Perna canaliculus). Chem Pharm Bull 

(Tokyo) 1986, 34:4825-4828. 

18. Hariganesh K, Prathiba J: Effect of dimethylglycine on gastric ulcers in rats. J 

Pharm Pharmacol 2000, 52:1519-1522. 



 22

19. Kannan K, Ortmann RA, Kimpel D: Animal models of rheumatoid arthritis 

and their relevance to human disease. Pathophysiology 2005, 12:167-181. 

20. Brand DD, Kang AH, Rosloniec EF: Immunopathogenesis of collagen arthritis. 

Springer Semin Immunopathol 2003, 25:3-18. 

21. Tan AS, Berridge MV: Superoxide produced by activated neutrophils 

efficiently reduces the tetrazolium salt, WST-1 to produce a soluble 

formazan: a simple colorimetric assay for measuring respiratory burst 

activation and for screening anti-inflammatory agents. J Immunol Methods 

2000, 238:59-68. 

22. Nordling C, Holmdahl R, Klareskog L: A monoclonal antiidiotypic antibody 

with rheumatoid factor activity defines a cross-reactive idiotope on murine 

anticollagen antibodies. J Immunol 1991, 146:4258-4263. 

23. Ulmansky R, Naparstek Y: Immunoglobulins from rats that are resistant to 

adjuvant arthritis suppress the disease in arthritis-susceptible rats. Eur J 

Immunol 1995, 25:952-957. 

24. Cobb CS, Ernst E: Systematic review of a marine nutriceutical supplement in 

clinical trials for arthritis: the effectiveness of the New Zealand green-lipped 

mussel Perna canaliculus. Clin Rheumatol 2006, 25:275-284. 

25. Bierer TL, Bui LM: Improvement of arthritic signs in dogs fed green-lipped 

mussel (Perna canaliculus). J Nutr 2002, 132:1634S-1636S. 

26. Bui LM, Bierer TL: Influenece of green-lipped mussels (Perna canaliculus) in 

alleviating signs of arthritis in dogs. Veterinary Therapeutics 2001, 2:101-111. 



 23

27. Caughey DE, Grigor RR, Caughey EB, Young P, Gow PJ, Stewart AW: Perna 

canaliculus in the treatment of rheumatoid arthritis. Eur J Rheumatol Inflamm 

1983, 6:197-200. 

28. Gibson RG, Gibson SL, Conway V, Chappell D: Perna canaliculus in the 

treatment of arthritis. Practitioner 1980, 224:955-960. 

29. Gibson SLMGaRG: The treatment of arthritis with a lipid extract of Perna 

canaliculus: a randomized trial. Complimentary Therapies in Medicine 1998, 

6:122. 

30. Miller TE, Ormrod D: The anti-inflammatory activity of Perna canaliculus 

(NZ green lipped mussel). The New Zealand Medical Journal 1980, 92:187-193. 

31. Feldmann M, Brennan FM, Maini RN: Role of cytokines in rheumatoid 

arthritis. Annu Rev Immunol 1996, 14:397-440. 

32. Feldmann M, Maini RN: Anti-TNF alpha therapy of rheumatoid arthritis: 

what have we learned? Annu Rev Immunol 2001, 19:163-196. 

33. Breedveld FC: [Tumour necrosis factor antagonists: infliximab, adalimumab 

and etanercept]. Ned Tijdschr Geneeskd 2005, 149:2273-2277. 

34. Macias I, Garcia-Perez S, Ruiz-Tudela M, Medina F, Chozas N, Giron-Gonzalez 

JA: Modification of pro- and antiinflammatory cytokines and vascular-

related molecules by tumor necrosis factor-a blockade in patients with 

rheumatoid arthritis. J Rheumatol 2005, 32:2102-2108. 

35. Di Giovine FS, Nuki G, Duff GW: Tumour necrosis factor in synovial 

exudates. Ann Rheum Dis 1988, 47:768-772. 



 24

36. Saxne T, Palladino MA, Jr., Heinegard D, Talal N, Wollheim FA: Detection of 

tumor necrosis factor alpha but not tumor necrosis factor beta in rheumatoid 

arthritis synovial fluid and serum. Arthritis Rheum 1988, 31:1041-1045. 

37. Brennan FM, Gibbons DL, Mitchell T, Cope AP, Maini RN, Feldmann M: 

Enhanced expression of tumor necrosis factor receptor mRNA and protein in 

mononuclear cells isolated from rheumatoid arthritis synovial joints. Eur J 

Immunol 1992, 22:1907-1912. 

38. Buchan G, Barrett K, Turner M, Chantry D, Maini RN, Feldmann M: 

Interleukin-1 and tumour necrosis factor mRNA expression in rheumatoid 

arthritis: prolonged production of IL-1 alpha. Clin Exp Immunol 1988, 

73:449-455. 

39. Firestein GS, Alvaro-Gracia JM, Maki R: Quantitative analysis of cytokine 

gene expression in rheumatoid arthritis. J Immunol 1990, 144:3347-3353. 

40. Cooper WO, Fava RA, Gates CA, Cremer MA, Townes AS: Acceleration of 

onset of collagen-induced arthritis by intra-articular injection of tumour 

necrosis factor or transforming growth factor-beta. Clin Exp Immunol 1992, 

89:244-250. 

41. Brahn E, Peacock DJ, Banquerigo ML, Liu DY: Effects of tumor necrosis factor 

alpha (TNF-alpha) on collagen arthritis. Lymphokine Cytokine Res 1992, 

11:253-256. 

42. Thorbecke GJ, Shah R, Leu CH, Kuruvilla AP, Hardison AM, Palladino MA: 

Involvement of endogenous tumor necrosis factor alpha and transforming 



 25

growth factor beta during induction of collagen type II arthritis in mice. Proc 

Natl Acad Sci U S A 1992, 89:7375-7379. 

43. Piguet PF, Grau GE, Vesin C, Loetscher H, Gentz R, Lesslauer W: Evolution of 

collagen arthritis in mice is arrested by treatment with anti-tumour necrosis 

factor (TNF) antibody or a recombinant soluble TNF receptor. Immunology 

1992, 77:510-514. 

44. Williams RO, Feldmann M, Maini RN: Anti-tumor necrosis factor ameliorates 

joint disease in murine collagen-induced arthritis. Proc Natl Acad Sci U S A 

1992, 89:9784-9788. 

45. Wooley PH, Dutcher J, Widmer MB, Gillis S: Influence of a recombinant 

human soluble tumor necrosis factor receptor FC fusion protein on type II 

collagen-induced arthritis in mice. J Immunol 1993, 151:6602-6607. 

46. Williams RO, Ghrayeb J, Feldmann M, Maini RN: Successful therapy of 

collagen-induced arthritis with TNF receptor-IgG fusion protein and 

combination with anti-CD4. Immunology 1995, 84:433-439. 

47. Mengle-Gaw LJ, Schwartz BD: Cyclooxygenase-2 inhibitors: promise or peril? 

Mediators Inflamm 2002, 11:275-286. 

 

 
 
 
 
 
 
 
 



 26

Legends to the Figures 

Figure 1.  DMG promotes IL-12p40 and TNF-α production by monocytes.  THP-1 

human monocytes were primed with IFN-γ (10 ng/ml) then stimulated with LPS (1 

µg/ml) in the presence of increasing concentrations of DMG.  TNF-α (panel A) and IL-

12p40 (panel B) concentrations were determined by ELISA.  * indicates a p-value <0.05. 

 

Figure 2.  Perna extract inhibits IL-12p40 and TNF-α production by monocytes.  THP-1 

human monocytes were primed with IFN-γ (10 ng/ml) then stimulated with LPS (1 

µg/ml) in the presence of increasing concentrations of Perna extract.  TNF-α (panel A) 

and IL-12p40 (panel B) concentrations were determined by ELISA.  * indicates a p-value 

<0.05. 

 

Figure 3.  Perna extract inhibits superoxide production and burst activity by neutrophils.  

Rat neutrophils were isolated from peripheral blood and stimulated with PMA (50 ng/ml) 

in the presence of increasing concentrations of Perna extract.  Percent inhibition was 

calculated by comparing Perna extracts with untreated cells.  * indicates a p-value <0.05. 

 

 



 27

Figure 4.  Perna and DMG reduce IgM (panel A), but not IgG (panel B) anti-type II 

collagen antibody levels.  Rats were untreated, treated with Perna, DMG, or the 

combination of the two.  Anti-collagen levels were analyzed from serum by ELISA.  * 

indicates a p-value <0.05. 

 

Figure 5.  Perna treatment ameliorated established CIA.  After CIA induction, mice were 

randomly assigned to Perna (red dotted line), DMG (black dashed line) or control (blue 

solid line) groups and scored twice daily for 107 days.  Scoring was based on the 

following criteria:  0, no pathology; 1, swelling in one limb; 2, moderate swelling in 

multiple limbs with joint locking; and 3, pronounced swelling in all four limbs with joint 

locking.  
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Table 1.  Effect of Perna and DMG on CIA in rats. 
 
 

Group Treatment 
(mg/kg/day) 

Incidence 
(%) 

Day of CIA Onset 
(day) 

Paw Size 
(mm) 

     
Control 

 
N/A 58.3 (14/24) 18.7 ± 1.6 19.5 ± 3.8 

Perna 
 

100 16.6 (3/18)a 19.5 ± 1.6 14.2 ± 0.7a 

DMG 
 

100 29.6 (8/27)a 20.4 ± 1.7 17.2 ± 3.0 

Perna + 
DMG 

 

100 + 100 22.2 (2/9)a 20.5 ± 0.5 19.0 ± 1.4 

 
Rats were treated as indicated and incidence, onset and average paw size were 
determined.  Numbers are given as mean ± s.e.m.  a indicates p<0.05 compared 
to controls.   
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Table 2.  Effect of Perna and DMG on T and B cell populations following 
CIA induction. 
 
 

Groups Control 
(%) 

Perna 
(%) 

DMG 
(%) 

    
CD4+ 

 
24.6 ± 1.1 27.5 ± 1.3a 22.1 ± 1.3 

CD8+ 
 

10.4 ± 0.6 10.3 ± 0.8 8.0 ± 0.8a 

CD45R/B220 
 

47.8 ± 1.1 51.0 ± 1.3a 54.0 ± 1.3a 

 
Following CIA induction, mice were treated as indicated and the percentage of 
splenic T and B cells was determined.  Numbers are given as percentages 
(mean ± s.e.m.).  a indicates p<0.05 compared to controls. 
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