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Summary 
Rheumatoid arthritis (RA) and its animal model adjuvant arthritis 
(AA) are inflammatory diseases characterized by chronic 
inflammation, systemic oxidative stress and disturbed 
mitochondrial bioenergetics of skeletal muscle. The present study 
aimed to evaluate the effects of coenzyme Q10 – CoQ10 
(100 mg/kg b.w.), omega-3-polyunsaturated fatty acids –  
ω-3-PUFA (400 mg/kg b.w.) and their combined treatment in AA 
on impaired skeletal muscle mitochondrial bioenergetics, 
inflammation and changes in levels CoQ9 and CoQ10 in plasma. 
Markers of inflammation (C-reactive protein, monocyte-
chemotactic protein-1), antioxidant capacity of plasma, 
respiratory chain parameters of skeletal muscle mitochondria and 
concentrations of CoQ9 and CoQ10 in plasma and in muscle tissue 
were estimated. Treatment of the arthritic rats with CoQ10,  
ω-3-PUFA alone and in combination partially reduced markers of 
inflammation and increased antioxidant capacity of plasma, 
significantly increased concentrations of coenzyme Q in 
mitochondria and improved mitochondrial function in the skeletal 
muscle. Combined treatment has similar effect on the 
mitochondrial function as monotherapies; however, it has 
affected inflammation and antioxidant status more intensively 
than monotherapies. Long-term supplementary administration of 
coenzyme Q10 and ω-3-PUFA and especially their combination is 
able to restore the impaired mitochondrial bioenergetics and 
antioxidant status in AA. 
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Introduction 
 

Rheumatoid arthritis (RA) and its animal model 
– adjuvant arthritis (AA) are inflammatory diseases 
characterized by chronic inflammation, systemic 
oxidative stress and joint degeneration. The secondary 
deterioration of bone quality in RA – are mostly 
associated with structural changes to collagen, altered 
bone turnover, increased cortical porosity and damage to 
the trabecular and cortical microarchitecture (Zofkova 
and Nemcikova 2018). Alterations of mitochondrial 
function have an important role in inflammatory diseases. 
Mitochondria play a central role in ATP formation in the 
respiratory chain and in maintaining of redox 
homeostasis. Mitochondria are the major producers, but 
also targets of reactive oxygen species (ROS) in the cell. 
Oxidative damage of mitochondria may lead to the 
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dysfunction of the respiratory chain, which further 
increases ROS formation. Oxidative stress processes are 
activated under pathological conditions and mitochondria 
are exposed also to reactive nitrogen species (Kohutiar  
et al. 2018). Thus, mitochondrial dysfunction can 
contribute to the development and pathogenesis of 
inflammatory human diseases (Lopez-Armada et al. 
2013). The therapy of RA is an actual problem in clinical 
rheumatology due to the toxicity and side effects of 
antirheumatic drugs, therefore new treatment options are 
being sought (Tawfik 2015). Preservation of 
mitochondrial function can suppress oxidative stress and 
may represent a novel therapeutic approach in patients 

with inflammatory diseases. Weakness and muscle 
atrophy are the most common symptoms in RA patients 
(Miro et al. 1996). Ultrastructural alterations including 
disturbances of myofibrils and mitochondria were 
observed in muscle bioptic samples from patients affected 
by RA (De Palma et al. 2000). Due to the unique 
properties, coenzyme Q10 (CoQ10) can serve as a useful 
adjuvant in the management of arthritis. CoQ10 is 
irreplaceable in mitochondrial bioenergetics (Fig. 1), it 
participates as a cofactor of dehydrogenases in the 
transport of electrons and protons as well as in ATP 
production (Crane and Navas 1997) and could be 
beneficial in treatment of muscle weakness and atrophy. 

 
 

 

 
 
Fig. 1. Localization of coenzyme Q in 
mitochondrial respiratory chain. With 
permission of Gvozdjakova A. (Editor), 
Mitochondrial Medicine. Mitochondrial 
metabolism, diagnosis and therapy. 
Springer, 2008 (Gvozdjakova 2008). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

As in Figure 1 is shown, the respiratory chain 
(RC) located in the inner mitochondrial membrane is 
organized into five complexes (I, II, III, IV and V). The 
transport of electrons from NADH and FADH2 and 
production of electrochemical potential and proton 
gradients are necessary for synthesis of ATP. Electrons 
are carried out from complexes I and II to complex III by 
coenzyme Q (CoQ) which acts as a mobile component of 
RC. The special bioenergetic role of coenzyme Q action 
in the protonmotive Q-cycle has been described as 
a series of oxidation and reduction reactions of ubiquinol 
– ubiquinone (reduced – oxidized form of CoQ), (Mitchel 

1991). Coenzyme Q (CoQ, ubiquinone) is the only 
lipophilic antioxidant to be biosynthesized, the main form 
in humans is coenzyme Q10 (CoQ10), but in rat’s 
coenzyme Q9 (CoQ9). Antiarthritic, antioxidant and 
antiinflammatory effects of CoQ10 were found in animal 
studies (Bauerova et al. 2005, Lee et al. 2013, Udhaya 
Lavinya et al. 2016, Li et al. 2017) and in RA patients 
(Abdollahzad et al. 2015). In our study with 
Fatsiphloginum and methotrexate we have shown the 
therapeutic advantage of combination therapy over 
monotherapy (Tsiklauri et al. 2019). Beneficial effect of 
CoQ10 in combination with methotrexate (MTX) was 
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proved in adjuvant-induced arthritis when it suppressed 
arthritic progression in rats more effectively than MTX 
alone (Bauerova et al. 2010). Antiinflammatory and 
immunomodulatory activities for polyunsaturated  
ω-3 fatty acids (ω-3-PUFA) in RA have been 
demonstrated (Gioxari et al. 2018). The antiinflammatory 
properties of ω-3-PUFA are attributed to their 
interactions with the main inflammatory signaling 
pathways, suppressive effect on cytokines, prostaglandins 
and leukotriene formation. The regular dietary intake of 
ω-3-PUFA may improve the quality of life in patients 
with RA, however, further investigations are required 
(Lorente-Cebrian et al. 2015). 

The purpose of this study was, to investigate  
in vivo effects of CoQ10, ω-3-PUFA and their combined 
treatment on skeletal muscle mitochondrial bioenergetics 
and antioxidant status in rat adjuvant arthritis, which 
according to our current knowledge, have not been 
studied yet. The markers of inflammation C-reactive 
protein (CRP) and monocyte-chemotactic protein-1 
(MCP-1), concentrations of CoQ9, CoQ10 and antioxidant 
capacity of (AC) plasma were also evaluated. 
 
Materials and Methods 
 
Laboratory animals 

Male Lewis rats were obtained from the 
Breeding Farm Dobra Voda (Slovakia) and housed five 
per cage under standard conditions with food and water 
ad libitum and a 12-hour-light/12-hour-dark cycle. The 
experimental protocol was approved by the Ethics 
Committee of Centre of Experimental Medicine of The 
Slovak Academy of Sciences (3144/16-221/3) and by the 
Slovak State Veterinary and Food Administration in 
accordance with the European Convention for the 
Protection of Vertebrate Animals Used for Experimental 
and Other Scientific Purposes, and was also in 
accordance with Slovak legislation. 
 
Induction of adjuvant arthritis 

Adjuvant arthritis (AA) was induced to male 
Lewis rats weighing 160-180 g by a single intradermal 
injection of 0.1 ml suspension of heat-inactivated 
Mycobacterium butyricum (Difco Laboratories, Detroit, 
MI, USA) in incomplete Freund’s adjuvant at the base of 
the tail. The induction of AA and animal care was 
performed according to our previously published study 
(Slovak et al. 2017). 
 

Experimental design and treatments 
Rats were randomized into five groups in one 

experiment: a control group of animals (HC); a group of 
animals with adjuvant arthritis (AA); a group of animals 
with AA, which was administered 100 mg/kg CoQ10 
(liquid liposomal CoQ10 – LiQSorb®, Tishcon Corp, 
USA) daily (AA-Q); a group of animals with AA, which 
was administered 400 mg/kg ω-3-PUFA daily (AA-ω); 
and a group of animals with AA, which was administered 
CoQ10 and ω-3-PUFA in the same doses and regimens as 
in monotherapy (AA-MIX). In each group, eight animals 
were used. The substances were administered orally by 
gavage during the whole experiment starting on first 
experimental day (induction of AA). On day 28, the 
animals were sacrificed under Zoletil/Xylazine anesthesia 
and blood for plasma preparations was withdrawn along 
with the skeletal muscles from each rat. All samples were 
stored at -80 °C until biochemical analysis. 
 
Isolation of mitochondria 

Mitochondria from hind paw skeletal muscle 
tissue were isolated by means of differential 
centrifugation according to slightly modified methods 
(Palmer et al. 1977, Koves et al. 2005). Tissue was 
minced and homogenized in the isolation medium 
containing 180 mM KCl, 4 mM EDTA, 20 mM Tris and 
0.1 % of bovine serum albumin using a teflon-to-glass 
homogenizer at 4 °C. Protease type VIII (Sigma- Aldrich) 
in the dose 2.5 mg/g of the tissue was added into the 
isolation solution during mixing for 20 min. The 
homogenate was filtered through double-layered gauze 
and centrifuged at 700× g for 10 min. The supernatant 
was decanted and centrifuged twice at 5600× g for 
10 min. The mitochondrial pellet was washed in isolation 
solution without albumin. The resulting pellet was 
resuspended in the same medium. All procedures were 
performed at 4 °C. Mitochondrial proteins were estimated 
by the method of Lowry (1951), the yields were  
20-30 mg/1 ml suspension. 
 
Markers of inflammation and antioxidant capacity of 
plasma 

Markers of inflammation, such as C-reactive 
protein (CRP) and monocyte chemotactic protein-1 
(MCP-1) were measured by ELISA. CRP was calculated 
in μg/ml, MCP-1 in pg/ml. For the determination of 
MCP-1 concentrations in plasma, an ELISA kit from 
eBioscience® (Waltham, MA, USA) was used. For the 
determination of plasmatic concentrations of interleukin 
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CRP, an ELISA kit from R&D Systems Quantikine® 
(Minneapolis, MN, USA) was used. The assay 
procedures were applied as described in the product 
manuals. The results were calculated from the standard 
calibration curves on internal standards. Antioxidant 
capacity in plasma was determined using the Randox 
Total Antioxidant kit with colorimetric detection at 
600 nm and calculated in mmol/l according to the 
manufacturer instructions. 
 
Measurement of mitochondrial function 

Respiratory function of mitochondria was 
determined at 30 °C by amperometric monitoring of 
oxygen consumption on an oxygraph Gilson 5/6 H 
(France) equipped with a Clark-type oxygen electrode. 
The incubation medium was prepared as described by 
(Rouslin and Millard 1980) with a modification: 122 mM 
KCl, 3 mM KH2PO4, 0.5 mM EDTA, 12.5 mM HEPES, 
and 2 % dextrane. NAD-substrate pyruvate/malate (final 
concentrations 5+5 mM) and FAD-substrate succinate 
(final concentration 10 mM) with rotenone as complex I 
inhibitor were used. For assessing stimulated oxygen 
consumption, 500 nmol of ADP was added. The 
following parameters of mitochondrial oxidative 
phosphorylation (OXPHOS) were determined: the rate of 
oxygen uptake by the mitochondria stimulated with ADP 
– state 3 (S3) expresses the velocity of oxygen 
consumption by mitochondria in the presence of ADP 
and substrate; the rate of basal oxygen uptake by 
mitochondria without ADP – state 4 (S4) denotes how 
fast oxygen is used by mitochondria in the presence of 
substrate only; the oxidative phosphorylation rate (OPR) 
determines the rate of ATP generation in state 3; 
coefficient of oxidative phosphorylation (ADP:O) 
indicates the relationship between ATP synthesis and 
oxygen consumption; respiratory control ratio (RCR) – 
ratio of state 3 to state 4, represents the mitochondrial 
integrity (Estabrook 1967). 
 
Determination of coenzyme Q9 and Q10 in plasma, 
skeletal muscle mitochondria and skeletal muscle tissue 

Concentrations of CoQ9 and CoQ10 were 
measured by HPLC method, using isocrating pump 
Alpha 10 and variable wavelength detector Sapphire 
(both ECOM Ltd, Czech Rep.). Total CoQ9 and CoQ10 
concentrations (oxidized + reduced forms) in plasma 
were measured after oxidation with 1,4-benzoquinone 
(Merck), according to Mosca (2002). Plasma extraction 
was performed according to Lang (1986) with some 

modifications. Five-hundred microliters of plasma was 
supplemented with 100 μl 1,4-benzoquinone solution 
(2 mg/ml double distilled water) and vortexed for 10 s. 
After 10 min 2 ml of the mixture hexane/ethanol (5/2 v/v, 
Merck) was added, shaken for 5 min and centrifuged. The 
hexane layer was separated, and extraction procedure was 
repeated with 1 ml of the extraction mixture. Collected 
organic layers were evaporated under nitrogen at 50 °C. 
The residues were taken up in 99.9 % ethanol (Merck) 
and injected into Separon SGX C18 7 m 3×150 mm 
column (Tessek). Elution was performed with methanol/ 
acetonitrile/ethanol (6/2/2, v/v/v). Processing of 
mitochondrial suspension and tissue was similar (Lang  
et al. 1986). Mitochondrial suspension (50 μl) was 
extracted with an addition of 1 N hydrochloric acid and 
extraction mixture. Tissue (approx. 100 mg) was 
homogenized using an Ultra-Turrax in 1 ml of redistilled 
water with an addition of 50 μl of t-butylhydroxytoluene 
(BHT, 10 mg/1 ml of 99.9 % ethanol). Homogenate was 
extracted by hexane/ethanol mixture (5/2, v/v) with  
an addition of 1 ml of 0.1 M sodium dodecyl sulphate 
(SDS). Concentrations of CoQ9 and CoQ10 were detected 
spectrophotometrically at 275 nm, using external 
standards (Sigma) with three points calibration curves. 
Retention time for CoQ9 was about 13 min, for CoQ10 
20 min. Data were collected and processed using CSW 32 
chromatographic station (DataApex Ltd). Concentrations 
were calculated: in the plasma in μmol/l, in the 
mitochondria in nmol/mg of proteins, in the tissue in 
nmol/g wet weight. 
 
Statistical analyses 

Mean and SEM values were calculated for each 
parameter in each group (eight animals in each 
experimental group). Statistically significant differences 
among treated, untreated, and control groups were tested 
using parametric Analysis of Variance (ANOVA). Post 
hoc tests (Tukey-Kramer (ANOVA)) were applied in 
situations where differences among groups were 
significant at the level of significance α=0.05. After post 
hoc testing, the following significance levels were 
specified: extremely significant (p<0.001), very 
significant (p<0.01), significant (p<0.05), and not 
significant (p>0.05). The untreated arthritis group was 
compared with healthy control animals (*), the treated 
arthritis groups were compared with untreated arthritic 
animals (#). 
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Results 
 
Changes during of adjuvant arthritis (AA) 

Arthritic rats (AA-group) showed significantly 
increased markers of inflammation, arthritic score, CRP 
and MCP-1, and decreased antioxidant capacity (AC), 
(Table 1). Oxidative phosphorylation parameters of 
skeletal muscle mitochondria were reduced using both 
substrates – pyruvate/malate and succinate/rotenone, 
indicating damage to complexes I and II of mitochondrial 

respiratory chain (p<0.001), (Figs 2 and 3). Reduced 
parameters of mitochondrial oxidative phosphorylation 
were accompanied by decreased concentrations of 
coenzyme Q9 and coenzyme Q10 in mitochondria 
(p<0.05). Coenzyme Q concentrations in skeletal muscle 
tissue were not affected significantly in arthritic rats. 
Total CoQ9 in plasma was stimulated on day 28 of 
adjuvant arthritis, CoQ10-TOT concentration was not 
changed (Table 2). 

 
 
Table 1. Markers of inflammation and antioxidant capacity of plasma. 
 

 HC AA AA-Q AA-ω AA-MIX 

CRP in plasma (μg/ml) 457.4±21.3 602.2±10.7** 563.3±14.5 618.8±29.1 535.7±13.8 
MCP-1 in plasma (pg/ml) 1462±159 2925±389** 2539±144 2517±526 2481±236 
AC in plasma (mmol/l) 0.673±0.037 0.529±0.028* 0.562±0.033 0.565±0.044 0.626±0.048 
Arthritic score (points) 8±0 22.1±0.824*** 21.2±0.416 22.56±0.412 20.11±0.735 
 
CRP (C-reactive protein), MCP-1 (monocyte chemotactic protein, AC (antioxidant capacity) and arthritic score. Data are expressed as 
mean ± standard error of the mean. * p<0.05, ** p<0.01 and *** p<0.001 vs. HC. Number of rats in each group was 8. HC: healthy 
control group, AA: control arthritic animals, AA-Q: arthritic animals administered with CoQ10, AA-ω: arthritic animals administered with 
ω-3-polyunsaturated fatty acids, AA-mix: arthritic animals administered with CoQ10 and with ω-3-polyunsaturated fatty acids. 
 
 

 
 

Fig. 2. State 3 – ADP stimulated 
respiration of skeletal muscle 
mitochondria with pyruvate/malate and 
succinate/rotenone as a substrate. 
Data are expressed as 
mean ± standard error of the mean. 
*** p<0.001 vs. HC, ### p<0.001 vs. 
AA. Number of rats in each group was 
8. HC: healthy control group, AA: 
control arthritic animals, AA-Q: 
arthritic animals administered with 
CoQ10, AA-ω: arthritic animals 
administered with ω-3-polyunsatu-
rated fatty acids, AA-mix: arthritic 
animals administered with CoQ10 and 
with ω-3-polyunsaturated fatty acids. 
 

 

Fig. 3. State 4 – basal respiration of 
skeletal muscle mitochondria with 
pyruvate/malate and succinate/rote-
none as a substrate. Data are 
expressed as mean ± standard error 
of the mean. ** p<0.01 and 
*** p<0.001 vs. HC, ### p<0.001 vs. 
AA. Number of rats in each group 
was 8. Experimental groups see in 
Figure 2 legend. 
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Table 2. Coenzyme Q9 and Q10 concentrations in plasma, skeletal muscle mitochondria and tissue. 
 

 HC AA AA-Q AA-ω AA-MIX 

Plasma 

CoQ9-TOT 0.328±0.023 0.468±0.044* 0.237±0.016### 0.336±0.024# 0.243±0.021### 
CoQ10-TOT 0.031±0.004 0.027±0.003 0.804±0.069### 0.030±0.007 0.786±0.097### 

Mitochondria 

CoQ9-OX 3.28±0.138 2.67±0.128* 3.16±0.082 3.37±0.159## 3.26±0.121# 
CoQ10-OX 0.144±0.008 0.126±0.007* 0.149±0.004# 0.156±0.008## 0.152±0.007## 

Tissue 

CoQ9-OX 43.1±3.01 32.7±2.49 40.9±4.07 40.8±3.80 36.0±3.12 
CoQ10-OX 1.90±0.160 1.63±0.187 2.43±0.252 2.06±0.197 1.86±0.190 
 
Concentrations of CoQ9 and, CoQ10: plasma (in μmol/l), mitochondria (in nmol/mg of proteins), tissue (in nmol/g wet weight). Data are 
expressed as mean ± standard error of the mean. * p<0.05, vs. HC, # p<0.05, ## p<0.01, ### p<0.001 vs. AA. Number of rats in each 
group was 8. Experimental groups see in Table 1 legend. 
 
 
Effects of coenzyme Q10 treatment (AA-Q) 

Treatment of arthritic rats with CoQ10  
(AA-Q group) for 28 days slightly reduced markers of 
inflammation and increased AC, although not statistically 
significant (Table 1). Parameters of OXPHOS – 
stimulated mitochondrial respiration (State 3 – Fig. 2), 
basal respiration (State 4 – Fig. 3), rate of ATP gene-
ration, efficiency of OXPHOS (ADP:O – Fig. 5) and 
respiratory control ratio (RCR – Fig. 6) – were improved 
extremely significantly (p<0.001) in comparison to 
arthritic rats (AA), the effects were similar using both 
substrates (Fig. 2-6). Concentration of CoQ10-OX in 
mitochondria increased significantly, CoQ9-OX not 
significantly. Treatment with CoQ10 increased its 
concentrations in plasma extremely significantly (from 
0.031 to 0.804 μmol/l, p<0.001), demonstrating the high 

bioavailability of CoQ10 administered. Elevated 
concentration of CoQ9-TOT in plasma was corrected 
(Table 2). 

 
Effects of ω-3-PUFA treatment (AA-ω) 

Treatment with ω-3-PUFA (AA-ω) for 28 days 
partially corrected inflammatory markers and increased 
AC, however, the changes were not statistically 
significant (Table 1). Mitochondrial respiration and ATP 
generation in complexes I and II were improved 
extremely significantly by the treatment (p<0.001), 
(Fig. 2-6). Mitochondrial CoQ9-OX and CoQ10-OX 
concentrations were increased (Table 2). Tissue content 
of CoQ was not affected. Elevated CoQ9-TOT in plasma of 
AA rats was corrected by ω-3-PUFA treatment, similarly 
to control rats (Table 2). 

 
 

 

 
 
Fig. 4. OPR – oxidative phosphory-
lation rate of skeletal muscle 
mitochondria with pyruvate/malate and 
succinate/rotenone as a substrate. 
Data are expressed as 
mean ± standard error of the mean. 
***p<0.001 vs. HC, ### p<0.001 vs. 
AA. Number of rats in each group 
was 8. Experimental groups see in 
Figure 2 legend. 
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Fig. 5. ADP:O – coefficient of oxidative 
phosphorylation of skeletal muscle 
mitochondria with pyruvate/malate and 
succinate/rotenone as a substrate. Data 
are expressed as mean ± standard error 
of the mean. ** p<0.01 and 
*** p<0.001 vs. HC, ### p<0.001 vs. 
AA. The number of rats in each group 
was 8. Experimental groups see in 
Figure 2 legend. 
 
 
 
 

 

Fig. 6. RCR – respiratory control ratio 
(S3/S4) of skeletal muscle mitochon-
dria with pyruvate/malate and 
succinate/rotenone as a substrate. 
Data are expressed as 
mean ± standard error of the mean. 
*** p<0.001 vs. HC, ## p<0.01 and 
### p<0.001 vs. AA. Number of rats in 
each group was 8. Experimental 
groups see in Figure 2 legend. 
 
 

 
 
Effects of the combined treatment with CoQ10 and  
ω-3-PUFA (AA-MIX) 

Combined treatment with CoQ10 and ω-3-PUFA 
(AA-MIX) slightly decreased inflammatory markers. AC 
increased near to healthy controls, to the limit of 
statistical significance (p=0.121), (Table 1). Similarly, to 
the administration of substances alone, combination of 
CoQ10 and ω-3-PUFA stimulated function of skeletal 
muscle mitochondria in arthritic rats extremely 
significantly (p<0.001), (Fig. 2-6). Mitochondrial  
CoQ9-OX and CoQ10-OX concentrations were elevated in 
comparison to AA rats (p<0.05 and p<0.01, respectively), 
the values were comparable to controls (Table 2). Content 
of both forms of coenzyme Q in muscle tissue was not 
changed significantly in comparison to arthritic as well as 
to control rats. Bioavailability of CoQ10 was confirmed 
by its increased concentrations in plasma (from 0.031 to 
0.786 μmol/l, p<0.001), comparable to the rats treated 
with CoQ10 alone. MIX administration corrected  
CoQ9-TOT in plasma similarly as CoQ10 administration 
alone (p<0.001), (Table 2). 
 
 

Discussion 
 

Rheumatoid arthritis (RA) is a systemic 
inflammatory disease affecting about 1 % of the world´s 
population. Mitochondria have an important role in 
proinflammatory signaling, but on the other hand, 
proinflammatory mediators may alter mitochondrial 
function. These processes increase mitochondrial 
oxidative stress (OS) and impair cellular energy 
metabolism (Lopez-Armada et al. 2013, Balogh et al. 
2018, van der Woude et al. 2018) A current study 
unravels the changes in mitochondria of RA patients. 
Results depict dysfunction in basic mitochondrial 
activities, which may be a reason for abrupt functioning 
of immune cells, leading to autoimmunity in RA patients 
(Khanna et al. 2017). Similarly, in this experiment we 
have found significantly decreased ADP stimulated 
respiration, basal respiration and oxidative 
phosphorylation rate in AA. These respiratory parameters 
of skeletal muscle mitochondria were corrected by the 
treatment with CoQ10 and ω-3-PUFAs. The treatment not 
only improved the worsened parameters induced by 
arthritis but even elevated them in comparison to control 
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values. We assume that supplementation with CoQ10 
causes its incorporation into the respiratory chain and 
thus improves oxidative phosphorylation. Supplemen-
tation with ω-3-PUFA may contribute to the repair of 
mitochondrial membranes damaged by oxidative stress. 

Deficient antioxidant system contributes to OS 
that causes damage to lipids and proteins (Phull et al. 
2018). Adjuvant arthritis (AA) in rats was manifested 
with decreased superoxide dismutase (SOD) activity and 
antioxidant capacity, increased lipid peroxidation in 
serum and stimulated mitochondrial oxygen species 
(mtROS) generation in mitochondria, leading to the loss 
of mitochondrial membrane potential and mitochondrial 
dysfunction in fibroblasts-like synoviocytes isolated from 
synovial tissue (Zhang et al. 2016). Our results also 
showed a reduced total antioxidant status in plasma of 
arthritic rats (Table 1) in spite of increased concentration 
of total CoQ9 in plasma (Table 2) which is regarded as 
a protective response against oxidative damage in the 
state of increased generation of free radicals associated 
with arthritis and was found also in experimental model 
of diabetes mellitus (Kucharska et al. 2000). 

In our experiment we showed the ability of 
CoQ10 and ω-3-PUFA to improve the mitochondrial 
dysfunction caused by inflammatory processes in AA. 
Coenzyme Q10 as an essential component of respiratory 
chain plays an important role in mitochondrial 
bioenergetics and reducing mitochondrial OS. Previously 
we found deficit of coenzyme Q in heart and liver 
mitochondria in rats with streptozotocin-induced 
diabetes, which is associated with OS and increased lipid 
peroxidation similarly to inflammatory processes 
(Kucharska et al. 2000). Another study showed that 
administration of CoQ10 in combination with ω-3-PUFA 
prevented the decrease of respiratory chain function in 
brain mitochondria of streptozotocin-induced diabetic rats 
(Sumbalova et al. 2005). CoQ10 alone did not improve 
ATP production in diabetic rats despite its increased 
concentration in brain mitochondria. Beneficial effect of 
CoQ10 supplementation on inflammatory cytokines and 
OS in RA patients was reported (Abdollahzad et al. 
2015). Results from human studies suggest that a high 
content of ω-3-PUFAs in the diet could have a protective 
role for incidence of RA and could also represent 
a promising therapeutic option (Navarini et al. 2017). 
Antiinflammatory and immunomodulatory activities for 
ω-3-PUFA have been demonstrated in meta-analysis 
study of 20 randomised controlled trials of RA patients. 
Consumption of ω-3 fatty acids was found to signifi-

cantly improve eight disease-activity-related markers 
(Gioxari et al. 2018). It is well established that ω-3-
PUFAs are substrates for synthesis of novel series of lipid 
mediators (e.g. resolvins, protectins, and maresins) with 
potent antiinflammatory and proresolving properties, 
which have been proposed to partly mediate the 
protective and beneficial actions of ω-3-PUFAs. The 
regular dietary intake of ω-3-PUFA may improve the 
quality of life in patients with RA (Lorente-Cebrian et al. 
2015). However, there are also fewer studies, in which  
ω-3-PUFA failed to improve the status of RA patients. In 
a double-blind, placebo-controlled and randomized study 
of alpha-linolenic acid administration, during 3 months 
the patients showed no improvement in assessed markers 
of RA (Nordstrom et al. 1995). Another double-blind, 
placebo-controlled study in RA patients did not show 
superior clinical benefit of daily nutrient supplementation 
with eicosapentanoic acid, gamma-linoleic acid and 
micronutrients at the doses tested as compared to placebo 
(Remans et al. 2004). In our study we found out that  
ω-3-PUFA treatment stimulated mitochondrial respiration 
and rapidity of ATP generation in skeletal muscle 
mitochondria of arthritic rats. The parameters were 
comparable to controls as well as to the treatment with 
CoQ10. Mechanisms of the ω-3-PUFA on mitochondrial 
function can include modulation of the mitochondrial 
membrane structure as well as metabolic gene regulation, 
independent of changes in structural membrane 
organization (Sullivan et al. 2018). Unsaturated fatty 
acids act as ligands for PPARs, a superfamily of nuclear 
transcription factors responsible for upregulating genes 
that influence mitochondria and peroxisome function. 
Although ω-3-PUFAs can increase ROS production 
within the inner mitochondrial membrane, they also 
increase antioxidant capacity and diminish inflammation 
(Giordano and Visoli 2014). Dietary ω-3-PUFAs induced 
favorable adaptations within skeletal muscle in older 
adults, decreased mitochondrial ROS production and 
increased muscle protein synthesis after exercise (Lalia  
et al. 2017). Increased mitochondrial coenzyme Q 
concentration found in our study following the treatment 
with ω-3-PUFA may result from intracellular antioxidant 
activities of ω-3-PUFA and positive modulation of 
mitochondrial membrane structure and function. The 
effects of combined treatment of arthritic rats with CoQ10 
and ω-3-PUFA on the parameters of oxidative 
phosphorylation did not differ significantly from the 
effects when administered alone. 

After 4 weeks of administration of CoQ10,  
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ω-3-PUFA and their combination, the parameters of 
mitochondrial bioenergetics were significantly improved. 
However, inflammatory markers and antioxidant capacity 
have been corrected only mildly. It is possible that, 
administration of these compounds few weeks before the 
disease induction (pre-treatment) will saturate the cells 
and mitochondrial membranes with CoQ10 and  
ω-3-PUFA, thus a better therapeutic effect could be 
achieved. 
 
Conclusions 
 

Antioxidant, antiinflammatory and immunomo-
dulatory properties of the administered substances 
together with improving bioenergetics of mitochondria 
may be involved in mechanisms of their beneficial effects 

in arthritis. We assume that long-term supplementary 
administration of coenzyme Q10 and ω-3-PUFAs as well 
as their simultaneous administration to patients with 
rheumatoid arthritis could be beneficial in terms of 
influencing the progression of the disease. 
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