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Abstract: Coenzyme Qjp (CoQjp) has an important role as an antioxidant. Being that oxidative
stress is one of the mechanisms involved in the pathogenesis of Parkinson’s disease (PD) and other
neurodegenerative diseases, several studies addressed the concentrations of CoQg in the different
tissues of patients with PD and other parkinsonian syndromes (PS), trying to elucidate their value as
a marker of these diseases. Other studies addressed the potential therapeutic role of CoQjg in PD
and PS. We underwent a systematic review and a meta-analysis of studies measuring tissue CoQ1g
concentrations which shows that, compared with controls, PD patients have decreased CoQ;g levels
in the cerebellar cortex, platelets, and lymphocytes, increased total and oxidized CoQj levels in
the cerebrospinal fluid and a non-significant trend toward decreased serum/plasma CoQg levels.
Patients with multiple system atrophy (MSA) showed decreased CoQj levels in the cerebellar cortex,
serum/plasma, cerebrospinal fluid, and skin fibroblasts. Patients with Lewy body dementia (LBD)
showed decreased cerebellar cortex CoQjg, and those with progressive supranuclear palsy (PSP) had
decreased CoQ) levels in the cerebrospinal fluid. A previous meta-analysis of studies addressing the
therapeutic effects of CoQjg in PD showed a lack of improvement in patients with early PD. Results
of the treatment with CoQ1 in PSP should be considered preliminary. The potential role of CoQjg
therapy in the MSA and selected groups of PD patients deserves future studies.

Keywords: coenzyme Qqg; tissue concentrations; therapeutics; Parkinson’s disease; multiple system
atrophy; progressive supranuclear palsy; Lewy body dementia

1. Introduction

Coenzyme Qjg (CoQqo, Figure 1), which is also known as ubiquinone, is a 1,4-
benzoquinone that is present in the majority of tissues in the human body. It is an important
component of the electron transport chain in the mitochondria, participating in the gen-
eration of cellular energy through oxidative phosphorylation. In tissues, CoQjy can be
present in three redox states: fully oxidized (ubiquinone), partially oxidized (semiquinone
or ubisemiquinone), and fully reduced (ubiquinol). Together with mitochondria, CoQ1g
is present in the endoplasmic reticulum, Golgi apparatus, lysosomes, and peroxisomes.
CoQp has important antioxidant actions (both by scavenging free radicals and by the
regeneration of other antioxidants, such as alpha-tocopherol or ascorbate acid), giving
protection to cells against oxidative stress processes [1,2].

Because oxidative stress is one of the most important pathogenetic mechanisms of
Parkinson’s disease (PD) and other neurodegenerative disorders [3,4], and because of the
role of CoQqg as an antioxidant, both the study of CoQ;j( concentrations in different tissues
of patients diagnosed with PD and/or other parkinsonian syndromes and the potential
therapeutic role of CoQ) in these diseases, have been the matter of several publications
over the last two decades. The aim of this systematic review and meta-analysis is to analyze
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the results of studies addressing the tissular concentrations of CoQ1g in patients diagnosed
with parkinsonian syndromes compared to healthy controls and the results of therapeutic
trials of CoQy in PD and other causes of parkinsonism.

o)

0 CHj

0 CHj
Figure 1. Chemical structure of coenzyme Q.

2. Methods
2.1. Search Strategy and Criteria for Eligibility of Studies

A literature search using several well-known databases (PubMed, EMBASE, Web
of Science (WOS) Main Collection) from 1966 until 4 May 2022, was performed. The
term “coenzyme Qjo” was crossed with “Parkinson’s disease” (356, 924, and 303 items
were found in PubMed, EMBASE, and WOS, respectively), “parkinsonism” (403, 183,
and 39 items were found in PubMed, EMBASE, and WOS, respectively), parkinsonian
syndromes (223, 7, and 6 items were found in PubMed, EMBASE, and WOS, respectively),
“multiple system atrophy” (36, 125, and 56 items were found in PubMed, EMBASE, and
WOS, respectively), “Lewy body dementia” (8, 39, and 10 items were found in PubMed,
EMBASE, and WOS, respectively), “Lewy body disease” (8, 62, and 24 items were found
in PubMed, EMBASE, and WOS, respectively), “progressive supranuclear palsy” (31, 66,
and 9 items were found in PubMed, EMBASE, and WOS, respectively), and “corticobasal
degeneration” (4, 28, and 5 items were found in PubMed, EMBASE, and WOS, respectively).
A total of 1054 references were retrieved by the whole search and examined one by one, and
then those that were strictly related to the proposed topics, without language restrictions,
were selected, excluding the duplicated articles and abstracts. The flowcharts for the
selection of eligible studies—following the PRISMA guidelines [5]—analyzing tissue CoQjy
concentrations in patients with several types of parkinsonian syndrome and controls, and
therapeutic trials with CoQ in parkinsonian syndromes, are plotted in Figure 2.

2.2. Selection of Studies and Methodology for the Meta-Analyses

Meta-analyses of those observational eligible studies that assessed the concentra-
tions of CoQqq in tissues were performed. The first author, year of publication, country,
study design, and quantitative measures were extracted, and the risk of bias was ana-
lyzed by using the Newcastle-Ottawa Scale [6]. Data from selected studies analyzing
the tissular concentrations of CoQj in patients diagnosed with PD compared to controls,
patients diagnosed with multiple system atrophy (MSA) compared to controls, and pa-
tients with Lewy body dementia (LBD), progressive supranuclear palsy (PSP), and cortical
basal degeneration (CBD) compared to healthy controls are summarized, respectively,
in Tables 1-3. The plasma/serum and CSF levels of coenzyme Q10 were converted to
nmol/mL, and brain tissue levels to pmol/mL, when necessary. The meta-analyses fol-
lowed the PRISMA [5] (Table S1) and MOOSE guidelines [7] (Table S2) and were carried out
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by using the R software package meta [8]. We applied the random-effects model because of
the high heterogeneity across studies, and we used the inverse variance method for the
meta-analytical procedure, the DerSimonian-Laird as an estimator for Tau?, the Jackson
method for the confidence interval of Tau? and Tau, and the Hedges’ g (bias-corrected
standardized mean difference). We calculated the statistical power to detect differences in
mean values (alpha = 0.05) for the pooled samples when stated in the text.
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Figure 2. PRISMA Flowchart for the studies assessing tissue concentrations of coenzyme Q10 in
parkinsonian syndromes, and for therapeutic trials with CoQ10 in parkinsonian syndromes.
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Table 1. Coenzyme Q10 Concentrations in Several Tissues from Parkinson’s Disease (PD) Patients
and Healthy Controls (HC).

PD Mean + SD

Difference in Means

Tissue Author, Year [Ref] Parameter PDN (Except % in *) HCN HC Mean + SD (95% C.L), p
Serum/plasma I‘me“ezz'g)gge[g‘fz etal, Total CoQy (nmol/L) 33 1157 + 344 31 1219 + 424 62%3_(3,;)1;3&?29;"
Buhmann et al., 2004 —460.00 (—729.67 to
o) Total CoQy (nmol/L) 40 990 £ 620 24 530 £ 290 005052, 0001
Sohmiya et al., 2004 [11] Total CoQio (nmol/L) 36 613.3 + 160 29 7487 + 224 135.40 (4011 0 230.69);
Bolner et al., 2006 [12] Total CoQy (nmol/L) 44 814.28 + 750.57 21 1004.24 + 772.58 1899 5(2‘)?})13'23 to
Gorgone et al., 2012 [13] Total CoQy (nmol/L) 82 713.49 + 187.64 60 871.01 + 16216 157-52 (930950‘10 217.09);
. , 24450 (—217.59 to
Kasai et al. 2016 [14] Total CoQyg (nmol/L) 20 740.8 + 377.2 18 985.3 +939.4 706.59); 0.290
Du et al., 2018 [15] Total CoQ1 (nmol/L) 30 1640.13 + 419.80 30 1838.58 =+ 481.41 1953-‘%?8%; 361_6998;0
TOTAL SERIES Total CoQy (nmol/L) 285 906.01 + 531.19 213 1025.65 =+ 592.90 Ra“d"‘;,‘ff(f‘;gfz model
Jlme“ezz'ggge[;‘fz etal,  Total CoQyy/cholesterol 33 5.03 £ 1.50 31 530 + 1.84 027 (=07 to 1.11);
Kasai et al. 2016 [14] Total CoQip/cholesterol 20 407 +1.84 18 592 +5.88 1.85 (*8-‘1*175“’ 4.17);
TOTAL SERIES Total CoQyo/cholesterol 53 467+ 1.69 49 5.53 + 3.80 Ra“d"‘;":fofelgt;‘ model
Sohmiya etal, 2004[11] % Oxidized/total CoQyp 36 47418 29 34409 ~130(~208 o ~0.57);
Gorgone etal., 2012 [13] % Oxidized/total CoQy 82 55+ 09 60 38+09 ~1.70 (200 to ~1.40);
TOTAL SERIES % Oxidized/total CoQso 118 5.26 + 1.29 89 3.67 409 Randor;ffof%cotes model
Sohmiya etal, 2004[11]  Oxidized CoQyo (nmol/L) 36 283+ 105 29 24.7 483 —3.60 ( Lo 1.18);
. , o 256.00 (—186.86 to
Kasai et al. 2016 [14] Oxidized CoQqg (nmol/L) 20 644.2 + 382.4 18 900.2 + 890.6 698.86); 0.249
Sohmiya etal, 2004[11]  Reduced CoQiq (nmol/L) 36 585 + 155 29 724 £ 219 139.00 (46,17 0 231.83);
Kasai et al. 2016 [14] Reduced CoQyo (nmol/L) 20 96.6 + 118.2 18 85.2 + 66.6 ‘1;'2492()7()7 57;12 to
. Total CoQ1o 13.10 (9.51 to 16.69);
Platelets Gotz et al., 2000 [16] (0g/10° plaiclets 20 80.6 + 5.9 19 937 + 5.1 s
n Reduced CoQo 10.00 (8.17 to 11.83);
Gotz et al., 2000 [16] (ng/10° platelety 20 103 424 19 203432 87
" ; Oxidized CoQ1o .
Gétz et al., 2000 [16] (na/10° platelets) 20 70.3 + 4.8 19 735+ 4.7 3.20 (0.07 to 6.33); 0.045
Gotz et al., 2000 [16] Reduced /oxidizedCoQuo 20 0.15 + 0.04 19 032 + 0.07 017013 t0 021);
Gétz et al., 2000 [16] Reduced/total CoQyg 20 0.11 + 0.02 19 021 + 0.03 010 (2-8%5‘1’ 0.12);
4 . 4 . = 0.0012-0.006
Lymphocytes Mischley etal, 2012 [17] % of pa\dne‘nt‘s Wlﬂl CoQuo 22 32-36% 88 8-9% (according to authors
eficiency data)
CSF Isobe etal, 2007 [18]  Oxidized CoQyo (nmol/L) 20 52+15 17 29+13 —2.30( St —1.35);
Isobe et al., 2007 [18] Reduced CoQyo (nmol/L) 20 0.7+ 0.6 17 0.8+ 0.7 010 (*g-gi’;o 0.53);
Isobe et al., 2007 [18] Oxidized/total CoQyg 20 0.803 = 0.179 17 0.682 = 0.204 ~0.12(70.25 0 0.0);
Compta et al., 2018 [19] Total CoQi (nmol/L) 15 5439 + 7.16 15 36.02 + 7.20 _—1?'33.30();_336.70%50
Brain
Striatum Hargreaves et al. 2008 Total CoQio 20 188.6 + 51.4 20 2143 + 64.3 25.70 (—11.56 to 62.96);
[20] (pmol/mg protein) 0.171
Substantia Hargreaves et al. 2008 Total CoQjg 17.10 (—15.59 to 49.79);
nigra [20] (pmol/mg protein) 8 102.9 £ 42.9 8 1200 £4.3 0.281
Cerebellum Hargreaves et al. 2008 Total CoQqo 17.20 (—6.23 to 40.63);
cortex [20] (pmol/mg protein) 2 107.1+34.3 2 1243 +47.1 0.147
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Table 1. Cont.

PD Mean + SD

Difference in Means

Tissue Author, Year [Ref] Parameter PDN (Except % in *) HCN HC Mean + SD (95% C.L), p
Schottlaender et al., Total CoQqo —2.06 (—65.95 to 24.75);
Eropi (pmoty s pbein) 7 262.47 + 28.84 37 241.87 + 57.70 0o
Total CoQuo 219.10 (—26.24 to
Barca et al., 2016 [22] (pmo) s mabein) 9 132.2 + 847 12 1131+ 7.16 o0 2ot
TOTAL SERIES ( Total CoQuo 41 139.14 + 64.49 74 18127 + 7820 ~ Random-effects model
pmol/mg protein) p = 0.03358
Cerebral Hargreaves et al. 2008 Total CoQjp 90.00 (42.55 to 137.45);
cortex [20] (pmol/mg protein) 13 128.6 & 614 13 218.6 +55.7 0.0007
Schottlaender et al., —16.63 (—102.09 to
ST, Total CoQip (pmol/mg) 7 276.02 + 71.37 37 259.39 + 107.09 e, 0007
TOTAL SERIES Total CoQy (pmol /mg) 20 180.20 + 99.89 50 24878 + 97.53 Ra“d"‘;':efof"iffg model
Skin Del Hoyo et al., 2010 —0.19 (—0.38 to 0.00);
fbon OS] Total CoQ1p/CS 20 1.16 £ 0.33 19 0.97 + 0.25 e
Del HOY‘[’Z% al., 2010 Reduced CoQy0/CS 20 041+ 0.16 19 034 +0.11 —0.07 (7001'%3 to 0.02);
Del H"y‘[’ﬁ al, 2010 Oxidized CoQ19/CS 20 0.75 + 0.26 19 0.63 +0.23 —012 (- 0.28 to 0.04)
Del Hoyo et al., 2010 Total CoQyp/mg protein 20 86.27 + 29.07 19 71.86 + 2638 —14.41 (—3245 t0 3.63);
23] 0114
Del Hoyo et al., 2010 Reduced 0.00 (—4.79 to 4.79);
B o o otein 20 24.50 + 7.38 19 2450 + 7.38 b
Del Hoyo et al., 2010 Oxidized —9.18 (—25.01 to 6.65);
Do CoOm) b o tein 20 56.49 + 25.20 19 47.31 + 2350 B
Del Hoyo et al., 2010 Oxidized CoQ1/Reduced 20 0.60 + 027 19 0.62 + 027 0.02 (—0.16 to 0.20);
23] 0Q10 0818
* Expressed in % of patients with CoQ1¢ defficiency.
Table 2. Coenzyme Q10 Concentrations in Several Tissues from Patients with Multisystem Atrophy
(MSA) and Healthy Controls (HC).
Tissue Author, Year [Ref] Parameter MI\SIA MSa é\/IDe an + HCN HC Mean & SD Diffg;(r)}ocecfﬂ)}\/’[’eans
Serum/plasma  Kasai et al. 2016 [14] Total CoQy (nmol/L) 18 503.2 + 222.6 18 985.3 + 939.4 392.10 (~70.34 to
854.54); 0.094
Mitsui et al., 2016 [24] Total CoQ1 (nmol/L) 44 590.71 + 254.82 39 833.95 + 664.69 24324 (2%%9250 458.39);
Du et al., 2018 [15] Total CoQ1 (nmol/L) 30 1640.13 + 419.80 30 1858.38 - 481.41 Zlféﬁ(gj;lgg&m
TOTAL SERIES Total CoQi (nmol/L) 92 933.40 + 583.47 87 1218.52 + 817.98 R““d"‘;‘ffof‘(’)%ff model
Kasai et al. 2016 [14] Total CoQy/cholesterol 18 3.04+ 123 18 592+ 5.88 2.88 (0.00 to 5.76); 0.050
Kasai et al. 2016 [14] Oxidized CoQ1o (nmol/L) 18 520.7 + 202.8 18 900.2 + 890.6 37315;‘_)0(2; et
Kasai et al. 2016 [14] Reduced CoQyo (nmol/L) 18 724 +34.1 18 85.2 = 66.6 12.80 (17.64 o 48.64);
CSF Compta et al., 2018 [19] Total CoQi (nmol/L) 20 26.63 £ 3.70 15 36.02 + 7.10 937 (361 to 13.13);
Brain
Cerebellum SCh"t;loafg‘&ﬁr] etal, Total CoQ (pmol/mg) 20 169.30 + 49.71 37 241.87 + 57.70 72.57 (41:94 t0 103.20);
Barca et al., 2016 [22] Total CoQig (pmol/mg) 12 68.1 + 10.03 12 1131+ 7.16 45.00 (330650*10 52.38);
TOTAL SERIES Total CoQy (pmol /mg) 2 131.35 + 63.47 49 21033 + 75.09 Ra“d";,“;egfg;;@m"del
Cerebral Schottlaender et al., —1.05 (—54.43 to 52.33);
coirebral | et Total CoQjg (pmol/mg) 20 260.4 + 70.22 37 259.39 + 107.09 Py
Cerebral .
cortex Barca et al., 2016 [22] Total CoQuo 10 2771 +29.73 9 2673 + 21.88 —9.80(~35.32t0 15.72);
s (nmol/mg protein) 0.429
occipital
. Total CoQuo —13.40 (—45.89 to
Striatum Barca et al., 2016 [22] (nme) s wvein) 7 2442 +27.16 7 230.8 + 28.62 S00) 0387
Skin Monzio Compagnoni Total CoQjo 17.39 (15.13 to 19.65);
fibroblasts etal., 2010 [25] (pg/mg protein) 14 2783+ 144 6 4522 4348 <0.001
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Table 3. Coenzyme Q10 Concentrations in Several Tissues from Patients with Lewy Body Dementia
(LBD), Progressive Supranuclear Palsy, and Cortical Basal Degeneration Compared with Healthy
Controls (HC).

Lewy Body Dementia (LBD)

Difference in Means

Tissue Author, Year [Ref] Parameter LBD N LBD Mean + SD HCN HC Mean + SD (95% C.L), p
Serum/plasma  Molina etal, 2002 [26]  Total CoQio (nmol/L) 18 960.6 + 359.1 20 1205.2 + 362.2 244.60 “384540 482.30);
Gironi et al. 2011 [27] Total CoQi (nmol/L) 7 645.17 + 290 66 622.12 + 227.14 72%.6(15.,7(5;2%5;41 to
TOTAL SERIES Total CoQ1 (nmol/L) 25 872.28 + 365.05 86 757.72 + 360.79 Ra“d"‘;':f&“(}; model:
Molina etal,, 2002[7]  Total CoQyo/cholesterol 18 467 £ 175 20 505+ 1.52 038 (=070 to 1.46);
Brain
Cerebellum SChO%IOafg‘f‘zﬁr] etal,  Total CoQyp (pmol/mg) 20 169.30 + 49.71 37 241.87 + 57.70 72.57 (41:94 t0 103.20);
oserebral SChogloafg‘[dzﬁr] etal,  Total CoQg (pmol/mg) 20 260.44 + 70.22 37 25939 410709 105 (73443105233
Progressive Supranuclear Palsy (PSP)
Tissue Author, Year [Ref] Parameter PSPN  PSPMean+SD HCN  HC Mean + SD Difff;;g}ocecff%ems
CSF Comptaetal, 2018 [19]  Total CoQiq (nmol/L) 10 47.67 + 4.05 15 36.02 + 7.10 ‘lléégl()j&gb?lto
Cortical Basal Degeneration (CBD)
TISSUE Author, Year [Ref] Parameter CBDN CBDMean+SD HCN  HCMean + SD Difff;;z}:ecfl‘f)}v;eans
Cerebellum SChOtéloafg‘fz‘ir] etal,  Total CoQjq (pmol/mg) 15 271.18 + 76.21 37 24187 £57.70  ~2931 (6831 109.69);

3. Results

3.1. Studies Assessing Tissular CoQ;y Concentrations
3.1.1. Parkinson’s Disease

Serum/Plasma

Matsubara et al. [28] reported decreased serum CoQqq levels in PD patients. However,
the comparison group was composed of patients with cerebral infarction instead of healthy
controls. The pooled results of the seven studies assessing the serum or plasma total
CoQq levels in PD patients compared with controls [9-15], did not show significant
differences in this value between the two groups (Table 1, Figure 3a), as was the case
with the two studies assessing the serum or plasma CoQ; corrected to cholesterol levels
(Table 1, Figure 3b) [9,14]. However, the serum/plasma oxidized CoQo/total CoQqq ratio
was found to be significantly higher in PD patients compared with controls in two of
these studies (Table 1, Figure 3c) [11,13]. Two studies showed a lack of differences in the
serum/plasma oxidized CoQjp and in the reduced CoQ;p concentrations between PD
patients and controls [11,14], although there were substantial differences in these values
between these studies.

Blood Cells

Two studies showed decreased CoQ1g concentrations in platelets [16] and lympho-
cytes [17], respectively, from patients with PD compared with healthy controls (Table 1).

Cerebrospinal Fluid (CSF)

According to two studies, PD patients showed increased total [18,19] and oxidized [18]
CSF CoQ; concentrations (Table 1).
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a
Experimental Control Standardised Mean Weight Weight
Study Total Mean SD Total Mean sD Difference SMD 95%-Cl (fixed) (random)
Jiménez-Jiménez et al, 2000 (7] 33 1157.00 344.0000 31 1219.00 424.0000 —— -0.16 [-065; 0.33] 13.7% 145%
Buhmann et al , 2004 [8] 40 99000 620.0000 24 530.00 290.0000 b ————s— 087 (034, 140] 118% 139%
Sohmiya et al, 2004 [9] 36 613.30 160.0000 29 748.70 224 0000 —0—7‘ -0.70 [-1.20,-020] 13.0% 14.3%
Boiner et al , 2006 [10] 44 81428 7505700 21 1004.24 772 5800 —_—T 025 [[077, 027] 121% 140%
Gorgone etal, 2012 (11] 82 713.49 187 6400 60 871.01 4621600 —"—f‘ 047 [081,-013] 289% 16.9%
Kasai et al 2016 [12] 20 74080 377.2000 18 98530 939 4000 % -0.34 [-098; 0.30] 8.0% 122%
Duetal, 2018 [13] 30 1640.13 419.8000 30 1838.58 484 4100 t 043 [0.94, 008] 126% 142%
Fixed effect model 285 213 <> -0.26 [-0.44; -0.08] 100.0% -
Random effects model — -0.22 [-0.58; 0.14] - 100.0%
Heterogeneity I° = 73%, - = 0.1714, p < 0.01
1 05 0 05 1
b
Experimental Control Standardised Mean Weight Weight
Study Total Mean SD Total Mean SD Difference SMD 95%-Cl (fixed) (random)
Jiménez-Jiménez et al., 2000 (7] 33 503 15000 31 530 18400 -0.16 [-065,033] 633% 63.3%
Kasai etal, 2016 [12] 20 4.07 1.8400 18 592 58800 043 [(1.07,022] 367% 36.7%
Fixed effect model 53 49 — -0.26 [-0.65; 0.13] 100.0% -
Random effects model ey -0.26 [-0.65; 0.13] - 100.0%
Heterogeneity. 1 = 0%, ©“ =0, p = 0.52 T T T 1
-1 0.5 0 05 1
<
Experimental Control Standardised Mean Weight Weight
Study Total Mean SD Total Mean sSD Difference SMD 95%-Cl (fixed) (random)
Sohmiya et al., 2004 [9] 36 470 1.8000 29 3.40 0.9000 {E 0.87 [0.36,139] 37.8% 48.7%
Gorgone et al., 2012 [11] 82 550 09000 60 3.80 0.9000 i 1.88 [1.48,228] 62.2% 51.3%
Fixed effect model 118 89 <> 1.50 [1.18; 1.81] 100.0% --
Random effects model -?- 1.39 [0.41; 2.37] - 100.0%

Heterogeneity: I° = 89%, t° = 0.4497, p < 0.01 ! ' 1

-2 -1 0 1 2

Figure 3. Meta-analyses of studies assessing serum/plasma total CoQjg levels [7-13], serum/plasma
CoQj corrected to cholesterol levels (b) [7,12], and serum/plasma oxidized CoQy/total CoQqq ratio
(c) in PD patients compared with controls [9,11].

Brain

The pooled data from three studies [20-22] showed decreased CoQ; levels in the
cerebellar cortex of PD patients in comparison with controls (Table 1, Figure 4), while
concentrations in the cerebral cortex [20,21], striatum [20], and substantia nigra [20] did not
differ significantly between the two groups (Table 1).

Experimental Control Standardised Mean Weight Weight
Study Total Mean SD Total Mean SD Difference SMD 95%-Cl (fixed) (random)
Hargreaves et al. 2008 [18] 25 107.10 343000 25 124.30 47.1000 041 [-097,0.15] 587%  36.0%
Schottlaender et al., 2016 [19] 7 262.47 28.8400 37 241.87 57.7000 037 [-044;118] 280%  339%
Barca et al., 2016 [20] 9 13220 84700 12 11310 7.1600 —*—— 237 [120,354] 134% 302%
Fixed effect model 41 74 4 0.18 [-0.25; 0.61] 100.0% -
Random effects model — 0.69 [-0.72; 2.10] - 100.0%

3 w2

Heterogeneity: I° = 89%, 1° = 1.3575, p < 0.01

Figure 4. Meta-analyses of studies assessing CoQj concentrations in the cerebellar cortex of PD
patients and controls [18-20].

Skin Fibroblasts

Del Hoyo et al. [23] reported similar CoQ1g concentrations in skin fibroblasts from PD
patients and controls (Table 1).

The pooled data from the three studies, addressing serum/plasma total CoQ;( con-
centrations [14,15,24], showed a decrease in this value in patients with MSA compared
with controls (Table 2, Figure 5). There have been reported decreased CoQ;( concentrations
in the CSF [19], cerebellum cortex [21,22], and skin fibroblasts [25] from MSA patients
(Table 2), although the pooled data from studies assessing cerebellum cortex CoQqg levels
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did not reach statistical significance. In contrast, the cerebral cortex [21,22] and striatum [21]
CoQqp levels were similar in MSA and controls (Table 2).

Study Total

Kasai etal. 2016 [12]
Mitsui et al., 2016 [22]
Duetal, 2018 [13]

Fixed effect model 92

Random effects model

18 593.20 222.6000
44 590.71 254.8200
30 1640.13 419.8000

Experimental Control

Mean SD Total Mean SD

18 985.30 939.4000
39 88395 664.6900
30 1858.38 481.4100

87

Heterogeneity. F=0% =0 p =095

Standardised Mean

-

s
T 1 1
05 0 05 1

-0.48 [-0.99; 0.04]

-0.55 [-0.85; -0.25] 100.0%
-0.55 [-0.85; -0.26]

Weight Weight

Difference SMD 95%-Cl (fixed) (random)
- = -056 [-1.23; 0.11] 201% 20.1%
—— -059 [-1.03,-0.15] 460%  46.0%

33.9% 33.9%

- 100.0%

Figure 5. Meta-analyses of studies assessing serum/plasma total CoQ1q levels, serum/plasma total

CoQqq concentrations in MSA patients and controls [12,13,22].

3.1.2. Other Parkinsonian Syndromes

The results of studies addressing CoQ1g concentrations in patients with other parkinso-
nian syndromes, compared with healthy controls, are summarized in Table 3. In summary,
patients with Lewy body dementia (DLB) showed similar CoQjy concentrations to those
of the control in serum/plasma [26,27], and in the cerebral cortex [21], but lower CoQ1g
concentrations in the cerebellum cortex [21]. Patients diagnosed with progressive supranu-
clear palsy (PSP) showed decreased CSF CoQqq levels [19], and patients with cortical basal
degeneration showed normal cerebral cortex CoQqq levels [21].

3.2. Studies Assessing Therapeutic Response to CoQ19 Administration
3.2.1. Parkinson’s Disease

The results of the 10 eligible studies addressing the therapeutic response of CoQ1g
administration in patients with PD [29-38] are summarized in Table 4. One of these
studies used an open-label design [29], while the others were randomized clinical placebo-
controlled trials [30]. CoQjp was generally well-tolerated, according to the four studies
assessing adverse effects [32-36]. Despite five of these studies showing a mild improvement
in motor scales in PD patients [30,31,35,36,38], three meta-analyses [39-41], one of them
including eight randomized clinical trials [41], concluded that CoQ1p was not superior to
the placebo in improving motor symptoms.

Table 4. Studies describing the effects of levodopa and dopamine agonists in patients with RBD.

Authors, Year [Ref]

Study Setting

Type of Study

Main Findings

Level of Evidence

(Quality Score)
10 patients diagnosed
with PD. Dosage of e  Lackof
Strijks et al., 1997 [29] 200 mg/day. Assessment 3 months improvement in PD 11 (NA)
of motor performance open-label study motor symptoms.
with UPDRS and
motor test.
Eighty subjects with early
PD not requiring
treatment for their e  Significantly lower
disability. Dosages of 300, Multicenter, increase in UPDRS
600, or 1200 mg/day randomized scores during
Evaluation with the arallel-orou follow-up in
Shults et al., 2002 [30]  UPDRS at the screening, P sroup, patients assigned to I (>50%)

baseline, and 1-, 4-, 8-,
12-, and 16-month visits.
Follow-up of 16 months
or until disability
requiring treatment
with levodopa.

placebo-controlled,
double-blind,
dosage-ranging trial.

CoQj therapy,
especially with the
highest doses.
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Table 4. Cont.

Level of Evidence

Authors, Year [Ref] Study Setting Type of Study Main Findings (Quality Score)
Mild symptomatic
Twenty-eight treated and benefit on I,)D
stable PD patients. Dosage M syn.lptoms o
of 360 mg/day for 4 weeks. onlcl) cle nter, patients assigned to
Miiller et al., 2003 [31] ~ Scoring of PD symptoms, p?ra el-group, COQlO.thel‘aPY- I (>50%)
and visual function using P acebo—C(.)ntrol.l ed, Better improvement
the Farnsworth-Munsell double-blind trial in FMT
100 Hue test (FMT). performance in
patients assigned to
CoQy therapy.
The primary
outcome measure
(change in total
UPDRS scores over
1 year) did not
Seventy-one untreated differ significantly
early PD patients assigned between the
to CoQ10 therapy 3 treatme.nt groups.
(2400 mg /day), 71 Changes in Hoehn
to GPI-1485, and 71 . & Yahr staging, and
to placebo. Randomlz.ed, Schwabb & Er}gland
NINDS NET-PD Measurement of change in doﬁ:’ le_bclllrfld’.l. sgale scores ,dld not o
Investigators 2007 [32]  total UPDRS scores and cat’ rated futility differ significantly 1(>50%)
subscores, Hoehn & Yahr d}nll cal between the
staging, and Schwabb & tra 3 treatment groups.
England scale scores, either CoQyo was
at the time requiring ‘I/)V:rli_e’;(\)tl;;tsegf. The
i}zlnl;pofgsa.tlc therapy or at withdrawal because
of adverse effects
were 8%, 11%, and
10%, respectively,
for CoQqo,
GPI-1485,
and placebo.
The mean changes
One hundred thirty-one of the sum UPDRS
patients with PD without parts II/1II score did
motor fluctuations and a not differ
stable significantly
antiparkinsonian treatment. between the placebo
Treatment with placebo or Multicenter and CoQqq groups
nanoparticular CoQj ran domizeci (—3.69 and —3.33)
(100 mg 3 times a day, double—blinc,i, No secondary
Storch et al., 2007 [33] equivalent to 1200 mg/day placebo-controlled, outcome measure I (>50%)
of standard formulation) stratified showed a
for 3 months. arallel- ’rou significant change
The stratification criterion Is)in lo- dgse ¢ E;l between the placebo
was levodopa treatment. & ’ group and the
Evaluation with the CoQqp group.
UPDRS (sum score of parts The frequency and

IT and III) at baseline, 1, 2,
and 3 months at each
visit monthly.

quality of adverse
events are similar
in both

treatment groups.
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Table 4. Cont.

Level of Evidence

Authors, Year [Ref] Study Setting Type of Study Main Findings (Quality Score)
Six hundred patients
diagnosed with PD (from
67 hospitals in the USA) At study
in the previou§ 5 years, termination, both
free of dopaminergic active treatment
therapy in the previous groups showed
3 months, with Hoehn & slight adverse
Yahr stage of 2.5 or less. trends relative
Two hundred were to placebo.
ia}gg:d ;(())(? t(z)QCu())éZOO Phase III randomized, Adjusted mean
Parkinson Study Group ) 4%0 my, /day and 201(;) to placebo-controlled, changes- ) I (>50%)
QE3 Investigators [34] lacebog Ally atients double-blind (worsening) in total ’
P - All patien clinical trial UPDRS scores from
were taking vitamin E baseline to final
1200 IU/ day. visit did not differ
Evaluation at 16 months between the 3 study
from baseline or until a groups.
disabili‘ty requiring Treatments were
dopaminergic treatment. well-tolerated with
The study was powered no safety concerns.
to detect a 3-point
difference between active
treatment and placebo.
Eighty-eight patients o
diagnosed with PD and Slgmflcant )
treated with levodopa. Monocenter Improvement in
Forty-four were assigned Y UPDRS Webster
) to CoQyp randomized, Scale scores in the .
Jie et al., 2014 [35] 375-750 mg/day, and placebo-controlled, group of patients I (>50%)
44 to placebo ' d(')u'ble-bloind treated with CoQ,
Evaluation with the clinical trial Lack of significant
Webster Scale at baseline adverse effects.
and 3 months
Thirty-nine patients Significant .
diagnose.ed with PD under i?;}]):; ;‘éelrﬁear:én
conventional therapy.
T Webster Scale scores
wenty-one were Monocenter, in th f
assigned to CoQip 450 or  ~ ~ 0" 1 the group o 4
1200 mg/day, and 18 to / patients treate o
Wang et al., 2014 [36] lacebo as placebo-controlled, with CoQjg I (>50%)
Ia)dd—on therapy double-blind 1200 mg/day (but
Evaluation with the clinical trial not ofdthe.p;l ’Eents
UPDRS IIT and Webster eated with CoQuo
Scale at baseline and mg/ ay).
36 weeks compared with the
placebo group.
Seventy-five patients Non-signiﬁf:ant
diagnosed with PD and ?_IlIf’f]?)li:;lCI?Is m
MCI. scores
Random assignation to . between the 2 study
treatment wi;gh CoQqg Plh aSZIH randolllniized, groups at 12 and
Lietal,2015[37)  100mgb.id. and creatine B2 oComro. €% 18 months. I (>50%)
5mgb.i.d. or to placebo. tr(i);l e-bina cinica Significantly lower

Evaluation with the
UPDRS part III, and
MoCa at 12 and

18 months.

worsening in the
MoCA scores in
patients assigned to

CoQqq plus creatine.
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Table 4. Cont.

Authors, Year [Ref]

Study Setting

Type of Study

Main Findings

Level of Evidence

(Quality Score)
Twenty-six patients with o
PD experiencing . Slgmflcant .
wearing off (group A) improvement in
and 22 early PD patients UPDRS scores in
without levodopa (with patients tre.ated
or without a dopamine Randomized with ublquln.ol-lo
agonist, group B). andoruzed, compared with
. Treatment with double-blind, placebo in group A.
Yoritaka et al., 2015 [38] 300 mg /day of placebo-controlled, e  Lack of significant I (>50%)
ubiquinol-10 or placebo parallel-group changes in UPDRS
for 48 weeks (Group A, pilot trial scores in patients
treated with

14 ubiquinol-10, 12
placeboes) or 96 weeks
(Group B, 14
ubiquinol-10, 8
placeboes).

ubiquinol-10
compared with
placebo in group B.

MoCA: Montreal Cognitive Assessment, PD: Parkinson’s disease, UPDRS: Unified Parkinson’s disease rat-
ing scale.

The study by Yoritaka et al. [38] showed a significant improvement in motor symptoms
of PD patients suffering from the “wearing-off” phenomenon, and Li et al. [37] described
a positive effect of concomitant CoQj¢ and creatine therapy on cognitive impairment,
assessed by the Montreal Cognitive Assessment (MoCA). However, these results are based
on a small size series.

Mitsui et al. [42] reported the effects of the treatment with CoQ;y 1200 mg/day in
a patient diagnosed with familial MSA, in an advanced stage, related to the compound
heterozygous nonsense (R387X) and missense (V393A) mutations in the COQ2 gene. The
administration of CoQq resulted in increased serum and CSF total CoQ;( concentrations,
the increased cerebral metabolic ratio of the oxygen measured by °O, positron emission
tomography (PET), and led to stability in several clinical scores (Barthel Index, Scale for
the Assessment and Rating of Ataxia—SARA, International Cooperative Ataxia Rating
Scale—ICARS, and the Unified Multiple System Atrophy Rating Scale—UMSARS) during
3 years of follow-up.

3.2.2. Progressive Supranuclear Palsy

Two randomized clinical trials studied the effects of CoQjg in patients diagnosed with
PSP. Stamelou et al. [43], in a 6-week, monocenter, double-blind, randomized, placebo-
controlled, phase II trial, including 21 clinically probable PSP patients assigned to a liquid
nanodispersion of CoQ10 (doses of 5 mg/kg/day) or placebo, showed a mild improvement
in a Frontal Assessment Battery and in the total scores of the PSP rating scale (PSPRS)
in those assigned to CoQjg, while there were no significant changes in the UPDRS and
the Mini-Mental State Examination (MMSE). They did not describe the relevant adverse
effects. As should be expected, plasma levels of CoQ10 increased in the treated, but not
untreated patients. In patients receiving CoQ10 compared to those receiving the placebo,
the ratio of high-energy phosphates to low-energy phosphates (adenosine-triphosphate
to adenosine-diphosphate, and phosphocreatine to unphosphorylated creatine) increased
significantly in the occipital lobe and showed a consistent trend towards an increase in
the basal ganglia. For this reason, the authors suggested a possible disease-modifying
neuroprotective of CoQ10.

In contrast, Apetauerova et al. [44], in a one-year, investigator-initiated, multicenter,
randomized, placebo-controlled, double-blind clinical trial involving 61 patients diagnosed
with PSP assigned to CoQ10 (2400 mg/day) or a placebo, found no significant differences
between the two study groups in PSPRS (although there was a non-significant trend toward
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a slower decline in the CoQ1 group), UPDRS, activities of daily living (ADL), MMSE, the
39-item Parkinson’s Disease Questionnaire (PDQ-39), and the 36-item Short-Form Health
Survey (SF-36). Despite CoQ1 being well-tolerated, 41% of participants withdrew from the
study for different reasons.

4. Discussion and Conclusions

The possible role of CoQjg in the pathogenesis, or its value as a diagnostic marker
of PD and other parkinsonian syndromes, has not been definitively established. In the
case of PD, the pooled analyses of studies measuring CoQjy concentrations in the brain
tissues [20-22], showed a significant decrease in the cerebellum cortex of PD patients
(Table 1, Figure 4), which was likely related to the concentrations found in the larger control
group of one of these studies [21], while CoQg concentrations in the striatum, substantia
nigra, and cerebral cortex were similar in PD patients and controls. Studies in platelets [16]
and lymphocytes [17] showed a consistent decrease in CoQ;( concentrations, while in the
CSF, both the total [18,19] and oxidized CoQ1 levels [18] were found to be increased in PD
patients. The pooled data of the seven studies assessing serum/plasma CoQ;g levels [9-15]
showed a non-significant trend toward lower concentrations in PD patients compared with
controls (Table 1, Figure 3a), while the percentage of oxidized vs. total CoQg was increased
in PD (Table 1). One study showed a surprisingly very high percentage of oxidized CoQ),
which was related to the easy oxidation of the reduced to oxidized CoQ;¢ from the moment
of sample extraction because precautions were not taken to prevent this oxidation [14].
Finally, CoQ levels in the skin fibroblasts were similar in PD patients and controls [23].

In MSA, CoQqp concentrations were found to be decreased in the cerebellar cortex
in two studies (19, 20)—although the results of the pooled data did not reach statistical
significance (Table 2)—in the serum/plasma [14,15,24], CSF [19], and skin fibroblasts [25].
Patients with LBD showed decreased cerebellar CoQ1q [21] and patients with PSP showed
decreased CoQ;j( concentrations [19] in single studies.

Due to their antioxidant actions, it was proposed that CoQjy administration could
be a potential protective therapy in PD and other neurodegenerative diseases [45,46].
Moreover, the administration of CoQ1o has shown neuroprotective effects in several models
of experimental parkinsonism:

(@) CoQjqg or idebenone (an analog of CoQ;) attenuates the loss of striatal dopamine
and dopaminergic axons, induced by 1-methyl-4-phenyl-1,2,5,6-tetrahydropyridine
(MPTP) administration in rodents [47-50] and in monkeys [51].

(b) In rats, both the coadministration of CoQqg and creatine [52] or CoQ;¢ and nicoti-
namide [53] have shown additive neuroprotective effects against striatal dopamine
depletion after MPTP administration.

(¢) Inrats injected with 6-hydroxydopamine (6-OHDA), the coadministration of CoQ1g
and a mir-149sp mimic [54], or of CoQ and bone marrow stromal cells (BMSC) [55],
improves motor symptoms and prevents dopaminergic damage.

(d) CoQjp administration was also able to prevent iron-induced apoptosis in cultured
human dopaminergic (SK-N-SH) neurons, in metallothionein gene-manipulated mice,
and in alpha-synuclein knockout (alpha-synko) mice [56].

(e) CoQip administration can prevent neurodegeneration and behavioral deterioration
in rodents exposed to several toxins causing experimental parkinsonism, such as the
pesticides paraquat [57,58], dichlorvos [59], and rotenone [60,61], and showed neu-
roprotective effects against rotenone in primary rat mesencephalic cultures [62] and
human neuroblastoma cells [63]. Interestingly, the exposure of human neuroblastoma
SH-SY5Y cells to commonly used organophosphate compounds, such as dichlor-
vos, methyl-parathion (parathion), and chlorpyrifos (CPF), induces an important
decrease in CoQ levels and complex II + III activity—both related to a decrease in
neuronal cell viability. In this model, CoQ;g supplementation can modestly although
significantly increase complex II + III activity [64].
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(f) CoQqp supplementation (with or without the concomitant treatment of levodopa)
has shown a protective effect against chlorpromazine-induced parkinsonism in mice,
including a reduction in mortality and catalepsy, an increase in dopamine levels, and
a decrease in oxidative stress [65]. Similarly, CoQ;o improved the forced swimming
test, locomotor activity test, catalepsy, muscle coordination, and akinesia test, and
reduced the dopamine depletion in haloperidol-induced parkinsonism in rats [66].

However, CoQ1o had not shown neuroprotective effects in a Drosophila DJ-1 model
of PD [67]. Moreover, idebenone can induce apoptotic death cells in human neurob-
lastoma cells [68]. On the other hand, MPTP and its metabolite 1-methyl-4-phenyl-2,3-
dihydropyridinium (MPDP™) are also able to induce a reduction in CoQp, and a reduc-
tion in CoQ1p promotes the conversion of MPDP* to the active neurotoxin 1-methyl-4-
phenylpiridinium (MPP+) and increases its neurotoxicity [69].

Several studies analyzed the effects of CoQ9 administration on serum/plasma and
CSF CoQ levels. Lonnrot et al. [70] described a significant increase in the plasma CoQqg
concentrations, but a lack of changes in the CSF CoQjo concentrations in five healthy
individuals after oral supplementation with ascorbic acid and CoQjg Shults et al. [71],
described an increase in plasma CoQ1g concentrations in 17 subjects after the administration
of an escalating dosage of coenzyme Q10 (1200, 1800, 2400, and 3000 mg/day) with a stable
dosage of vitamin E (alpha-tocopherol) 1200 IU/day, reaching the maximum plasma
concentration with 2400 mg/day. Nukui et al. [72] reported, both in a double-blind,
placebo-controlled study involving 46 healthy volunteers humans and in an acute, single-
dose administration study in rats, that the administration of a water-soluble type of CoQ;g
reached considerably higher serum CoQjy concentrations than conventional CoQ;y.

Despite the possible beneficial effects of CoQ;o administration, its good absorption,
the lack of important adverse effects, and the improvement in PD symptoms suggested
by several studies [30,31,35,36,38], data from meta-analyses of randomized clinical trials
did not suggest the general usefulness of this therapy in patients with PD [39—41]. Several
biochemical studies suggest the presence of CoQ1q deficiency in MSA, but the possible role
of this compound in the treatment of MSA has not been explored yet. Although short-term
use of CoQqq treatment in PSP showed promising effects [43], the results of a randomized
clinical trial involving a small series of patients showed no beneficial effects [44].

Despite all these data, the improvement in motor symptoms reported in a small series
of patients with PD and the “wearing-off” phenomenon under CoQg therapy [38], and the
improvement in cognitive impairment in patients treated with the combination of CoQ1g
and creatine [37] suggest that CoQ;( could be useful in selected patients, and the role of
personalized medicine could be important. In this regard, Seet et al. [73], in a preliminary
study involving 16 PD patients treated with different doses of CoQ1, described that patients
who experienced a significant short-term reduction in the UPDRS score had lower baseline
plasma ubiquinol and decreased F2-isoprostanes (CoQ1o and F2-isoprostanes increased
significantly at a 2400 mg/day dosage of CoQp), suggesting that the therapeutic response
should depend on the baseline levels of these two compounds.

Moreovert, a recent double-blind randomized, phase II, placebo-controlled study using
an omics-based strategy with CoQ;jg has been recently proposed [74]. In this study, the
assignation to a treatment group should be done after the stratification by the so-called
“mitochondrial risk burden” in homozygous or compound heterozygous Parkin/PINK1
mutation carriers (P++), heterozygous Parkin/PINK1 mutation carriers (P+), and “omics”
positive (omics+) and “omics” negative PD patients (omics-), those being omics+ with the
highest and those who are omics- with the lowest cumulative burden of common genetic
variants in genes that are related to mitochondrial function. Changes in the motor subscore
of UPDRS should be the primary endpoint, and the appearance of motor fluctuations
and non-motor symptoms in the 3! P-magnetic resonance spectroscopy (3! P-MRS) imaging
results, and changes in structural and functional brain anatomy (MRI), should be the
secondary endpoints.med-con
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In summary, according to the current data, the possible value of the treatment with
CoQj in parkinsonian syndromes could deserve further studies, at least in selected sub-
groups of patients with PD and in patients diagnosed with MSA and PSP.
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