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Abstract: The efficiency of coenzyme Q10 (CoQ10) supplements is closely associated with its content
and stability in finished products. This study aimed to provide evidence-based information on
the quality and stability of CoQ10 in dietary supplements and medicines. Therefore, ubiquinol,
ubiquinone, and total CoQ10 contents were determined by a validated HPLC-UV method in 11
commercial products with defined or undefined CoQ10 form. Both forms were detected in almost
all tested products, resulting in a total of CoQ10 content between 82% and 166% of the declared.
Ubiquinol, ubiquinone, and total CoQ10 stability in these products were evaluated within three
months of accelerated stability testing. Ubiquinol, which is recognized as the less stable form, was
properly stabilized. Contrarily, ubiquinone degradation and/or reduction were observed during
storage in almost all tested products. These reactions were also detected at ambient temperature
within the products’ shelf-lives and confirmed in ubiquinone standard solutions. Ubiquinol, gen-
erated by ubiquinone reduction with vitamin C during soft-shell capsules’ storage, may lead to
higher bioavailability and health outcomes. However, such conversion and inappropriate content
in products, which specify ubiquinone, are unacceptable in terms of regulation. Therefore, proper
CoQ10 stabilization through final formulations regardless of the used CoQ10 form is needed.

Keywords: assay; coenzyme Q10 content; commercial products; dietary supplements; HPLC-UV;
medicines; reducing agent; stability; ubiquinol; ubiquinone

1. Introduction

Coenzyme Q10 (CoQ10) is a lipophilic endogenous compound, with a benzoquinone
ring and 10 isoprene side-chain units in its structure [1,2]. Therefore, it is present in two
redox forms in the human body: oxidized—ubiquinone (0CoQ10) and reduced form—
ubiquinol (rCoQ10). Due to their mutual convention, CoQ10 acts as an excellent electron
carrier with a key role in the mitochondrial respiratory chain [3,4]. It is involved in adeno-
sine triphosphate (ATP) production by transferring electrons from complexes I and II to
complex III [3,5,6]. In mitochondria, CoQ10 also accepts electrons from enzymes involved
in amino acids metabolism (proline dehydrogenase 1, and choline dehydrogenase) [7,8],
pyrimidine synthesis (dihydroorotate dehydrogenase) [9], fatty acids oxidation (electron
transport flavoprotein dehydrogenase) [10], sulfide detoxification (sulfide quinone oxi-
doreductase) [11], and mitochondrial glycerol-3-phosphate dehydrogenase, which links
oxidative phosphorylation, fatty acid metabolism and glycolysis [12]. Additionally, its
reduced form, ubiquinol, is an essential endogenous antioxidant, preventing oxidative
lipid, DNA, and protein damage [13,14]. It is also involved in the regeneration of vitamin C
and E [15]. Other CoQ10 functions include modulation of gene expression and involvement
in inflammation and apoptosis [16-19].

Coenzyme Q10 is synthesized in the human body, by at least 12 proteins encoded by
various genes (COQ genes) [20]. Mutations in any of the COQ genes cause primary CoQ10
deficiency, while secondary deficiency is related to mutations in genes other than COQ or
non-genetic causes [20,21]. Secondary CoQ10 deficiency is more common and is associated
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with aging (significantly reduced synthesis after the age of 30) [22—-24], nutritional deficiency
of CoQ10 or vitamin B6, which is involved in CoQ10 synthesis [16], stress [23], some medical
conditions (neurodegenerative disorders, mitochondrial myopathies, cardiomyopathies,
fibromyalgia, phenylketonuria, liver cirrhosis) [5,22,25], and use of statins, which inhibit its
synthesis [16]. CoQ10 deficiency is associated with reduced ATP production and increased
oxidative damage and may lead to various diseases [20]. Five major conditions include
encephalomyopathy, severe infantile multisystemic disease, nephropathy, cerebellar ataxia,
and isolated myopathy [26]. Patients with CoQ10 deficiency often respond well to CoQ10
supplementation [20,26].

CoQ10 supplements are commonly used not only by patients with CoQ10 deficiency
but also by individuals at risk of developing it. Because of its antioxidants” effects and
role in the prevention or treatment of some conditions (atherosclerosis, cardiovascular and
neurodegenerative diseases, migraines, infertility, cancer), it is one of the most widely used
supplements, along with fish oil and multivitamins [27,28]. CoQ10 supplements are mostly
formulated as mono- or multicomponent soft and hard shell capsules and tablets [28].

The two main issues with CoQ10 supplements are low bioavailability and stabil-
ity. Low oral CoQ10 bioavailability is a result of its high molecular weight (863 g/mol),
lipophilicity, and water insolubility, leading to slow and incomplete absorption in the gas-
trointestinal tract [28-31]. With modern pharmaceutical development, several approaches,
such as self-emulsifying systems, nanosystems, cyclodextrin complexation, and solid dis-
persions, have been undertaken to maximize its bioavailability [32-34]. In this manner, one
of the most prominent advances is the pharmaceutical formulation of CoQ10 in its reduced
form. Its bioavailability has been found up to 4.8 fold greater in comparison with 0CoQ10,
as reported by an increasing number of studies [23,24,29,30,35-39]. A part of these studies
focuses on the elderly, for which CoQ10 supplementation is most relevant [29,35]. How-
ever, several studies highlight the importance of the formulation (solubilization, vehicle
composition, presence of antioxidants) and high inter- and intraindividual variations on
CoQ10 bioavailability rather than the administered CoQ10 form [31,40—42]. Nonetheless,
Langsjoen et al. [24] reported higher rCoQ10 than 0CoQ10 bioavailability by using identical
soft gel capsule excipients. An additional advantage of rCoQ10 supplementation is its
genuine antioxidant activity, while 0CoQ10 requires enzymatic reduction before acting as
an antioxidant [43]. The enzymatic activities of coenzyme Q reductases change according to
physiological and pathological conditions and decrease with age, use of some medications,
and after intense physical activities [44—46]. Supplementation with rCoQ10, therefore,
seems advantageous over 0CoQ10, especially in the above-mentioned cases. Consequently,
an increase in the number of commercially available rCoQ10 preparations has been evident
in the past few years.

The stability issues associated with CoQ10 are more pronounced with the use of
rCoQ10, which is quickly oxidized, when in contact with air or after light exposure [44,47,48].
Providing quality rCoQ10 products is therefore quite demanding in terms of obtaining
a stable formulation [28,47]. However, the stability of 0CoQ10 is also affected by some
environmental conditions (UV-light and temperature [48-52]) as well as the presence of
reducents in the products [52].

Even though the general CoQ10 instability is described in the literature, its stability
as well as the stability of its individual forms in finished products, which are used by
numerous consumers, has not yet been evaluated. Since the health outcomes are dependent
on the applied CoQ10 form and its stability, this study aimed to evaluate the content and
stability of rCoQ10 and 0CoQ10 in commercial supplements and medicines in view of their
quality and consequently efficacy.

2. Materials and Methods
2.1. Chemicals and Reagents

Ubiquinone (0CoQ10) (>98%), ubiquinol (rCoQ10) (>97%), and DL-a-tocopherol
(>97%) were purchased from Carbosynth (Berkshire, England). Anhydrous iron(II) chlo-
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ride (>98%) and iron(IIl) chloride (>98%), ascorbic acid (>99%), B-carotene (>97%),
1,4-dithiothreitol (DTT) (>99%), ellagic acid (>95%), sodium sulfide (>99%), quercetin
(>98%), 85% orthophosphoric acid (H3PO4), and HPLC grade solvents: acetonitrile (ACN),
methanol (MeOH), n-hexane and tetrahydrofuran (THF) were obtained from Sigma-Aldrich
(Steinheim, Germany). Anhydrous ethanol (EtOH) was obtained from Merck (Darmstadt,
Germany). Ultra-pure water was obtained through a Milli-Q water purification system
A10 Advantage (Millipore Corporation, Bedford, MA, USA).

2.2. High-Performance Liquid Chromatography (HPLC) Analysis

The contents of 0CoQ10, rCoQ10, and total CoQ10 in the tested preparations at
each time point were measured by an HPLC-UV method, which had previously been
validated for the quantification of both CoQ10 forms in finished products [53]. The analysis
was performed on an Agilent 1100/1200 Series instrument (Agilent Technologies, Santa
Clara, CA, USA) equipped with a UV-VIS detector and ChemStation data acquisition
system. The chromatographic separation was performed on a reversed-phase Luna C18
(2) 150 x 4.6 mm, 3 um particle size column (Phenomenex, Torrance, CA, USA) at 25 °C.
The mobile phase consisted of ACN:THF:Milli-Q water (50:45:5, v/v/v) was utilized in
isocratic elution mode at a flow rate of 1 mL/min. The detection wavelength was 280 nm
and the injection volume was 20 uL.

2.3. Samples

Eleven products, ten registered as dietary supplements (DS) and one as a non-
prescription medicine (NPM) were purchased in Slovenia and analyzed for oCoQ10,
rCoQ10, and total CoQ10 content. These included: BioActive Q10 Uniqinol® 30 mg
with vitamin C, Pharma Nord (Denmark); Bio-Qinon® Active Q10 30 mg with vitamin C,
Pharma Nord (Denmark); CoQ10, Now (USA); Fidi koencim 10®, Fidimed, PharmaSwiss
(Slovenia); Imuno BC plus, Yasenka (Croatia); Koencim Q10, Lekarna Ljubljana (Slovenia);
Koencim Q10PF, Marifit (Germany); MorEPA Gold Smart Fats®, Minami (Netherlands);
Omega 3 complex, Dr. Bshm® (Austria); Supradyn energija Q10, Bayer (France); and
Ubiquinol CoQH-CFTM, Now (USA). More detailed data are summarized in Table 1.

Table 1. Data on the tested products.

Declared CoQ10
Product Type Form Form Content (mg) Declared Antioxidants Declared Carrier Oil
1 DS h. cap. CoQ10 30 40mgvitC,16 mg vit E? /
80 mg vitC, 12 mg vitE ?,
2 DS tbl. CoQ10 4.5 800 g vit A /
3 DS h. cap. CoQ10 10 90 mg vit C /
4 DS s. cap. CoQ10 30 12mgvitE? cold water fish oil (1150 mg)
80 me vit C. rosemar deep-sea fish oil concentrate

5 DS s. cap. CoQ10 30 & . y (787 mg), olive oil, and garlic

extract, and tocopherols .

etheric oil extract
6 DS s. cap. rCoQ10 30 12:mg vit C, mixture of coconut oil
tocopherols
7 DS 5. cap. rCoQ10 50 capric, Capr}:é(i:‘,iand a-lipoic /
b sunflower, coconut, and
8 DS s. cap. 0CoQ10 50 6 mg vit E palm oil
9 DS S. cap. 0CoQ10 50 20mg vitE? rice bran oil
10 DS s. cap. 0CoQ10 30 25 mg vit C palm oil
24 mgvitE?, vitC, . .

11 NPM s. cap. 0CoQ10 30 B-carotene soybean oilcorn oil

DS—dietary supplements; NPM—non-prescription medicine; s. cap.—soft-shell capsules; h. cap.—hard-shell capsules; tbl.—tablets; vit
C—vitamin C; vit E—vitamin E; ? in the form of DL-« ~tocopheryl acetate; ° in the form of DL-o ~tocopherol.
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2.4. Sample Preparation

The sample preparation procedure was based on a published procedure for the si-
multaneous content evaluation of the individual CoQ10 forms (0CoQ10 and rCoQ10) [53].
Soft-shell capsules were initially cut in half and hard-shell capsules were opened. The
content, as well as the shell of each capsule, were quantitatively transferred to a 100 mL
volumetric flask, which was filled to approximately % of its volume with n-hexane. The
samples were further sonicated for 10 min and then shaken for 20 min with a rotary mixer.
After filling the flask to the mark with the same solvent, the samples were manually shaken
and centrifuged for 10 min at 2640x g and 25 °C. A part of the supernatant (500 uL) was
evaporated to dryness for approximately 15 min under a stream of nitrogen at 40 °C. The
dry residues were reconstituted with ACN (1 mL), sonicated for 2 min, mixed with a vortex
for 30 s, transferred into a vial, and immediately analyzed. To confirm total CoQ10 content,
dry residues of each sample were additionally reconstituted with 0.01% Fe3* solution
in EtOH (1 mL), followed by the procedure described above (sonication, vortex mixing,
and analysis).

The initial part of the sample preparation procedure for the tested tablets was as
follows: one tablet was firstly powdered and added to 0.1% H3POy solution (2.0 mL),
followed by vortex mixing (10 min). Furthermore, 8 mL of n-hexane were added, followed
by 10 min of sonication and 2 min of vortex mixing. The samples were centrifuged (2640x g,
25 °C, 10 min) and proceeded as described above.

2.5. Stability Study
2.5.1. Accelerated Stability Study

Accelerated stability testing was performed on all products (Section 2.3) by the ICH
Q1A (R2) guidelines. The tested products in their original packaging were exposed to ele-
vated temperature (40 °C) and relative humidity (75% RH) in a climate chamber (ICH 260 L,
Memmert, Biichenbach, Germany). The contents of rCoQ10, 0CoQ10, and total CoQ10
were evaluated immediately after opening as well as after 2 weeks, 1, 2, and 3 months by a
published procedure for rCoQ10, 0CoQ10, and total CoQ10 quantification [53]. All samples
were prepared in at least triplicate. During the stability study, all products were within
their expiration dates.

2.5.2. Long-Term (Real-Time) Stability Study

The long-term stability was evaluated on one of the tested products (product 11 in
Table 1). Real-time stability was assessed by determining the contents of rCoQ10, 0CoQ10,
and total CoQ10 in five different LOTs of the same product—2, 6, 10, 18, and 30 months
after production months by the published procedure for rCoQ10, 0CoQ10, and total CoQ10
quantification [53]. The products had been stored in their original packaging at room
temperature before analysis and were within their expiration date except for the LOT
analyzed 30 months after production.

2.5.3. Stability of Standard 0CoQ10 Solutions in the Presence of Antioxidants

The stability of 0CoQ10 was evaluated in simple solutions containing only 0CoQ10
or also some antioxidants and reducing agents. The concentration of 0CoQ10 was 29 uM.
The antioxidants were added in the following concentrations: 2.8 mM FeCl,, 1.9 mM
ascorbic acid, DTT, and Na;S, 1.0 mM for ellagic acid and quercetin, 0.5 mM for DL-a-
tocopherol, and 50 uM for 3-carotene. In addition to these high concentrations, 10-fold
lower (medium) and 100-fold lower (low) concentrations were tested. All solutions were
prepared in triplicate, and in anhydrous ethanol as solvent. The stability of 0CoQ10 was
evaluated for nine days of storage at 40 °C at regular time points.

2.5.4. Degradation Kinetics

Zero, first, and second-order kinetics were fitted to the data obtained within accel-
erated and long-term stability studies as well as in standard solutions to evaluate the
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kinetics of CoQ10 degradation. The most suitable kinetic order was selected according to
the correlation coefficient and applied to determine the degradation rate constant (k). The
temperature effect on the degradation kinetics of CoQ10 was determined using the Van't
Hoff equation. The calculated degradation constants at ambient temperature were used for
shelf-life determination, which was defined as the time necessary for CoQ10 degradation
to 90% of its declared content (tgg, ).

3. Results
3.1. Accelerated Stability Study

Accelerated stability study was performed on eleven tested products with CoQ10,
including commercial dietary supplements and non-prescription medicine, which were
stored in their original containers at 40 °C and 75% RH. Based on the results, rCoQ10
and 0CoQ10 contents were calculated at each time point (immediately after opening and
after 2 weeks, 1, 2, and 3 months). The contents of rCoQ10 and 0CoQ10 are presented as
a percentage of the CoQ10 content declared on the label of the products. The results are
grouped into three categories according to the labeled CoQ10 form.

3.1.1. Products with Undefined CoQ10 Form

Five of the eleven tested finished products did not specify the contained CoQ10 form
on their label nor in the ingredients lists. The obtained results, representing the initial
rCoQ10, 0CoQ10, and total CoQ10 change during three months of accelerated stability
study, are presented in Figure 1.

As can be seen in Figure 1, total CoQ10 contents in the five tested finished products,
which did not specify CoQ10 form ranged between 82% and 166% of the label claim. The
first three products (products 1, 2, and 3) contained predominantly oCoQ10. Evaluating
their stability, a similar pattern may be observed—a decline in 0CoQ10 content by 16% to
42% of the initial 0CoQ10 content, which was not (products 1 and 2) or not solely (product 3)
a consequence of its reduction to rCoQ10. Among these three products, 0CoQ10 conversion
to rCoQ10 was highest in product 3, reaching about 20% of total CoQ10 by the end of
the study. A slightly higher reduction extent was observed in product 4, which initially
contained approximately the same amounts of rCoQ10 and 0CoQ10. A significantly higher,
almost total reduction was observed in product 5, which initially contained a larger share
of rCoQ10. Total CoQ10 content after three months of storage at elevated temperature and
RH remained approximately the same in product 5 and declined by about 15% in products
1 and 4 and by more than 30% in products 2 and 3.

3.1.2. Products with CoQ10 in the Form of Ubiquinol

The content of rCoQ10 was specified in two of the eleven tested finished products.
The stability of rCoQ10 and its conversion into 0CoQ10 in these two products within the
accelerated stability study is presented in Figure 2.

Both products initially contained about the same rCoQ10 content as declared (102-105%),
and additional 0CoQ10, which accounted for approximately 5% of the declared rCoQ10
content. A lesser share of rCoQ10 (up to 10%) was additionally converted into 0CoQ10
within the accelerated stability study. Total CoQ10 content did not significantly change in
any of the two products by the end of the study.
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Figure 1. The stability of rCoQ10, 0CoQ10, and total CoQ10 in the five tested finished products with undefined CoQ10 form

after the accelerated stability study.
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3.1.3. Products with CoQ10 in the Form of Ubiquinone

Four of the eleven tested finished products specified 0CoQ10 content on their label. In
addition to the labeled 0CoQ10, the share of rCoQ10 contributing to total CoQ10 content
was determined at each time point during the three months of accelerated stability study
(Figure 3).
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Figure 3. The stability of rCoQ10, 0CoQ10, and total CoQ10 in the four tested finished products with specified 0CoQ10
content after the accelerated stability study.
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The determined 0CoQ10 contents in these products were between 29% and 94% of
the label claims. Total CoQ10 content was near the labeled 0CoQ10 content (88-105%).
The initial rCoQ10 share was between 1 and 75% of the declared CoQ10 content. Product
8 initially contained 92% of the labeled 0CoQ10 amount and only minimal amounts of
rCoQ10. A slight decline in 0CoQ10 and total CoQ10 content and insignificant oCoQ10 to
rCoQ10 conversion were observed by the end of the accelerated stability study. Similarly,
total CoQ10 did not significantly change during storage of products 9 and 10. However, a
larger extent (about 10% in product 9 and almost 40% in product 10) of the initial 0CoQ10
converted into rCoQ10 by the end of the study. The biggest discrepancy between labeled
and contained 0CoQ10 amount was observed in product 11, which is registered as non-
prescription medicine. This product initially contained less than 30% of the labeled 0CoQ10
content, despite the high total CoQ10 content (104%). The initially present 0CoQ10 almost
completely converted into rCoQ10 by the end of the study, while total CoQ10 remained
almost the same.

3.2. Long-Term (Real-Time) Stability Study

A long-term stability study was performed on one of the tested products (product 11),
which showed the most significant deviations from the label claims during the accelerated
stability study. The effect of storage at room temperature on the reduction of 0CoQ10
was evaluated by determining the contents of rCoQ10, 0CoQ10, and total CoQ10 in five
different LOTs of the product stored unopened in their original packaging for 2, 6, 10, 18,
and 30 months after production. The obtained results are presented in Figure 4.

Product11
120
o
s e
£ 100 = —— e
o
N .
S 80
P 3
o
9 60
o mrCoQl0
d
= ‘ moCoQ10
=
T 0 1
& 7] 6 10 18 30
Time (months)

Figure 4. Long-term stability of 1tCoQ10, 0CoQ10, and total CoQ10 in a finished product with
specified 0CoQ10 content evaluated at different time points after production.

As evident, shortly after production (two months), the majority (almost 90%) of the
determined CoQ10 was in its oxidized form, which was gradually reduced to rCoQ10
during storage. In the LOT analyzed after its defined two-year shelf-life (30 months after
production), an almost negligible part of total CoQ10 content was in its declared, oxidized
form (about 5%). The total CoQ10 content did not significantly change and was comparable
in all five tested LOTs of the product.

3.3. CoQ10 Degradation Kinetics in the Tested Products

Within the accelerated stability study, 0CoQ10 was found more unstable than rCoQ10,
as its conversion to rQ10 and other degradation processes occurred in the majority of the
tested products. Therefore, these reactions were kinetically evaluated and contributed to
the reaction rate constants. The decline of 0CoQ10 in the tested products followed the
first-order kinetics, which was used for the calculation of degradation rate constants and
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shelf-lives prediction under the tested accelerated conditions (Table 2). Additionally, the
rate constant at ambient temperature (20 °C) was calculated for product 11, which was
exposed to long-term stability testing. After obtaining the degradation rate constants at
different temperatures, we applied a simple approach based on the Van’t Hoff equation
for the prediction of stability and shelf-lives at ambient temperature. Initially, the reaction
quotient Q was calculated, which was 3.70. Assuming the same temperature relation,
degradation rate constants, and shelf-lives at ambient temperature were also calculated for
all other products (Table 2).

Table 2. Degradation of 0CoQ10 in the tested products and extrapolation to ambient temperature.

Initial OCOQ].O Initial OCOQlo 40°C 20°C
Product  coptent (mg + SE) Share of Total Remaining Total CoQ10 2 K R togn togs
CoQ10 (%) (0CoQ10) ¥ (%) (Month—1) R (Days) (Months) €
1 254+ 04 99.8 81.1 (81.1) 0.149 0.943 212 9.7
2 42400 953 63.5 (62.1) 0.162 0.997 19.4 8.9
3 8.6+ 0.2 99.4 633 (51.1) 0.227 0.968 139 6.3
4 252 402 50.7 90.5 (67.5) 0.131 0.992 24.0 11.0
5 102+ 0.3 34.0 103.2 (29.4) 0.392 0.940 8.0 3.7
8 461 +02 98.5 92.1 (91.1) 0.027 0.778 115.9 52.9
9 47012 91.3 94.5 (84.9) 0.143 0.989 2.1 10.1
10 22,0 + 04 83.3 103.6 (61.4) 0.157 0.992 20.0 9.1
11 8.7 402 27.8 95.0 (21.4) 1.346 1.000 23 11

2 Remaining total CoQ10 by the end of the accelerated stability study as a percentage of the initial total CoQ10; ® Remaining 0CoQ10 by
the end of the accelerated stability study in relation to the initial 0CoQ10 content (%)—muost relevant in products with specified 0CoQ10
content; ¢ Predicted shelf-life by the Van't Hoff equation.

The decline in 0CoQ10 contents as a result of its degradation and conversion to
rCoQ10 were formulation dependent with rate constants, which differ by up to 50-fold
(Table 2). Van't Hoff temperature relation was applied to calculate the products’ shelf-lives
at ambient temperature. The predicted shelf-lives ranged between 1.1 and 11.0 months with
an average of 6.7 months for all products, except for product 8, which had a significantly
longer shelf-life. The predicted shelf-lives are most meaningful for products with specified
0CoQ10 content (products 8-11 in Table 2).

The highest degradation constants were observed in products 11, 5, 3, and 2, which
contained lower 0CoQ10 amounts (>10 mg per capsule), which implied that its stability
may be concentration-dependent. In addition, products 11 and 5 contained lower shares of
total CoQ10 in the oxidized form. More than half of the initially present oCoQ10 in these
two products had converted into rCoQ10 before the initial analysis, which was performed
within the products’ shelf-lives.

Moreover, we evaluated the impact of formulation, more specifically the declared
antioxidants and their contents, on 0CoQ10 stability. As may be seen in Tables 1 and 2,
products 8, 4, and 9, which had the lowest rate constants, contained only vitamin E. On the
other hand, products 5, 3, and 2 with high 0CoQ10 rate constants also had high vitamin C
contents (between 80 and 90 mg per capsule). Product 5 additionally contained rosemary
extract, which also has reducing and antioxidant activity [47]. In the case of product 11,
which had the highest 0CoQ10 rate constant, vitamin C was declared, but its content
was not specified. The carrier oil is also a noteworthy factor to consider when studying
0CoQ10 stability within formulations. Since the manufacturers rarely specify the oil content
(Table 1), a quantitative relation could not be established. The obtained results (Table 2)
imply that the oil type is more important for 0CoQ10 stability than the presence of different
oils. Namely, product 11, with the highest 0CoQ10 rate constant contained only corn oil,
while product 8, with the lowest rate constant, contained a combination of sunflower,
coconut, and palm oil. In addition, CoQ10 stability may be affected by the presence of
impurities within the formulation, and especially in the CoQ10 raw materials, which differ
among the manufactures. However, the purity and the presence of impurities in the used
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CoQ10 raw material are generally not specified by the manufacturers and were unknown
for the tested products.

3.4. Stability of 0CoQ10 Standard in the Presence of Antioxidants

The stability of 0CoQ10 and its conversion to rCoQ10 was also evaluated in standard
solutions in the presence of antioxidants and reducing agents. The observed conversion
of 0CoQ10 to rCoQ10 was kinetically evaluated by first-order reaction rate, which was
applied for the calculation of rate constants (k). The obtained results are presented in
Table 3.

Table 3. Stability of 0CoQ10, expressed by first-order constant (dayfl), in the presence of different
concentrations of antioxidants and reducing agents.

Concentration na vit C EA vit E Q DTT Na,S FeCl, Bcar
High 0.048 S S S 1.822 1.489 S S
Medium S 0.022 S S S 0.025 0.350 S S
Low 0.006 S S S 0.010 0.072 S S

na—no addition; S—stable; vit C—vitamin C; EA—ellagic acid; vit E—vitamin E; Q—quercetin, DTT—1 ,4-
dithiothreitol; Na,S—sodium sulfide; FeCl,—iron(II) chloride; 3car—{-carotene.

It is evident that oCoQ10 is stable in its dissolved form and also remained unaltered
in the presence of ellagic acid, vitamin E, quercetin, iron(Il) chloride, and (-carotene,
irrespective of their concentration. On the other hand, DTT, Na;S5, and vitamin C were quite
effective in the reduction of 0CoQ10. Their reducing capacity was concentration dependent.

4. Discussion

CoQ10 supplements are commonly used worldwide [54] for the prevention and
treatment of cardiovascular [55-57], metabolic [58—60], neurodegenerative [61], kidney and
liver diseases [8], migraines [62], glaucoma [63], some types of cancer [64], statin-induced
adverse effects [65,66], infertility [67], and other conditions. However, the formulation
and use of quality, safe, and efficient CoQ10 supplements and medicines is challenging
because of solubility and thus bioavailability and also stability concerns [28,68]. While
extensive research has been recently focused on the improvement of its bioavailability,
less attention is paid to the stability issues. In general, the stability of CoQ10 is affected
by heat, light, and oxygen [28]. Some of the researched approaches to enhance CoQ10
bioavailability, such as complexation with y-cyclodextrins [69], use of self-emulsifying
delivery systems [70], or solid dispersions [71] may also lead to increased CoQ10 stability.
However, the CoQ10 stability issues were not addressed within these studies. The use
of liposomal and microencapsulated CoQ10 are promising approaches towards CoQ10
bioavailability and stability improvement, which require further research before their use
in clinical practice [72-75].

Currently, CoQ10 is mostly dispersed in oil in soft-shell capsules or incorporated
as a crystalline powder in hard-shell capsules and tablets [28]. Contemporary CoQ10
products on the market declare the content of an individual form—rCoQ10 or oCoQ10.
Within this study, we evaluated the content and stability of 0C0oQ10 and rCoQ10 in eleven
dietary supplements and medicines from the Slovenian market, including five products
with undefined CoQ10 form, and six products with specified CoQ10 form. For this purpose,
we used a validated HPLC-UV method, which is advantageous over the current regulatory
methods in terms of the chromatographic separation and simultaneous quantification of
both CoQ10 forms. In comparison, the simultaneous rCoQ10 and 0CoQ10 determination
is not feasible due to improper selectivity of the spectroscopic method proposed by the
Eur. Ph. [76] and due to the sample preparation procedure, based on the conversion of all
present CoQ10 into 0CoQ10, proposed by the USP [77,78] and AOAC [79]). Additional
data on the adequacy of the applied method for quantification of both rCoQ10 and 0CoQ10
from a technical point of view are provided in the Supplementary Materials (Tables S1-S3).
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Within the interpretation of the results on CoQ10 contents, the acceptable tolerances in
dietary supplements, provided by the USP, were considered. As stated in the monographs
Ubidecarenone Tablets and Ubidecarenone Capsules, both should contain not less than
90% and not more than 115% of the labeled 0CoQ10 content [72,73]. The same acceptable
tolerances are provided for rCoQ10 in Ubiquinol Capsules [74] and were also applied for
total CoQ10 content on products with undefined CoQ10 form. Summarily, we determined
initial CoQ10 contents between 29% and 166% of the labeled claims. Five of the eleven
tested products were outside the acceptable range (Figures 1-3), mostly due to lower
contents than declared. One of them (product 4 in Figure 1) contained significantly higher
total CoQ10 content than labeled (above the acceptable tolerance), which was probably
added to achieve better clinical outcomes and not to compensate for CoQ10 losses during
the storage of the product. An additional conclusion, which can be drawn from these
results, is that almost all tested CoQ10 products contained at least minimal amounts of both
its forms (Figures 1-3). The co-occurrence of rCoQ10 in products, which specify 0CoQ10
contents, has also been reported in previous studies. About 40% of the 62 tested 0CoQ10
supplements from the Japanese market contained rCoQ10 in amounts between 4% and
88% of total CoQ10 content. rCoQ10 was also determined in half of the 12 tested 0CoQ10
supplements from the Hungarian market, which accounted for up to 16% of total CoQ10
content [80]. However, the results of these studies on rCoQ10 and 0CoQ10 contents in the
absence of stability studies are inconclusive whether the determined rCoQ10 had been
intentionally added by the manufacturers to provide greater bioavailability and efficiency
or it originates from 0CoQ10 reduction during storage [80]. Namely, Kettawan et al.
demonstrated that rCoQ10 can be produced by the interaction of 0CoQ10 with vitamins E
(a-tocopherol) and/or vitamin C (ascorbic acid) during storage of experimental formulas
in the form of soft-shell capsules and liquid products, but not in hard-shell capsules [81].
However, the stability of CoQ10 in finished products, including its individual forms and
total CoQ10, has not yet been evaluated.

By performing accelerated stability study on a variety of products with different
contents of the individual CoQ10 forms, we aimed to provide evidence-based information
on CoQ10 stability in finished products and thus also on the truthfulness of the label claims
and quality of the products, found on our market. Thereby, we evaluated the changes in
0CoQ10 and rCoQ10 contents, excluding other degradation products. Evaluating CoQ10
stability under accelerated storage conditions in finished products, with undefined CoQ10
form, all five tested products were found dynamic, as significant 0CoQ10 reduction and
total degradation were observed (Figure 1). 0CoQ10 reduction predominantly occurred in
soft-shell capsules, whereas its degradation was more characteristic in hard-shell capsules.
We can, therefore, conclude that the carrier significantly affects the course of 0CoQ10
reactions, along with the presence of excipients, which is also supported by the findings by
Kettawan et al. [81]. These reactions had a diverse effect on total CoQ10 content at the end
of the study, resulting in a significant decline (by almost 40%) in four of these five products
and unchanged content in one product. Despite such declines in 0CoQ10 content, we
did not detect any considerable chromatographic peaks under the used chromatographic
conditions (chromatograms in Supplementary Materials (Tables S1-53)). Further research
is needed for the clarification of CoQ10 degradation mechanisms and identification of its
degradation products, which is a topic of current interest [82,83]. These obtained results
lead to the conclusion that, although 0CoQ10 is considered as the more stable CoQ10 form,
its instability within formulations should not be neglected.

Further on, we evaluated CoQ10 stability under accelerated storage conditions in six
products, which declare the content of an individual CoQ10 form. In these products, the
declared form in the formulation should be stable in its original form, meaning that it is
not converted to another form or species and its content is not significantly diminished
during storage [84]. Two of the eleven tested products were labeled to contain only rCoQ10,
which is promoted as the superior CoQ10 form regarding the bioavailability, however more
demanding in terms of stability [68,85]. Because of its susceptibility to oxidation, rCoQ10
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requires proper stabilization through its final formulations [85]. An interesting finding from
our study is that both tested rCoQ10 products had appropriate initial rCoQ10 contents and
provided acceptable stability, which was exemplary in the case of product 6 (Figure 2). Even
though some rCoQ10 oxidation occurred during storage of product 7, the manufacturer
provided adequate rCoQ10 content by the addition of excess rCoQ10 amounts (overage).
Manufacturers frequently apply this principle when formulating unstable compounds
(such as vitamins) to ensure proper contents throughout the shelf-life and compensate
losses during production or storage [86-88].

Within the accelerated stability study on products with declared 0CoQ10 content,
all in the form of soft-shell capsules, 0CoQ10 degradation, and especially conversion to
rCoQ10 was observed (Figure 3). The initially determined 0CoQ10 were below the USP
acceptable ranges in half of the tested products, and below these limits in all four tested
products by the end of the study. Such inadequate 0CoQ10 contents and the presence of
non-listed rCoQ10 are inappropriate from a regulatory aspect. Similarly, as noted within
the accelerated stability study of products with undefined CoQ10 form, the conversion of
0CoQ10 to rCoQ10 was insignificant in products, which contained minimal amounts of
rCoQ10 at the beginning of the study (product 8 in Figure 3). Initial rCoQ10 content and
reduction extents were higher in the remaining three products. Inadequate 0CoQ10 content
was most pronounced in the tested non-prescription medicine (product 11 in Figure 3).
The most probable reason for inappropriate 0CoQ10 content is its instability within this
formulation in the presence of various oxido-reductive agents (e.g., vitamin C) since fur-
ther, almost complete reduction was observed within the accelerated stability study. This
hypothesis was proven by a long-term (real-time) stability study performed on five LOTs
of this product, analyzed at different time points after production. The results, presented
in Figure 4, reveal that 0CoQ10 reduction, observed within the accelerated stability study
(Figure 3) also occurred during storage at ambient temperature. Furthermore, the conver-
sion occurred to a great degree, leading to about a 50% reduction of CoQ10 within the
first year of storage and almost total reduction after the second year (shelf-life), while total
CoQ10 remained almost unchanged. Although the presence of rCoQ10 may be beneficial
from a clinical point of view, it is inappropriate from the regulatory aspect, particularly in
non-prescription medicines.

Degradation kinetic evaluation of the observed reactions demonstrated that oCoQ10
stability depended on the formulation itself (Table 2). The instability of 0CoQ10, leading
to reduction or other degradation processes within formulations, may be associated with
its lower contents than declared. However, further research on a wider range of CoQ10
products would be needed to establish this relationship. Summarizing the results in Table 2,
we can conclude that CoQ10 degradation was more pronounced in the three tested products
(products 1-3) in the form of hard-shell capsules or tablets (total CoQ10 between 60 and
80% of the initial), whereas total CoQ10 in the tested products in the form of soft-shell
capsules remained within 10% of the initial content by the end of the accelerated stability
study. In these products, 0CoQ10 reduction was more typical. Therefore, adequate mobility
of 0CoQ10 within formulations, generally provided by the oil content in soft-shell capsules,
is a prerequisite for its reduction.

Providing that this condition is fulfilled, we also noticed a correlation between higher
reaction rate constants and lower initial share of 0CoQ10 in relation to total CoQ10. This
implicates that some of the finished products had been formulated as 0CoQ10 products;
however, due to improper stabilization, they provide conditions for oCoQ10 reduction
during their usage and storage. In these terms, vitamin C was identified as the key reducing
agent for oCoQ10 conversion to rCoQ10 in commercial products in the form of soft-shell
capsules. Correlation between 0CoQ10 reduction and the labeled presence of ascorbic acid
in the tested products, especially in higher amounts, was observed, while the presence of
different vitamin E amounts did not seem to cause 0CoQ10 reduction.

For further clarification of the observed oCoQ10 reduction in the tested products,
we additionally evaluated its stability in simpler systems—oCoQ10 standard solutions
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with and without added antioxidants. In addition, their concentrations were selected to
obtain comparable CoQ10—antioxidant molar ratios as in the finished products. Based
on the results (Table 3), it can be concluded that potent reducing agents, such as vitamin
C, DTT, or sodium sulfide, are required for oCoQ10 reduction. The observed correlation
between their concentration and rate constants (Table 2) supports our findings within the
accelerated stability study, that 0CoQ10 reduction is enhanced in the presence of higher
amounts of reducents (vitamin C) within the formulation. Since 0CoQ10 reduction in
solutions containing tocopherols (DL-x-tocopherol), flavonoids (quercetin), polyphenols
(ellagic acid), carotenoids ((3-carotene), and other reducing agents (FeCl,) did not occur,
these results imply that they would less likely cause its reduction within formulations.

The findings from this study emphasize the importance of proper CoQ10 stabilization
through final formulations, regardless of the used CoQ10 form. Appropriate CoQ10
contents throughout the shelf-lives of the products, which are typically two years or
longer, are required to achieve the desired health effects. This study also provides certain
explanations for the inappropriate CoQ10 contents in supplements, reported in Japan [81],
Germany [89], Hungary [80], and Slovenia [53,90].

5. Conclusions

The efficiency and consequently health outcomes of CoQ10 supplements are directly
linked to its stability in the finished products. Contemporary CoQ10 supplements contain
only one of the two CoQ10 redox forms—rCoQ10 or 0CoQ10. The individual forms differ
in their stability, which is also related to the presence of excipients in the finished products.
The findings of this study suggest that manufacturers pay more attention to the stabilization
of rCoQ10, which is easily oxidized to 0CoQ10, than to 0CoQ10. Degradation of 0CoQ10
as well as its conversion to rCoQ10 were typically observed within our accelerated stability
study, performed on eleven CoQ10 commercial dietary supplements and medicines on
the Slovenian market. The presence of vitamin C in a suitable medium was identified
as the key element for oCoQ10 reduction during the products’ storage. The conducted
long-term (real-time) stability study revealed that these conversions also occur at ambient
temperature and within the shelf-life of the products. Although beneficial from a clinical
point of view, 0CoQ10 reduction and consequently decline in its content in products, with
specified 0CoQ10 content, is inappropriate from the regulatory aspect. The observed
conversion of 0CoQ10 to rCoQ10 during storage of the products may also be associated
with different and conflicting information on their bioavailability within clinical studies.

Supplementary Materials: The following are available online at https:/ /www.mdpi.com/2076-392
1/10/3/360/s1.

Author Contributions: Z.T.R.: investigation, data curation, writing—original draft preparation,
writing—review and editing, visualization; A.K.: writing—review and editing, project administration,
funding acquisition; R.R.: conceptualization, methodology, writing—review and editing, supervision,
project administration, funding acquisition. All authors have read and agreed to the published
version of the manuscript.

Funding: This research was funded by Slovenian Research Agency (ARRS), Grant No. [P1-0189].
Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Data is contained within the article or Supplementary Materials.

Conflicts of Interest: The authors declare no conflict of interest.

1.  Takahashi, T.; Mine, Y.; Okamoto, T. Extracellular Coenzyme Q10 (CoQ10) Is Reduced to Ubiquinol-10 by Intact Hep G2 Cells
Independent of Intracellular CoQ10 Reduction. Arch. Biochem. Biophys. 2019, 672, 108067. [CrossRef]

2. Paredes-Fuentes, A.J.; Montero, R.; Codina, A.; Jou, C.; Fernandez, G.; Maynou, J.; Santos-Ocafia, C.; Riera, J.; Navas, P.; Drobnic,
F; et al. Coenzyme Q10 Treatment Monitoring in Different Human Biological Samples. Antioxidants 2020, 9, 979. [CrossRef]


https://www.mdpi.com/2076-3921/10/3/360/s1
https://www.mdpi.com/2076-3921/10/3/360/s1
http://doi.org/10.1016/j.abb.2019.108067
http://doi.org/10.3390/antiox9100979

Antioxidants 2021, 10, 360 14 of 17

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

Martelli, A.; Testai, L.; Colletti, A.; Cicero, A.F.G. Coenzyme Q10: Clinical Applications in Cardiovascular Diseases. Antioxidants
2020, 9, 341. [CrossRef] [PubMed]

Sguizzato, M.; Mariani, P.; Spinozzi, F.; Benedusi, M.; Cervellati, F.; Cortesi, R.; Drechsler, M.; Prieux, R.; Valacchi, G.; Esposito, E.
Ethosomes for Coenzyme Q10 Cutaneous Administration: From Design to 3D Skin Tissue Evaluation. Antioxidants 2020, 9, 485.
[CrossRef]

Diaz-Casado, M.E.; Quiles, J.L.; Barriocanal-Casado, E.; Gonzélez-Garcia, P; Battino, M.; Lopez, L.C.; Varela-L6pez, A. The
Paradox of Coenzyme Q10 in Aging. Nutrients 2019, 11, 2221. [CrossRef] [PubMed]

Genova, M.L.; Lenaz, G. New Developments on the Functions of Coenzyme Q in Mitochondria. BioFactors Oxf. Engl. 2011, 37,
330-354. [CrossRef] [PubMed]

Hancock, C.N.; Liu, W,; Alvord, W.G.; Phang, .M. Co-Regulation of Mitochondrial Respiration by Proline Dehydroge-
nase/Oxidase and Succinate. Amino Acids 2016, 48, 859-872. [CrossRef]

Mantle, D.; Hargreaves, I. Coenzyme Q10 and Degenerative Disorders Affecting Longevity: An Overview. Antioxidants 2019, 8,
44. [CrossRef] [PubMed]

Evans, D.R.; Guy, H.I. Mammalian Pyrimidine Biosynthesis: Fresh Insights into an Ancient Pathway. J. Biol. Chem. 2004, 279,
33035-33038. [CrossRef] [PubMed]

Watmough, N.J.; Frerman, F.E. The Electron Transfer Flavoprotein: Ubiquinone Oxidoreductases. Biochim. Biophys. Acta BBA
Bioenerg. 2010, 1797, 1910-1916. [CrossRef]

Quinzii, C.M.; Luna-Sanchez, M.; Ziosi, M.; Hidalgo-Gutierrez, A.; Kleiner, G.; Lopez, L.C. The Role of Sulfide Oxidation
Impairment in the Pathogenesis of Primary CoQ Deficiency. Front. Physiol. 2017, 8, 525. [CrossRef]

Mracek, T.; Drahota, Z.; Housték, J. The Function and the Role of the Mitochondrial Glycerol-3-Phosphate Dehydrogenase in
Mammalian Tissues. Biochim. Biophys. Acta BBA Bioenerg. 2013, 1827, 401-410. [CrossRef] [PubMed]

Tomasetti, M.; Littarru, G.P,; Stocker, R.; Alleva, R. Coenzyme Q10 Enrichment Decreases Oxidative DNA Damage in Human
Lymphocytes. Free Radic. Biol. Med. 1999, 27, 1027-1032. [CrossRef]

Forsmark-Andrée, P; Ernster, L. Evidence for a Protective Effect of Endogenous Ubiquinol against Oxidative Damage to
Mitochondrial Protein and DNA during Lipid Peroxidation. Mol. Aspects Med. 1994, 15, s73-s81. [CrossRef]

Bentinger, M.; Brismar, K.; Dallner, G. The Antioxidant Role of Coenzyme Q. Mitochondrion 2007, 7, 541-550. [CrossRef] [PubMed]
De Barcelos, I.P.; Haas, R.H. CoQ10 and Aging. Biology 2019, 8, 28. [CrossRef] [PubMed]

Li, X,; Zhan, J.; Hou, Y.; Hou, Y.; Chen, S.; Luo, D.; Luan, J.; Wang, L.; Lin, D. Coenzyme Q10 Regulation of Apoptosis and
Oxidative Stress in H202 Induced BMSC Death by Modulating the Nrf-2/NQO-1 Signaling Pathway and Its Application in a
Model of Spinal Cord Injury. Oxid. Med. Cell. Longev. 2019, 2019, 6493081. [CrossRef]

Schmelzer, C.; Lindner, I.; Rimbach, G.; Niklowitz, P.; Menke, T.; Doring, F. Functions of Coenzyme Q10 in Inflammation and
Gene Expression. BioFactors Oxf. Engl. 2008, 32, 179-183. [CrossRef]

Groneberg, D.A_; Kindermann, B.; Althammer, M.; Klapper, M.; Vormann, J.; Littarru, G.P.; Doéring, F. Coenzyme Q10 Affects
Expression of Genes Involved in Cell Signalling, Metabolism and Transport in Human CaCo-2 Cells. Int. J. Biochem. Cell Biol.
2005, 37, 1208-1218. [CrossRef]

Acosta, M.J.; Vazquez Fonseca, L.; Desbats, M.A.; Cerqua, C.; Zordan, R.; Trevisson, E.; Salviati, L. Coenzyme Q Biosynthesis in
Health and Disease. Biochim. Biophys. Acta BBA Bioenerg. 2016, 1857, 1079-1085. [CrossRef]

Bentinger, M.; Tekle, M.; Dallner, G. Coenzyme Q-Biosynthesis and Functions. Biochem. Biophys. Res. Commun. 2010, 396, 74-79.
[CrossRef]

Hernandez-Camacho, ].D.; Bernier, M.; Lépez-Lluch, G.; Navas, P. Coenzyme Q10 Supplementation in Aging and Disease. Front.
Physiol. 2018, 9, 44. [CrossRef] [PubMed]

Motohashi, N.; Gallagher, R.; Anuradha, V.; Gollapudi, R. Co-Enzyme Q10 (Ubiquinone): It's Implication in Improving the Life
Style of the Elderly. Med. Clin. Rev. 2017, 3, 10. [CrossRef]

Langsjoen, P.H.; Langsjoen, A.M. Comparison Study of Plasma Coenzyme Q10 Levels in Healthy Subjects Supplemented with
Ubiquinol versus Ubiquinone. Clin. Pharmacol. Drug Dev. 2014, 3, 13-17. [CrossRef] [PubMed]

Chang, K.-H.; Chen, C.-M. The Role of Oxidative Stress in Parkinson’s Disease. Antioxidants 2020, 9, 597. [CrossRef]
Emmanuele, V.; Lopez, L.C.; Berardo, A.; Naini, A.; Tadesse, S.; Wen, B.; D’Agostino, E.; Solomon, M.; DiMauro, S.; Quinzii,
C.; et al. Heterogeneity of Coenzyme Q10 Deficiency: Patient Study and Literature Review. Arch. Neurol. 2012, 69, 978-983.
[CrossRef]

Raizner, A.E. Coenzyme Q10. Methodist DeBakey Cardiovasc. ]. 2019, 15, 185-191. [PubMed]

Arenas-Jal, M.; Sufié-Negre, ].M.; Garcia-Montoya, E. Coenzyme Q10 Supplementation: Efficacy, Safety, and Formulation
Challenges. Compr. Rev. Food Sci. Food Saf. 2020, 19, 574-594. [CrossRef]

Zhang, Y.; Liu, J.; Chen, X.-Q.; Oliver Chen, C.-Y. Ubiquinol Is Superior to Ubiquinone to Enhance Coenzyme Q10 Status in Older
Men. Food Funct. 2018, 9, 5653-5659. [CrossRef] [PubMed]

Bhagavan, H.N.; Chopra, R.K. Plasma Coenzyme Q10 Response to Oral Ingestion of Coenzyme Q10 Formulations. Mitochondrion
2007, 7, S78-S88. [CrossRef]

Pravst, I.; Rodriguez Aguilera, J.C.; Cortes Rodriguez, A.B.; Jazbar, ].; Locatelli, I.; Hristov, H,; Zmitek, K. Comparative
Bioavailability of Different Coenzyme Q10 Formulations in Healthy Elderly Individuals. Nutrients 2020, 12, 784. [CrossRef]
Zaki, N.M. Strategies for Oral Delivery and Mitochondrial Targeting of CoQ10. Drug Deliv. 2016, 23, 1868-1881. [CrossRef]


http://doi.org/10.3390/antiox9040341
http://www.ncbi.nlm.nih.gov/pubmed/32331285
http://doi.org/10.3390/antiox9060485
http://doi.org/10.3390/nu11092221
http://www.ncbi.nlm.nih.gov/pubmed/31540029
http://doi.org/10.1002/biof.168
http://www.ncbi.nlm.nih.gov/pubmed/21989973
http://doi.org/10.1007/s00726-015-2134-7
http://doi.org/10.3390/antiox8020044
http://www.ncbi.nlm.nih.gov/pubmed/30781472
http://doi.org/10.1074/jbc.R400007200
http://www.ncbi.nlm.nih.gov/pubmed/15096496
http://doi.org/10.1016/j.bbabio.2010.10.007
http://doi.org/10.3389/fphys.2017.00525
http://doi.org/10.1016/j.bbabio.2012.11.014
http://www.ncbi.nlm.nih.gov/pubmed/23220394
http://doi.org/10.1016/S0891-5849(99)00132-X
http://doi.org/10.1016/0098-2997(94)90015-9
http://doi.org/10.1016/j.mito.2007.02.006
http://www.ncbi.nlm.nih.gov/pubmed/17482888
http://doi.org/10.3390/biology8020028
http://www.ncbi.nlm.nih.gov/pubmed/31083534
http://doi.org/10.1155/2019/6493081
http://doi.org/10.1002/biof.5520320121
http://doi.org/10.1016/j.biocel.2004.11.017
http://doi.org/10.1016/j.bbabio.2016.03.036
http://doi.org/10.1016/j.bbrc.2010.02.147
http://doi.org/10.3389/fphys.2018.00044
http://www.ncbi.nlm.nih.gov/pubmed/29459830
http://doi.org/10.21767/2471-299X.1000052
http://doi.org/10.1002/cpdd.73
http://www.ncbi.nlm.nih.gov/pubmed/27128225
http://doi.org/10.3390/antiox9070597
http://doi.org/10.1001/archneurol.2012.206
http://www.ncbi.nlm.nih.gov/pubmed/31687097
http://doi.org/10.1111/1541-4337.12539
http://doi.org/10.1039/C8FO00971F
http://www.ncbi.nlm.nih.gov/pubmed/30302465
http://doi.org/10.1016/j.mito.2007.03.003
http://doi.org/10.3390/nu12030784
http://doi.org/10.3109/10717544.2014.993747

Antioxidants 2021, 10, 360 15 0f 17

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

Beg, S.; Javed, S.; Kohli, K. Bioavailability Enhancement of Coenzyme Q10: An Extensive Review of Patents. Recent Pat. Drug
Deliv. Formul. 2010, 4, 245-255. [CrossRef]

Kumar, S.; Rao, R.; Kumar, A.; Mahant, S.; Nanda, S. Novel Carriers for Coenzyme Q10 Delivery. Curr. Drug Deliv. 2016, 13,
1184-1204. [CrossRef]

Evans, M.; Baisley, J.; Barss, S.; Guthrie, N. A Randomized, Double-Blind Trial on the Bioavailability of Two CoQ10 Formulations.
J. Funct. Foods 2009, 1, 65-73. [CrossRef]

Mae, T.; Sakamoto, Y.; Morikawa, S.; Hidaka, T. Pharmaceutical Composition Comprising Coenzyme Q10. U.S. Patent 6,184,255
B1, 6 February 2001.

Failla, M.L.; Chitchumroonchokchai, C.; Aoki, F. Increased Bioavailability of Ubiquinol Compared to That of Ubiquinone Is Due
to More Efficient Micellarization during Digestion and Greater GSH-Dependent Uptake and Basolateral Secretion by Caco-2
Cells. J. Agric. Food Chem. 2014, 62, 7174-7182. [CrossRef]

Miles, M.V.,; Horn, P,; Miles, L.; Tang, P; Steele, P.; DeGrauw, T. Bioequivalence of Coenzyme Q10 from Over-the-Counter
Supplements. Nutr. Res. 2002, 22, 919-929. [CrossRef]

Hosoe, K.; Kitano, M.; Kishida, H.; Kubo, H.; Fujii, K.; Kitahara, M. Study on Safety and Bioavailability of Ubiquinol (Kaneka
QH™) after Single and 4-Week Multiple Oral Administration to Healthy Volunteers. Regul. Toxicol. Pharmacol. 2007, 47, 19-28.
[CrossRef] [PubMed]

Mantle, D.; Dybring, A. Bioavailability of Coenzyme Q10: An Overview of the Absorption Process and Subsequent Metabolism.
Antioxidants 2020, 9, 386. [CrossRef]

Lopez-Lluch, G.; Del Pozo-Cruz, J.; Sanchez-Cuesta, A.; Cortés-Rodriguez, A.B.; Navas, P. Bioavailability of Coenzyme Q10
Supplements Depends on Carrier Lipids and Solubilization. Nutrition (Burbank Los Angel. Cty. Calif.) 2019, 57, 133-140. [CrossRef]
[PubMed]

Vitetta, L.; Leong, A.; Zhou, ].; Dal Forno, S.; Hall, S.; Rutolo, D. The Plasma Bioavailability of Coenzyme Q10 Absorbed from the
Gut and the Oral Mucosa. J. Funct. Biomater. 2018, 9, 73. [CrossRef]

Alf, D.; Schmidt, M.E.; Siebrecht, S.C. Ubiquinol Supplementation Enhances Peak Power Production in Trained Athletes: A
Double-Blind, Placebo Controlled Study. J. Int. Soc. Sports Nutr. 2013, 10, 24. [CrossRef]

Uekaji, Y.; Nakata, D.; Shiga, H.; Jo, A.; Tachi, I.; Fukumi, H.; Urano, A.; Terao, K. Formation of CoQ10 Reduced Form by Mixing
CoQ10 Oxidized Form I'CD Complex and Vitamin C in Powder. J. Incl. Phenom. Macrocycl. Chem. 2011, 70, 447-451. [CrossRef]
Orlando, P; Silvestri, S.; Galeazzi, R.; Antonicelli, R.; Marcheggiani, F; Cirilli, I.; Bacchetti, T.; Tiano, L. Effect of Ubiquinol
Supplementation on Biochemical and Oxidative Stress Indexes after Intense Exercise in Young Athletes. Redox Rep. 2018, 23,
136-145. [CrossRef]

Varela-Lépez, A.; Giampieri, F.; Battino, M.; Quiles, J.L. Coenzyme Q and Its Role in the Dietary Therapy against Aging. Molecules
2016, 21, 373. [CrossRef] [PubMed]

Deshmukh, G.; Venkataramaiah, S.B.; Doreswamy, C.M.; Umesh, M.C.; Subbanna, R.B.; Pradhan, B.K.; Seekalluy, S.; Sekar, R.;
Prabhu, K.; Sadagopan, S.; et al. Safety Assessment of Ubiquinol Acetate: Subchronic Toxicity and Genotoxicity Studies. J. Toxicol.
2019, 2019, 3680757. [CrossRef]

Setoguchi, S.; Nagata-Akaho, N.; Goto, S.; Yamakawa, H.; Watase, D.; Terada, K.; Koga, M.; Matsunaga, K.; Karube, Y.; Takata, J.
Evaluation of Photostability and Phototoxicity of Esterified Derivatives of Ubiquinol-10 and Their Application as Prodrugs of
Reduced Coenzyme Q10 for Topical Administration. BioFactors 2020, 46, 983-994. [CrossRef] [PubMed]

Fir, M.M.; Smidovnik, A.; Milivojevic, L.; Zmitek, J.; Prosek, M. Studies of CoQ10 and Cyclodextrin Complexes: Solubility,
Thermo- and Photo-Stability. J. Incl. Phenom. Macrocycl. Chem. 2009, 64, 225-232. [CrossRef]

Wang, ].; Wang, H.; Zhou, X.; Tang, Z.; Liu, G.; Liu, G.; Xia, Q. Physicochemical Characterization, Photo-Stability and Cytotoxicity
of Coenzyme Q10-Loading Nanostructured Lipid Carrier. J. Nanosci. Nanotechnol. 2012, 12, 2136-2148. [CrossRef] [PubMed]
Dragicevic, N.; Krajisnik, D.; Milic, J.; Fahr, A.; Maibach, H. Development of Hydrophilic Gels Containing Coenzyme Q10-Loaded
Liposomes: Characterization, Stability and Rheology Measurements. Drug Dev. Ind. Pharm. 2019, 45, 43-54. [CrossRef]
Kommuru, T.R.; Ashraf, M.; Khan, M.A.; Reddy, LK. Stability and Bioequivalence Studies of Two Marketed Formulations of
Coenzyme Q10 in Beagle Dogs. Chem. Pharm. Bull. 1999, 47, 1024-1028. [CrossRef] [PubMed]

Temova Rakusa, Z.; Kristl, A.; Roskar, R. Quantification of Reduced and Oxidized Coenzyme Q10 in Supplements and Medicines
by HPLC-UV. Anal. Methods Adv. Methods Appl. 2020, 12, 2580-2589. [CrossRef] [PubMed]

Markets, R. Global Dietary Food Supplements Coenzyme Q10 Ingredients Market 2019-2025: Rising Incidence of Cardiovascular
Problems and Shifting Age Demographics Likely to Propel Ingredient Demand. Available online: https://www.prnewswire.
com/news-releases/global-dietary-food-supplements-coenzyme-ql0-ingredients-market-2019--2025-rising-incidence-of-
cardiovascular-problems-and-shifting-age-demographics-likely-to-propel-ingredient-demand-300913355.html (accessed on 23
November 2020).

Ayers, J.; Cook, J.; Koenig, R.A; Sisson, E.M.; Dixon, D.L. Recent Developments in the Role of Coenzyme Q10 for Coronary Heart
Disease: A Systematic Review. Curr. Atheroscler. Rep. 2018, 20, 29. [CrossRef] [PubMed]

Jankowski, J.; Korzeniowska, K.; CiesSlewicz, A.; Jabtecka, A. Coenzyme Q10—A New Player in the Treatment of Heart Failure?
Pharmacol. Rep. PR 2016, 68, 1015-1019. [CrossRef]

Madmani, M.E.; Yusuf Solaiman, A.; Tamr Agha, K.; Madmani, Y.; Shahrour, Y.; Essali, A.; Kadro, W. Coenzyme Q10 for Heart
Failure. Cochrane Database Syst. Rev. 2014, 2, CD008684. [CrossRef] [PubMed]


http://doi.org/10.2174/187221110793237565
http://doi.org/10.2174/1567201813666160104130631
http://doi.org/10.1016/j.jff.2008.09.010
http://doi.org/10.1021/jf5017829
http://doi.org/10.1016/S0271-5317(02)00402-5
http://doi.org/10.1016/j.yrtph.2006.07.001
http://www.ncbi.nlm.nih.gov/pubmed/16919858
http://doi.org/10.3390/antiox9050386
http://doi.org/10.1016/j.nut.2018.05.020
http://www.ncbi.nlm.nih.gov/pubmed/30153575
http://doi.org/10.3390/jfb9040073
http://doi.org/10.1186/1550-2783-10-24
http://doi.org/10.1007/s10847-010-9912-3
http://doi.org/10.1080/13510002.2018.1472924
http://doi.org/10.3390/molecules21030373
http://www.ncbi.nlm.nih.gov/pubmed/26999099
http://doi.org/10.1155/2019/3680757
http://doi.org/10.1002/biof.1678
http://www.ncbi.nlm.nih.gov/pubmed/33025665
http://doi.org/10.1007/s10847-009-9555-4
http://doi.org/10.1166/jnn.2012.5790
http://www.ncbi.nlm.nih.gov/pubmed/22755031
http://doi.org/10.1080/03639045.2018.1515220
http://doi.org/10.1248/cpb.47.1024
http://www.ncbi.nlm.nih.gov/pubmed/10434405
http://doi.org/10.1039/D0AY00683A
http://www.ncbi.nlm.nih.gov/pubmed/32930284
https://www.prnewswire.com/news-releases/global-dietary-food-supplements-coenzyme-q10-ingredients-market-2019--2025-rising-incidence-of-cardiovascular-problems-and-shifting-age-demographics-likely-to-propel-ingredient-demand-300913355.html
https://www.prnewswire.com/news-releases/global-dietary-food-supplements-coenzyme-q10-ingredients-market-2019--2025-rising-incidence-of-cardiovascular-problems-and-shifting-age-demographics-likely-to-propel-ingredient-demand-300913355.html
https://www.prnewswire.com/news-releases/global-dietary-food-supplements-coenzyme-q10-ingredients-market-2019--2025-rising-incidence-of-cardiovascular-problems-and-shifting-age-demographics-likely-to-propel-ingredient-demand-300913355.html
http://doi.org/10.1007/s11883-018-0730-1
http://www.ncbi.nlm.nih.gov/pubmed/29766349
http://doi.org/10.1016/j.pharep.2016.05.012
http://doi.org/10.1002/14651858.CD008684.pub2
http://www.ncbi.nlm.nih.gov/pubmed/24049047

Antioxidants 2021, 10, 360 16 of 17

58.

59.

60.

61.

62.
63.

64.
65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

Zozina, V.I.; Covantev, S.; Goroshko, O.A.; Krasnykh, L.M.; Kukes, V.G. Coenzyme Q10 in Cardiovascular and Metabolic Diseases:
Current State of the Problem. Curr. Cardiol. Rev. 2018, 14, 164-174. [CrossRef]

Zhang, S.-Y.; Yang, K.-L.; Zeng, L.-T.; Wu, X.-H.; Huang, H.-Y. Effectiveness of Coenzyme Q10 Supplementation for Type 2
Diabetes Mellitus: A Systematic Review and Meta-Analysis. Int. ]. Endocrinol. 2018, 2018, 6484839. [CrossRef]

Samimi, F.; Baazm, M.; Eftekhar, E.; Rajabi, S.; Goodarzi, M.T.; Jalali Mashayekhi, F. Possible Antioxidant Mechanism of Coenzyme
Q10 in Diabetes: Impact on Sirt1/Nrf2 Signaling Pathways. Res. Pharm. Sci. 2019, 14, 524-533. [PubMed]

Yang, X.; Zhang, Y.; Xu, H.; Luo, X,; Yu, J.; Liu, J.; Chang, R.C.-C. Neuroprotection of Coenzyme Q10 in Neurodegenerative
Diseases. Curr. Top. Med. Chem. 2016, 16, 858-866. [CrossRef]

Silberstein, S.D. Preventive Migraine Treatment. Contin. Minneap. Minn 2015, 21, 973-989. [CrossRef]

Martucci, A.; Nucci, C. Evidence on Neuroprotective Properties of Coenzyme Q10 in the Treatment of Glaucoma. Neural Regen.
Res. 2019, 14, 197-200.

Tafazoli, A. Coenzyme Q10 in Breast Cancer Care. Future Oncol. Lond. Engl. 2017, 13, 1035-1041. [CrossRef] [PubMed]

Taylor, B.A. Does Coenzyme Q10 Supplementation Mitigate Statin-Associated Muscle Symptoms? Pharmacological and Method-
ological Considerations. Am. J. Cardiovasc. Drugs Drugs Devices Interv. 2018, 18, 75-82. [CrossRef]

Tan, ].T.; Barry, A.R. Coenzyme Q10 Supplementation in the Management of Statin-Associated Myalgia. Am. |. Health-Syst. Pharm.
AJHP Off. ]. Am. Soc. Health Syst. Pharm. 2017, 74, 786-793. [CrossRef]

Ben-Meir, A.; Burstein, E.; Borrego-Alvarez, A.; Chong, J.; Wong, E.; Yavorska, T.; Naranian, T.; Chi, M.; Wang, Y.; Bentov, Y.; et al.
Coenzyme Q10 Restores Oocyte Mitochondrial Function and Fertility during Reproductive Aging. Aging Cell 2015, 14, 887-895.
[CrossRef] [PubMed]

Chopra, R K. Reduced Form of Coenzyme Q in High Bioavailability Stable Oral Dosage Form. U.S. Patent 6,740,338 B1, 25 May
2004.

Terao, K.; Nakata, D.; Fukumi, H.; Schmid, G.; Arima, H.; Hirayama, F.; Uekama, K. Enhancement of Oral Bioavailability of
Coenzyme Q10 by Complexation with y-Cyclodextrin in Healthy Adults. Nutr. Res. 2006, 26, 503-508. [CrossRef]
Balakrishnan, P; Lee, B.-J.; Oh, D.H.; Kim, ].O,; Lee, Y.-I.; Kim, D.-D.; Jee, ].-P.; Lee, Y.-B.; Woo, ].S.; Yong, C.S.; et al. Enhanced
Oral Bioavailability of Coenzyme Q10 by Self-Emulsifying Drug Delivery Systems. Int. ]. Pharm. 2009, 374, 66-72. [CrossRef]
Nepal, PR.; Han, H.-K.; Choi, H.-K. Enhancement of Solubility and Dissolution of Coenzyme Q10 Using Solid Dispersion
Formulation. Int. J. Pharm. 2010, 383, 147-153. [CrossRef] [PubMed]

Shao, Y.; Yang, L.; Han, H.-K. TPGS-Chitosome as an Effective Oral Delivery System for Improving the Bioavailability of
Coenzyme Q10. Eur. J. Pharm. Biopharm. 2015, 89, 339-346. [CrossRef] [PubMed]

Lee, W.-C,; Tsai, T.-H. Preparation and Characterization of Liposomal Coenzyme Q10 for in Vivo Topical Application. Int. J.
Pharm. 2010, 395, 78-83. [CrossRef] [PubMed]

Bule, M.V,; Singhal, R.S.; Kennedy, J.F. Microencapsulation of Ubiquinone-10 in Carbohydrate Matrices for Improved Stability.
Carbohydr. Polym. 2010, 82, 1290-1296. [CrossRef]

Zhao, X.-H.; Tang, C.-H. Spray-Drying Microencapsulation of CoQ10 in Olive Oil for Enhanced Water Dispersion, Stability and
Bioaccessibility: Influence of Type of Emulsifiers and /or Wall Materials. Food Hydrocoll. 2016, 61, 20-30. [CrossRef]

Council of Europe; European Pharmacopoeia Commission; Ubidecarenone. European Pharmacopoeia 10.0; European Directorate
for the Quality of Medicines and Healthcare: Strasbourg, France, 2020; pp. 4147-4148.

United States Pharmacopeial Convention Ubidecarenone Capsules. In U.S. Pharmacopeia National Formulary USP 43, NF 38; The
United States Pharmacopeial Convention: Rockville, MD, USA, 2019; p. 5320.

United States Pharmacopeial Convention Ubidecarenone Tablets. In U.S. Pharmacopeia National Formulary USP 43, NF 38; The
United States Pharmacopeial Convention: Rockville, MD, USA, 2019; p. 5321.

Lunetta, S.; Roman, M. Determination of Coenzyme Q10 Content in Raw Materials and Dietary Supplements by High-Performance
Liquid Chromatography-UV: Collaborative Study. |. AOAC Int. 2008, 91, 702-708. [CrossRef] [PubMed]

Vass, A.; Dedk, E.; Dernovics, M. Quantification of the Reduced Form of Coenzyme Q10, Ubiquinol, in Dietary Supplements with
HPLC-ESI-MS/MS. Food Anal. Methods 2015, 8, 452-458. [CrossRef]

Kettawan, A.; Kunthida, C.; Takahashi, T.; Kishi, T.; Chikazawa, J.; Sakata, Y.; Yano, E.; Watabe, K.; Yamamoto, Y.; Okamoto, T.
The Quality Control Assessment of Commercially Available Coenzyme Q10-Containing Dietary and Health Supplements in
Japan. J. Clin. Biochem. Nutr. 2007, 41, 124-131. [CrossRef] [PubMed]

Deng, Y.; Chen, X.; Wang, L.; Peng, X.; Lin, M. Characterization of Unknown Impurities in Coenzyme Q10 Using LC-MS and
NMR. J. Pharm. Biomed. Anal. 2019, 175, 112771. [CrossRef]

Bao, K.; Zhang, C; Xie, S.; Feng, G.; Liao, S.; Cai, L.; He, J.; Guo, Y.; Jiang, C. A Simple and Accurate Method for the Determination
of Related Substances in Coenzyme Q10 Soft Capsules. Molecules 2019, 24, 1767. [CrossRef]

Berl, V. Application Publication, Formulations of Ubiquinol and Resveratrol Esters. U.S. Patent Application No. US 2012/0088829
A1, 12 April 2012.

Ueda, T.; Tadao, O.; Moro, M.; Shiro, K.; Ueda, Y. Method of Stabilizing Reduced Coenzyme Q10. U.S. Patent 9,532.957 B2, 3
January 2017.

Temova, Z.; Rogkar, R. Shelf Life after Opening of Prescription Medicines and Supplements with Vitamin D3 for Paediatric Use.
Eur. ]. Hosp. Pharm. 2017, 24, 115-119. [CrossRef] [PubMed]


http://doi.org/10.2174/1573403X14666180416115428
http://doi.org/10.1155/2018/6484839
http://www.ncbi.nlm.nih.gov/pubmed/32038732
http://doi.org/10.2174/1568026615666150827095252
http://doi.org/10.1212/CON.0000000000000199
http://doi.org/10.2217/fon-2016-0547
http://www.ncbi.nlm.nih.gov/pubmed/28481148
http://doi.org/10.1007/s40256-017-0251-2
http://doi.org/10.2146/ajhp160714
http://doi.org/10.1111/acel.12368
http://www.ncbi.nlm.nih.gov/pubmed/26111777
http://doi.org/10.1016/j.nutres.2006.08.004
http://doi.org/10.1016/j.ijpharm.2009.03.008
http://doi.org/10.1016/j.ijpharm.2009.09.031
http://www.ncbi.nlm.nih.gov/pubmed/19781608
http://doi.org/10.1016/j.ejpb.2014.12.026
http://www.ncbi.nlm.nih.gov/pubmed/25542680
http://doi.org/10.1016/j.ijpharm.2010.05.006
http://www.ncbi.nlm.nih.gov/pubmed/20635514
http://doi.org/10.1016/j.carbpol.2010.07.012
http://doi.org/10.1016/j.foodhyd.2016.04.045
http://doi.org/10.1093/jaoac/91.4.702
http://www.ncbi.nlm.nih.gov/pubmed/18727527
http://doi.org/10.1007/s12161-014-9911-x
http://doi.org/10.3164/jcbn.2007017
http://www.ncbi.nlm.nih.gov/pubmed/18193106
http://doi.org/10.1016/j.jpba.2019.07.019
http://doi.org/10.3390/molecules24091767
http://doi.org/10.1136/ejhpharm-2016-000895
http://www.ncbi.nlm.nih.gov/pubmed/31156916

Antioxidants 2021, 10, 360 17 of 17

87.

88.

89.

90.

Rakusa, Z.T.; Sre¢nik, E.; Rogkar, R. Novel HPLC-UV Method for Simultaneous Determination of Fat-Soluble Vitamins and
Coenzyme Q10 in Medicines and Supplements. Acta Chim. Slov. 2017, 64, 523-529. [CrossRef]

Temova Rakuga, Z.; Grobin, A.; Rogkar, R. A Comprehensive Approach for the Simultaneous Analysis of All Main Water-Soluble
Vitamins in Multivitamin Preparations by a Stability-Indicating HPLC-DAD Method. Food Chem. 2021, 337, 127768. [CrossRef]
Monakhova, Y.B.; Ruge, I.; Kuballa, T.; Lerch, C.; Lachenmeier, D.W. Rapid Determination of Coenzyme Q10 in Food Supplements
Using 1H NMR Spectroscopy. Int. J. Vitam. Nutr. Res. Int. Z. Vitam. Ernahr. ]. Int. Vitaminol. Nutr. 2013, 83, 67-72. [CrossRef]
[PubMed]

Pravst, I; Zmitek, K. The Coenzyme Q10 Content of Food Supplements. |. Fiir Verbrauch. Leb. 2011, 6, 457—463. [CrossRef]


http://doi.org/10.17344/acsi.2016.2856
http://doi.org/10.1016/j.foodchem.2020.127768
http://doi.org/10.1024/0300-9831/a000146
http://www.ncbi.nlm.nih.gov/pubmed/24220166
http://doi.org/10.1007/s00003-011-0704-5

	Introduction 
	Materials and Methods 
	Chemicals and Reagents 
	High-Performance Liquid Chromatography (HPLC) Analysis 
	Samples 
	Sample Preparation 
	Stability Study 
	Accelerated Stability Study 
	Long-Term (Real-Time) Stability Study 
	Stability of Standard oCoQ10 Solutions in the Presence of Antioxidants 
	Degradation Kinetics 


	Results 
	Accelerated Stability Study 
	Products with Undefined CoQ10 Form 
	Products with CoQ10 in the Form of Ubiquinol 
	Products with CoQ10 in the Form of Ubiquinone 

	Long-Term (Real-Time) Stability Study 
	CoQ10 Degradation Kinetics in the Tested Products 
	Stability of oCoQ10 Standard in the Presence of Antioxidants 

	Discussion 
	Conclusions 
	References

