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Abstract

Background Coenzyme Q10 (CoQ10) is a widely used food supplement due to its potential therapeutic ben-
efits, which largely depend on its bioavailability. This study compared the bioavailability of two CoQ10 formula-
tions—unencapsulated ubiquinone (standard) and microencapsulated CoQ10 (BMT®)—in healthy adults follow-
ing both acute and chronic oral administration, and examined their effects on selected metabolic parameters.

Methods This randomized, two-way crossover trial included 25 healthy adult participants. Each received a single
100 mg dose of both formulations, as well as a 3-week daily regimen of 100 mg of one of the formulations. Bioavail-
ability was assessed by calculating the area under the curve for plasma CoQ10 concentrations over 48 h after a single
dose administration and over the 3-week supplementation period.

Results The microencapsulated CoQ10 demonstrated significantly superior bioavailability at 6, 12, and 24 h,

with an average fold increase of 1.8, 2.4, and 1.9, compared to standard. Following chronic supplementation, plasma
CoQ10 concentrations increased by approximately 80% with standard and 95% with the microencapsulated for-
mulation relative to baseline, while differences between formulations were no longer significant. A significant

effect on vitamin D levels was also observed: microencapsulated CoQ10 led to higher vitamin D concentrations
after 3 weeks (P=0.001).

Conclusion These results confirm the safety and superior acute bioavailability of microencapsulated CoQ10 and sug-
gest possible broader metabolic benefits.
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NCT06736366#study-record-dates

Keywords Coenzyme Q10, Bioavailability, Food supplement, Microencapsulation

*Patrick Orlando and Ana Petelin have contributed equally to this work.

*Correspondence:

Patrick Orlando

p.orlando@staff.univpm.it

Ana Petelin

ana.petelin@uprsi

Full list of author information is available at the end of the article

©The Author(s) 2026. Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which
permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the
original author(s) and the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or
other third party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line
to the material. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory

L]
@ SP rlnge r regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this
I

licence, visit http://creativecommons.org/licenses/by/4.0/.


http://orcid.org/0000-0002-5557-5974
https://clinicaltrials.gov/study/NCT06736366#study-record-dates
https://clinicaltrials.gov/study/NCT06736366#study-record-dates
http://creativecommons.org/licenses/by/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s43094-026-00999-4&domain=pdf

Jenko Praznikar et al. Future Journal of Pharmaceutical Sciences

Introduction

Coenzyme Q10 (CoQ10), also known as ubiquinone, is
a highly lipophilic compound found in nearly every cell
membrane in the human body [1]. Its primary and well-
established biochemical function is serving as a cofactor
in the mitochondrial electron transport chain, where it
facilitates a series of redox reactions involved in the syn-
thesis of adenosine triphosphate (ATP). As a result, tis-
sues with high metabolic demands—such as the heart,
kidneys, and liver—exhibit the highest concentrations of
CoQ10. Because most cellular processes depend on ade-
quate ATP production, CoQ10 plays a critical role in sup-
porting the function and health of all human tissues and
organs [2, 3]. In addition to its role in energy metabolism,
CoQ10 is a potent lipid-soluble antioxidant. It protects
against oxidative damage by preventing the formation
of free radicals and limiting oxidative modifications to
proteins, lipids, and DNA. In the bloodstream, CoQ10
is primarily transported in lipoproteins, and its plasma
concentration has been shown to correlate closely with
total and low-density lipoprotein (LDL cholesterol) lev-
els [4]. Within LDL particles, CoQ10 acts as the first line
of antioxidant defense during oxidative stress [5]. CoQ10
levels have been found to decline in various pathologi-
cal conditions characterized by elevated oxidative stress,
including chronic diseases and disorders associated with
increased reactive oxygen species (ROS) production [6].
Reduced CoQ10 concentrations have also been reported
in association with genetic mutations, cancer, and the use
of statin medications [2].

CoQ10 is synthesized endogenously from the amino
acid tyrosine (or phenylalanine) and the tail subunit IPP
derived from the mevalonate pathway [7]. However, evi-
dence indicates that the efficiency of endogenous bio-
synthesis declines with age [1, 2]. Exogenous CoQ10
can be obtained from various dietary sources, including
fatty fish (e.g., salmon and tuna), organ meats (e.g., liver),
and whole grains. Nevertheless, typical daily intake in
Western diets is estimated to be only 3-5 mg [8], which
is insufficient to meaningfully increase plasma CoQ10
levels.

CoQ10 has limited gastrointestinal absorption due
to its high molecular weight, poor water solubility, and
relatively low lipid solubility [9]. Its absorption follows
a pathway similar to that of vitamin E, beginning with
emulsification and micelle formation facilitated by pan-
creatic and bile secretions in the small intestine. In addi-
tion, the crystalline structure of CoQ10 further limits its
dissolution and contributes to variability in absorption
among conventional formulations, as efficient dispersion
is required prior to uptake [9, 10]. Given both low dietary
intake and poor absorption, CoQ10 supplementation—
typically around 100 mg/day—is often recommended in
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cases of deficiency to restore antioxidant capacity and
prevent LDL oxidation [2]. While there is limited data
on the effects of CoQ10 supplementation in healthy
individuals, some studies have reported improvements
in metabolic status in populations with metabolic syn-
drome [11, 12], type 2 diabetes mellitus [13], and coro-
nary artery disease [14]. Conversely, other studies have
shown no significant effects; for example, supplementa-
tion with 200 mg/day of CoQ10 for 12 weeks did not alter
lipid profiles, inflammatory markers, or oxidative stress
biomarkers in obese individuals [15].

Assessing the efficacy of CoQl0 supplementation
requires careful consideration of the formulation’s
absorption and bioavailability. Numerous promising
efforts have been made to enhance CoQ10’s bioavail-
ability, including reducing particle size, improving crystal
dispersion, and enhancing water dispersibility through
techniques such as solubilization, complexation, lipid-
based delivery systems, and chemical reduction [8-10,
16, 17]. Conventional, non-encapsulated CoQ10 formula-
tions have been widely studied, with evidence indicating
variable and often limited bioavailability depending on
formulation characteristics [9, 10, 16, 17]. More recently,
advanced delivery strategies such as microencapsulation
have been developed, aiming to improve stability, disper-
sion, and gastrointestinal uptake of CoQ10 [18]. While
these approaches are promising, data on specific propri-
etary technologies remain limited, and further studies are
needed to evaluate their performance under controlled
conditions.

The objective of this study was to investigate the bio-
availability of CoQ10 after a single dose administra-
tion and following 3 weeks of daily supplementation in
healthy adults, comparing a standard unencapsulated
formulation with a microencapsulated product. This
randomized, two-way crossover trial involved adminis-
tration of a single 100 mg oral dose of CoQ10, followed
by a 3-week supplementation phase (100 mg/day), using
two different formulations: (1) capsules containing stand-
ard ubiquinone and (2) capsules containing microen-
capsulated CoQ10. The primary aim of the single-dose
phase was to provide comparative data under controlled
conditions of the relative bioavailability of the two for-
mulations based on plasma CoQ10 concentrations. The
secondary objective was to evaluate the safety and bioa-
vailability of CoQ10 after chronic supplementation, along
with its effects on selected metabolic parameters.

Materials and methods

Study population

Healthy adult volunteers were recruited from the Pri-
morska region of Slovenia through internet forums,
email lists, and local newspaper advertisements.



Jenko Praznikar et al. Future Journal of Pharmaceutical Sciences

Eligible participants were male and female adults aged
50-65 years, with a body weight of 70+5 kg for women
and 85+5 kg for men. All participants were required
to be in good general health and to abstain from taking
any food supplements for at least two weeks prior to and
throughout the study period. Exclusion criteria included
the use of prescription medications or food supplements
within two weeks before study initiation; a clinically sig-
nificant history of gastrointestinal, hepatic, renal, car-
diovascular, or metabolic disease (including diabetes);
any other serious acute or chronic illness; or inadequate
venous access as assessed by the investigator.

Sample size calculation was based on previously pub-
lished data [19-21], assuming a statistical power of 0.9,
alpha level of 0.05, and an effect size of 0.5. It was deter-
mined that 24 participants would be sufficient to detect
a two-fold difference between the standard and the test
product. To account for potential dropouts, the sample
size was increased to 30 participants.

The study protocol was approved by the National Med-
ical Ethics Committee of Slovenia (No. 0120-557/2017/4;
Ministry of Health, Republic of Slovenia) and registered
on ClinicalTrials.gov (NCT06736366). The study was
conducted in accordance with local regulatory require-
ments and the Declaration of Helsinki. All participants
provided written informed consent prior to enrolment.

Tested CoQ10 formulations

For the purposes of this study, two coenzyme Q10-based
products were used, both containing coenzyme Q10
compliant with the requirements of the United States
Pharmacopeia (USP), European Pharmacopoeia (Ph. Eur.
8.0), Japanese Pharmacopoeia (JP), and British Pharma-
copoeia (BP), sourced from the same supplier and the
same production batch. Coenzyme Q10 (ubiquinone)
was supplied by Pharmavit (batch number: 51-2401146).
One product contained coenzyme Q10 in its conven-
tional, non-encapsulated form, while the second prod-
uct was formulated using Biostile Microencapsulated
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the company Biostile using its proprietary microencap-
sulation know-how, registered as Biostile Microencap-
sulated Technology® (EUIPO trademark filing number:
018312914). The production process was carried out
under controlled technological conditions, including
defined mixing regimes, temperature control, and mate-
rial flow management. All raw materials—coenzyme Q10
(ubiquinone), gum arabic, corn starch, olive oil, and sili-
con dioxide—were introduced into a dedicated process
reactor vessel in an aqueous environment. The system
was intensively mixed to promote uniform dispersion of
the lipophilic active compound and the formation of a
stable microencapsulated suspension. The microencap-
sulation approach was intended to improve the dispers-
ibility, handling properties, and technological stability of
coenzyme Q10. Acetic and citric acid were subsequently
added to adjust the pH of the system and to support
physicochemical stability during further processing steps.
The resulting slurry was then allowed to undergo decan-
tation and was conditioned for controlled water removal.
Freeze-drying (lyophilization) was employed as a gentle
dehydration technique to limit oxidative stress and mini-
mize thermal degradation, thereby preserving the struc-
tural integrity of microencapsulated BMT® coenzyme
Q10. The obtained dry intermediate was subsequently
blended with a defined amount of maltodextrin in order
to achieve a standardized final composition containing
30% (w/w) coenzyme Q10. Final mixing was performed
in a suitable industrial mixer to ensure batch homogene-
ity and reproducibility. The final product was subjected
to routine quality control procedures, including verifi-
cation of coenzyme Q10 content and homogeneity. All
raw materials used complied with applicable food-grade
quality standards and were suitable for use in food sup-
plement applications.

Therefore, the study was conducted with two different
formulations (Table 1):

(A) The standard product Coenzyme Q10 (ubiqui-

Technology®. BMT® coenzyme Q10 was produced by none);

Table 1 Tested CoQ10 formulations

Formulation Company product name Ingredients CoQ10
intake
(mg)

A CoQ10 USP (Ubiguinone; non-encapsulated)  Maltodextrin, capsule (HPMC—hydroxypropyl methyl cellulose), coenzyme 100

Q10 (ubiquinone)
B BMT® CoQ10 (CoQ10 microencapsulated) Maltodextrin, BMT® coenzyme Q10 [maltodextrin, coenzyme Q10 (ubiqui- 100

none), stabiliser (gum arabic), corn starch, olive oil, anti-caking agent (silicon
dioxide), acidity regulators (acetic acid, citric acid)], capsule (HPMC—nhydroxy-
propyl methy! cellulose)

A, the standard product Coenzyme Q10 (ubiquinone); B, the investigational product 1 (BMT® Coenzyme Q10 microencapsulated)
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(B) The investigational product 1: BMT® Coenzyme
Q10 microencapsulated (Biostile, Ltd., Slovenia).

The researchers were blinded to characteristics of the
formulations until the end of the study; samples were
codified in origin and received by the researchers without
any indication of their composition, including the already
commercialized formula. The nature of the formulations
was only revealed after final analysis of the data.

Study protocol

This was a randomized, double-blind, crossover bio-
availability study conducted at a single centre. The
study investigated both the single-dose bioavailability
and 3-week bioavailability of two CoQ10 formulations
across two treatment periods. The first treatment period
explored the single-dose bioavailability over 48 h. The
participants were randomly assigned one of the formu-
lations (A or B). The second treatment period followed
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after a 2-week washout phase (Fig. 1). The protocol for
the single dose bioavailability study over 48 h was the
same as in the first treatment period, except that the par-
ticipants were assigned the other formulation (B or A).
After completion of the second 48-h post-acute phase,
participants continued daily supplementation with the
formulation assigned for the second treatment period
(B or A) for additional three weeks. Randomization with
stratification was performed using MinimPy, a free open-
source desktop application (https://sourceforge.net/proje
cts/minimpy) [22]. Stratification variables included sex
and body mass to ensure balanced group assignment.
Since CoQ10 is a lipophilic compound, its absorp-
tion is known to be enhanced in the presence of dietary
fat [10, 16, 20]. Therefore, standardized dietary condi-
tions were applied in single-dose bioavailability studies
to minimize variability in absorption. Following an over-
night fast, participants received two capsules (2 x50 mg)
of the assigned test formulation at time zero, adminis-
tered with a 2092 kJ (500 kcal) standardized breakfast,
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-Omitted measurements (n=5)
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-llness (n=4)
-Unexpected life events (n=1)
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Determination of the bioavailability of CoQ10 between the tested formulations

Fig. 1 Study design


https://sourceforge.net/projects/minimpy
https://sourceforge.net/projects/minimpy

Jenko Praznikar et al. Future Journal of Pharmaceutical Sciences

composed of 150 mL of Greek-type yogurt (10% fat), 50 g
of white bread, 5 g of honey and an apple. To ensure com-
pliance, the single-dose administration was supervised
on-site by the study coordinator during each treatment
period. Blood samples were collected at baseline in fast-
ing conditions (t=—1) and at 4, 6, 12, 24, and 48 h after
capsules ingestion during the first 48-h period. In the
second treatment period, the participants ingested the
other test formulation with the standardized breakfast
described above and blood samples were collected at
baseline in fasting conditions (t=—1), and at 4, 6, 12, 24,
and 48 h after capsules ingestion, with an additional sam-
ple taken in fasting conditions after three weeks of daily
supplementation. The participants were asked to take
the supplements (two 50 mg Q10 capsules) daily along-
side breakfast, containing a source of fat. The partici-
pants were instructed to maintain their usual lifestyle and
avoid major changes in physical activity throughout the
study period. Adverse events were monitored through-
out the study. At each visit, participants were interviewed
to determine whether they had experienced any side
effects since their last visit. Any changes in medication
use or health status were also documented. All reported
adverse events were reviewed and evaluated by the study
investigators.

Blood analysis

Blood samples were collected according to standard pro-
cedures which are accessible via the website https://www.
szkklm.si/assets/images/upload/PP_1_II__07_WEB.pdf
(accessed on 10th January 2024). Blood samples (2 mL)
were drawn into blood collection tubes containing hepa-
rin as anticoagulant and centrifuged at 1500 g for 15 min
at 4 °C. The plasma was separated and transferred in ali-
quots into three separate vials (with a minimum of 200
pL of plasma in each). The vials were closed immediately
after plasma transfer, kept frozen at — 80 °C until analysis.
Plasma concentrations of fasting glucose, triacylglycer-
ols, total cholesterol, LDL cholesterol, high density lipo-
protein (HDL cholesterol), and C-reactive protein (CRP)
were measured with a cobas® ¢ 111 analyser (Roche),
while vitamin D was analysed with the 25-OH-Vitamin-
D ELISA EA300/96 kit as recommended by the manufac-
turer (DLD Diagnostica GmbH, Hamburg, Germany).

Analytical procedures

Coenzyme Q10 plasma levels were quantified chromato-
graphically, by using Shiseido Nanospace HPLC (Shiseido
Co. Ltd, Tokyo, Japan) equipped with an electrochemical
detector (ECD) model 3005, pumps one and two model
3201, a flow-channel degasser model 3009, a switch valve
model 3012, a column oven model 3014 and a refriger-
ated automatic autosampler model 3023 [23].
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The system used 3 chromatographic columns: a Capcell
Pack C18 M@ concentrating column (2 mm L.D. X 35 mm,
5 um), a Capcell Pack C18 AQ analytical column (2 mm
L.D.x150 mm, 3 pm), an OSAKA SODA CQ-R reduc-
ing column (2.0 mm L.D X 20 mm). Moreover, two mobile
phases were used: the first one, composed of 50 mM
sodium perchlorate in methanol/distilled water (95/5
v/v) to flux the sample through the concentrating column
at a flow rate of 200 puL/min; the second phase, composed
of 50 mM sodium perchlorate in methanol/isopropanol
(95/5 v/v) to elute CoQ10 from the concentrating column
to analytical one at a flow rate of 320 pL/min. The col-
umn oven was set at 40 °C and the oxidation potential for
ECD was 650 mV. 50 pL of plasma were extracted with
250 uL 1-propanol and vortexed for 30 s. After centrifu-
gation at 20,900xg for 2 min at 4 °C, 40 uL of superna-
tant was loaded in HPLC system. Ultrapure ubiquinone,
kindly donated by Kaneka (Kobe, Japan), previously pre-
pared in ethanol and stored at —80 °C was used as exter-
nal standard showing a R?>0.99 in a range between 0.07
and 2.25 pg/mL.

The Limit of Detection (LOD) and Limit of Quantifi-
cation (LOQ) were calculated following the ICH Q2(R2)
guidelines, based on the standard deviation of the inter-
cept (0) and the slope (S) of the calibration curve. The
values are as follows: LOD (3.3 0/S)=0.057 pug/mL and
LOQ (10 0/S)=0.172 pg/mL. All experimental samples
(minimum measured value=0.31) were well above the
LOQ, ensuring high analytical reliability and precision
throughout the study.

Statistical analyses

Data are presented pooled for both sexes. The results
are presented as the mean value with standard devia-
tion (SD), as median (Q1, Q3) or frequencies (%). Since
CoQ10 is transported in lipoproteins, particularly LDL,
and its levels in plasma are often correlated with cho-
lesterol levels, normalizing the values minimizes the
variability caused by different cholesterol levels in indi-
viduals, providing a more accurate assessment of the
body’s CoQ10 status. However, in the present study
CoQ10 quantification data are presented as pg/mL and
normalized for cholesterol levels (expressed as nmol/
mmol). Statistical analysis was conducted by using
GraphPad Prism (Prism 8, GraphPad Software, San
Diego, CA). In particular, we performed both a paired
Student’s t-test to compare AUC values and unpaired
to compare formulation after chronic supplementation,
while a Linear Mixed Model analysis was adopted in
order to compare the time points of both formulations
in acute treatment and to evaluate the time X treatment
interaction with participants as a random intercept and
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with adjustment for BMI. The linear mixed model analy-
sis was performed using SPSS version 29.0 (IBM Corp.,
Armonk, NY, USA).

Effects of acute and chronic administration of CoQ10
on biochemical parameters and vitamin D plasma lev-
els were evaluated with a linear mixed model, testing for
the effect of time and the effect of intervention with par-
ticipants as a random intercept and with adjustment for
BMI. A p value<0.05 are considered statistically signifi-
cant and P value <0.01 highly significant.

Results

Subjects’ characteristics

A total of 25 participants (15 females and 10 males) com-
pleted both the single-dose and 3-week supplementation
phases of the study. Demographic, anthropometric, and
biochemical characteristics for the overall sample, as well
as stratified by sex, are presented in Table 2. The average
age of participants was 56+ 6 years, with a mean body
mass of 75.2+9.2 kg and a mean BMI of 25.3+2.8 kg/
m?, All participants were non-smokers. They were nor-
moglycemic and exhibited normal to mildly elevated
cholesterol levels. The mean+SD plasma 25-hydroxyvi-
tamin D [25(OH)D] concentration was 15.75+2.91 ng/
mL. The mean baseline CoQ10 plasma concentration was
0.59+£0.15 pg/mL and 130.06 + 31.15 nmol CoQ10/mmol
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cholesterol, as already demonstrated in previous studies
[24, 25].

All participants (both female and male) met the inclu-
sion criteria for body mass. As expected, statistically sig-
nificant sex-based differences were observed in several
anthropometric parameters, including body mass, body
fat percentage, fat-free mass, muscle mass, and visceral
fat rating. Significant differences were also found in total
and HDL cholesterol levels between females and males
(Table 2).

Side effects

No adverse events were reported concerning the sup-
plementation or study protocol. Moreover, no reports of
medical problems or side effects were indicated.

Bioavailability of CoQ10 after single-dose or 3-week
administration

The mean plasma concentration—time curves for CoQ10
and CoQ10 levels normalized to total cholesterol follow-
ing single oral doses of formulations A and B are pre-
sented in Fig. 2A, B, respectively. As shown in Fig. 2C,
D, paired Student’s t-tests indicated that formulation
B produced a significantly higher area under the con-
centration—time curve over 48 h (AUC,) compared to
formulation A. Specifically, the AUC,s for formulation
B was 8729+1493 (cholesterol-normalized), whereas

Table 2 Study population demographic data, anthropometric and biochemical parameters

Characteristcs All participants Females Males p value
N (%) or Mean+SD N (%) or Mean +SD N (%) or Mean+SD

Gender (F/M) 15/10 (60/40) 15 (60) 10 (40) 0317
Age (years) 56.1+6.3 55.7+69 56.7+54 0.699
Anthropometric parameters

Body mass (kg) 752+9.2 705+69 829+6.9 <0.001
BMI (kg/m?) 253428 247430 263+24 0.175
Fat body mass (%) 28.1+6.1 31.7+4.1 220+3.6 <0.001
Fat free mass (kg) 542492 479436 64.6+4.9 <0.001
Muscle mass (kg) 515+88 455+35 614+47 <0.001
Visceral fat rating 82+29 6.5+16 11.0+24 <0.001
Biochemical parameters

Glucose (mmol/L) 546+0.52 549+0.60 542+041 0.756
Total cholesterol (mmol/L) 525+0.71 546+0.79 494+045 0.047
LDL cholesterol (mmol/L) 3.66+0.86 3.65+1.05 3.67+0.53 0.958
HDL cholesterol (mmol/L) 1.99+0.57 2.28+0.50 1.60+0.39 0.001
CRP (mg/L) 1.13£0.99 1.24+1.01 0.95+0.89 0518
Vitamin D (ng/mL) 15.75+£291 1448+237 1741611 0.663
Plasma CoQ10 (ug/mL) 059+0.15 0.57+0.15 0.62+0.15 0450
Plasma CoQ10/cholesterol (nmol/ 130.06+31.15 11994213 1453+38.1 0.077

mmol)

BMI, body mass index; CRP, C-reactive protein; F, female; M, male; N, number; SD, standard deviation
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Fig. 2 Absorption curves of the kinetics of plasma CoQ10. Concentration expressed as mean plasma CoQ10 levels (A) and mean plasma CoQ10
levels normalized for cholesterol levels (B) and corresponding AUC,g values (C, D). CoQ10, coenzyme Q10. Blue line and blue bar—formulation
A (CoQ10 USP (Ubiguinone; non-encapsulated)); Red line and red bar—formulation B (microencapsulated CoQ10). **p <0.01. Error bars indicate
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formulation A showed an AUC,; of 7606 + 1525 (p<0.01
for both comparisons).

The bioavailability of both CoQ10 formulations across
all time points are presented in Fig. 3. Formulation B
achieved significantly higher plasma CoQ10 concentra-
tions—both absolute and cholesterol-normalized—rela-
tive to baseline as early as 6 h post-dose, with elevated
levels sustained up to 24 h. In contrast, formulation A
maintained significantly elevated levels only up to 6 h
post-dose. At week 3, both formulations maintained sig-
nificantly elevated CoQ10 levels compared to the 6-h
post-dose measurement, but only when concentrations
were normalized to total cholesterol (Fig. 3B). Without
normalization, significantly higher levels at week 3 were
observed only for formulation B (Fig. 3A).

Compared to formulation A, formulation B dem-
onstrated significantly greater bioavailability at 6 h
(p<0.05), 12 h (p<0.01), and 24 h (p<0.01). When nor-
malized for cholesterol, significantly higher levels were
also observed at 48 h (p<0.01). After 3 weeks of chronic

supplementation, steady-state plasma CoQ10 concentra-
tions achieved were higher in participants receiving for-
mulation B compared to those receiving formulation A;
however, this difference did not reach statistical signifi-
cance whether the values were normalized for cholesterol
or not, likely due to interindividual biological variability
and the limited sample size (Fig. 3A, B).

Importantly, the model identified a significant
time X treatment interaction (p=0.01), indicating that
the pharmacokinetic profile of formulation B was not
only characterized by greater overall exposure (AUC48)
and higher peak plasma concentration (c,,,,), but also by
a longer duration of elevated plasma levels, as evident
after 3 weeks of daily consumption. These findings sug-
gest that formulation B offers superior pharmacokinetic
performance compared to formulation A.

To better highlight inter-formulation differences
while controlling for intra-individual variability, both
the proportion of change and the percent changes in
plasma CoQ10 levels from baseline were calculated
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Fig. 3 Plasma CoQ10 levels (A) and plasma levels normalized for cholesterol levels (B) at individual time points and after 3 weeks of chronic
supplementation. Blue bar—CoQ10 USP (Ubiquinone; non-encapsulated); Red bar—microencapsulated CoQ10. *p <0.05; **p <0.01: significance
within the same formulation; #p <0.05; ##p < 0.01: significance between formulations. Lowercase letters (a—c): significant differences in formulation
A; a versus T0, ¢ versus T6. Uppercase letters (A-C): significant differences in formulation B; A versus TO, B versus T4, C versus T6. Error bars indicate

standard deviation

Table 3 Changes in plasma CoQ10 levels from baseline (in percent) for both formulations comparison

Time after supplementation 4h 6h 12h 24h 48 h 3 weeks
Formulation A 20% 36% 20% 24% 15% 83%
Formulation B 27% 63% 48% 46% 31% 94%
Formulation B/Formulation A 14 1.8% 2.4%% 1.9% 2.1 1.1

" p<0.05; *p<0.01
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and analysed using paired t-tests. The results are pre-
sented in Tables 3 and 4. Formulation B resulted in sig-
nificantly greater percent increases in plasma CoQ10
at 6-, 12-, and 24-h post-dose compared to formulation
A (p<0.05 at all-time points). Although the increase at
48 h did not reach statistical significance (p =0.061), it
remained notably higher for formulation B.

When normalized to cholesterol levels, the maximum
percent increase was observed 6 h post-dose—37%
for formulation A and 60% for formulation B. Over-
all, formulation B demonstrated significantly superior
bioavailability at 12, 24, and 48 h, with an average fold
increase of 2.3, 2.0, and 2.4, respectively, compared to
formulation A. Following chronic supplementation,
plasma CoQ10 concentrations increased by approxi-
mately 87% with formulation A and 96% with formu-
lation B relative to baseline, while differences between
formulations were not significant, and the ratio was 1.1.
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Effects of single-dose and 3-week CoQ10 supplementation
on biochemical parameters and vitamin D levels

No significant main effects of time or formulation were
observed for key biochemical parameters—including
fasting glucose, total cholesterol, LDL cholesterol, HDL
cholesterol, and CRP—following either acute or chronic
CoQ10 administration (Table 5). All biochemical param-
eters remained stable over time.

In contrast, a significant main effect of formula-
tion was observed for plasma vitamin D levels. CoQ10
supplementation led to significantly higher vitamin D
concentrations following both single-dose administra-
tion (p=0.004) and 3-week chronic supplementation
(p=0.042) of formulation B.

Discussion

In this study, the bioavailability of two different commer-
cially available formulations of CoQ10 was determined
in a 48-h analysis after ingestion of 100 mg CoQ10 and

Table 4 Changes in plasma levels normalized for cholesterol from baseline (in percent) for both formulations comparison

Time after supplementation 4h 6h 12h 24h 48 h 3 weeks
Formulation A 20% 37% 21% 23% 12% 87%
Formulation B 27% 60% 47% 46% 29% 96%
Formulation B/Formulation A 14 16 23 20 24 1.1

" p<0.05; *p<0.01

Table 5 Effects of acute and chronic administration of CoQ10 on biochemical parameters and vitamin D plasma levels

Variables Time Formulation A Formulation B Significance p
Biochemical parameters
Fasting glucose (mmol/L) Day 0 5.23(4.87,5.59) 520 (4.86,5.55) Formulation 0.500
Day 21 5.33(4.97,5.69) 5.30 (4.96, 5.65) Time 0.490
Formulation xtime 0.519
Total cholesterol (mmol/L) Day 0 531(4.91,5.70) 5.20 (4.80, 5.60) Formulation 0.715
Day 21 549 (5.09, 5.89) 5.30 (4.90, 5.70) Time 0.108
Formulation xtime 0.257
LDL cholesterol (mmol/L) Day 0 3.43(2.88,3.98) 3.36(2.84,3.89) Formulation 0.782
Day 21 3.54(2.99,4.09) 3.51(2.98,4.03) Time 0.548
Formulationxtime 0.735
HDL cholesterol (mmol/L) Day 0 1.74(1.41,2.08) 1.70(1.37,2.02) Formulation 0.840
Day 21 1.76(1.42,2.10) 1.79(1.47,2.11) Time 0.502
Formulationxtime 0.096
CRP (mg/L) Day 0 1.36(0.57,2.14) 0.99 (0.21,1.77) Formulation 0.596
Day 21 1.11 (033, 1.89) 1.21(0.43,1.99) Time 0.768
Formulationx time 0.109
Vitamin D (ng/mL) Day 0 209 (14.2,25.9) 118 (6.2,174) Formulation 0.042
Day 21 176 (13.7,23.5) 15.6(9.7,21.4) Time 0.637
Formulationxtime 0.801

CRP, C-reactive protein; F, female; M, male; N, number; SD, standard deviation
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after chronic supplementation of a daily dose of 100 mg
CoQ10 for 3 weeks. Since there is significant inter-indi-
vidual variability in absorption of ubiquinone from sup-
plements [26], both formulations were evaluated by the
same group of participants. Notably, the CoQ10 used in
both formulations originated from the same source and
manufacturer, allowing for a more controlled comparison
of formulation-dependent differences.

Overall, our study demonstrated that microencapsula-
tion significantly enhanced the bioavailability of CoQ10
compared to the standard unencapsulated formulation,
as evidenced by significantly higher plasma CoQ10 con-
centrations following single-dose administration. These
findings are consistent with previous reports show-
ing improved absorption of CoQ10 from formulations
designed to enhance solubility and dispersion [27-31].
Therefore, the present results should be interpreted as
confirmatory within a controlled setting rather than as
evidence of a fundamentally novel mechanism.

On the other hand, no significant differences in plasma
CoQ10 levels across formulations were found after
3 weeks of continuous supplementation, probably due
to the body’s limited capacity to absorb CoQ10. Addi-
tionally, no significant safety concerns were revealed in
the study, and no serious adverse events were observed.
CoQ10 thus exhibited an acceptable safety profile as
a dietary supplement up to daily dose of 100 mg for up
to 3 weeks. However, given the limited sample size and
short duration, no definitive conclusions regarding
long-term safety can be drawn. In addition to enhanced
bioavailability after acute administration, our study dem-
onstrated that 3 weeks of microencapsulated CoQ10 sup-
plementation significantly increased plasma vitamin D
levels, suggesting a potential interaction between CoQ10
and vitamin D metabolism.

The low bioavailability of CoQ10 has been linked to
its large molecular mass, high lipophilicity, and poor
water solubility [9, 32]. Numerous endeavours have been
undertaken to improve the poor bioavailability of crys-
talline CoQ10 in humans. Indeed, our results show that
the bioavailability of microencapsulated CoQ10 is, on
average, approximately 1.8—-2.4 times higher than of the
control in 48-h analyses after ingestion of 100 mg CoQ10,
confirming microencapsulation as a suitable technology
to optimize the bioavailability and absorption profile of
CoQ10. Indeed, 75-92% of participants displayed sig-
nificantly higher elevation in CoQ10 levels at 6, 12, 24
and even 48 h after ingestion of 100 mg microencapsu-
lated CoQ10 compared to 100 mg control CoQ10. After
12 h, the mean increases in CoQ10 concentration were
approximately 2.4-fold. Notably, substantial interindi-
vidual variability was observed: in most participants, lev-
els increased 1- to threefold, while in roughly one-third

(2026) 12:66

Page 10 of 13

of subjects, increases of up to 13-fold were recorded. In
contrast, approximately 10% of participants exhibited a
smaller-than-average rise. The present results are consist-
ent with previous studies showing that CoQ10 is better
absorbed from aqueous or emulsified vehicles than from
powdered formulations [27, 28]. The higher CoQ10 lev-
els in the bloodstream might be attributed to improved
digestion and absorption due to the smaller emul-
sion size, as well as effective protection of encapsulated
CoQ10 from adverse gastrointestinal conditions like
pH variations or the presence of prooxidant substances.
Indeed, an in vitro model showed that the rate of lipid
digestion increased with decreasing droplet size, and
an in vivo digestion model suggested that encapsulated
CoQ10 in smaller, digestible droplets exhibited the high-
est bioavailability in small intestinal tissue [29]. In addi-
tion, one study showed that CoQ10-loaded emulsions
had 1.7-fold higher bioavailability than crystalline CoQ10
[30]. In addition, microemulsions have been reported to
enhance drug delivery and bioavailability because they
are more easily transported across cell membranes and
into plasma [31], which may explain the significantly
higher increase in blood CoQ10 with microencapsulated
CoQ10 compared with non-microencapsulated CoQ10.
Moreover, microencapsulated CoQ10 was protected
from the negative effects of other food components that
could decrease CoQ10 availability by forming a complex
with CoQ10, as has been reported for fatty acids [33].

We wanted to compare our results with previous stud-
ies on acute bioavailability of CoQ10. However, compar-
ing our results with previous studies on CoQ10’s acute
bioavailability poses challenges due to variations in time
periods and doses employed in the literature. Myoqinone
displayed the most substantial elevation in plasma
CoQ10 (around 1 mg/L) after a single dose of 100 mg [16,
34]. A comparatively smaller increase in plasma (around
0.40 mg/L for product B) in our study is consistent with
other studies using a dose of 100 mg [35, 36], where
the Ac,,, value ranged from 0.025 to 0.50 mg/L, which
is consistent with our results. A comparatively smaller
increase in plasma might be explained by a higher base-
line CoQIl0 concentration as a negative correlation
between baseline CoQ10 concentration and the change
in plasma CoQ10 has been reported [37]. However, the
average plasma CoQIl0 levels in our population were
around 0.6 mg/L, which is within a normal range from
0.4 to 1.8 mg/L [2, 38].

Regarding chronic supplementation, our study dem-
onstrated a significant increase in plasma CoQ10
concentrations—reaching up to 1.0 pug/mL—with no
significant differences observed between the two for-
mulations tested. Similar findings were reported on the
bioavailability of three CoQ10 formulations (ubiquinone
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150 mg, ubiquinol 150 mg, and a liposomal ubiquinone)
over a six-week period in 11 healthy volunteers [39].
Their results also showed no significant differences in
plasma CoQ10 levels across formulations. The authors
concluded that the intestinal absorption of CoQ10 is
highly variable among individuals and largely independ-
ent of the specific form administered [39]. This is likely
due to the body’s limited capacity to absorb CoQ10 at
any given time [40].

In addition, our study demonstrated that three weeks
of microencapsulated CoQ10 supplementation signifi-
cantly increased plasma vitamin D levels. This novel find-
ing suggests a potential interaction between CoQ10 and
vitamin D metabolism. One plausible explanation is the
role of CoQ10 in enhancing mitochondrial function [2,
3], which may facilitate the energy-dependent hydroxyla-
tion steps required for vitamin D activation in the liver
and kidneys. Additionally, CoQ10’s potent antioxidant
properties [6], may reduce oxidative stress in these tis-
sues, potentially preserving vitamin D metabolites or
enhancing their synthesis. This interpretation aligns with
preclinical and clinical evidence suggesting synergistic
effects of CoQ10 on vitamin D metabolism. For exam-
ple, in an animal model of hypertensive rats, CoQ10 sup-
plementation (10 mg/kg) alongside vitamin D improved
renal antioxidant capacity and organ function [41]. Simi-
larly, a randomized clinical trial in women with polycys-
tic ovary syndrome found that CoQ10 alone or combined
with vitamin E enhanced mitochondrial function, anti-
oxidant status, and metabolic profiles—pathways closely
linked to vitamin D hydroxylation and preservation [42].
Although both formulations increased plasma CoQ10
levels after three weeks of supplementation, no signifi-
cant differences were observed between them at steady
state. This raises the possibility that microencapsulated
CoQ10 may have superior tissue uptake or distribution,
even when plasma levels appear comparable. Enhanced
solubility and stability of the microencapsulated formu-
lation could facilitate more efficient cellular transport
and mitochondrial incorporation, leading to greater
biological effects—such as the observed rise in vitamin
D—without necessarily producing higher circulating
concentrations. However, the present finding should be
interpreted with caution. Vitamin D status is influenced
by multiple external factors, including dietary intake
and sunlight exposure, which were not controlled in this
study. In addition, the study was not designed to investi-
gate interactions between CoQ10 and vitamin D metabo-
lism. Therefore, no causal relationship can be established
based on the present data. This observation should be
considered exploratory and warrants further investiga-
tion in controlled studies specifically designed to assess
this potential association.
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We did not observe significant changes in metabolic
parameters, including cholesterol or glucose levels fol-
lowing chronic CoQ10 supplementation; this result is
consistent with prior studies in healthy populations
where baseline metabolic parameters are typically within
normal ranges [43]. The lack of effect may reflect a ceiling
phenomenon, where improvements are unlikely without
pre-existing dysregulation, or it could be attributed to
an insufficient dosage. Previous research has shown that
supplementing with 100 mg of CoQ10 twice daily can
raise plasma CoQ10 levels from 0.90 to 3.25 pg/mL—Ilev-
els considered necessary for therapeutic efficacy in car-
diovascular disease [17, 34]. Indeed, numerous studies
have demonstrated beneficial effects of CoQ10 on lipid
profiles and glycaemic control in individuals with meta-
bolic disorders, such as type 2 diabetes [13], coronary
artery disease [14], and metabolic syndrome [11, 12]. In
these populations, CoQ10 supplementation has been
associated with reductions in LDL cholesterol, total cho-
lesterol, and fasting glucose, along with improved insulin
sensitivity. Therefore, while CoQ10 appears metaboli-
cally neutral in healthy individuals, it may have therapeu-
tic potential in populations with underlying metabolic
dysfunction.

Conclusion

Overall, our study demonstrated that microencapsula-
tion significantly enhanced the bioavailability of CoQ10
compared to the standard unencapsulated formulation,
as evidenced by higher plasma CoQ10 concentrations
following single-dose administration. These findings are
consistent with previous reports highlighting the poor
solubility and absorption of native ubiquinone, and the
utility of advanced delivery systems such as microencap-
sulation to overcome these limitations. The improved
pharmacokinetic profile observed in our study supports
the potential of microencapsulation to optimize CoQ10
delivery in healthy individuals. Importantly, both for-
mulations were well tolerated, with no adverse effects
reported throughout the intervention period, supporting
their short-term safety. In addition to enhanced bioavail-
ability, we also observed a significant increase in plasma
vitamin D levels after three weeks of supplementation.
This finding, although secondary, suggests a possible
metabolic interaction between CoQ10 and vitamin D
pathways, potentially mediated through improved mito-
chondrial function and reduced oxidative stress. Overall,
our results confirm the safety and superior bioavailability
of microencapsulated CoQ10 and provide early evidence
for its potential role in modulating metabolic health
beyond CoQ10 status alone. Further studies are needed
to investigate long-term effects, clinical relevance, and
underlying mechanisms.
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Limitations of the study

Our study sample was relatively small and the findings
should be confirmed in a larger and more diverse popula-
tion. In addition, the intervention period was limited to
three weeks, which may not fully reflect long-term phar-
macokinetic behavior or sustained metabolic effects of
CoQ10 supplementation. Another important limitation
is that participants were healthy and had baseline plasma
CoQ10 concentrations within the normal physiological
range. Therefore, the potential benefits of supplementa-
tion may have been attenuated due to the absence of an
initial deficiency. Future studies should evaluate bio-
availability and clinical outcomes in individuals with
lower baseline CoQ10 levels or documented deficiency,
as this population may demonstrate a more pronounced
response. Finally, mechanistic aspects of CoQ10 absorp-
tion and distribution were not directly investigated.
These limitations should be considered when interpret-
ing the findings.
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