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Heart failure (HF) is associated with a deficiency in blood levels of coenzyme Q10 (CoQ10), and its sup-
plementation has been proposed. The aim of this systematic review was to synthesise the available evi-
dence on the effects of CoQ10 on cardiac function and quality of life in HF. A systematic search of
Medline, Scopus, Web of Science and the Cochrane Library was conducted from inception until March
2023. Meta-analyses measuring the effect of CoQl0 on cardiac function [ie., ejection fraction (EF),
cardiac output (CO), cardiac index (Cl), stroke volume (SV)], quality of life [i.e., mortality, exercise capacity,
and New York Heart Association (NYHA) classification], and CoQ10 levels in HF were included. Ten meta-
analyses met the inclusion criteria. CoQ10 had an effect on EF in 6 of the 9 studies, with an increase of
1.77% (0.10, 3.44) to 3.81% (1.22, 6.40), while it had an effect on CO, Cl and SV in one of the two studies.
Moreover, CoQ10 did not improve exercise capacity and only one study showed an effect on NYHA
classification, while there was a risk ratio (RR) of 0.69 (0.50, 0.95) to 0.58 (0.35, 0.95) in favour of CoQ10

Received 30th March 2023, for mortality and a RR of 0.62 (0.49, 0.78) for hospitalisations. Finally, CoQ10 levels were found to increase
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by 1.40 pg mL™t in all studies. CoQ10 showed a possible beneficial effect on heart function, which was
associated with a reduction in mortality and hospitalisations. However, more research is needed into the
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1. Introduction

Heart failure (HF) is a complex clinical syndrome resulting
from structural or functional impairment of ventricular filling
or blood ejection." In developed countries, the prevalence
ranged from 1 to 2% of the adult population, increasing with
age to over 10% in people aged over 80 years."” The main
causes are chronic arterial hypertension, ischaemic heart
disease, toxic damage, genetic alterations, and some arrhyth-
mias.” HF is characterised by dyspnoea, fluid retention in the
lower extremities and fatigue. It may be accompanied by other
signs such as increased jugular venous pressure, peripheral
oedema and pulmonary crackles.” As HF progresses, acute
decompensation without full recovery becomes more common,
which can eventually lead to death.”® Usual treatment
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conditions that may optimise CoQ10 therapy.

includes regular aerobic exercise appropriate to the condition,
control of cardiovascular risk factors, and drug therapy, par-
ticularly angiotensin-converting enzyme inhibitors (ACEIs) or
angiotensin II receptor antagonists (ARBs) and beta-blockers,
which reduce cardiac remodelling and improve heart
function.*™"

In addition to the above therapeutic approaches, coenzyme
Q10 (CoQ10) supplementation has been proposed for patients
with HF, as serum and tissue levels are inversely correlated
with symptom severity.">"® CoQ10 is synthesised in the
human body and is a fat-soluble substance that can be pre-
sented as ubiquinone (oxidised CoQ10) or ubiquinol (reduced
CoQ10). It has several roles in the energy production of muscle
cells, including those in the heart.">'*'> CoQ10 is located in
the inner membrane of the mitochondria, and participates in
the electron transport chain in which the cell obtains the
energy in the form of ATP necessary for its growth and struc-
tural and functional maintenance.'®'® It also protects cell
membranes from free radical damage, acting as a non-enzy-
matic endogenous antioxidant, in fact, plasma concentrations
of CoQ10 and the ubiquinone-ubiquinol ratio are used as a
marker of oxidative stress. Tissues with higher energy require-

This journal is © The Royal Society of Chemistry 2023


http://rsc.li/food-function
http://orcid.org/0000-0001-7835-6953
http://orcid.org/0000-0001-8981-4331
https://doi.org/10.1039/d3fo01255g
https://doi.org/10.1039/d3fo01255g
https://doi.org/10.1039/d3fo01255g
http://crossmark.crossref.org/dialog/?doi=10.1039/d3fo01255g&domain=pdf&date_stamp=2023-07-12
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3fo01255g
https://pubs.rsc.org/en/journals/journal/FO
https://pubs.rsc.org/en/journals/journal/FO?issueid=FO014014

Open Access Article. Published on 21 June 2023. Downloaded on 11/9/2025 12:24:51 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Food & Function

ments or high metabolic activity such as the heart, kidney,
liver, and muscle contain higher relative concentrations of
CoQ10."7%°

Although this is sufficient in normal situations with
endogenous synthesis of CoQ10 and a normal diet, sup-
plementation may be required in HF as these patients are
CoQ10 deficient.'® Therefore, the aim of this review of sys-
tematic reviews and meta-analyses was to synthesise the avail-
able evidence on the efficacy of CoQ10 supplementation on
heart function, mortality and quality of life in participants
with HF.

2. Methods

This review of systematic reviews and meta-analyses of random-
ised clinical trials was conducted in accordance with the pre-
ferred reporting items for systematic reviews and meta-analyses
(PRISMA) guidelines and the recommendations of the
Cochrane Collaboration Handbook.?**' The protocol was pre-
viously submitted to PROSPERO (CRD42023407503).

2.1. Search strategy

A systematic search of the Medline (via Pubmed), Scopus, Web
of Science and Cochrane Library databases was carried out
from inception to March 2023. The search included the follow-
ing terms: heart failure, heart disease, cardiovascular disease,
cvd, q10, coq10, coenzyme q10, ubiquinone, ubiquinol, ubide-
carenone, and meta-analysis, using the Boolean operators
AND/OR and the PICO (participants, intervention, comparator
and outcome/result) structure, adapted to the nature of this
review. A search of the grey literature, including Google
Scholar, Open Grey and the Networked Digital Library of
Theses and Dissertations databases, and a review of references
from previous reviews were also carried out. Where necessary,
study authors were contacted. The full search is described in
ESI Table S1.}

The systematic search was carried out independently by two
reviewers (E. A.-V. and C. P-M.) and disagreements were
resolved by consensus or by a third reviewer (I. S.-D.).

2.2. Inclusion/exclusion criteria

Inclusion criteria were as follows: (1) population - participants
with chronic heart failure; (2) study design - systematic
reviews of randomised clinical trials; (3) intervention - CoQ10
supplementation to usual care; (4) outcomes - primary:
cardiac function, including ejection fraction (EF), cardiac
output (CO), cardiac index (CI), and stroke volume (SV); and
secondary: quality of life, including New York Heart
Association (NYHA) classification, exercise capacity, mortality,
hospitalisations, and CoQ10 blood levels. There were no
language restrictions.

Exclusion criteria were as follows: (1) systematic reviews
without meta-analysis of the outcomes studied; (2) supplemen-
tation of coenzyme Q10 with other substances (e.g., other
nutraceuticals or phytotherapeutics).

This journal is © The Royal Society of Chemistry 2023
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The selection was carried out independently by two
reviewers (E. A.-V. and C. P-M.) and disagreements were
resolved by consensus or by a third reviewer (I. S.-D.).

2.3. Data extraction

An ad hoc table was created with the following data extracted
from the included studies: (1) reference (authors and year of
publication); (2) year of studies included in meta-analysis
(minimum-maximum); (3) number of studies included in each
meta-analysis; (4) sample size of each meta-analysis; (5) age of
participants in studies included in each meta-analysis
(minimum-maximum); (6) daily dose of CoQ10 in milligrams;
(7) duration of included interventions; (8) outcomes.

2.4. Risk of bias assessment

The AMSTAR 2 tool was used to assess the risk of bias.>* The
tool uses 16 items to score each study. Depending on the
domains involved and whether they are critical or not, each
study can receive an overall rating from high to critically low
quality review.

The risk of bias was assessed independently by two
reviewers (E. A.-V. and C. P-M.) and disagreements were
resolved by consensus or by a third reviewer (I. S.-D.).

2.5. Quality of evidence assessment

The Grading of Recommendations, Assessment, Development
and Evaluation (GRADE) tool was used to assess the quality of
evidence.”® This tool rates the evidence for each intervention
outcome as high, moderate, low or very low. It takes into
account the study design, factors that reduce the quality of the
evidence (risk of bias, indirect evidence, publication bias,
imprecision) and factors that increase the quality of the evi-
dence (confounding variables that may reduce the observed
effect, dose-response gradient, and whether there is a large
effect or association).

2.6. Data synthesis

An ad hoc table was created to summarise the results for each
outcome, and forest plots were used to present them
graphically.

Continuous variables were expressed as mean difference
(MD) or standardised mean difference (SMD) and their confi-
dence intervals (95% CI), while mortality was expressed as risk
ratio (RR), odds ratio (OR) or hazard ratio (HR) and its 95% CI.
The 95% CI was extracted directly or calculated from the stan-
dard error (SE) extracted from the studies or, in exceptional
cases, from the p-value.** SMD effect sizes were considered
small, medium or large if they were at or close to 0.2, 0.5 and
0.8 respectively.?

Heterogeneity (I°) from the original meta-analyses was
included in the forest plots. Heterogeneity was assessed using
the I* statistic. Heterogeneity was classified as not important
(P < 30%), moderate (I* = 30-50%), substantial (I = 50-75%)
or considerable (I > 75%).>"%°
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The statistical programme Stata v15 (StataCorp, College
Station, Texas, USA) was used for the graphical presentation of
the results.

3. Results

Of the 287 studies identified, 10 studies met the inclusion and
exclusion criteria (Table 1),>’*® and 2 studies were excluded
with justified reasons (Fig. 1 and ESI Table $27).*”%*

The publication years of the meta-analyses ranged from
1997 to 2022, and the trials were conducted between 1985 and
2019. The participants in the trials were mostly adults,
although some trials included people of all ages. The study
interventions consisted of CoQ10 supplementation in addition
to usual care for participants in the intervention group and a
placebo in the control group. Multiple treatments (e.g., with
statins) were also included as long as the control group
received the same treatment except for CoQ10. The daily doses
of CoQ10 ranged from 20 to 400 mg, and the duration of the
interventions ranged from 1 week to 2 years. EF was included
in 9 studies, mortality in 6 studies, blood CoQ10 levels in 5
studies, exercise capacity in 4 studies, NYHA classification in 3
studies, and CO, CI, SV and hospitalisations in 2 studies each.

3.1. Systematic review

Fig. 2-4 show the effect of the intervention in the different
included studies for the different outcomes.

For cardiac function, CoQ10 increased EF by 1.77 to 3.81%
in 5 out of 7 studies that estimated it using MD, while it had
an effect of 1.37 in 1 out of 2 studies that estimated it using
SMD, whereas for CI and SV it only had an effect in one of the
two studies that estimated these parameters, with an SMD of
1.15 and 0.71, respectively. It did not have a statistically signifi-
cant effect on CO (Fig. 2).

In terms of quality of life, two out of four studies showed
some effect on exercise capacity, with an SMD of 0.62-0.70. In
the NYHA classification, there was only an effect in one study

Table 1 Characteristics of included studies
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with —0.31 points. On the other hand, it had a statistically sig-
nificant effect on mortality in 5 studies, with an RR of
0.69-0.58, an OR of 0.64 and an HR of 0.62. It also reduced
hospitalisations, with an RR of 0.62 and a HR of 0.39 (Fig. 3).
Finally, CoQ10 increased blood CoQ10 levels from 1.25 to
1.46 pg ml " in all the studies (Fig. 4).

Heterogeneity was generally substantial or considerable for
most studies and outcomes, except for mortality and hospital-
isations, where it was 0%.

3.2. Risk of bias assessment

According to the AMSTAR 2 tool, 2 out of 10 studies (20.0%)
had an overall rating of low, while the rest were rated as criti-
cally low. The most affected domains were those related to the
explicit statement that the methodology was determined
before the review was conducted and the lack of information
on the funding of the studies included in the meta-analyses.
The assessment of risk of bias is detailed in ESI Table S3.}

3.3. Quality of evidence assessment

According to the GRADE tool, CoQ10 levels, mortality and hospi-
talisations had moderate certainty, while EF had low certainty.
The remaining outcomes had very low certainty. The most
affected domains were risk of bias, inconsistency and impreci-
sion. The quality of the evidence is detailed in ESI Table S4.}

4. Discussion

4.1. Main findings

Our review of systematic reviews and meta-analyses synthesised
the evidence for the efficacy of CoQ10 supplementation in HF.
The findings suggest that CoQ10 may improve cardiac function
(EF, SV, CO, and CI), with statistically significant results being
obtained in more than half of the studies that measured these
outcomes, although the effect was limited. However, the effect
on NYHA classification and exercise capacity was inconsistent.
Conversely, CoQ10 supplementation could significantly reduce

Outcomes
Sample
Ref. Year N  size Age Dosage (mg) Length EF CO CI SV EX NY MT HP LE
Al Saadi T. et al. (2021)*” 1993-2019 11 1573 All 30-400 1-106 Vv — — — v — v v J
Ba Y.]. et al. (2016)*® 1992-2015 24 2883 24.4-89.0 20-300 4104 Vv — - — v J v - —
Fotino A. D. et al. (2013)*°  1985-2005 13 395 49.8-68.0  60-300 228 V - — — — 4 - — J
Lei L. et al. (2017)*° 1992-2015 14 2149 6.0-78.0  66-400 NA S - - - v v v - -
Madmani, M. et al. 1993-2009 7 914 All 60-200 <52 v - — — v - — — 7
(2013)*
Rosenfeldt F. et al. (2003)*> 1985-2003 9 824 All 100-200 352 /S = = - - = v =
Sander S. et al. (2006)* 1985-2003 11 297 50.0-67.0 60200 424 v vV 4 SV - - — — —
Soja A. et al. (1997)** 1986-1995 8 356 NA NA NA v v v /Y - - — — —
Trongtorsak A. et al. NA 16 1662 NA NA NA v - - — — — v v/
(2017)*
Yu Mareev V. et al. (2022)*®  2015-2018 4 1139 68.3 2 mg kg™~ NA - - - - = — - —
300 mg

Abbreviations: N, number of trials; EF, ejection fraction; CO, cardiac output; CI, cardiac index; SV, stroke volume; EX, exercise capacity; NY;
NYHA classification; MT, mortality; HP, hospitalisations; LE, CoQ10 blood levels.
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Fig. 1 Prsima flowchart of study selection.

mortality and hospitalisations and increase blood levels of
CoQ10.

4.2. Interpretation

With regard to cardiac function, there is some evidence that
CoQ10 could improve EF and perhaps closely related outcomes
such as SV, CO and CI. EF improved between 1.7 and 3.8%,

This journal is © The Royal Society of Chemistry 2023
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except in one meta-analysis due to the inclusion of only 2
trials. This effect is smaller than, for example, carvedilol or
metoprolol, which increase EF by 5 and 7.4% respectively.*®
This improvement in EF could be due to an improvement in
mitochondrial ATP production, a reduction in cellular and
mitochondrial reactive oxygen species, and a reduction in peri-
pheral vascular resistance.’*** The latter may explain the

Food Funct, 2023,14, 6302-6311 | 6305
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Reference Type ES (95% CI) Heterogeneity
Ejection fraction
Al Saadi T et al (2021) Mean Difference il 1.77 (0.10, 3.44) 38.0
Ba Y-J et al (2016) Mean Difference el 3.81 (1.22, 6.40) 93.0
Fotino AD et al (2013) Mean Difference — 3.67 (1.60, 5.74) 67.5
Madmani ME et al (2014) Mean Difference -2.26 (-15.49, 10.97) 81.0
Rosenfeldt F et al (2003) Mean Difference e 1.86 (-0.13, 3.85) NA
Sander S et al (2006) Mean Difference el 3.68 (1.59, 5.77) 86.0
Trongtorsak A et al (2017) Mean Difference —— 2.90 (1.29, 4.51) NA
Lei L et al (2017) Standard Mean Difference ] 0.14 (-0.09, 0.37) 54.0
Soja AM et al (1997) Standard Mean Difference - 1.37 (0.69, 2.05) NA
Cardiac output
Sander S et al (2006) Mean Difference ] 0.28 (0.03, 0.53) 0.0
Soja AM et al (1997) Standard Mean Difference M- 0.61 (-0.00, 1.22) NA
Cardiac index
Sander S et al (2006) Mean Difference | 0.32 (-0.06, 0.70) 71.8
Soja AM et al (1997) Standard Mean Difference =» 1.15(0.58, 1.72) NA
Stroke volume
Sander S et al (2006) Mean Difference i 6.68 (-0.42, 13.78) 52.3
Soja AM et al (1997) Standard Mean Difference | | 0.71 (0.21, 1.21) NA

| | | |
-15.00 -7.50 0.00 7.50 15.00

Fig. 2 Forest plot of the effect of coenzyme Q10 on cardiac function, including ejection fraction, cardiac output, cardiac index, and stroke volume.
Estimates were differentiated according to whether they were mean difference or standard mean difference.

finding in one of the included meta-analyses that the people
who responded best were those who had not been treated with
ACEIs.*® There is also the possibility that patients with more
advanced HF (EF < 30%) may respond less well to supplemen-
tation with the commonly used doses of CoQ10.>° This would
explain the atypical positive effect of the oldest meta-analysis,
which shows an SMD of 1.37, which is higher than what would
be expected in the other meta-analyses, probably because this
meta-analysis included trials with predominantly participants
with EF > 30%, whereas later trials included patients with
worse cardiac function.**

The effect on mortality and hospitalisations was more inter-
esting. Only the oldest study did not show a statistically signifi-
cant reduction in mortality, while the two studies that
measured hospitalisations also showed a reduction. This
reduction in mortality could, with due caution, be comparable
to that observed with other drugs, such as beta-blockers used
in some patients with compensated HF.** Although causality
is difficult to establish, an inverse association has been
observed between serum CoQ10 levels and mortality and
symptom severity, which is consistent with the results of our
review, in which an increase in CoQ10 levels was observed in
all studies. Since there is altered synthesis of ATP, reactive
oxygen species and the electron transport chain in HF, as men-
tioned above, CoQ10 may benefit by reversing these altera-
tions.*® In addition, CoQ10 supplementation may also improve
lipid and glycaemic parameters, endothelial function, lower

6306 | Food Funct, 2023, 14, 6302-6311

systolic blood pressure, and reduce the proinflammatory state
by reducing C-reactive protein and tumour necrosis factor
alpha.”” >

Finally, the results for NYHA classification and exercise
capacity were conflicting. However, some effect on NYHA
classification cannot be ruled out, as the study with the largest
number of trials found a positive effect.”® It should also be
considered that this outcome could behave like EF, with the
participants with worse heart function having the least effect.
The same reasoning could be applied to exercise capacity.
However, the use of different tests to assess exercise capacity
and statistical analyses make it difficult to interpret the data.

Our study has several clinical and research implications.
First, one of the biggest challenges in this area is to determine
which supplements may be beneficial, which may not be ben-
eficial, or which may be harmful in HF, especially considering
that they are sold without any kind of regulation. In this sense,
although not our original aim, CoQ10 appears to be safe in the
treatment of HF. Second, and related to the above, more
research is needed into the conditions under which its admin-
istration may or may not be effective (i.e., use of ubiquinone or
ubiquinol, co-administration with other treatments that could
interfere with its effect, etc.). For example, some authors
suggest that the effect of ubiquinol is greater than ubiquinone,
at least in advanced HF, because of greater bioavailability.
However, most trials use ubiquinone.'*'®** The optimal dose
is also unclear, although the evidence suggests that the

This journal is © The Royal Society of Chemistry 2023
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Reference Type ES (95% ClI) Heterogeneity
Al Saadi T et al (2021) Mean Difference e 48.23 (-94.79, 191.25) 41.0
Madmani ME et al (2014) Mean Difference 12.79 (-286.91, 312.49) 86.0
Ba Y-J et al (2016) Standard Mean Difference | | 0.70 (0.33, 1.07) 80.0
Lei L etal (2017) Standard Mean Difference | | 0.62 (0.12, 1.12) 75.0
| | | I
-300.00 -150.00 0.00 150.00 300.00
(b)
Reference Type ES (95% Cl) Heterogeinity
Ba Y-J et al (2016) Mean Difference | -0.31 (-0.37, -0.25) 33.0
Fotino AD et al (2013) Mean Difference — -0.30 (-1.01, 0.41) 80.5
Lei L etal (2017) Standard Mean Difference ( -0.70 (-1.91, 0.51) 89.0
I 1 I
-2.00 -1.00 0.00 1.00
(©)
Reference Type ES (95% ClI) Heterogeinity
Mortality
Trongtorsak A et al (2017) Hazard Ratio 0.62 (0.40, 0.95) NA
Yu Mareev V et al (2022) Odds Ratio —_— 0.64 (0.47, 0.87) 0.0
Al Saadi T et al (2021) Risk Ratio 0.58 (0.35, 0.95) NA
Ba Y-J et al (2016) Risk Ratio —_— 0.62 (0.46, 0.83) 0.0
Lei L et al (2017) Risk Ratio —_— 0.69 (0.50, 0.95) 0.0
Rosenfeldt F et al (2003) Risk Ratio 0.78 (0.45, 1.35) NA
Hospitalisations
Trongtorsak A et al (2017) Hazard Ratio%-— 0.39 (0.29, 0.53) NA
Al Saadi T et al (2021) Risk Ratio —_— 0.62 (0.49, 0.78) 0.0
| 1 |
0.25 0.50 1.00 2.00

Fig. 3 Forest plot of the effect of coenzyme Q10 on exercise capacity (a), NYHA classification (b) and mortality and hospitalisations (c). Estimates
were differentiated according to whether they were mean difference or standard mean difference.

maximum effective dose would be 200 mg, unless future
studies establish a narrower dose range.>” Third, and related
to the above, trials are needed that thoroughly evaluate the
effect of CoQ10 in combination with the use of the most com-

This journal is © The Royal Society of Chemistry 2023

monly used drugs in HF (ie., ACEIs, ARBs, beta-blockers).
Although it is possible that the effect of CoQ10 is reduced with
some of these drugs, because the effect of CoQ10 is reduced, it
cannot be a substitute for usual care. However, the benefit of

Food Funct., 2023, 14, 6302-6311 | 6307


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3fo01255g

Open Access Article. Published on 21 June 2023. Downloaded on 11/9/2025 12:24:51 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

View Article Online

Review Food & Function

Reference Type ES (95% ClI) Heterogeinity

Al Saadi T et al (2021) Mean difference —_— 1.25(1.07, 1.43) 91.0

Fotino A et al (2013) Mean difference —  1.40(1.11,1.69) NA

Madmani M et al (2013) Mean difference — 1.46(1.21,1.71) 29.0

Rosenfeldt F et al (2003) Mean difference —-— 1.38 (1.29, 1.48) NA

Trongtorsak A et al (2017) Mean difference —% 1.44 (1.15,1.73) NA

T T T
-0.75 0.00 0.75 1.50

Fig. 4 Forest plot of the effect of coenzyme Q10 on coenzyme Q10 blood levels, estimated as mean difference.

CoQ10 does not seem to be limited to cardiac function, but
could have an effect on mortality, an important outcome in
this disease.

4.3. Limitations

Our review had the following limitations. Fist, some of the
results included a limited number of meta-analyses, which
limits the interpretation of the results. Second, the risk of bias
was high in all studies. This is not uncommon as the require-
ments for systematic reviews have evolved. Third, different
instruments were used to measure outcomes and it cannot be
excluded that this affected the estimates obtained. Fourth,
some meta-analyses did not assess the risk of bias of the
included trials and/or did not discuss their possible impact on
the results obtained, so the results could be biased. Fifth, the
interventions in each meta-analysis varied in terms of partici-
pants, CoQ10 dose and duration, which limited the interpret-
ation of the results. Sixth, the heterogeneity reported by the
authors was high for some outcomes. Seventh, the baseline
health conditions of the participants could have been very
different, as it is not specified whether the participants had
other pathologies in addition to HF.

5. Conclusions

CoQ10 supplementation may have some benefits for heart
function because of its role in the electron transport chain and
its antioxidant effect. Thus, our study suggests that this sup-
plementation tends to be beneficial for some outcomes of
cardiac function, particularly EF and mortality, because these
were the outcomes studied and there was more evidence of a

6308 | Food Funct, 2023, 14, 6302-6311

positive effect. This is because CoQ10 may have more benefits
than just improving heart function, such as improving some
lipid, metabolic and inflammatory parameters. Due to the
limitations of our study and the limitations of the included
studies, the most appropriate interventions and optimal doses
based on clinical stage are unknown, so further research is
needed on dose, presentation of CoQ10, and length of inter-
ventions to determine which may be more optimal.
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