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Abstract

Background Endothelial dysfunction is reportedly associated with worse outcomes in patients with chronic heart failure.
Ubiquinol is a reduced form of coenzyme Q10 (CoQ10) that may improve endothelial function.

Objective We assessed the hypothesis that ubiquinol improves peripheral endothelial function in patients with heart failure
with reduced ejection fraction (HFrEF).

Methods In this randomized, double-blind, placebo-controlled, crossover pilot study, 14 patients with stable HFrEF were
randomly and blindly allocated to ubiquinol 400 mg/day or placebo for 3 months. After a 1-month washout period, patients
were crossed over to the alternative treatment. Before and after each treatment, we assessed peripheral endothelial function
using the reactive hyperemia index (RHI) and analyzed it using the natural logarithm of RHI (LnRHI).

Results Peripheral endothelial function as assessed by LnRHI tended to improve with ubiquinol 400 mg/day for 3 months
(p=0.076). Original RHI values were also compared, and RHI significantly improved with ubiquinol treatment (pre-RHI
1.57 [interquartile range (IQR) 1.39-1.80], post-RHI 1.74 [IQR 1.63-2.02], p=0.026), but not with placebo (pre-RHI 1.67
[IQR 1.53-1.85], post-RHI 1.51 [IQR 1.39-2.11], p=0.198).

Conclusions Ubiquinol 400 mg/day for 3 months led to significant improvement in peripheral endothelial function in patients
with HFrEF. Ubiquinol may be a therapeutic option for individuals with HFrEF. Large-scale randomized controlled trials
of CoQ10 supplementation in patients with HFrEF are needed.

Clinical Trial Registration Japanese University Hospital Medical Information Network (UMIN-ICDR). Clinical Trial identi-
fier number UMIN000012604.

1 Introduction is an important contributing factor in the failing heart. In

recent decades, numerous improvements have been made
Heart failure is a condition wherein the heart cannot main-  in the therapeutic management of heart failure; however,
tain adequate cardiac output or can maintain cardiac out-  the outcomes for patients with heart failure with reduced
put only with an elevated left ventricular filling pressure.  €jection fraction (HFrEF) remain poor [1]. Most of the cur-
Regardless of heart failure etiology, dysfunction of the bio-  rent therapies for heart failure act by modulating maladap-

energetics of cardiac myocytes leading to energy starvation  tive neurohormonal pathways, such as the renin-angioten-
sin-aldosterone system and sympathetic nervous system.

Although drugs that have a positive influence on bioener-
getics can play a role in the treatment and management of
heart failure, they have not yet been put into clinical use.
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Peripheral endothelial function as assessed with Endo-
PAT was improved with ubiquinol 400 mg/day for

3 months in patients with heart failure with preserved
ejection fraction.

No significant correlation was observed between
changes in natural logarithm of reactive hyperemia index
(LnRHI) and total coenzyme Q10 (CoQ10) levels, but
the reduced form to oxidized form of CoQ10 level and
endothelial function tended to be positively related.

ventricular fibrosis [2]. The physiological role of CoQ10
facilitates the production of adenosine triphosphate (ATP)
and acts as an antioxidant, which improves endothelial
function. In patients with heart failure, the level of CoQ10
in myocardial tissue is, on average, 33% lower than in
control patients [3, 4], and the level correlates with the
severity of symptoms and the degree of left ventricular
dysfunction [5]. Furthermore, a recent randomized con-
trolled trial (Q-SYMBIO) reported a significant benefit
from CoQ10 in improving outcomes in patients with heart
failure irrespective of left ventricular EF [6].

Peripheral endothelial function has been assessed
using brachial artery flow-mediated vasodilation (FMD)
in clinical research. Several studies have demonstrated that
CoQ10 improved brachial artery FMD in patients with
coronary artery disease [7], diabetes mellitus [8], and
heart failure [9]. All these studies used the oxidized form
of CoQ10 (ubiquinone). Ubiquinol, the reduced form of
CoQ10, is already in its active form of antioxidant [10]
and has received more attention because recent studies
have shown that it is more bioavailable [11] and has dem-
onstrated greater efficacy at lower doses than oxidized
CoQ10 [12—-14]. It has also been reported that ubiquinol
has the potential to modulate the overexpression of inflam-
matory and thrombotic risk markers in antiphospholipid
syndrome [15].

Measurement of peripheral vasodilator response with
fingertip peripheral arterial tonometry (PAT) technol-
ogy (EndoPAT; Itamar Medical Inc., Caesarea, Israel) is
a noninvasive method of assessing vascular endothelial
function [16, 17]. It has been demonstrated that endothe-
lial dysfunction assessed by EndoPAT is a predictor of
future cardiovascular events in patients with heart failure
independent of conventional risk factor assessment such
as age, diabetes, New York Heart Association (NYHA)
classification, and left ventricular EF [18, 19]. Impor-
tantly, the Framingham Heart Study found no significant
relationship between EndoPAT and FMD after adjustment
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for risk factors and underlying cardiovascular diseases,
indicating that these two methods reflect distinct aspects
of vascular function [20]. Both methods are based on the
same principle of reactive hyperemia phenomenon. Endo-
PAT measures the finger pulse amplitude of microvessels
and uses a control arm as its internal control to correct
for systemic changes during testing. FMD measures vaso-
dilation in a conduit artery and assesses the endothelial
response to shear stress. NO plays a substantial role in
both methods. Vasodilatory responses result from complex
interactions between vascular smooth muscle and vaso-
active substances such as prostaglandin, adenosine, and
hydrogen peroxide and could occur differently in conduit
arteries and microvessels. Importantly, studies, includ-
ing a meta-analysis [21], have indicated that both FMD
and EndoPAT have significant predictive value for future
cardiovascular events. One advantage of the EndoPAT
technique is that it requires less operator input than the
FMD technique. Several studies have indicated that CoQ10
improved FMD in patients with heart disease [7, 9]. The
mechanisms by which CoQ10 exerts a beneficial effect on
endothelial function are thought to mainly be via antioxi-
dant activity, anti-inflammatory activity, and enhancing
endothelial NO bioavailability [22, 23]. As mentioned,
both EndoPAT and FMD are tests for endothelial function
but might reflect different aspects of vascular conditions.
Furthermore, EndoPAT is less operator dependent and thus
may be compared among hospitals and internationally. The
effect of CoQ10 on endothelial function as assessed by
EndoPAT has not yet been reported in patients with heart
failure.

The optimal dose of CoQ10 supplementation remains
unclear. Ubiquinol 400 mg/day was selected to attain a
high enough plasma level of CoQ10 [24]. In a previous
study, patients with advanced chronic heart failure were
treated with the oxidized form of CoQ10 at 300 mg/day,
and patients with plasma CoQ10 levels > 2.4 pg/mL after
supplementation showed six times greater improvement in
endothelium-dependent relaxation of the brachial artery
compared with those with plasma CoQ10 levels <2.4 ng/
mL.

The aim of this study (VERTIS SITA2) was to compare
the safety and efficacy of the addition of ertugliflozin (5 mg
and 15 mg QD) to that of placebo in patients with T2DM
and inadequate glycemic control on a combination of met-
formin and sitagliptin.

We performed a randomized, placebo-controlled, double-
blind, crossover pilot study to assess whether the addition
of ubiquinol 400 mg daily to standard heart failure therapy
would improve peripheral endothelial function, as assessed
by EndoPAT, compared with placebo in patients with
HFrEF.
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2 Methods
2.1 Study Design and Patients

This was a single-center, randomized, double-blind, pla-
cebo-controlled, crossover study performed at the Yokohama
City University Medical Center in Japan between July 2013
and October 2014. The study design is shown in Fig. 1.
Study participants were recruited from the outpatient clinic
of the division of cardiology at the Yokohama City Univer-
sity Medical Center. The inclusion criteria were ambula-
tory patients aged 20-89 years with chronic heart failure
and EF <40% as documented using the modified Simpson
method via echocardiogram, and who had received stand-
ard heart failure treatment for at least 1 month. Exclusion
criteria were (1) malignant disease, (2) severe infectious
disease, (3) patients with trauma, (4) patients undergoing
hemodialysis, and (5) the decision of the attending doctor.
We excluded patients who were receiving other supplements.
Participants were randomized to receive either oral CoQ10

supplementation (ubiquinol 200 mg twice daily (400 mg/
day); Kaneka, Japan) or matched placebo for 3 months.
After a I-month washout period, patients were crossed over
to the alternative treatment for 3 months. Patients took the
medication or placebo after breakfast and dinner. The study
protocol was approved by the institutional review board and
was implemented in accordance with the guidelines of the
ethics committee of our institution and the provisions of
the Declaration of Helsinki. Written informed consent was
obtained from each patient before participation.

2.2 Blood Tests and Clinical Assessment

At the start of the first treatment period (baseline), body
height and weight, B-type natriuretic peptide (BNP) levels,
and blood pressure were measured. Cardiovascular risk fac-
tors and etiology of heart failure were documented. At base-
line and after 3 months of treatment, all patients underwent
blood tests to measure creatinine, cystatin C as a marker of
renal function, lipid profile, BNP as a marker of severity of

chronic heart failure

randomization

(N =10) |

placebo

(3 months)

dropout (N=1)

washout

(1 month)

dropout (N =0)

ubiquinol

(3 months)

Fig.1 Study flow chart. Participants were randomized to receive
either oral coenzyme Q10 supplementation or matched placebo for
3 months. After a 1-month washout period, patients were crossed

| (N=10)

ubiquinol

(3 months)

dropout (N =3)

washout

(1 month)

dropout (N=2)

ubiquinol

(3 months)

over to the alternative treatment for 3 months. Six of the 20 patients
were excluded from the analysis (five withdrawals and one lack of
data), and 14 patients completed the final follow-up
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heart failure, C-reactive protein (CRP) measured with the
latex immunoturbidimetric method, and high-sensitivity tro-
ponin I to assess myocardial damage. Urinary 8-hydroxy-2'-
deoxyguanosine (§8-OHdG) was measured to assess oxidative
stress. The total plasma concentration of CoQ10, both the
reduced form (ubiquinol) and the oxidized form (ubiqui-
none), was analyzed using high-performance liquid chroma-
tography methods as previously described [25].

2.3 Endothelial Function

Endothelial function was evaluated via reactive hyperemia
PAT (RH-PAT) (Endo-PAT2000; Itamar Medical, Caesarea,
Israel). This technique measures digital pulse amplitude and
blood volume changes noninvasively after occluding the uni-
lateral brachial artery. Previous studies have demonstrated
good reproducibility (intraclass correlation coefficient
0.61-0.78) of the EndoPAT data recorded by this proce-
dure [26, 27]. We assessed peripheral endothelial function
with reactive hyperemia index (RHI) at baseline and after
each treatment. The natural logarithm of RHI (LnRHI) was
calculated and used for analyses because RHI values have a
skewed distribution.

2.4 Statistical Analysis

Statistical analyses were performed using JMP version
12.2.0 (SAS Institute, Inc.; Cary, NC, USA). Continuous
variables are presented as means + standard deviations or
median (interquartile range [IQR]) when appropriate. Cat-
egorical variables are shown as numbers with percentages.
In this study, as the number of included patients was very
small, we did not examine the distribution. We expressed
median values with IQRs for CRP, BNP, and troponin I,
because these are generally known to have non-normal dis-
tributions. We used LnRHI because RHI also has a non-
normal distribution. We used Fisher’s exact test for categori-
cal variables. Differences in variables, including RHI before
and after treatment, were evaluated using the 7-test or the
Wilcoxon test as appropriate (difference in RHI with the
Wilcoxon test and LnRHI with the #-test). The correlation
between changes in LnRHI and in total plasma CoQ10 levels
was analyzed with Spearman’s rank correlation. A two-sided
p value <0.05 was considered statistically significant.

3 Results

In total, 20 patients with HFrEF were enrolled, 14 of whom
completed the final follow-up. Six patients were excluded
from the data analysis (five because of a break in contact;
one because of lack of data) (Fig. 1). The baseline character-
istics of the study population are shown in Table 1. In total,
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12 (85.7%) participants were male, and the mean age was
70 years. Seven participants (50.0%) had ischemic heart dis-
ease, nine (64.3%) had hypertension, five (35.7%) had diabe-
tes mellitus, and four (28.6%) had dyslipidemia. The etiology
of heart failure was ischemic heart disease in seven (50%)
participants; valvular heart disease in two; dilated cardiomyo-
pathy, sarcoidosis, and noncompaction cardiomyopathy in
one participant each; and unknown in two. §-Blockers were
prescribed in 85.7% of the participants, angiotensin-convert-
ing enzyme inhibitors or angiotensin II receptor blockers in
all participants, and statins in 71.4%. In the placebo group,
50% each were NYHA class I and class II at baseline; this
did not change after the intervention. In the ubiquinol group,

Table 1 Baseline characteristics

Characteristic All patients (N=14)
Age (years) 70+9
Male sex 12 (85.7)
Height (cm) 161 +8
Body weight (kg) 60+9
NYHA classification

I 6 (42.8)

I 8(57.1)
Ejection fraction (%) 34.5+4.0
Ischemic heart disease 7 (50.0)
Valvular heart disease 2 (14.3)
Coronary risk factors

Hypertension 9 (64.3)

Dyslipidemia 4 (28.6)

Diabetes 5(35.7)
Ln Reactive Hyperemia Index 0.47+0.11
Medication

Aspirin 9 (64.3)

B-Blocker 12 (85.7)

ACE-I/ARB 14 (100)

Calcium channel blocker 2 (14.3)

Statin 10 (71.4)

Nicorandil 2(14.3)
Laboratory data

White blood cell (/uL) 693741126

Hemoglobin (g/dL) 125+1.5

Albumin (g/dL) 43+0.3

Creatinine (mg/dL) 1.25+0.41

0.134 (0.035-0.245)
100 (55-153)
0.021 (0.009-0.035)

C-reactive protein (IQR) (mg/dL)
Brain natriuretic peptide (IQR) (pg/mL)
Troponin I (IQR) (ng/mL)

Data are presented as mean + standard deviation or N (%) unless oth-
erwise indicated

ACE-I angiotensin-converting enzyme inhibitor, ARB angiotensin
II receptor blocker, /QR interquartile range, NYHA New York Heart
Association
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42.9% were NYHA class I and 57.1% were class II at base-
line; after the intervention, 50% each were NYHA class I and
II. No significant changes were found in any clinical data,
including body weight, blood pressure, NYHA classification,
creatinine, cystatin C, lipid profiles, BNP, high-sensitivity
troponin I, and urinary 8-OHdG (Table 2).

3.1 Plasma Coenzyme Q10 (CoQ10) Levels

Table 3 shows plasma CoQ10 levels in total, in reduced
form, and in oxidized form. Baseline plasma CoQ10 levels

Table 2 Treatment effect in clinical parameters

were around 0.8-0.9 pg/mL. Ubiquinol treatment led to a
large increase in plasma CoQ10 levels (total CoQ10 levels in
plasma after ubiquinol treatment was 7.338 +5.597 ug/mL),
whereas placebo had no significant effect on plasma CoQ10
levels. CoQ10 mostly exists as the reduced form (ubiquinol)
rather than the oxidized form (ubiquinone). Table 3 shows the
ratio of the reduced form to the oxidized form of coenzyme
Q10. There was a significant decrease in the ratio before and
after the intervention with placebo (p=0.0008) and no dif-
ference in the ubiquinol group (»p =0.90). We also examined
correlations between the concentration of the reduced form

Parameter Placebo Ubiquinol
Pre Post pvalue Pre Post p value
Body weight (kg) 59.5+9.2 60.2+10.4 0.87 60.5+9.7 60.4+9.3 0.99
SBP (mmHg) 126+ 16 122+15 0.49 120+21 126 +19 0.43
DBP (mmHg) 71+11 75+15 0.49 6812 7618 0.20
Heart rate (bpm) 69+10 69+12 0.97 60+10 72+12 0.36
NYHA classification
I 7 (50) 7 (50) >0.99 6(42.9) 7 (50) >0.99
11 7 (50) 7 (50) >0.99 8(57.1) 7 (50) >0.99
Laboratory data
White blood cell (/pL) 707241547 7046 + 1565 0.97 6831+1104 7189+1601 0.50
Hemoglobin (g/dL) 125+1.5 12.8+1.4 0.65 12.6+1.2 12.7+1.1 0.81
Creatinine (mg/dL) 1.2+04 1.2+04 0.98 1.2+04 1.2+04 0.93
eGFR (mL/min/1.73 m?) 51+20 50+18 0.98 49+21 49+17 0.94
Cystatin-C (mg/L) 1.3+0.3 1.3+04 >0.99 1.3+0.3 1.3+0.3 0.74
Total cholesterol (mg/dL) 165+33 158 +27 0.52 157+33 162+34 0.71
LDL cholesterol (mg/dL) 91+26 82+22 0.37 86+21 86+24 0.99
Triglycerides (IQR) (mg/dL) 119 (86-158) 104 (87-177) 0.85 134 (82-184) 148 (88-180) 0.71
High-sensitivity troponin I (ng/mL) 0.018+0.012 0.016+0.009 0.74  0.021+0.014 0.016+0.008 0.40
C-reactive protein (IQR) (mg/dL) 0.11 (0.04-0.24)  0.11 (0.41-0.17) 091 0.09 (0.04-0.22)  0.15 (0.06-0.20) 0.63
BNP (IQR) (pg/mL) 91 (55-165) 137 (48-291) 0.48 117 (69-168) 152 (83-266) 0.37

Urinary 8-OHdG/Cr (IQR) (mg/g-Cr)  3.10 (2.60-4.70)

3.05 (1.88-4.38) 0.64

3.30(2.63-4.83)  3.30(2.25-4.35) 0.59

Data are presented as mean + standard deviation or N (%) unless otherwise indicated

8-OHdG 8-hydroxy-2’-deoxyguanosine, BNP B-type natriuretic peptide, bpm beats per minute, DBP diastolic blood pressure, eGFR estimated
glomerular filtration rate, /QR interquartile range, LDL low-density lipoprotein, NYHA New York Heart Association, SBP Systolic blood pres-

sure

Table 3 Change in serum coenzyme Q10 level

Placebo Ubiquinol

Pre Post p value Pre Post p value
Total coenzyme Q10 (ug/mL) 0.912+0.514 0.715+0.247 0.23 0.807+0.364 7.338+5.597 0.0002
Reduced form (ug/mL) 0.886+0.486 0.663 +0.242 0.16 0.776 +0.831 7.167+5.498 0.0002
Oxidized form (ug/mL) 0.028+0.023 0.053+£0.044 0.08 0.029+0.017 0.180+0.112 <0.0001
Ratio for reduced form to total CoQ10 (%) 97.1 92.7 0.01 96.2 97.7 0.21
Ratio for reduced form to oxidized form 394 18.3 0.0008 36.6 35.5 0.90
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of CoQ10, reduced form to oxidized form of CoQ10, and
biomarkers such as 8-OHdG/Cr, troponin I, BNP, and CRP
before and after the intervention. As a result, reduced form
to oxidized form of CoQ10 and BNP have negative corre-
lations both before (Spearman’s p=—0.3822, p=0.04) and
after (Spearman’s p =—0.4051, p=0.04) the intervention.

3.2 Effect of Supplementation of CoQ10
on Endothelial Function

Figure 2 shows samples of RH-PAT signals before and
after the intervention. Peripheral endothelial function as
assessed by LnRHI using the #-test tended to be improved
by treatment with ubiquinol 400 mg/day for 3 months
(p=0.076) (Fig. 3a). We also compared the original RHI
values without logarithmic transformation using a nonpara-
metric Wilcoxon test and found that RHI was significantly
improved with ubiquinol (pre-RHI 1.57 [IQR 1.39-1.80],
post-RHI 1.74 [IQR 1.63-2.02], p=0.026) but not with pla-
cebo (pre-RHI 1.67 [IQR 1.53-1.85], post-RHI 1.51 [IQR
1.39-2.11], p=0.198) (Fig. 3b). LnRHI improved after
the intervention for 11 (78.6%) patients in the ubiquinol
group and six (42.9%) in the placebo group (between-group
difference, p=0.12). There was no significant correlation
between change in LnRHI and change in total CoQ10 levels
(spearman’s p=0.21, p=0.31). We analyzed the relation-
ship between the level of reduced CoQ10, reduced form to
oxidized form of CoQ10, and LnRHI before and after the

67 years old woman

Before placebo  RHI 1.53

intervention. The reduced CoQ10 and the reduced form to
oxidized form of CoQ10 did not relate to LnRHI at base-
line. Although it did not reach significance, there was a
positive relation between the reduced form to oxidized form
of CoQ10 and LnRHI after the intervention (Spearman’s
p=0.3593, p=0.07). We analyzed the association between
the etiology of heart failure (ischemic or nonischemic)
with LnRHI and the levels of the reduced form of CoQ10
at baseline. Although there was no significant difference in
LnRHI (0.44 +0.07 vs. 0.50 +0.13; p=0.30) and the levels
of the reduced form of CoQ10 (0.80 +0.34 vs. 0.94+0.27,
p=0.40) between ischemic and nonischemic heart failure,
LnRHI and the level of the reduced form of CoQ10 tended
to be lower in patients with ischemic heart failure.

3.3 Safety and Tolerability

Six patients were lost to follow-up over the whole period
because of dropout and lack of data, but no adverse events
were reported.

4 Discussion

We investigated the effects on peripheral endothelial func-
tion in patients with HFrEF of adding oral ubiquinol, a
reduced form of CoQ10, at a dosage of 400 mg/day for
3 months to standard therapies for heart failure. Adding

83 years old man

Before CoQ10 RHI 1.39

RHI 1.44

After placebo

After CoQ10 RHI 1.92

Fig.2 Samples of reactive hyperemia peripheral arterial tonometry (RH-PAT) signals before and after placebo and coenzyme Q10 (CoQ10) sup-
plementation. Study and control arm results are shown in the upper and lower rows, respectively. RHI reactive hyperemia index

A\ Adis



Ubiquinol and Endothelial Function in HFrEF

369

A
LnRHI
1.25
P=0.570 P=0.076
| B
1.00 | —
L
// - /A ——
0.75 -1
/ o // . 0.70
\ 7
0.61 :
ﬁ\t 0-59 ‘ kn 0.55
0.50 10.51 L\\’{i’/‘ —< 030
0420 F—ou - 0.41 0.45 A ¢ [
;\\\ 032 | 033
0.25
0.00
Pre Post Pre Post
Placebo Ubiquinol
B
RHI P=0.198 P=0.026
3.0 s |
- L /
2.5
2.0 211 2.02
1.85 \ 1.80
‘ ) 1.74
1.67 S\ 1.57
1.5 1.53 —— é : 1.51 [ 1.63
1.39 1.39
1.0 -
0.5
0.00
Pre Post Pre Post
Placebo Ubiquinol

Fig.3 Changes in endothelial function in each group. Peripheral
endothelial function as assessed by natural logarithm of reactive
hyperemia index (LnRHI) tended to be improved in the ubiquinol

ubiquinol had no effect on any clinical variables, including
renal function, lipid profile, fasting glucose, BNP, and oxi-
dative stress compared with placebo. However, our results

group (a). Original RHI values was significantly improved by the
ubiquinol treatment, but placebo did not lead to improvement (b)

highlighted the potential of ubiquinol to improve peripheral
endothelial function. This is the first study to demonstrate
that CoQ10 significantly improved endothelial function
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assessed by RHI. LnRHI increased from 0.45 to 0.55 as a
result of CoQ10 therapy, and this increment tended to be
significant. According to a recent meta-analysis of RHI, an
increase in LnRHI of 0.1 corresponds to a 21% risk reduc-
tion for a cardiovascular event [21].

There was no significant difference in basal LnRHI levels
between the two groups (0.51 vs. 0.45; p=0.29). Although
the number of patients was too small to analyze with multi-
variate models, we conducted covariance analysis to adjust
for basal LnRHI. After adjustment for the basal LnRHI lev-
els, the effect of ubiquinol in improving endothelial func-
tion was not significant compared with the placebo group
(p=0.18). We cannot exclude the influence of basal LnRHI
levels on our results. After the washout period of the first
therapies, there was no difference in LnRHI between the
two groups (LnRHI 0.64 +0.27 vs. 0.52 +0.28; p=0.44).
We also analyzed the change in LnRHI during the washout
period between the first and the second interventions. In
patients who received placebo first, LnRHI was 0.51 before
placebo, 0.47 after placebo, 0.39 before ubiquinol, and 0.65
after ubiquinol; in patients who received ubiquinol first,
LnRHI was 0.52 before ubiquinol, 0.60 after ubiquinol,
0.64 before placebo, and 0.58 after placebo. In patients who
received ubiquinol first, the LnRHI level remained elevated
after the washout period, which might be due to the short-
ness of that period. Although this is a small sample study
and there was no significant difference between the groups,
it is possible that the washout period was too short.

Heart failure, a terminal stage of all kinds of heart dis-
eases, is a major challenge to the health system because
it causes significant increases in healthcare costs and the
degree of patient disability. Endothelial function-guided
therapy for heart failure could be useful in reducing mortal-
ity and preventing the worsening of heart failure and compli-
cations. Associations between endothelial dysfunction and
increased cardiovascular risk have been reported by many
studies and in various populations [28]. The endothelium
releases several vasoactive factors, such as NO, and plays
a crucial role in maintaining vascular tone and inhibiting
platelet aggregation, smooth muscle cell proliferation, and
inflammation. Thus, dysfunctional endothelium is associated
with increased inflammation and thrombogenicity and, in
accordance with this pathological feature, leads to athero-
thrombotic vascular complications. Moreover, endothelial
dysfunction has an important involvement in myocardial
ischemia and can increase vascular stiffness and resistance,
resulting in progression of heart failure and adverse out-
comes. We have previously reported the significant predic-
tive value of RHI in patients with HFrEF and heart failure
with preserved EF (HFpEF) [18, 19]. Furthermore, deterio-
ration of endothelial function as assessed by RHI in patients
with heart failure after implantation of a continuous-flow
left ventricular assist device was associated with subsequent
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adverse cardiovascular events [29]. Importantly, endothelial
function can serve not only as a diagnostic and prognostic
marker but also as a therapeutic target even in conditions
of heart failure. In patients with ischemic heart failure,
improvement in peripheral endothelial function was associ-
ated with a significant reduction in cardiovascular events
[30]. Thus, endothelial function is predictive for adverse
events and reversible through the course of heart diseases,
including heart failure.

Although the mechanisms of CoQ10 in improving
endothelial function remain obscure, it is suggested that
CoQ10 can improve energy metabolism and prevent oxida-
tive stress in myocardial cells. CoQ10 is an electron car-
rier in mitochondria and plays the role of an endothelial
NO synthase (eNOS) cofactor by maintaining its “coupled”
structure and NO, and it may improve endothelial dysfunc-
tion by “recoupling” eNOS and mitochondrial oxidative
phosphorylation. CoQ10 could also act synergistically with
anti-atherogenic agents, such as statins, to improve endothe-
lial dysfunction [31]. Thus, we hypothesized that reduced
inflammation and oxidative stress could be the important
mechanism through which CoQ10 improves endothelial
function. However, inconsistent with the previous data [32,
33], inflammatory markers and 8-OHdG, a marker of oxida-
tive stress, did not change with CoQ10 therapy in the present
study. Insufficient statistical power is one possible reason for
this; another is that CoQ10 improved endothelial function
assessed by RHI by mediating other mechanisms. In this
study population, CRP values were <3 mg/dL, and patients
were not in the proinflammatory state. As such, these partici-
pants may not have been the appropriate population in which
to observe anti-inflammatory effects from this intervention.

Several studies have reported the effects of CoQ10 on
endothelial function [34]. A randomized controlled study of
patients with heart failure [9] reported that CoQ10 supple-
mentation (ubiquinone) improved FMD, and this improve-
ment was associated with reductions in the plasma lactate/
pyruvate ratio, suggesting that endothelial function was
improved via improvement in mitochondrial function after
CoQ10 supplementation. Consistent with this, our study
also demonstrated the significant improvement in RHI by
CoQ10 therapy. Dai et al. [9] also reported a positive rela-
tionship between improvement in FMD and an increase in
plasma CoQ10 levels. However, our study found no sig-
nificant relationship between changes in RHI and plasma
CoQ10 levels. One possible reason for this discrepancy
is the small number of participants in our study. Another
potential cause is based on the difference between FMD and
RHI. As mentioned in Sect. 1, FMD and RHI may reflect
different vascular aspects as these methods use the same
principle of reactive hyperemia after ischemia but the target
vasculatures differ (brachial artery diameter in FMD and fin-
gertip pulse amplitude in RHI). Vasodilatory responses after
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ischemia are mediated by a complex interaction between a
large number of vasoactive substances and vascular smooth
muscle and differ between conduit arteries and microves-
sels. Belardinelli et al. [24] reported that plasma CoQ10 lev-
els in patients with advanced chronic heart failure treated
with the oxidized form of CoQ10 300 mg/day for 4 weeks
were 3.25+1.52 pg/mL. In addition, Mortensen et al. [6]
observed that serum CoQ10 levels in patients with moderate
or severe heart failure after treatment with the oxidized form
of CoQ10 300 mg/day for 16 weeks were 3.01+0.17 pg/
mL. In our study, patients received the reduced form of
CoQ10 for 3 months, and we found a serum CoQ10 level of
7.34+5.60 pg/mL. The CoQ10 level in this study was obvi-
ously higher than in the previous study with the oxidized
form of CoQ10. The result indicates that the reduced form
of CoQ10 has better bioavailability than the oxidized form.
Although a dose-dependent relationship with CoQ10 and
endothelial function is possible, we did not investigate this,
and further studies are required.

4.1 Study Limitations

Our study includes some limitations. First, this was a pilot
study, and the small number of patients resulted in limited
statistical power, so the study might have been underpow-
ered to detect any relationship between biomarkers and CoQ
intervention. Second, although we confirmed that the post-
intervention concentration levels of CoQ10 were elevated in
all patients, we did not evaluate compliance. Third, although
patients underwent an echocardiogram before and after the
first intervention and after the second intervention, it was not
routinely performed after the washout period (just before the
second intervention). Therefore, we could not analyze EF
after the intervention. Fourth, we did not assess circulating
markers of endothelial function and oxidative stress such
as intercellular adhesion molecule, soluble vascular adhe-
sion molecule, E-selectin, von Willebrand factor, NO, total
antioxidant capacity, etc. Further study is needed because
these important markers could complement and reinforce
the results obtained from the RHI analysis. Fifth, we did not
include a healthy control group. Finally, we could not rule
out that basal LnRHI affected the response.

5 Conclusion

Treatment with ubiquinol 400 mg/day for 3 months resulted
in significant and clinically meaningful improvements in
peripheral endothelial function in patients with HFrEF.
Ubiquinol, the reduced form of CoQ10, and ubiquinone may
be therapeutic options for the treatment of individuals with
HFrEF. Large-scale randomized controlled trials of CoQ10

supplementation in patients with HFrEF are needed before
any firm conclusions can be made.
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