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Abstract

Background: Coenzyme Q10 (CoQ10) supplementation can improve cognition in pa-
tients with Alzheimer's disease (AD) and AD transgenic model mice. To ameliorate
the discomfort that patients with AD suffer after several blood extractions, a non-
invasive method for detecting urine CoQ10 levels needs to be established.
Methods: Here, we developed a new technique of fluorescence spectrophotometry
with ethyl cyanoacetate (FS-ECA), on the basis of the principle that the chemical
derivative obtained from the interaction between CoQ10 and ECA was detected by
ox/em = 450/515 nm. As a standard reference method,

the same batches of the clinical samples were analyzed by high-performance liquid

a fluorescence detector at A

chromatography with an ultraviolet detector (HPLC-UV) at 275 nm.

Results: The limits of detection (LOD) and limits of quantization (LOQ) (serum: 0.021
and 0.043 mg/L; urine: 0.012 and 0.025 mg/L) determined by the FS-ECA method
were similar to that obtained through HPLC-UV (serum: 0.017 and 0.035 mg/L; urine:
0.012 and 0.025 mg/L). More importantly, this new FS-ECA technique as well as the
conventional HPLC-UV method could detect a marked difference in urine CoQ10
levels between AD and controls.

Conclusion: Our findings suggest that this non-invasive method for quantifying urine
CoQ10 potentially replaces HPLC to detect blood CoQ10.
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1 | INTRODUCTION

Coenzyme Q10 (CoQ10), a hydrophobic molecule containing ten
isoprenoid units in the side chain, is a lipid-soluble endogenous
compound located in the mitochondrial membranes. It plays an im-
portant role as an electron carrier in the respiratory chain and as
a powerful antioxidant.! Coenzyme Q10 functions as a cofactor in
the electron transport during oxidative phosphorylation and is es-
sential for production of cellular energy in the form of adenosine
triphosphate.? The reduced form of CoQ10 (ubiquinol) can inhibit
lipid peroxidation in biological membranes and protects the body
from damage caused by harmful molecules. A deficiency of this
antioxidant in one's diet has been related to several diseases, such
as heart failure, obesity, cancer, chronic pain, and neurological dis-
orders.®> Notably, plasma CoQ10 concentrations are significantly
influenced by dietary uptake.® Hence, patients with CoQ10 defi-
ciency can benefit from early diagnosis and treatment with exoge-
nous CoQ10 supplementation.

Alzheimer's disease (AD) is the most common neurodegenera-
tive disease, leading to progressive cognitive decline.”® Deposition
of amyloid B (Ap)-mediated senile plaques and neurofibrillary
tangles are the pathological hallmarks of AD.”'® However, over
the past decades, targeting Ap and/or tau through antibodies,
vaccines, or small-molecule drugs have not resulted in desirable
clinical efficacy.!! Recently, mitochondrial dysfunction is consid-
ered to be involved in AD pathology.12 The mitochondrial defects
are found to be predominantly observed in complex I, IV, and V
of the electron transport chain, which leads to the generation of
free radicals.'® Endogenous CoQ10 is part of the electron trans-
port chain.** Notably, Ap-induced CoQ10 deficiency has been
found in AD transgenic animal models and patients with AD.*>’
CoQ10 supplementation (a nano-micelle water containing soluble
CoQ10) has been identified to contribute to the treatment of isch-
emia model mice, AD model mice, and patients with dementia.t®?22
Therefore, it is vital to rapidly and easily quantify CoQ10 concen-
trations in plasma and/or urine.

Various analytical methods have been developed for the determi-
nation of CoQ10 in a variety of biological, drug, and food samples. The
first approach for detecting CoQ10 levels in human blood was based
on a principle that it can have a colorimetric reaction with ethyl cya-
noacetate (ECA) and the blue derivative obtained can be quantified by
the thin-layer chromatography (TLC) on silica gel. The average serum
CoQ10 levels are ~1 mg/L with a range from 0.4 to 1.8 mg/L.23’24 The
most regularly utilized technique for CoQ10 detection is high-perfor-
mance liquid chromatography (HPLC), which can be used in combina-
tion with various detection systems using either ultraviolet (UV),2>2
fluorescence (FR),%’ mass spectrometry (MS),?® or electrochemical
(EC) detectors.?’ However, this HPLC technique requires sample
preparation, use of a bulky instrument, high purchase cost, mainte-
nance costs, and specially trained professionals. Therefore, a simple,
sensitive, and efficient method for determining trace amounts of

CoQ10 is urgently needed.

In this study, we have established a new method of fluores-
cence spectrophotometry with ECA (FS-ECA, A = 450/515 nm)

to detect CoQ10 levels in the serum and urine of patients with AD.

ex/em

Further, we compared the accuracy of these two methods. Our re-
sults suggest that this non-invasive technique of FS-ECA may re-
place HPLC-UV to detect blood CoQ10 concentrations.

2 | MATERIALS AND METHODS
2.1 | Ethical disclosure

This clinical investigation (2014SY39) was approved by the Ethics
Committee at the Capital Medical University, China.

2.2 | Participants

The study was registered at the Chinese Clinical Trial Registry (http://
www.chictr.org/cn, Unique Identifier: ChiCTR-OOC-14005576)
and conducted between March 2008 and December 2014. We re-
cruited participants from representative regions in Beijing, China.
The mean age of 100 individuals in this cross-sectional survey was
77.31 £ 2.49 years. Participants who refused to provide urine sam-
ples, or had a life-threatening iliness, or were unable to participate in
the assessment, were excluded from the entire survey. Information
on medical history and medications for each participant were ob-
tained from primary healthcare records or provided by each partici-

pant or by their guardians.

2.3 | Clinical evaluation

The cognitive status of patients/participants was assessed by neu-
rologists using the activities of daily living (ADL),%° Clinical Dementia
Rating (CDR),®! and Mini-Mental State Examination (MMSE).3? A
MMSE score <20 (adjusted for education level of the participants
from rural regions) was defined to be cognitive impairment. The
MMSE is widely applied to assess the cognitive ability of patients
suffering from memory decline.? Patients with Alzheimer's disease
(AD) were diagnosed according to the Diagnostic and Statistical
Manual of Mental Disorders (fourth edition) revised (DSM-IV-R) cri-
teria, as described previously.33

2.4 | Morning blood and urine samples

Venous bloods of all participants were routinely sampled by the
nurse. Morning urine samples from participants were collected and
immediately placed on ice, before being stored at -70°C until ana-
lyzed. After centrifugation (8000 xg, 4°C, 10 minutes), the superna-

tant fractions of urine were subjected to CoQ10 analysis.
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2.5 | Chemical reagents

Standard pure CoQ10 (Molecular weight: 863.36) was donated
by Novacon Life Biotechnology Co. Ltd, China, and produced by
AQUANOVA AG, Germany. The chemical reagents, including hex-
ane (No. H811141; Shanghai Macklin Biochemical Co. Ltd), ethyl
cyanoacetate (ECA, No. B15529; Shanghai Hanhong Scientific Co.
Ltd), and dimethyl sulfoxide (DMSO, NO. 1096780; Sigma-Aldrich),
were analytical grade. The organic solvents including methanol (No.
A452-4) and ethanol (No. A4995-4) were HPLC grade and purchased
from Fisher Chemical, Pennsylvania, Pittsburgh, USA. Deionized

water was obtained from the Milli-Q system.

2.6 | Detection of CoQ10 by fluorescent
spectrophotometer (FS-ECA)

This newly established method for detecting CoQ10 was based on
the principle that the chemical derivative between CoQ10 and ethyl
cyanoacetate (ECA) could be detected by a fluorescence spectro-
photometer (FS-ECA) at &,
group of CoQ10 can be replaced by a moiety of EC

=450/515 nm, because one methoxy
A 2324

ex/em

To prepare the detected samples, 60 uL standard CoQ10 or clin-
ical samples were added into the solutions containing 60 pL ethanol
and 120 pL hexane. Then, these mixed solutions were vortexed for
1 minutes and centrifuged at 2800 g for 2 minutes. The supernatants
were transferred into 120 uL hexane solution and extracted again.
The twice-extracted supernatants were combined and dried using
nitrogen. These precipitants were resolved by 60 puL ethanol, and
20 plL of this solution was added into 220 pL ECA-sensitive reaction
system (40 pL ECA + 40 pL 0.5% KOH + 140 plL ethanol) and the
mixture was incubated in dark for 30 minutes. Then, the fluorescent
intensities (xex,em = 450/515 nm) of the derivatives were quantified
by using FS-ECA (Multi-Mode Microplate Reader, SpectraMax i3,
Molecular Devices).

To determine the optimal temperature for the interaction
between CoQ10 and ECA to occur, 20 puL of CoQ10 solutions at
different concentrations (0.00, 0.05, 0.07, 0.35, 0.70, 1.75, and
3.50 mg/L) was added to seven vials with 220 pL ECA-sensitive
reaction system and the mixture was incubated in dark at 25°C or
35°C for 30 minutes. Then, the sample solutions were examined
by FS-ECA.

To explore the optimal volume of ECA in the ECA-sensitive reac-
tion system for the reaction between CoQ10 and ECA to occur, ECA
solutions at different volumes (0, 2, 5, 10, 20, 40, 80, and 120 pL)
were added to eight vials with an ECA-sensitive reaction system and
the mixture was incubated in dark at 25°C for 30 minutes and imme-
diately examined by FS-ECA.

To obtain calibration curves, CoQ10 standards were prepared
with concentrations ranging from 0.00, 0.055, 0.109, 0.218, 0.437,
to 1.750 mg/L. For routine analysis, a one-point calibration in du-
plicate was prepared daily and used for quantitative calculation of

the samples.

2.7 | Specificity and selectivity of FS-ECA method

Previous studies showed that one methoxy group of CoQ10 can be
specifically replaced by a moiety of ECA.?32?* The interference from
other CoQs such as CoQ1 (#C7956), CoQ4 (#C2470), and CoQ9
(#27597, Sigma-Aldrich) was also investigated. A possible “interfer-
ing peak” has been considered as a peak which was further examined
by the FS-ECA method at A =450/515 nm.

ex/em

2.8 | Accuracy, precision, and calibration of FS-
ECA method

Inter-day precision and accuracy were determined by assaying serum
and urine samples in double replicates and six different validation
sessions. Intra-day precision was evaluated in five intra-day repli-
cates for each CoQ10 level. Accuracy was calculated as the percent
deviation from the nominal concentration. Inter-day and intra-day
precisions were expressed as the relative standard deviation (RSD)
for each CoQ10 concentration. Calibration curves were obtained by
FS-ECA through peak values.

2.9 | Limit of quantification for FS-ECA method

The limit of detection (LOD) in plasma was defined as the concentra-
tion that yields a signal-to-noise ratio of 3:1. Percent deviation from
the nominal concentration (measure of accuracy) and RSD (measure
of precision) of the concentrations considered as the limit of quanti-
fication (LOQ) had to be <20%, and it was considered as the lowest

calibration standard as previously described.34%¢

2.10 | Recovery of FS-ECA method

Recovery calculation of the method was obtained in triplicate at
three final concentration levels (3.50, 1.75, and 0.7 mg/L) from a
detector response of the analyte added to and extracted from the
serum and urine and compared with the detector response of the

spiked analyte after extraction into fractions.

2.11 | Detection of CoQ10 by HPLC-UV

To prepare the detected samples, 450 pL of standard CoQ10 or
clinical samples were added into the solutions containing 200 pL
ethanol and 650 pL hexane. Then, these mixed solutions were vor-
texed for 1 minutes and centrifuged at 3000 rpm for 2 minutes.
The supernatants were transferred into 650 pL hexane solution
and extracted again. The twice-extracted supernatants were com-
bined and further dried with nitrogen (No. MTN-2800N, Auto-
Science Co. Ltd). These precipitants were resolved by 100 pL
ethanol and filtered by 13 mm x 0.22 pm hydrophobic filter
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membranes (No. AA-56312; Shanghai Xingya Purifying Materials
Factory). Then, the residues were redissolved in 200 uL of mobile
phase which has methanol-ethanol (1:4; 1 mL/min; volume tem-
perature: 50°C), and 100 pL of this sample solution was examined
by HPLC-UV at 275 nm (HPLC, No. LC-20A; Shimadzu) as previ-
ously reported.25

2.12 | Statistical analysis

Statistical analyses were performed using IBM SPSS software for
Windows (version 19.0; SPSS Inc). Correlation analysis between
two groups of data was performed using Pearson's correlation coef-
ficient (parameter). Graphs were generated using GraphPad Prism
version 5.01 (GraphPad Software Inc). The clinical characteristics
and CoQ10 concentrations were compared using the Chi-square
statistic for categorical variables and analysis of variance for con-
tinuous variables. The levels of CoQ10 in samples from patients with
AD and age-matched controls were compared using Student's t test.
Differences between the groups were considered statistically sig-

nificant when the P value was <.05.

3 | RESULTS

3.1 | Optimization of the reaction conditions of
FS-ECA

To obtain high sensitivity from the FS-ECA method, we investigated
the experimental parameters including reaction temperature, ECA
volume, and reaction time (Figure 1A).

3.1.1 | Optimization of reaction temperature

Previously, some studies have shown that under an alkaline
condition with 0.5% KOH, there is the formation of a rapid blue
derivative due to the interaction between CoQ10 and ECA
(Figure 1B).2%%* Therefore, we controlled the reaction condition
of 240 pL ECA-sensitive reaction system (20 pL CoQ10 + 40 uL
ECA + 40 pL 0.5% KOH + 140 pL ethanol) in dark for 30 minutes
at 25 + 1°C or 35 £ 1°C. The results showed that the fluorescence
intensity of CoQ10 (Ex/Em = 450/515 nm) was dose-dependently
increasing at 25°C (Figure 1C) and 35°C (Figure 1D), and the fluo-
rescence values obtained from the condition of the former (25°C)
was higher than the latter (35°C) (Figure 1E). Especially, CoQ10
at 0.7 mg/L (the physiological concentrations of human serum:
0.62 ~ 1.14 mg/L%) at 25°C had a higher value than that at 35°C.
Notably, the fluorescence peaks of CoQ10 at 35°C (red triangle)
were not evenly distributed at 515 nm. These data indicate that
the results obtained at room temperature (25°C) are more reliable
than at 35°C for detecting the CoQ10 in this ECA-sensitive reac-

tion system.

3.1.2 | Optimization of ECA volume

Based on the available literature, it was clear that CoQ10 can chemi-
cally interact with ECA,?3?% but we wanted to know the optimal vol-
ume of ECA required for CoQ10 to interact and produce an optimal
signal (Figure 2A). We followed the methodology as previously de-
scribed, wherein we incubated the mixture of varying volumes of
ECA with CoQ10 in dark for 30 minutes at 25 + 1°C. We found that
ECA could induce a dose-dependent increase in the fluorescence
(Figure 2B,C). Notably, although ECA at 80 and 120 plL induced
higher fluorescence values than at 40 pL (Figure 2C), the peaks
produced by 40 pL were ideal as they were shifted toward the left
(Figure 2D, red arrow). These results indicated that ECA over 40 uL
affects the accuracy of FS-ECA method. Meanwhile, we found that
ECA at 40 pL could induce a standard peak of fluorescence (red tri-
angle) (Figure 2D). These data suggest that 40 uL ECA is an optimal

condition in 240 pL ECA-sensitive reaction system.

3.2 | Optimization of reaction time

Previous studies have stated that the optimal time required for the
formation of chemical derivative between CoQ10 and ECA is within
30 minutes.?>?* Hence, we explored whether this incubation time is
the optimal time period to detect the fluorescence produced. The re-
sults showed that the fluorescence values produced by CoQ10 rapidly
increased by 30 minutes, whereas it gradually elevated by 60 minutes
(Figure 2B). These data indicate that 30-minutes reaction time is an

optimal incubation time in this ECA-sensitive reaction system at 25°C.

3.3 | CoQ10 levels in the serum and urine detected
by FS-ECA

Then, we used this new method of FS-ECA to examine the concen-
trations of CoQ10 in serum and urine of patients with AD and age-
matched controls (Table S1). The results showed that there was a
linear correlation between the fluorescence values and CoQ10 con-
centrations (R? = .9973) (Figure 3A,B). The serum CoQ10 levels in
12 patients with AD were significantly lower than 14 age-matched
controls (0.412 + 0.031 vs 0.757 + 0.025, P < .0001) (Figure 3C).
Moreover, the urine CoQ10 levels in 50 patients with AD were
markedly lower than 50 age-matched controls (0.031 + 0.003 vs
0.065 = 0.008, P = .0003) (Figure 3D). These data demonstrate that
the method of FS-ECA can be used to examine CoQ10 concentra-

tions in the serum and urine of patients with AD.

3.4 | CoQ10 levels in the serum and urine detected
by HPLC-UV

The technique of HPLC-UV is widely accepted to be a standard

reference method for detecting CoQ10 contents?®; therefore, the



FEIET AL.

FIGURE 1 The effects of reaction
temperature on CoQ10 fluorescence
values. A, The experimental flowchart

of the method involved in fluorescence
spectrophotometry with ethyl
cyanoacetate (FS-ECA) and high-
performance liquid chromatography with
an ultraviolet detector (HPLC-UV). B, The
chemical reaction between CoQ10 and
ECA. C and D, The fluorescence intensity
of CoQ10 scanned by FS-ECA at 25 and
35°C, respectively. E, The fluorescence
values detected at 25 and 35°C

FIGURE 2 The effects of reaction
volume of ethyl cyanoacetate (ECA)

on CoQ10 fluorescence values. A, The
different volumes of ECA in 240 pL
ECA-sensitive reaction system. B and C,
The effects of reaction time on CoQ10
fluorescence values (top), and a linear
correlation between ECA volumes and
fluorescence intensity (bottom). D, The
fluorescence intensity scanned by FS-ECA
(c: red triangle)
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same batches of clinical samples were analyzed by this conven-

tional method. The results showed that there was a linear correla-

tion between the peak areas of HPLC and CoQ10 concentrations

Emission wavelength (nm)

(R? = .9926) (Figure 4A-C). Moreover, we observed lower urine
CoQ10 levelsin 12 patients with AD than 14 age-matched controls
(0.399 +0.088 vs 0.732 + 0.030, P < .0001) (Figure 4D). The urine
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CoQ10 levels in 50 patients with AD were markedly lower than 50
age-matched controls (0.051 £ 0.002 vs 0.092 + 0.003, P < .0001)
(Figure 4D). These results obtained from HPLC-UV method were
consistent with the data obtained from FS-ECA method.

3.5 | Accuracy and stability of the
comparative methods

3.5.1 | LODand LOQ

Next, we determined the limits of detection (LOD) and the limits of quan-
tization (LOQ) of CoQ10 levels analyzed in the serum and urine samples
by these two methods. Our results showed that the LOD and LOQ (serum:
0.020 and 0.040 mg/L; urine: 0.012 and 0.024 mg/L) obtained from the
FS-ECA method were similar to that of the HPLC-UV method (serum:
0.017 and 0.034 mg/L; urine: 0.014 and 0.028 mg/L) (Table 1). These
data indicate that the new FS-ECA method as well as HPLC-UV method
accurately detects CoQ10 concentrations in these clinical samples.

3.5.2 | RSD and recovery

Ten replicates of these clinical samples were analyzed at various
time points in a day to evaluate within-day variations. The same
samples of serum and urine were also analyzed on different days

TABLE 1 The accuracy and stability of comparative methods

to evaluate day-to-day variations. The data of variations observed
within-day are summarized in Table 1. The results of variation ob-
tained from day-to-day experimentation showed that the average
relative standard deviations (RSD) detected by HPLC-UV and FS-
ECA were 4.08 and 3.30 (RSD < 8%) in the serum, and 3.26 and 1.23
(RSD < 8%) in the urine. The average recoveries examined by these
two methods were 98.16% and 96.97% in the serum, and 99.01%
and 96.53% in the urine (Table 1). Hence, this FS-ECA method can
effectively and steadily determine CoQ10 levels similar to that of the
HPLC-UV method.

3.6 | Comparison of the changing trend of two
groups of data

If these two methods accurately examine CoQ10 levels in the clinical
samples, these two groups of data should have the similar chang-
ing trend. To address this possibility, the Pearson's product corre-
lation coefficient (parameter) was calculated with the use of IBM
SPSS software. The results showed that there was a high correlation
(Pearson R =.805, P =.003 <.01) in serum CoQ10 values (Figure 5A),
and a similar trend in the urine CoQ10 contents (Pearson R = .253,
P =.047 < .05) in patients with AD (Figure 5B). Meanwhile, we found
that the HPLC-UV method could detect a marked difference in the
levels of urine CoQ10 between AD and controls (Figure 5C,D); how-
ever, a lower concentration of urine CoQ10 can be recognized and

Samples Test items Mean = SD RSD (%) Recovery (%) LOQ (mg/L) LOD (mg/L)
Serum Q10 (HPLC-UV) 0.732 £ 0.030 4.08 98.19 0.035 0.017
Q10 (FS-ECA) 0.757 £0.025 3.30 96.97 0.043 0.021
Urine Q10 (HPLC-UV) 0.092 +0.003 3.26 99.01 0.029 0.014
Q10 (FS-ECA) 0.065 + 0.008 1.23 96.53 0.025 0.012
FIGURE 5 The accuracy and stability (A) (B)
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quantified easily by FS-ECA than HPLC-UV method (Figure 5B).
These data demonstrate that the technique of FS-ECA for detecting
urine CoQ10 levels is relatively easier and rapider compared with the
HPLC-UV method.

4 | DISCUSSION

In this study, we have developed the non-invasive FS-ECA method
to examine urine CoQ10 in the clinical samples of patients with
AD, which potentially replaces HPLC to detect blood CoQ10 con-
centrations. This new technique has some advantages when com-
pared to the HPLC and other methods for quantifying blood CoQ10
invasively.

Firstly, FS-ECA method for detecting CoQ10 in blood and urine
has the similar LOD and LOQ when compared with the standard
HPLC-UV method, suggesting that urine CoQ10 examined by FS-
ECA may replace the conventional HPLC-UV method to detect
blood CoQ10. Secondly, this detection method could quantitively
identify urine CoQ10 with relative advantages over the HPLC-UV
approach, including easier preparation and faster detection speed,
while with the similar accuracy and specificity. Thirdly, the cost of
FS-ECA is lesser than the HPLC method or the ELISA kit for CoQ10,
as the costs associated with CoQ10 antibody preparation could be
avoided. In addition, this proposed method is amenable to be ap-
plied as a post-treatment monitoring tool, especially in patients with
AD as a non-invasive urine sample collection. The sampling can be
performed by the parents or even by a non-trained personal, which
represents a significant advantage.

Alternatively, there are some limitations to this FS-ECA method.
For example, obtaining the derivative from ECA and urine CoQ10
interaction still involves some steps. The more specific and stable
derivative agents that could be derived from CoQ10 needs to be fur-
ther investigated.

In conclusion, this high accuracy and precision of this assay,
taken together with the good and stable recovery, make this method
eligible for use in clinical studies for the non-invasive determination
of CoQ10 in urine of patients with AD. It may also be a useful tool for

monitoring CoQ10 metabolism after oral CoQ10 supplementation.
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