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Abstract

The aim of the present study was to investigate the acute effect of caffeine or quercetin ingestion on motor unit firing patterns
and muscle contractile properties before and after resistance exercise. High-density surface electromyography (HDs-EMG)
during submaximal contractions and electrically elicited torque in knee extensor muscles were measured before (PRE) and
60 min after (POST1) ingestion of caffeine, quercetin glycosides, or placebo, and after resistance exercise (POST2) in ten
young males. The Convolution Kernel Compensation technique was used to identify individual motor units of the vastus
lateralis muscle for the recorded HDs-EMG. Ingestion of caffeine or quercetin induced significantly greater decreases in
recruitment thresholds (RTs) from PRE to POST1 compared with placebo (placebo: 94.8 +9.7%, caffeine: 84.5+16.2%,
quercetin: 91.9 +36.7%), and there were significant negative correlations between the change in RTs (POST1-PRE) and RT
at PRE for caffeine (rs=—0.448, p <0.001) and quercetin (rs = —0.415, p =0.003), but not placebo (rs= —0.109, p =0.440).
Significant positive correlations between the change in firing rates (POST2-POST1) and RT at PRE were noted with placebo
(rs=0.380, p=0.005) and quercetin (rs=0.382, p =0.007), but not caffeine (rs=0.069, p=0.606). No significant differences
were observed in electrically elicited torque among the three conditions. These results suggest that caffeine or quercetin
ingestion alters motor unit firing patterns after resistance exercise in different threshold-dependent manners in males.

Keywords Ergogenic aids - Central and peripheral fatigue - Nutritional supplementation - High-density surface
electromyography - Motor unit decomposition
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reticulum within skeletal muscles (Graham 2001; Lee et al.
2002; McLellan et al. 2016; Grgic et al. 2019). Thus, quercetin
may be applicable as a potential ergogenic aid to alter arousal,
contraction velocity, and exerted tension of muscle fibers and
improve physical performance in addition to caffeine.

Ingestions of caffeine and quercetin have been shown
to change motor unit firing patterns and muscle contractile
properties (Alexander 2006; Graham 2001; McLellan et al.
2016; Grgic et al. 2019; Lee et al. 2002; Cheuvront et al.
2009). Our previous study revealed that quercetin ingestion
could enhance activations of motor units with relatively
higher recruitment thresholds (RTs), evaluated using high-
density surface electromyography (HDs-EMG) (Watanabe
and Holobar 2021). Because of the structural similarities
between caffeine and quercetin (Alexander 2006), caffeine
ingestion may also change the motor unit firing pattern in
the same threshold-dependent manner as quercetin inges-
tion. Changes in neuromuscular conditioning induced by
caffeine or quercetin ingestion may alter motor unit firing
during subsequent muscle exertion exercises (e.g., resist-
ance exercise), and may alter the state of peripheral fatigue.
Motor neurons with relatively higher and lower RT normally
innervate muscle fibers that contribute to higher and lower
forces, respectively (Henneman and Olson 1965; Henneman
et al. 1965; Burke et al. 1973). Changes in muscle contrac-
tile properties could modify neuromuscular efficiency, and
their different behaviors may be reasonable when consider-
ing different changes in peripheral components of the neu-
romuscular system. When caffeine or quercetin ingestion
activates a higher motor unit firing pattern, the muscle fibers
that contribute to the greater torques may show decreased
contractile performance because of fatigue. However, it is
unclear how caffeine or quercetin ingestion changes motor
unit firing patterns and muscle contractile properties before
and after resistance exercise.

This study aimed to investigate the acute effects of caf-
feine (200 mg) and quercetin glycoside (500 mg) ingestions
on motor unit firing patterns and muscle contractile proper-
ties during isometric contractions before and after resistance
exercise. We hypothesized that ingestions of both caffeine
and quercetin would induce: (1) a decrease in RT of higher
threshold motor units after ingestion, (2) an increase in the
firing rate of higher threshold motor units after resistance
exercise, and (3) a decrease in contraction torques during
higher frequency electric stimulation.

Materials and methods
Participants

Prior to conducting data collection, we calculated the mini-
mum required sample size using G*power (Dusseldorf,

@ Springer

Germany) based on the analysis of motor units in our previ-
ous study (Watanabe and Holobar 2021). This calculation
assumed an effect size of 0.40, alpha of 0.05, and a power of
0.80. This analysis indicated that a sample size of 54 motor
units was necessary. In our previous study (Watanabe and
Holobar 2021), we observed an average of 7 motor units per
participant, leading us to recruit a total of 10 participants
after considering the potential for dropouts. Ten healthy
young males (mean + SD: age: 24.1 +3.0 years, height:
172.7+2.6 cm, body weight: 64.1+5.8 kg) who did not
habitually perform resistance exercises participated in this
study. Those who had any exercise restrictions imposed by
medical doctors were excluded from the study. The par-
ticipants gave written informed consent for the study after
receiving a detailed explanation of the purposes, potential
benefits, and risks associated with participation. All pro-
cedures used in this study were approved by the Research
Ethics Committee of Chukyo University (2019-003).

Experimental design

Participants came to the laboratory on 3 days separated by
72 h and were subjected to the three ingestion conditions
(caffeine, quercetin, and placebo capsules) in a randomly
determined order. Based on previous research indicating
that plasma caffeine levels return to the baseline approxi-
mately 29 h after the ingestion of a 200-mg caffeine capsule
(Kamimori et al. 2002) and that plasma quercetin levels
return to the baseline approximately 24 h after the ingestion
of 500 mg of quercetin (Davis et al. 2009), experimental
days were separated by 72 h. They were asked to refrain
from vigorous-intensity exercise, the consumption of foods
or drinks containing quercetin or caffeine (e.g., coffee, tea,
energy drinks), and the ingestion of other possible ergogenic
aids sold as functional foods (e.g., supplement, government-
approved health food) 24 h before testing.

The protocols are shown in Fig. 1. After sitting on a
dynamometer, participants’ hip and knee joint angles were
fixed at 90°, and the distal part of the right shank was fixed
to the dynamometer with a force transducer (LU-100KSE;
Kyowa Electronic Instruments, Tokyo, Japan) to measure
the force exerted by knee extensor muscles. Knee exten-
sion torque was calculated by multiplying the force and arm
length. The arm length was measured between the knee joint
axis and force transducer.

After standardized warm-up protocols (submaximal iso-
metric contraction of 2 X 50%, 2 X 80%), maximum volun-
tary contraction (MVC) of isometric knee extension was
measured. Participants performed 2-3 MVCs and rest for
more than 30 s between efforts. The peak during 5 s MVC
was recorded, and the greatest value between the efforts
was used for further analysis. Participants also performed
submaximal ramp contractions for recording HDs-EMG
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Fig. 1 Schematic overview of the experimental protocol. MVC, maximal voluntary contraction; EMG, electromyography; EET, electrically elic-
ited torque, PRE, before ingestion; POST1, 60 min after ingestion; POST?2, after resistance exercise

to identify individual motor unit activation in the vastus
lateral (VL) muscle. Electrically elicited knee extensor
torque was employed to quantify the contractile properties
of muscle (See Electrically elicited knee extensor torque).

After the measurements (PRE), the participants took
six capsules containing 200 mg of caffeine with 2.0-2.5 g
of dextrin, 500 mg of quercetin glycosides with 2.0-2.5 g
of dextrin, or only 2.0-2.5 g of dextrin (placebo) with
500 mL of water. Quercetin glycosides are more water-
soluble and bioavailable than quercetin aglycone, which
does not exist in a glycosidic or conjugated form (Makino
et al. 2009). When absorbed, quercetin glycorandom-
sides are enzymatically converted into the aglycone form
and exhibit beneficial effects similar to those of the cor-
responding quercetin aglycone. Quercetin glycosides
were enzymatically manufactured at San-Ei Gen F.F.I.,
Inc. (Osaka, Japan) from isoquercitrin prepared from
quercetin-3-O-rutinoside. In the Generally Recognized
As Safe statement from the Food and Drug Administra-
tion, up to 200 mg/serving of caffeine and 500 mg/serv-
ing of quercetin are acceptable. The capsules for caffeine,
quercetin glycosides, and placebo had the same shape,
color, and weight. A randomized, double-blind, placebo-
controlled treatment was administered in this study. After
ingestion of the capsules, the participants remained seated
for 60 min to allow for sufficient elevation of plasma caf-
feine and quercetin concentrations. Post-ingestion meas-
urements (POST1) were then conducted (Graham 2001;
Burak et al. 2017). After POST1 measurements, partici-
pants performed isometric knee extension exercises that
simulated resistance exercises. After POST1 measurement
and 2 min rest, participants completed three sets of 10 rep-
etitions of 70%MVC isometric knee extension with 2 min
rest between each set. Each set is constructed by repeating
5 s contraction and 5 s rest. Participants were instructed
to perform knee extension in response to a visual target
displayed on a monitor in front of them. Following the
completion of the exercise, a post-exercise measurement
(POST?2) was performed immediately and was completed
with 8-m. We used the same electrodes for recording sur-
face EMG and applying electrical stimulation between

PRE, POST1, and POST2; thus, we did not replace them
for measurements taken on the same day.

In order to minimize variations in preparation and assess-
ment time among participants, the experiment was executed
in accordance with a pre-established time-line, derived from
a preliminary experiment (e.g., 5 min elapsed from partici-
pant's seating on the dynamometer to the initiation of the
experiment; 8 min interval between measurements of MVC
and electrically elicited torque, etc.).

Submaximal contractions and recording
of high-density surface EMG

Figure 2 shows experimental set up for recording HDs-EMG
and methods of calculating motor unit firing patterns. To
record HDs-EMG signals, participants performed ramp con-
tractions from 0 to 50%MVC during isometric knee exten-
sion. The device was used for MVC measurements and joint
angles were also 90° during contractions. Ramp contractions
consisted of a 17 s increasing phase from the baseline to
50%MVC with an approximately 3%MVC/sec rate of force
increase and 10 s sustained phase at S0%MVC. Many pre-
vious studies have been used ramp contractions to meas-
ure motor unit activity condition (Watanabe and Holobar
2021; Kunugi et al. 2021; Del Vecchio et al. 2019a; Adam
and De Luca 2005). During these submaximal contractions,
the performed and target torques were shown on the moni-
tor of a personal computer as visual feedback. The target
torque in each measurement period was based on the MVC
at PRE, because participants could exert the same absolute
torque during submaximal contractions at PRE, POST1,
and POST2 on the same day. At only PRE, participants
performed ramp contractions from 0 to 30%MVC during
isometric knee extension to facilitate the identification of
motor unit filters that could increase identification accuracy
of individual motor units in decomposition analysis.
HDs-EMG signals were recorded from the VL mus-
cle with a semi-disposable adhesive grid of 64 electrodes
and a 1-mm diameter and 8-mm inter-electrode distance
(GRO8MM1305, OT Bioelettronica, Torino, Italy). The
electrodes were organized in 13 rows and 5 columns with 1
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Fig.2 Methods of high-density surface electromyography overview.
a Experimental set up. b Recording of high-density surface electro-
myography and motor unit decomposition. ¢ Analysis of individual

missing electrode in the distal left corner. The midpoint of
the line between the greater trochanter and superior lateral
edge of the patella was used as the center of the electrode
grid, and the line was also used to determine the direction
of electrode grids, whereby columns of electrodes were
aligned along the line. A reference electrode (WS2, OT Bio-
elettronica, Torino, Italy) was fixed to the proximal end of
the shank. Monopolar surface EMG signals were recorded
with a bandpass filter (10-500 Hz) and amplified by a fac-
tor of 256, sampled at 2000 Hz, and converted to digital
form by a 16-bit analog-to-digital converter (Sessantaquat-
tro, OT Bioelettronica, Torino, Italy). The signal from the
force transducer was synchronized with the analog-to-digital
converter.

Recorded monopolar surface EMG signals were trans-
ferred to analysis software (MATLAB R2019a, Math-
Works GK, Tokyo, Japan), and individual motor units were
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Motor unit #1

PRE ———» POST1 ———» POST2

Each motor unit was tracked from PRE to POST2

motor units and their tracking processes. EMG, electromyography;
MVC, maximal voluntary contraction

identified by the Convolution Kernel Compensation tech-
nique using DEMUSE software (Holobar and Zazula 2004,
2008; Merletti et al. 2008; Holobar et al. 2009). We followed
the decomposition procedure previously and extensively
validated based on signals from various skeletal muscles
(Holobar et al. 2009; Farina et al. 2010; Gallego et al. 2015a,
2015b; Yavuz et al. 2015; Watanabe et al. 2016, 2018; Wata-
nabe and Holobar 2021). The pulse-to-noise ratio, intro-
duced by Holobar et al. (2014), was used as an indicator of
the motor unit identification accuracy, and motor units with
pulse-to-noise ratio > 30 dB (corresponding to an accuracy
of motor unit firing identification > 90%) were considered for
further analysis (Holobar et al. 2014). After decomposition,
firing timings of individual motor units were independently
examined by an experienced investigator. Firing times for
individual motor units were used to calculate instantane-
ous motor unit firing rates. To eliminate firing intervals
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uncharacteristically high (exceeding 30 Hz) or low (less than
4 Hz) for the VL muscle, we excluded firings with intervals
shorter than 33.3 ms or longer than 250 ms. These proce-
dures were the same as those used in our previous studies
(Watanabe et al. 2016, 2020; Watanabe and Holobar 2021).

Detected motor units were tracked between PRE, POST1,
and POST2 on the same day using the Convolution Kernel
Compensation technique to calculate the motor unit iden-
tification filters from HDs-EMG signals at PRE and apply
them to HDs-EMG signals at POST1 and POST2(Francic
and Holobar 2021). Motor units were not tracked between
condition for caffeine, quercetin and placebo. Therefore,
our analysis of motor units was limited to those active in
the PRE session only, but facilitated the repeated meas-
ures statistical comparison. Also, tracked motor units were
assessed for their similarity to the action potential wave-
form shape by cross-correlation analysis. Previous studies
demonstrated that the method employed enables highly effi-
cient tracking of individual motor unit firing patterns across
various conditions (Del Vecchio et al. 2019b; Kunugi et al.
2021). The previously introduced criterion of pulse-to-noise
ratio> 30 dB was also applied to motor unit tracking, ensur-
ing an accuracy of motor unit firing identification > 90%
at POST1 and POST2. Motor unit firing rates with >30%
coefficient of variation were excluded from further analysis
(Fuglevand et al. 1993). Motor units detected during a condi-
tion for caffeine, quercetin, or placebo were merged across
all participants and their mean values were used for further
analysis. RTs were determined by the torque value (%MVC)
corresponding to the second motor unit firing after recruit-
ment and computed from the series of motor unit firings
identified by decomposition. The firing rates for that motor
unit were determined using the median value of interspike
intervals between motor unit spikes at 44 and 50%MVC.
POST1:PRE, POST2:PRE, and POST2:POST1 were calcu-
lated as measures of the rate of change in motor unit activi-
ties after capsule ingestion and exercise.

Electrically elicited knee extensor torque

The effects of caffeine and quercetin ingestions on contrac-
tion velocity and tension exerted by muscle fibers were
analyzed through the measurement of electrically induced
torque at various stimulation frequencies. This approach was
used in several previous studies to investigate the effects
of supplementation on skeletal muscle contractile proper-
ties (Haider and Folland 2014; Coombes et al. 2001, 2002).
Elicited torques of knee extensor muscles during electric
stimulation were measured to estimate muscle contractile
properties (Tomita et al. 2020). The quadriceps femoris mus-
cle was stimulated with two self-adhesive electrodes (6 cm)
using a stimulator device (DS7AH, Digitimer, Hertfordshire,
UK). Proximal and distal quadriceps muscles were carefully

palpated by an experienced investigator and electrodes were
attached to the superficial quadriceps femoris (rectus femo-
ris, VL, and vastus medialis). The electrode length could
appropriately cover the quadriceps femoris and be attached
to the electric insulation sheet to prevent stimulation to
knee flexor. Prior to measurement, electrical stimulation
was administered incrementally by increasing the current
by 50 mA while observing the resultant knee extension
torque. The torque exerted at the current level at which the
torque plateaued was determined as the electrically elicited
torque via twitch stimulation. Electrical stimulation was then
performed at frequencies of 10, 20, 40, and 80 Hz at a cur-
rent level of 30% of singlet stimulation (Tomita et al. 2020).
The pulse duration was 200 ps during stimulation. Signals
from the dynamometer were input to a computer running
LabChart software at an analog—digital conversion rate of
2000 Hz (PowerLab; ADInstrument). The stimulation dura-
tion was < 10 s and the final 3 s of the evoked torque were
selected for each frequency and averaged for further analy-
sis. The corresponding electrically elicited torque was sub-
sequently calculated using the previously described method.

Statistics

The results are reported as the mean + SD. Before conduct-
ing statistical analysis, the normal distribution of the data
was verified using the Shapiro—Wilk test. Since our results
included non-normal distributed data and were based on
small samples, we used non-parametric statistical tests. The
Friedman test was used to compare all variables among PRE,
POST1, and POST2. For the motor unit firing rate and RT,
the Kruskal-Wallis test was used, and for other variables, the
Friedman test was used to compare caffeine, quercetin, and
placebo. When tests revealed significances, we performed
Bonferroni post hoc tests for pair-wise comparisons. Asso-
ciations between RT and change in RT (ART) from PRE
to POST1 and the change in firing rate (Afiring rate) from
POST1 to POST2 were analyzed by Spearman correlation
coefficients (r,). The level of significance of the three-con-
dition comparison was set at 0.05. Statistical analysis was
performed using SPSS (version 21.0, SPSS, Tokyo, Japan).

Results
Number of identified motor units

During ramp contractions, 59, 49, and 52 motor units were
tracked with caffeine, quercetin, and placebo during the
given tasks, respectively, and they were used for analysis
(Table 1). Figure 3a depicts representative data of motor unit
firing patterns in one participant for three different condi-
tions. In this participant, 5, 6 or 8 motor units were tracked
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among PRE, POST1, and POST2 in placebo, caffeine or
quercetin conditions, respectively.

Recruitment threshold

Figure 3b displays the representative data of motor unit RTs
and their rate of change for one participant in each condition.
In this example, motor unit RTs were decreased in all condi-
tions from PRE to POST?2. Furthermore, decrease in motor
unit RTs was observed from PRE to POST1 in the caffeine
and quercetin conditions.

Under all conditions, RTs of motor units were signifi-
cantly decreased from PRE to POST1 (placebo: p=0.007,

Table 1 Data of detected motor units during ramp contractions

Number of Recruitment threshold at PRE

detected motor

units Mean +SD (%MVC) Range (%MVC)
Placebo 52 29.2+10.5 4.8 t046.8
Caffeine 59 31.7+104 6.7 to 48.6
Quercetin 49 26.8+10.6 3.6t044.4

caffeine: p <0.001, quercetin: p=0.004) and POST2 (pla-
cebo: p<0.001, caffeine: p <0.001, quercetin: p <0.001).
From POSTI1 to POST2, RTs of motor units were sig-
nificantly decreased with placebo and caffeine (placebo:
p <0.001, caffeine: p=0.005) but not with quercetin inges-
tion (p =0.060) (Fig. 4a). POST1:PRE was significantly
lower with caffeine (p <0.001) and quercetin (p =0.045)
than placebo. POST2:PRE was significantly lower with caf-
feine than placebo (p=0.029) (Fig. 4b).

Firing rate

Figure 3c shows the representative data of motor unit FRs
and their rate of change for one participant in each condition.
From PRE to POST1 and PRE to POST?2, motor unit FRs
were increased in all conditions. The increase in motor unit
FR from PRE to POST1 in caffeine or quercetin condition
appears to exhibit slightly greater than in placebo condition.

Under all conditions, firing rates of motor units were sig-
nificantly increased from PRE to POST1 (placebo: p =0.019,
caffeine: p <0.001, quercetin: p <0.001) and POST2 (pla-
cebo: p<0.001, caffeine: p <0.001, quercetin: p=0.006),
and from POSTI to POST2 (placebo: p <0.001, caffeine:

(a) Performed torque and motor unit firing behavior

(b) Motor unit recruitment threshold
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Fig.3 Representative data of motor unit firing patterns in one partici-
pant for three different conditions at before (PRE) and after (POST1)
ingestions and after resistance exercise (POST2). Each motor unit is
indicated by a different color. a Performed torque and motor unit fir-
ing behavior. b Motor unit recruitment threshold. ¢ Motor unit firing
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rate. PLA, placebo condition; CAF, caffeine condition; QUE, querce-
tin condition; MVC, maximal voluntary contraction; POST1:PRE,
POST2:PRE, and POST2:POST]1, rate of change in motor unit activi-
ties from PRE to POST1, PRE to POST2 and POST1 to POST2
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ing ramp contractions before (PRE) and after (POST1) ingestions and
after resistance exercise (POST?2). Friedman test was used for analy-
sis. * p<0.05. b Rate of change in recruitment thresholds from PRE

p <0.001, quercetin: p <0.001) (Fig. 5a). POST1:PRE was
significantly higher with caffeine and quercetin than placebo
(caffeine: p <0.001, quercetin: p <0.001). POST2:POST1
was significantly lower with quercetin than placebo
(p=0.018) (Fig. 5b).
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Fig. 5 Effects of caffeine, quercetin, and placebo ingestions on motor
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before (PRE) and after (POST1) ingestions and after resistance exer-
cise (POST?2). Friedman test was used for analysis. * p<0.05. b
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from POSTI1 to POST2 (POST2:POST1). Kruskal-Wallis test was
used for analysis. The lines within boxes, boxes, and bars indicate the
median values, 25 and 75% of quartiles, and range of data, respec-

tively. * p<0.05

Correlation between recruitment threshold
and Arecruitment threshold, recruitment threshold,
and Afiring rate

Caffeine and quercetin showed significant correlations
between RT and ART from PRE to POSTI1 (caffeine:
ry=0.448, p<0.001, slope=—-0.12, quercetin: r,=0.415,
p=0.003, slope =—0.25), but the placebo did not (r,=0.109,
p=0.440) (Fig. 6). With quercetin and placebo, signifi-
cant correlations were observed between RT and Afiring
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from PRE to POST2 (POST2:PRE), and from POST1 to POST2
(POST2:POST1). Kruskal-Wallis test was used for analysis. The
lines within boxes, boxes, and bars indicate the median values, 25 and
75% of quartiles, and range of data, respectively. * p<0.05
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rate from POST1 to POST2 (Fig. 7) (placebo: r,=0.382,
p=0.007, slope =0.16, caffeine: r,=0.069, p=0.606,
quercetin: r,=0.380, p=0.005, slope =0.12).

Electrically elicited torque and MVC

Under all conditions, no significant changes were observed
from PRE to POSTI in electrically elicited torque by
twitch (all conditions: p > 0.05), 10 Hz (all conditions:
p>0.05), 20 Hz (all conditions: p > 0.05), 40 Hz (all con-
ditions: p>0.05), 80 Hz (all conditions: p > 0.05), and
MVC (all conditions: p > 0.05) (Table 2, 3). A significant

decrease in electrically elicited torque by twitch (all con-
ditions: p <0.05), 10 Hz (caffeine: p =0.042, quercetin:
p=0.011, placebo: p=0.042), 20 Hz (caffeine: p =0.042,
quercetin: p=0.011, placebo: p=0.022), 40 Hz (caf-
feine: p=0.022, quercetin: p =0.042, placebo: p=0.011),
80 Hz (caffeine: p=0.042, quercetin: p =0.022, placebo:
p=0.022), and MVC (caffeine: p=0.030, quercetin:
p=0.011, placebo: p=0.022)from POSTI1 to POST2
was noted under all conditions (p < 0.05) (Table 2). None
of POST1:PRE (all: p>0.05) and POST2:POST1 (all:
p>0.05) for electrically elicited torque or MVC showed
significant differences among conditions (Table 2, 3).
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Fig. 6 Effects of caffeine, quercetin, and placebo ingestions on cor-
relations (Spearman) between the motor unit recruitment threshold
before ingestion (PRE) and recruitment threshold difference from

Recruitment threshold (%MVC)

Recruitment threshold (%MVC)

PRE to POST1. Each circle depicts one tracked motor unit. Dotted
black, solid red, and solid blue lines show linear regression lines for
placebo, caffeine, and quercetin, respectively
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before ingestion (PRE) and firing rate difference from POSTI to
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Table 2 Results of measurements for electrically elicited torque (EET) and maximum voluntary contraction (MVC) before ingestion (PRE), after
ingestion (POST1), and after resistance exercise (POST2)

PRE POSTI POST2 PRE vs. 'POST1  PRE vs. POST2  POSTI vs. POST2
EET in twitch  Placebo 23.0+5.7*% 23.1+44° 164+3.1%  p=1.000 p=0.011 p=0.005
Caffeine 22.8+45* 232+4.3° 17.1+£24%  p=1.000 p=0.011 p=0.001
Quercetin ~ 22.8+3.1% 235+3.7° 16.7+3.0®  p=1.000 p=0.022 p=0.001
EETin 10Hz  Placebo 124+6.6° 10.8+4.6° 65+29%®  p=0.791 p=0.022 p=0.042
Caffeine 147+6.3° 12.5+6.4° 75+49%®  p=0.221 p=0.005 p=0.042
Quercetin ~ 12.0£3.3% 10.6+2.2° 62+1.6%®  p=1.000 p=0.011 p=0.011
EETin20Hz  Placebo 22.5+9.6% 20.8+10.2° 92+41%®  p=0.539 p=0.005 p=0.022
Caffeine 262+103%  247+143° 11.1+7.7®  p=0.791 p=0.001 p=0.042
Quercetin ~ 23.9+5.6% 21.3+5.3° 10.6+6.3®  p=0221 p=0.005 p=0.011
EETin40Hz  Placebo 27.7+11.0%  263+135°  16.0+£9.7®  p=1.000 p=0.005 p=0.011
Caffeine 347+145%  320+173%  17.5+92%®  p=0.539 p=0.011 p=0.022
Quercetin ~ 29.8+7.1° 272+6.6° 156+51%  p=0.221 p=0.005 p=0.042
EETin80Hz  Placebo 312+123%  20.1+127%  185+109% p=0.539 p=0.030 p=0.022
Caffeine 37.6+15.1% 337+174°%  222+13.0% p=0.221 p=0.022 p=0.042
Quercetin ~ 332+8.1°% 30.5+£6.9° 182+53%®  p=0.539 p=0.005 p=0.022
MVC Placebo 230.6+33.9* 220.0+31.3% 1703+25.6%® p=0.539 p=0.011 p=0.022
Caffeine  238.8+34.8% 2332+30.7° 169.5£303 p=1.000 p=0.001 p=0.030
Quercetin ~ 235.5+32.6* 2255+29.3°% 169.0+21.8*® p=0.353 p=0.005 p=0.011

Mean + SD (Nm). ? represents a significant difference between PRE and POST2 (p <0.05); ° represents a significant difference between POST1
and POST2 (p<0.05)

Table3 Rate of change in POSTI:PRE POST2:PRE POST2:POST!1
electrically elicited torque
(EET) and maximum voluntary  EET in twitch Placebo ~ 101.8+9.7 74.0+16.1 7264152
fg;t{)a;;‘frz%:ﬁ);ﬁ’giﬁn Caffeine  102.5+68 p=0407 77.0£123 p=0368 751104  p=0497
PRE to POST?2 (POST2:PRE), Quercetin  103.4+9.3 74.1+£13.5 71.5+£10.5
and from POST] to POST2 EETin 10Hz Placebo  92.8+22.2 56.5+18.8 60.4+9.8
(POST2:POSTI) Caffeine  85.0+14.0 p=0.407 51.9+16.0 p=0.497 60.0+10.0 p=0.497
Quercetin = 91.3+12.4 53.4+10.1 583+7.3
EET in 20 Hz Placebo 93.2+19.3 44.6 +20.5 46.6+13.7
Caffeine  95.7+46.9 p=0.905 45.8+28.8 p=0.741 46.7+13.6 p=0.741
Quercetin =~ 90.3+10.7 43.7+14.8 48.0+14.0
EETin40Hz Placebo  94.6+20.7 56.5+16.4 59.5+12.4
Caffeine  90.2+21.0 p=0.741 49.8+11.9 p=0.497 56.0+12.5 p=0.670
Quercetin = 92.1+11.5 52.6+12.3 56.6+12.3
EETin80Hz Placebo  95.4+21.3 57.7+15.9 60.8+14.4
Caffeine  87.0+11.6 p=0.122 57.3+132 p=0.741 65.6+10.8 p=0.670
Quercetin = 93.4+11.7 55.8+134 59.3+79
MVC Placebo  95.5+3.6 743+8.8 779482
Caffeine 979444 p=0332 712494 p=0.741 72.8+93 p=0.368
Quercetin =~ 95.9+3.7 72.4+8.7 75.6+9.1

Mean + SD (%). No significant changes were observed among conditions (p > 0.05)
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Discussion

The present study investigated the acute effect of caffeine
or quercetin ingestion on the motor unit firing pattern and
muscle contractile properties before and after resistance
exercise. In this study, caffeine or quercetin ingestion: (1)
lowered RT after ingestion, (2) had different threshold-
dependent effects on motor unit activity after resistance
exercise, and (3) had no effect on electrically elicited
muscle contraction torques and MVC. These findings sup-
port our hypothesis that caffeine or quercetin ingestion
would induce a threshold-dependent decrease in motor
unit recruitment after ingestion and a threshold-dependent
increase in the firing rate after resistance exercise. The
hypothesis that caffeine or quercetin ingestion induces
changes in muscle contractile properties after resistance
exercise was rejected.

To our knowledge, this is the first study to investigate
the acute effect of caffeine or quercetin ingestion on the
motor unit firing pattern before and after resistance exer-
cise. The merits of this study include the following: we
identified individual motor units and tracked the same
motor units in PRE, POST1, and POST2. The method in
this study provides evidence of changes in RTs and firing
rates of specific motor units (Figs.2, 3), allowing us to
determine the threshold-dependent effects of supplementa-
tion and resistance exercise on each motor unit (Figs.4, 5).

Effects of ingestion.

In the present study, RTs were significantly reduced after
capsule ingestion under all three conditions: caffeine,
quercetin, and placebo (Fig. 4a), but the rate of change
was significantly greater with caffeine and quercetin than
placebo from PRE to POST1 (Fig. 4b). The rate of change
of variables were calculated as measures of change in
motor unit activities after capsule ingestion and exercise.
Both caffeine and quercetin conditions showed a nega-
tive correlation between ART (PRE-POST1) and RT at
PRE (caffeine: r;=0.448, p <0.001; quercetin: r,=0.415,
p=0.003), but no correlation was observed under the
placebo condition (r,=0.109, p =0.440) (Fig. 6). These
results suggest that caffeine and quercetin ingestions
decrease RT of motor units with relatively higher RT.
This finding for quercetin ingestion supports the results
of our previous studies (Watanabe and Holobar 2021). We
showed that quercetin ingestion decreased RT of motor
units with higher RT. There are various factors that can
influence the recruitment threshold of motor units, includ-
ing modulation of synaptic inputs (ter Haar Romeny et al.
1982). Caffeine and quercetin have been demonstrated to
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function as antagonists of Al adenosine receptors (Alex-
ander 2006), and are considered to alter arousal and induce
excitation in the central nervous system (Graham 2001;
McLellan et al. 2016; Grgic et al. 2019). While the data
from this study do not allow for a detailed description of
the physiological pathways, it is hypothesized that caffeine
and quercetin may alter synaptic input, leading to changes
in neural drive and motor unit recruitment thresholds (ter
Haar Romeny et al. 1982). The results of this study, as in
previous studies (Watanabe and Holobar 2021; Bazzucchi
et al. 2011; Patrizio et al. 2018), suggest that ingestions of
200 mg of caffeine and 500 mg of quercetin lower RTs of
motor units with relatively higher RTs. Previous research
showed that lower recruitment thresholds for motor units
can occur after four weeks of training (Del Vecchio et al.
2019a), suggesting that these lower recruitment thresholds
may be a neuromuscular strategy that promotes muscle
performance, such as increasing the number of recruited
motor units. Multiple studies reported that caffeine and
quercetin consumptions can improve endurance exercise
performance, and it has been proposed that the adenosine
antagonist properties of these compounds may comprise
a contributing mechanism (Kalmar and Cafarelli 1999;
Graham 2001; Grgic 2021; Pickering and Grgic 2019).
The lower recruitment thresholds of motor units in this
study may reflect the physiological changes that lead
to improved endurance performance with caffeine and
quercetin ingestions, as reported in many previous studies.

Electrically elicited torque and MVC were not signifi-
cantly different among the conditions of caffeine, querce-
tin, and placebo ingestions from PRE to POST1, suggesting
that caffeine or quercetin ingestion have no effect on muscle
contractile properties or maximal muscle strength. Several
studies reported that caffeine and quercetin ingestions affect
muscle contractile properties (Lopes et al. 1983; Bazzucchi
et al. 2011; Watanabe and Holobar 2021), being inconsistent
with the results of the present study. One possible reason for
this may be that the doses used in this study were smaller
compared with previous studies. Neyroud et al. (2019) sug-
gested that for a direct action on skeletal muscle and force
to potentiate basal/resting conditions, toxic doses of caffeine
for humans would be required (Neyroud et al. 2019). There-
fore, it is reasonable to consider that the effect of the dose
utilized in this study on peripheral factors was not discern-
ible, whereas its effect on the central nervous system was
observable. Our results suggested that 200 mg of caffeine
and 500 mg of quercetin have no effect on muscle contractile
properties or maximal muscle strength.

Effects of ingestion after resistance exercise.

In the present study, the firing rate was significantly
increased after resistance exercise under all three conditions:
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caffeine, quercetin, and placebo (Fig. 5), but the rate of
change was significantly lower under the quercetin than pla-
cebo condition. A significant correlation was noted between
Afiring rate (PRE-POST?2) and RT at PRE, noted with
placebo (r,=0.380, p=0.005) and quercetin (r,=0.382,
p=0.007), but not caffeine (r,=0.069, p=0.606) (Fig. 7).
Although same motor units were not tracked among the con-
ditions for caffeine, quercetin and placebo, results of cor-
relation analyses showed increases and decreases in Afiring
rate (PRE-POST?2) in motor units with relatively lower RT
following the ingestion of caffeine or quercetin, respectively.
Lynge and Hellsten (2001) showed that the number of all
three of A1, A2A, and A2B adenosine receptors in vascular
cells of skeletal muscle tissue and cytosolic staining of the
adenosine A2A receptor was greater in type I muscle fibers,
whereas the A2B receptor was almost absent in type I fibers
(Lynge and Hellsten 2000). This finding is relevant to our
data, showing that caffeine ingestion increases firing rates
of motor units with relatively lower RT. On the other hand,
our previous study showed that quercetin ingestion decreases
firing rates of motor units with relatively lower RT (Watan-
abe and Holobar 2021). To elaborate, caffeine and quercetin
exhibit distinct effects on motor units that are mobilized at
low recruitment thresholds, suggesting that both quercetin
and caffeine stimulate motor units with distinct recruitment
thresholds. Also, Patrizio et al. (2018) and Bazzucchi et al.
(2019) showed an increase in the median frequency of sur-
face EMG (Patrizio et al. 2018) and a relative increase in
muscle fiber conduction velocity following quercetin inges-
tion (Bazzucchi et al. 2019). Thus, these findings suggest
that quercetin ingestion enhances the recruitment of motor
units with relatively higher RT (Patrizio et al. 2018; Bazzuc-
chi et al. 2019), which could compensate for the decrease in
firing rates of motor units with relatively lower RT (Wata-
nabe and Holobar 2021). These differences in firing rates
of motor units with relatively lower RT would explain dif-
ferences in recruitment threshold-dependent alternations in
the motor unit firing pattern between caffeine and querce-
tin. Previous research showed that interventions that depend
on the recruitment threshold can have different effects. For
example, Ross et al. (2010) demonstrated that whole-body
vibration increased the recruitment thresholds of motor units
recruited at low thresholds and decreased those of motor
units recruited at high thresholds (Pollock et al. 2012).
Motor units recruited at low recruitment thresholds are acti-
vated via mono-synaptic pathways, while those recruited at
high thresholds are activated through both mono- and poly-
synaptic pathways (Romaiguere et al. 1991). These findings
suggest that caffeine and quercetin may potentially act on
distinct synaptic pathways.

Electrically elicited torque and MVC decreased from
POST1 to POST2 under all three conditions, but there
was no significant difference in electrically elicited torque,

MVC, or each rate of change among caffeine, quercetin,
and placebo. Our results revealed that caffeine or querce-
tin ingestion has no effect on muscle contractile properties
(peripheral fatigue) or muscle strength with resistance exer-
cise, suggesting that caffeine or quercetin ingestion at these
doses affects the neuromuscular function, but not peripheral
fatigue. Therefore, the limiting factor for decreasing MVC
in this study may have been central rather than peripheral.

Limitations

The participants of this study were young males. Thus, the
present findings may not be generalizable to female or older
individuals. Females were excluded from this study for sev-
eral reasons. The first involves the sensitivity of motor units
detected between the sexes, with prior studies demonstrating
lower detectability of motor units in females compared with
males (Lulic-Kuryllo and Inglis 2022). The second reason is
that a more complex cohort would be necessary if including
females, taking into account factors such as the effects of the
menstrual cycle (Pickering and Grgic 2019). Most previous
studies examining the effects of caffeine on exercise only
recruited males (Grgic et al. 2019). However, the findings
of this study may be generalizable to the female population.
For example, Skinner et al. (2019) reported that the mag-
nitude of the ergogenic effect was approximately the same
between males and females after consuming 3 mg/kg of caf-
feine 90 min prior to a cycling test (Skinner et al. 2019),
suggesting that caffeine and quercetin may be ergogenic for
females as well as males. In addition to the young males
included in this study, the effects of caffeine and quercetin
on females and the elderly require further investigation.
Additionally, this study utilized small, absolute doses of
caffeine (200 mg, 2.8-3.7 mg/kg) and quercetin (500 mg,
6.9-9.3 mg/kg). In many previous studies, dosages stand-
ardized by body weight were administered; in this study, the
weight-normalized dosages varied among individuals. Previ-
ous research did not report differences in efficacy across the
range of inter-individual differences in weight-normalized dos-
ages used in this study (Desbrow et al. 2012). Furthermore,
this study employed smaller dosages than in previous studies;
Lawrence et al. reported that low doses of caffeine (< 3 mg/kg,
approximately 200 mg) prior to exercise can alter central nerv-
ous system activity and produce an ergogenic effect (Spriet
2014). Our previous study also reported that the ingestion of
quercetin at 500 mg, the same dosage as used in the present
study, affected motor unit activity (Watanabe and Holobar
2021). In previous studies, 1000 mg of quercetin aglycones
were administered orally per day (Patrizio et al. 2018; Baz-
zucchi et al. 2019), but in this study, quercetin glycosides were
used; quercetin glycosides have a tenfold higher bioavailabil-
ity compared with quercetin aglycones (Murota et al. 2010).
Therefore, it cannot be stated that the dosage used in this study
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was small in comparison with previous studies. This study
examined the effects of single, small, absolute doses of caf-
feine and quercetin on the neuromuscular function. Further
research is required to determine the effects of various dosages
of caffeine and quercetin on motor unit activity and muscle
contractile properties.

Conclusion

The present study investigated the effect of caffeine or querce-
tin ingestion on motor unit firing and muscle contractile prop-
erties before and after resistance exercise. Caffeine or querce-
tin ingestion decreased RT in a threshold-dependent manner
after ingestion, and caffeine ingestion increased the firing rate
of motor units with relatively lower RT, while quercetin inges-
tion decreased the firing rate of motor units with relatively
lower RT after resistance exercise. Our data also suggest that,
for the limited and investigated dosages, caffeine and querce-
tin ingestions do not affect muscle contractile properties. The
present study concluded that caffeine or quercetin ingestion
alters motor unit firing patterns after resistance exercise in dif-
ferent RT-dependent manners. Further studies are necessary to
clarify the effects of caffeine and quercetin on the neuromus-
cular properties of populations not represented in this study
(e.g., females and older adults).
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