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Abstract
Quercetin is a naturally occurring flavonoid with anti-oxidant and anti-inflammatory properties. The effect of quercetin
supplementation on maximal oxygen uptake ( _V O2max) is unknown. The purpose of this investigation was to test the effects of
quercetin supplementation on _VO2max in untrained, sedentary individuals. After baseline treadmill _VO2max testing, 11
participants (5 males, 6 females) ingested either placebo or quercetin-supplemented (1000 mg � day71) food bars in a
randomized, double-blind, counterbalanced, crossover research design. The participants ingested food bars for six
consecutive mornings (5 days). On the sixth morning, participants underwent repeat _V O2max testing. After a 22 day wash-out,
the participants repeated baseline _V O2max testing, daily consumption of the opposite food bars, and post-supplementation
_VO2max testing. The condition6 time interaction for _V O2max was non-significant when expressed in absolute (litres � min71;

P¼ 0.929) and relative (ml � kg71 � min71; P¼ 0.778) terms. These findings were similar when taking sex into account
(P4 0.05). The mean difference in _V O2max change from pre to post between groups (quercetin vs. placebo) was
0.139 ml � kg71 � min71 (P¼ 0.780). Other physiological measures also were similar between conditions (P4 0.05). In
conclusion, 5 days of quercetin supplementation did not influence _V O2max or related variables in sedentary men and women.

Keywords: Flavonoid, maximal oxygen uptake, endurance, exercise, aerobic capacity

Introduction

Quercetin consumption by American adults ranges

from 15 to 26 mg � day71 (Nieman et al., 2007c).

Significant food sources include apples, onions,

berries, leafy green vegetables, hot peppers, red

grapes, and black tea (Nieman et al., 2007c). The

consumption of quercetin may reduce the incidence

of upper respiratory tract infection (Nieman et al.,

2007c), influenza (Davis, Murphy, McClellan,

Carmichael, & Gangemi, 2008b), and certain forms

of cancer (Neuhouser, 2004). Although it is known

to have anti-oxidant and anti-inflammatory activity

(Heo & Lee, 2004), relatively few studies have

examined the interaction of quercetin ingestion with

exercise-induced inflammation and oxidative stress

(Davis et al., 2008b; Henson et al., 2008 ; McAnulty

et al., 2008; Nieman et al., 2007a, 2007b, 2007c).

Nieman and colleagues (Henson et al., 2008;

McAnulty et al., 2008; Nieman et al., 2007a,

2007b, 2007c) observed that the pre- to post-exercise

changes in markers of inflammation and immune

function were not affected by chronic quercetin

supplementation (1000 mg � day71 for 3 weeks).

However, quercetin decreases the incidence of illness

in humans (Nieman et al., 2007c). This supports

evidence that quercetin attenuated the increased

susceptibility of infection found with intense or

prolonged exercise in mice (Davis et al., 2008b).

Few studies have examined the effect of quercetin

supplementation on exercise performance and

related physiological variables in humans. Nieman

et al. (2007a) and Henson et al. (2008) demonstrated

that 3 weeks of quercetin supplementation at a dose

of 1000 mg � day71 did not affect running perfor-

mance in a field setting. Using a crossover design,

MacRae and Mefferd (2006) tested cyclists after 6

weeks of either placebo or quercetin-supplemented
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(600 mg � day71) fluid consumption. With this

quercetin supplementation, 30-km time-trial perfor-

mance was improved by 3.1% over baseline testing,

but was not significantly faster than in the placebo

condition. Therefore, it is difficult to draw conclu-

sions about the effect of quercetin on endurance

performance. Endurance performance is highly

correlated with an individual’s maximal oxygen

uptake ( _V O2max), lactate threshold, and exercise

efficiency (Coyle, Cogan, Hopper, & Walter, 1988).

If quercetin improves exercise performance, it may

do so by influencing one of these variables. Using a

rodent model, Davis and colleagues (Davis,

Murphy, Carmichael, McClellan, & Chen, 2008a)

observed increases in mitochondrial biogenesis in

the brain with chronic quercetin supplementation.

It is unknown if similar effects occur in human

muscle, but if they do, theoretically _V O2max could

increase secondary to increased arteriovenous oxy-

gen difference.

The purpose of this study was to examine the

effects of 5 days (six mornings) of quercetin supple-

mentation (versus placebo) on _V O2max in healthy,

untrained, sedentary individuals. Both males and

females were tested because there was no known

physiological reason why sex would play a role in the

effects of quercetin. Changes in aerobic power were

measured by assessing _V O2max before and after

ingestion of quercetin (1000 mg once a day for 5

days) or placebo food bars (same number of food bars

with identical appearance and taste but containing no

quercetin). We hypothesized that short-term (5 days)

quercetin supplementation would improve _V O2max

compared with 5 days of placebo ingestion.

Methods

Participants

Twelve sedentary and untrained males and females,

aged 18–34 years, were recruited on the basis of their

physical fitness, anthropomorphic characteristics (i.e.

body mass index, BMI5 30 kg � m72), and health

status (no chronic or exclusionary diseases). Partici-

pants were enrolled only if initial _V O2max testing on

Day 1 was less than 50 ml � kg71 � min71. After

signing an informed consent document approved by

the local Institutional Review Board for Human

Studies, participants completed a physical activity

and a medical history form. Participants reported no

contraindications to maximal exercise. Assuming

participants have a baseline _V O2max of approximately

40 ml � kg71 � min71, a final sample size of 10 parti-

cipants was determined to be sufficient to detect a

6.5% increase in _V O2max (i.e. 1.3 times the expected

standard deviation of _V O2max measurements). Using

2 ml � kg71 � min71 as the standard deviation of

_V O2max measurements (Armstrong & Costill, 1985),

these calculations provided a statistical power of 0.8

with a two-tailed t-test (a¼ 0.05) (http://stat.ubc.ca/

*rollin/stats/ssize/n2.html).

Familiarization

Before testing (Day 0), participants reported to the

laboratory for a familiarization visit. Body mass

(+ 50 g; Healthometer1 model 349KL, Health-

ometer, Inc., Bridgeview, IL), height (+ 0.1 cm),

and three-site skinfolds were measured (Heyward &

Stolarczyk, 1996). Percent body fat was estimated

from standard equations that were appropriate to our

participant sample (Heyward & Stolarczyk, 1996;

Jackson & Pollock, 1985; Pollock, Schmidt, &

Jackson, 1980). Participants were asked to reveal all

use of nutritional supplements, alcohol, drugs, and

stimulants during the 30 days before testing and

during testing. Participants were instructed to avoid

consumption of food and fluid high in quercetin

throughout this investigation. Each participant then

practiced _V O2max testing procedures by walking and

running (10 and 5 min, respectively) on a treadmill

while breathing through a mouthpiece and wearing a

nose clip.

Test protocol

We employed a randomized, double-blind, counter-

balanced, crossover research design. After baseline

testing (Day 1), participants were randomly selected

to ingest either a quercetin-supplemented food bar

(1000 mg � day71 for 5 days) or a food bar with no

quercetin added (placebo). Participants ingested two

assigned bars after baseline testing (Day 1) and on

the five subsequent mornings (Days 2–6). Partici-

pants reported to the laboratory each morning (Days

2–6) to ingest the assigned food bars in the presence

of an investigator. To assess the effect of supple-

mentation, participants repeated baseline _V O2max

testing on day 6, then completed a 22-day ‘‘wash-

out’’ period (Days 7–28) in which no food bars were

ingested.

Females began each phase of testing in the

follicular phase of their menstrual cycle. On the day

of familiarization (Day 0), the female participants

completed a self-reported menstrual history ques-

tionnaire. Females began the second phase of testing

approximately 22 days after the beginning of phase 1

(Day 29). To standardize testing between the sexes,

males also completed a 22-day ‘‘washout’’.

Participants reported to the laboratory on Day 29 to

repeat baseline _V O2max testing and begin the second

phase of the crossover design. Participants repeated the

procedures of food bar ingestion for 5 days (6 morn-

ings, Days 29–34), but were assigned the treatment
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opposite to that in the first phase (i.e. if placebo was

ingested in the first phase, quercetin-supplementation

was assigned in the second phase and vice versa).

Participants then reported on Day 34 to complete a

fourth and final _V O2max test. Treatments were

randomly assigned but counterbalanced so that an

equal number of participants received placebo and

quercetin-supplementation in each phase of testing.

Measurement of _V O2max

Before reporting for _V O2max testing (Days 1, 6, 29,

and 34), each participant consumed a prescribed

amount of fluid (in excess of usual fluid intake) to aid

in euhydration. This involved drinking 470 ml of

water after dinner (night before testing) and 470 ml

of water immediately upon waking (on the morning

of testing). Participants performed only light exercise

during the 24 h prior to each test day. Upon arrival at

the laboratory for _V O2max testing (Days 1, 6, 29, and

34), participants provided a small urine sample for

the assessment of hydration status (hand-held

refractometer, Model A300CL, Spartan, Japan) and

urinary quercetin concentration. A urine pregnancy

test was administered to the females twice during this

study (Days 0 and 29).

On Days 1, 6, 29, and 34, participants were fitted

with a heart rate monitor (Model S150, Polar

Instruments, Inc., Woodbury, NY) and began a

treadmill test to measure _V O2max. Throughout the
_V O2max test, expired air was collected through a

Hans-Rudolph mouthpiece integrated with a cali-

brated metabolic cart (ParvoMedics, Sandy, UT).

To ensure all expired air was collected, participants

also wore a nose clip. The _V O2max test started with

the participants walking on a treadmill (Model

C956I, Precor, Inc., Woodinville, WA) at

1.34 m � s71, 0% grade for 3 min. Each successive

incremental bout lasted 2 min. After walking, the

participants began a 2-min run (2.24 m � s71 for

women, 2.68 m � s71 for men, 0% grade). In the

first _V O2max test, if the participant’s heart rate rose

above 150 beats � min71, the treadmill speed was

unchanged (2.24/2.68 m � s71) for the remainder of

the test (n¼ 5 males, 5 females). If heart rate

remained below 150 beats � min71, the treadmill

speed was increased by 0.45–2.24 m � s71, based on

our evaluation of heart rate (n¼ 1 female). Once

chosen, the treadmill speed remained the same for

the remainder of the test. Speed changes were

recorded and repeated for each subsequent _V O2max

test. The participants then ran continuous 2-min

bouts at grades of 5%, 7.5%, 10%, and 12.5% until

there was a plateau in oxygen consumption

(5 150 ml with increase in grade), volitional exhaus-

tion was reached or clinical signs and symptoms

indicated that a participant’s health or safety was at

risk. After a 20-min rest we verfied _V O2max.

Participants ran for at least 2 min, at a treadmill

grade 2.5% higher than the final treadmill setting

(same speed) at which he or she finished previously.

This procedure is a modification of the methods

described by Taylor and colleagues (Taylor, Buskirk,

& Henschel, 1955) and Mitchell and colleagues

(Mitchell, Sproule, & Chapman, 1958). Maximal

oxygen uptake was defined as the average of the two

highest 20-s values measured.

In addition to oxygen consumption, tidal volume,

respiratory rate, expired volume, and respiratory

exchange ratio were measured. Heart rate, rating of

perceived exertion (Borg, 1971), and perceived leg

pain (Cook, O’Connor, Eubanks, Smith, & Lee,

1997) were measured every 2 minutes of exercise

and at exhaustion. A small blood sample (52 ml)

was collected immediately after exhaustion via

finger-stick to assess blood lactate concentration

(YSI 2300 Stat Plus Analyzer, Yellow Springs

Instruments, Inc., Yellow Springs, OH). All exercise

was performed in a mild environment of 218C.

On Days 1–4, 6–9, 29–32, and 34–37 (at 10 min

and 24, 48, and 72 h after each _V O2max test),

delayed-onset muscle soreness was assessed using a

pencil-and-paper scale with a 10-cm line anchored

with ‘‘No Soreness’’ and ‘‘Unbearable Pain’’ on the

left and right, respectively.

Upon arrival on Days 1, 3, 6, 29, 31, and 34, a 12-

ml venipuncture blood sample was collected by an

experienced phlebotomist using sterile technique.

Each blood sample was collected before food bar

ingestion with the exception of Days 6 and 34. On

Days 6 and 34 ( _V O2max trials 2 and 4), participants

consumed two assigned food bars 2 h before arrival.

Within 20 min of arrival, venipuncture blood sam-

ples were collected into ethylenediamine tetra-acetic

acid coated tubes and immediately centrifuged.

Plasma samples (1 ml) were then aliquoted into

Eppendorf1 tubes, each with 100 ml of 10% ascorbic

acid as a preservative. Urine samples (1 ml),

collected on the same days as blood samples, were

transferred into Eppendorf1 tubes, each with 100 ml

of 10% ascorbic acid and 500 ml of acetic acid as

preservatives. Plasma and urine samples were labeled

with a unique numeric code and frozen at 7808C.

This code was unknown to the technicians who

conducted the quercetin analyses.

Analysis of quercetin in blood and urine

Preparation of calibration plot. Blank plasma samples

were spiked with 20 and 100 mg � ml71 quercetin

stock solution to obtain plasma samples with

quercetin concentrations of 5 to 8000 ng � ml71.

Similarly, blank urine samples were spiked with

quercetin to obtain concentrations of 3.9 to

Quercetin and maximal oxygen uptake 203



2000 ng � ml71. Blank samples were extracted and

analysed in the same fashion as unknown samples

(described below). The calibration plot was tested

for linearity, precision, repeatability of injection,

intra-day and inter-day variability, intermediate

precision, and limit of quantification. The coefficient

of variation for plasma and urine analysis was 54%

and 59.7%, respectively.

Processing of unknowns. To each plasma and urine

sample, 110 ml of 0.78 M sodium acetate (Sigma,

USA) buffer (pH 4.8) was added. Followed by the

addition of 40 ml of b-glucuronidase/sulphatase

derived from Helix pomatia, HP-2 and 20 ml of

100 mg � ml71 of fisetin (Biochemika, Fluka) as an

internal standard. The internal standard stock

solution contained 5 mg of fisetin in 50 ml of

methanol. The mixture was incubated for 17 h at

378C. Each test tube was diluted with 2 ml of 0.5 M

phosphoric acid solution and centrifuged at 8000

rev � min71 for 40 min. From each sample, 2.7 ml

was extracted on a preconditioned Oasis HLB1

cartridge. The cartridge was placed on vacuum

manifold before loading the samples. The plasma

samples were drawn at a flow rate of 0.2 ml � min71.

The cartridge was then washed by adding and

drawing 1 ml of 5% methanol in 0.5 M phosphoric

acid solution, the rack containing collection vessels

was inserted, and vacuum was applied. Methanol

(3 ml) was added to the cartridge and elutes were

collected. The flow rate of the elution from the

cartridge was maintained at 0.2 ml � min71. The

solution was then evaporated to dryness under

nitrogen; the residue obtained was subsequently

dissolved in 1 ml of methanol. After reconstitution

of the residue in methanol, the sample was again

evaporated under nitrogen. The residue obtained in

the second stage was dissolved in 300 ml of methanol

with vortex mixing for 30 s. This solution was then

analysed via high-performance liquid chromatogra-

phy with UV detection. High-performance liquid

chromatography separation was performed using

methanol : water (80:20 v/v, pH at 3.72) and a C18

column (particle size: 5 mm and 2506 1.6 mm) with

a 20-ml injection volume at a flow rate of

0.5 ml � min71 at 308C.

Food bar ingestion

On Days 1 and 29, participants ingested two food

bars after completing the _V O2max test. On Days 6

and 34, participants consumed two food bars 2 h

before the _V O2max test. For the 4 days after each

baseline _V O2max test in each supplementation phase

(Days 2–5, 30–33), participants reported to the

laboratory and ingested two 35-g food bars in the

presence of investigators. Depending on assignment

(see above), the participants ingested either two food

bars without quercetin (placebo group) or food bars

with 500 mg of quercetin added per bar (1000 mg

total per day, supplement group). This level of

supplementation has been used in similar studies

(Henson et al., 2008 ; Nieman et al., 2007a, 2007b,

2007c) but is greater than in others (MacRae &

Mefferd, 2006) that observed performance improve-

ments. Bars were indistinguishable in taste and

appearance and were only identified with an alpha-

betical code that was blinded to the investigators and

participants. This code was revealed only after all

experiments were completed.

Each placebo bar contained 135 total calories, 3 g

of fat (0.5 g saturated fat, 1.5 g polyunsaturated fat,

and 0.5 g monounsaturated fat), 25 g of total

carbohydrates (1 g of dietary fibre, 0.5 g of soluble

fibre, 0.5 g of insoluble fibre), 10 g of sugars, 2 g of

protein, 40 mg of sodium, and 43 mg of potassium.

Each bar also contained 19% vitamin C, 27%

vitamin E, 11% vitamin B5, 3% magnesium, 11%

thiamin, 27% folate, 2% calcium, 1% iron, 11%

riboflavin, 11% niacin, 11% vitamin B12, and 3%

phosphorus of the FDA’s recommended reference

daily intake for a 2000-calorie diet. The supplement

bars were identical to the placebo bars except for the

addition of 500 mg of quercetin (Quercegen, Inc.).

Statistical analysis

Changes in physiological variables (e.g. _V O2max,

respiratory exchange ratio) measured before and

after supplementation (Days 1, 6, 29 and 34) were

evaluated with a repeated-measures two-way (con-

dition6 time) analysis of variance (ANOVA).

Changes in plasma and urine quercetin were also

evaluated with a repeated-measures two-way (con-

dition6 time) ANOVA. Although direct compari-

sons between males and females lacked statistical

power (5 males, 6 females), exploratory between-

participant factor analysis was performed on select

variables. Greenhouse–Geisser corrections were

made when the assumption of sphericity was

violated. Bonferroni corrections with post hoc t-tests

were used to determine pair-wise differences in the

event of a significant F-ratio. Statistical significance

was set at 0.05 for all comparisons. All values are

reported as means+ standard deviations (s).

Results

Participants

Because one male participant left the study due to

time constraints, data analysis was completed on 11

participants (5 males, 6 females). No participant

exhibited or self-reported side-effects due to food
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bar consumption. Mean age, height, body mass

index, and percent body fat of the participants

were 19.8+ 3.8 years, 1.71+ 0.10 m, 23.0+
3.1 kg � m72, and 19.4+ 8.1%, respectively.

Participants started each test phase with a similar

body mass (i.e. no significant differences; overall

mean of 68.30+ 11.15 kg, P¼ 0.747). Body mass

values on the day of each _V O2max test were not

significantly different and were independent of

condition (i.e. non-significant condition6 time in-

teraction, P¼ 0.633). Mean urine specific gravity

before each _V O2max test was 1.018+ 0.008.

Although there was a significant interaction of

condition6 time for urine specific gravity (P¼
0.030), follow-up tests revealed non-significant dif-

ferences between conditions (P¼ 0.246) and over

time (P¼ 0.185).

Physiological responses (Table I)

Post-hoc analysis revealed that with a measured

0.71 ml � kg71 � min71 standard deviation of _V O2

measurements across placebo conditions and a final

sample size of 11, we would be able to statistically

detect a 2% difference in _V O2max. Independent of

condition, _V O2max did not change over time when

expressed in absolute (P¼ 0.069) or relative

(P¼ 0.059) terms. The interaction between condi-

tion and time for _V O2max was non-significant when

expressed in absolute (litres � min71, P¼ 0.929) and

relative (ml � kg71 � min71, P¼ 0.778) terms

(Table I, Figure 1). These findings were similar

when taking sex into account (litres � min71,

P¼ 0.584; ml � kg71 � min71, P¼ 0.524). The mean

differences in _V O2max change from pre to post

between groups (quercetin – placebo) was 0.139

ml � kg71 � min71 (P¼ 0.780, Z2¼ 0.008; 95%

CI: 70.939 to 1.217). Specifically, the pre to post

change in the quercetin group was 70.01+ 0.07

litres � min71 (P¼ 0.422, Z2¼ 0.065; 95% CI:

70.040 to 0.018). The pre to post change in the

placebo group was 70.01+ 0.04 litres � min71

(P¼ 0.547, Z2¼ 0.037; 95% CI: 70.062 to 0.035).

No significant interaction (condition6 time) was

observed for tidal volume, respiratory rate or expired

volume at _V O2max (P¼ 0.285, 0.134, and 0.727,

respectively; Table I). The respiratory exchange ratio

at _V O2max was not significantly different over time or

between conditions (i.e. non-significant interaction,

P¼ 0.580). Specifically, there were no significant

differences in respiratory exchange ratio for condi-

tion or time (pre- vs. post-supplementation;

P¼ 0.294 and 0.675, respectively). These findings

were similar when taking sex into account

(P¼ 0.452).

No significant interaction was found for blood

lactate concentration at _V O2max (P¼ 0.417, Z2¼
0.067; Table I). There were no significant dif-

ferences in blood lactate for condition or time (pre-

vs. post-supplementation; P¼ 0.849 and 0.826,

respectively). Maximum heart rate was not signifi-

cantly different between trials (P¼ 0.752, Z2¼
0.010).

The duration of the _V O2max tests was not

significantly different (P¼ 0.723). Specifically, there

were no differences for condition or time (pre- vs.

post-supplementation; P¼ 0.589 and 0.526, respec-

tively). These findings were similar when taking sex

into account (P¼ 0.493).

Perceptual responses (Table I)

There was a lack of significant interaction (con-

dition6 time) for perceived muscle pain at _V O2max

(P¼ 0.661, Z2¼ 0.020). Similarly, ratings of per-

ceived exertion at _V O2max were not significantly

different over time or between conditions (i.e. non-

significant interaction, P¼ 0.432, Z2¼ 0.063).

Table I. Responses to peak exercise before and after 5 days of placebo or quercetin-supplemented food bar consumption (mean+ s).

Placebo Quercetin

Variable Pre Post D (Post – Pre) Pre Post D (Post – Pre)

_VO2 (litres � min71) 3.00+ 0.72 2.98+ 0.68 70.01+ 0.04 3.06+ 0.74 3.05+ 0.74 70.01+ 0.07

Tidal volume (litres) 2.13+ 0.49 2.08+ 0.48 70.06+ 0.18 2.23+ 0.63 2.07+ 0.54 70.17+ 0.20

Respiratory rate (breaths � min71) 51.37+ 7.85 50.87+ 6.86 70.50+ 3.71 49.59+ 8.30 52.74+ 9.57 3.15+ 5.14

Expired volume (litres � min71) 107.82+ 23.20 104.42+ 24.23 73.40+ 14.27 107.89+ 25.60 106.90+ 26.41 70.99+ 12.05

Respiratory exchange ratio 1.09+ 0.13 1.09+ 0.15 0.01+ 0.15 1.12+ 0.09 1.08+ 0.11 70.04+ 0.11

Blood lactate (mmol � l71) 7.57+ 2.20 7.80+ 1.67 0.24+ 0.94 7.87+ 1.18 7.69+ 1.57 70.18+ 0.93

Heart rate (beats � min71) 194+ 10 194+ 10 0+ 4 195+ 8 196+ 8 1+ 4

Rating of perceived muscle pain 6+ 2 7+ 3 0+ 1 6+ 3 6+ 3 0+ 1

Rating of perceived exertion 19+ 1 19+ 1 0+ 1 18+ 1 18+ 2 0+ 1

Duration (s) 593+ 96 594+ 83 1+ 36 601+ 77 607+ 71 6+ 21

Note: No differences (placebo vs. quercetin) were detected at any time point.
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Delayed-onset muscle soreness (Table II)

The ingestion of placebo food bars did not influence

ratings of delayed-onset muscle soreness after each
_V O2max test (i.e. similar ratings for pre and post

5-day ingestion, P¼ 0.929). Before and after placebo

bar ingestion, delayed-onset muscle soreness ratings

were similar 10 min and 24 h after the _V O2max test

(P¼ 0.078). However, 24–48 h after the _V O2max

test, delayed-onset muscle soreness decreased

(P¼ 0.017) and remained depressed for 72 h

(P¼ 0.073).

A paired-samples t-test revealed that 5 days of

quercetin supplementation did not influence de-

layed-onset muscle soreness 10 min after _V O2max

testing (P¼ 0.888). After rating the 10-min delayed-

onset muscle soreness on Day 1, participants began

quercetin supplementation. Supplementation did

not influence the decrease in delayed-onset muscle

soreness over the next 72 h (i.e. non-significant

interaction of condition6 time, P¼ 0.876).

After 5 days of food-bar consumption, participants

repeated _V O2max testing and rated delayed-onset

muscle soreness over the next 3 days while not

consuming food bars. Five days of prior supplemen-

tation did not influence delayed-onset muscle sore-

ness ratings for the 10 min to 72 h post _V O2max

testing (i.e. non-significant interaction of condi-

tion6 time, P¼ 0.088).

Plasma and urine quercetin concentrations (Tables III

and IV)

There was a significant interaction in quercetin

plasma concentration (P5 0.001). Follow-up tests

revealed that there was no significant difference

between placebo and quercetin supplementation on

Day 3 (P¼ 0.341), but plasma quercetin concentra-

tions were higher with quercetin than placebo

supplementation (P5 0.001) on Day 6. Plasma

quercetin concentrations increased significantly over

time (P5 0.01, Z2¼ 0.813); the increase from Day 1

to Day 3 was non-significant (P¼ 1.000), but the

increase from Day 3 to Day 6 was significant

(P5 0.001; 95% CI: 614.897 to 1571.385). There

were no overall differences in plasma quercetin

concentrations (P¼ 0.543) between males and

females.

There were no overall differences in urine con-

centrations of quercetin between the sexes

(P¼ 0.964). There was a significant interaction

between condition and time (P¼ 0.004). Follow-up

tests revealed that urine quercetin concentrations on

Days 3 and 6 were greater with supplementation than

placebo (Day 3: P¼ 0.042, 95% CI: 2.15 to 117.45;

Day 6: P¼ 0.002, 95% CI: 287.62 to 1006.26). An

overall change in urine quercetin concentrations

occurred over time with supplementation

(P¼ 0.006); this involved a non-significant change

in urine quercetin concentration from Day 1 to Day

3 (P¼ 0.983), and a significant increase from Day 3

to Day 6 (P¼ 0.020).

Discussion

The purpose of this investigation was to test

the effect of 5 days (six mornings) of quercetin

Table II. Ratings of delayed-onset muscle soreness after a _V O2max test that was conducted before and after 5 days of placebo or quercetin-

supplemented food bar consumption (mean+ s).

Placebo Quercetin

Time of rating after _VO2max test Pre-supplementation Post-supplementation Pre-supplementation Post-supplementation

10 min 4.8+1.7 4.8+2.1 3.7+ 2.2 3.8+1.8

24 h 2.0+1.7 3.2+1.5 1.3+ 1.5 2.3+2.5

48 h 1.6+1.9 1.3+1.3 0.6+ 0.6 1.6+2.8

72 h 1.3+2.2 0.6+0.9 0.6+ 0.8 0.8+1.3

Note: Ratings were assessed using a pencil-and-paper scale with a 10-cm line anchored with ‘‘No Soreness’’ and ‘‘Unbearable Pain’’ on the

left and right, respectively. No differences (placebo vs. quercetin) were detected at any time point.

Figure 1. Effect of placebo and quercetin supplementation on
_VO2max expressed in ml � kg71 � min71 (mean+ s). No signifi-

cant effect was observed across conditions or over time.
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supplementation on _V O2max in healthy, untrained,

sedentary individuals. We found that there was no

condition6 time interaction, non-significant differ-

ences in the pre to post changes between conditions,

and non-significant changes within each group.

Furthermore, these results were similar for both

sexes. Therefore, our results do not support the

hypothesis that short-term (5 days) quercetin sup-

plementation improves _V O2max.

In each condition, participants reached a plateau

in oxygen consumption with an increase in grade

and/or exercise to the point of volitional exhaustion.

The achievement of _V O2max was initially evaluated

by measurements of respiratory exchange ratio,

blood lactate concentration, heart rate, and rating

of perceived exertion (Howley, Bassett, & Welch,

1995) (Table I). To confirm a plateau in oxygen

consumption, participants performed a follow-up

test to exhaustion (20 min after the initial test) at a

treadmill grade that was 2.5% greater than previously

achieved. The lack of change in _V O2max with placebo

consumption, and a non-significant order effect,

further confirmed that the participants reached
_V O2max in each test session.

Quercetin supplementation over time may reduce

the inflammatory response observed after intense

exercise and lower perceptual ratings of muscle

soreness (Nieman et al., 2007a). In the present

study, participants rated delayed-onset muscle sore-

ness immediately after each _V O2max test, and for the

following 3 days. Our results show that, although

delayed-onset muscle soreness ratings decreased

over the 3-day period, quercetin did not influence

these ratings (Table II). Furthermore, 5 days of prior

quercetin supplementation had no effect on delayed-

onset muscle soreness ratings after the post-

supplementation _V O2max test. Using a similar scale,

Nieman et al. (2007a) observed a similar lack-of-

response for quercetin supplementation, in that

delayed-onset muscle soreness ratings decreased in

a similar fashion (independent of condition) after an

arduous foot race.

Participants were tested after 5 days of food bar

consumption. Post testing occurred on the sixth

morning, 2 h after food bar ingestion, when querce-

tin plasma concentrations were high (Table III).

Therefore this protocol tested the acute effect of

quercetin consumption preceded by 5 days of

chronic consumption. Although quercetin may

accumulate in several different organs (i.e. lungs,

testes, kidney, liver, thymus, and muscle) (de Boer

et al., 2005), its half-life in the blood can range from

4 to 28 h (Moon, Wang, DiCenzo, & Morris, 2008;

Walle, Walle, & Halushka, 2001). In the present

study, blood collected on Day 3 (approximately 24 h

after the previous food bar ingestion) had very low

concentrations of quercetin, indicating clearance

from the blood. Plasma quercetin concentrations

measured 2 h post-consumption on Day 6 were the

highest observed (Moon et al., 2008). These values

are higher than previously reported (Nieman et al.,

2007a), but this may be due to consumption of food

bars in one sitting, versus multiple sittings. These

high values during _V O2max testing would likely

Table III. Plasma quercetin concentrations (ng � ml71) after 1, 3, and 6 days of supplementation (mean+ s).

Placebo Quercetin

Day 1 Day 3 Day 6 Day 1 Day 3 Day 6

Males (n¼ 5) # # # # 19.31+ 43.18 988.18+356.59

Females (n¼6) # # # # # 1196.70+696.44

Combined (n¼ 11) # # # # 8.78+ 29.11 1101.92+552.48*{

#Quercetin concentration below limit of quantification (5 ng � ml71) for the high-performance liquid chromatography technique.

*Significantly greater than placebo on the same day (P50.05). {Significantly greater than Day 3 for the same variable (P5 0.05). Day 1 and

Day 3 measurements were made 24 h post-ingestion. Day 6 measurements were made 2 h post-ingestion.

Table IV. Urine quercetin concentrations (ng � ml71) after 1, 3, and 6 days of supplementation (mean+ s).

Placebo Quercetin

Day 1 Day 3 Day 6 Day 1 Day 3 Day 6

Males (n¼ 5) 127.68+102.36 47.12+44.74 19.05+44.74 76.93+99.59 75.20+69.01 687.57+569.46

Females (n¼6) 20.24+21.76 27.32+16.93 11.86+16.05 35.32+42.75 113.55+112.77 640.81+579.78

Combined (n¼ 11) 69.08+87.04 36.32+32.42 15.13+18.61 54.23+73.17 96.12+93.09* 662.07+546.25*{

*Significantly greater than placebo on the same day (P50.05). {Significantly greater than Day 3 for the same variable (P5 0.05). Day 1 and

Day 3 measurements were made 24 h post-ingestion. Day 6 measurements were made 2 h post-ingestion.
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optimize any possible acute, positive effects of

quercetin (Nieman et al., 2007c).

MacRae and Mefferd (2006) hypothesized that

improvements in cycling performance were a result of

quercetin exerting anti-inflammatory properties and

thus protecting skeletal muscle protein and facilitat-

ing motor-unit recruitment. Others have hypo-

thesized that quercetin may increase _V O2max by

increasing mitochondrial gene expression in the brain

(Davis et al., 2008a), but increases in brain gene

expression have not been shown to influence muscle

mitochondria. Regardless, if there were any increases

in muscle mitochondrial number or enzyme activity

it did not result in a measured improvement in
_V O2max. Our results show that improvements in

endurance performance with quercetin supplementa-

tion, as shown by others (MacRae & Mefferd, 2006),

is not due to increases in _V O2max.

In conclusion, using a double-blind crossover

design with a 22-day washout period, we demon-

strated that 5 days (six mornings) of quercetin

supplementation (1000 mg � day71) did not influ-

ence _V O2max, ratings of muscle soreness or other

related physiological variables. Future studies should

examine the effect of quercetin with longer supple-

mentation periods, different measures of aerobic

performance (e.g. time-trial), and a variety of

participant populations.
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