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Impact of polyphenol oxidase on the
bioavailability of flavan-3-ols in fruit smoothies: a
controlled, single blinded, cross-over study†

Javier I. Ottaviani, *a Jodi L. Ensunsa,b Reedmond Y. Fong,b Jennifer Kimball,b

Valentina Medici,c Gunter G. C. Kuhnle, d Alan Crozier, b,e Hagen Schroetera

and Catherine Kwik-Uribea

Flavan-3-ols are bioactive compounds found in a variety of fruits and vegetables (F&V) that have been

linked to positive health benefits. Increasing habitual flavan-3-ol intake is challenged by the generally low

consumption of F&V. While smoothies are a commonly endorsed, consumer-accepted means to increase

the daily intake of these important foods, fruits used for smoothie preparation can have a high polyphenol

oxidase (PPO) activity and thus potentially affect the content and bioavailability of flavan-3-ols. To assess

whether or not consuming freshly prepared smoothies made with different PPO-containing fruit impacts

the bioavailability of the flavan-3-ols, a controlled, single blinded and cross-over study was conducted in

healthy men (n = 8) who consumed a flavan-3-ol-containing banana-based smoothie (high-PPO drink), a

flavan-3-ol-containing mixed berry smoothie (low-PPO drink) and flavan-3-ols in a capsule format

(control). The peak plasma concentration (Cmax) of flavan-3-ol metabolites after capsule intake was 680 ±

78 nmol L−1, which was similar to the levels detected after the intake of the low PPO drink. In contrast,

the intake of the high PPO drink resulted in a Cmax of 96 ± 47 nmol L−1, 84% lower than that obtained

after capsule intake. In a subsequent study (n = 11), flavan-3-ols were co-ingested with a high-PPO

banana drink but contact prior to intake was prevented. In this context, plasma flavan-3-ol levels were still

reduced, suggesting an effect possibly related to post-ingestion PPO activity degrading flavan-3-ols in the

stomach. There was a substantial range in the PPO activity detected in 18 different fruits, vegetables and

plant-derived dietary products. In conclusion, bioavailability of flavan-3-ols, and most likely other dietary

polyphenol bioactives, can be reduced substantially by the co-ingestion of high PPO-containing products,

the implications of which are of importance for dietary advice and food preparation both at home and in

industrial settings.

1. Introduction

Flavan-3-ols, including the monomers (−)-epicatechin and
(+)-catechin, and their related oligomeric derivatives, the pro-
cyanidins, are a group of plant-derived, dietary bioactives
within the wider group of polyphenols. A growing body of evi-

dence supports the notion that increasing habitual flavan-3-ol
intake results in improvements in health, notably for cardio-
vascular health and cognitive function,1,2 with the Academy of
Nutrition and Dietetics recently issuing a recommendation of
a 400–600 mg daily consumption of flavan-3-ols for cardiome-
tabolic protection.3 Dietary sources of flavan-3-ols include teas,
cocoa-based products and a variety of fruits including apple,
pear, berries, peaches and grapes.4–6 In this context, eating
more flavan-3-ol-containing fruits would represent a valid
means to increase intake while observing current dietary
guidelines.7 However, the overall consumption of fruit and veg-
etables is below recommended levels despite a continuing
effort to promote their intake.7,8 Smoothies are often pro-
moted by various nutrition and health-focused
organizations7,9,10 and are popular among consumers as a con-
venient approach to consuming the needed daily servings of
fruit and vegetables and their derived nutrients.9,11,12
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However, blending of fruits and vegetables to produce
smoothies may influence the content of flavan-3-ols, and other
polyphenols, due to the reaction with polyphenol oxidase
(PPO).13–16 PPO has a well-documented role in enzymatic
browning of fruit, vegetables, and grain products. This occurs
to varying degrees during harvesting, transportation, storage,
as well as food processing and preparation, affecting not only
the sensory characteristics of foods but also their nutritional
quality.13,17–19 Substantial efforts have been directed to devel-
oping novel methods for fruit and vegetable processing that
mitigate the effects of PPO.13,17,20,21 However, while most
improve sensory traits,22,23 little is known about the impact of
PPO activity in freshly prepared smoothies on dietary bioac-
tives, such as flavan-3-ols. Obtaining such information is
important as it has implications for dietary advice, as well as
considerations on how foods are processed and prepared.

After ingestion, flavan-3-ols are rapidly absorbed and exten-
sively metabolized.24–26 Recent studies have shown that the
intake of (−)-epicatechin results in more than 20 different
metabolites appearing in the circulation relatively quickly after
ingestion,27 with the glucuronidated, sulfated and methylated
structurally-related (−)-epicatechin metabolites (SREMs)
directly linked to the beneficial effects mediated by flavan-3-ol
intake.28,29 Other flavan-3-ol metabolites include the gut
microbiota-derived 5-(3′,4′-dihydroxyphenyl)-γ-valerolactone
metabolites (γ-VLMs). There are many reports on the absorp-
tion, distribution, metabolism and excretion (ADME) of flavan-
3-ols after the intake of isolated flavan-3-ols and the ingestion
of simple flavan-3-ol-containing foods and beverages.27,30–32

However, little is known about the ADME of flavan-3-ols when
consumed in a blended matrix such as a fruit smoothie. This
work describes a dietary intervention study investigating how
consuming smoothies made with different PPO-containing
fruit impacts the bioavailability of the flavan-3-ols.

2. Methods and methods
2.1. Chemicals

Authentic chemically synthesized SREMs and γ-VLMs were pro-
vided by Mars, Inc. (McLean, VA, USA). HPLC grade water,
methanol and acetonitrile were purchased from Fisher
(Pittsburgh, PA, USA). (−)-Epicatechin, PPO inhibitors and
other reagents for PPO activity assessment were purchased
from Sigma-Aldrich (St Louis, MO, USA).

2.2. Subjects

Healthy male adults between 25 and 60 years of age were
recruited by public advertisement in the city of Davis and sur-
rounding areas (California, USA). Exclusion criteria included a
body mass index (BMI) higher than 30 kg m−2, blood pressure
(BP) higher than 140/90 mmHg, allergies to peanut or cocoa,
avoidance of caffeinated food products and beverages, a
history of CVD, stroke, renal, hepatic, or thyroid disease, gas-
trointestinal tract disorders, previous gastrointestinal surgery
(except appendectomy), the current intake of herbal-, plant- or

botanicals-containing dietary supplements, persons following
a vegan/vegetarian diet, and those adhering to an uncommon
diet or a weight loss program. To determine eligibility, partici-
pants were asked to complete health and lifestyle question-
naires, have their height, weight, and in-office BP determined,
and to provide a blood sample for complete blood count, liver
panel, lipid panel and metabolic panel assessments. Enrolled
participants commenced the study protocol between 1–3
weeks after eligibility was determined. To control for flavan-3-
ols from the diet, participants were asked to follow a low
flavan-3-ol and procyanidin diet on the day before, and during
the study days. All volunteers were instructed on how to follow
the prescribed diet, receiving a list of foods low in flavan-3-ols
and procyanidins (ESI Fig. 1†). Volunteers were asked to
restrain from consuming alcohol, cocoa-based products, coffee
or other caffeine-containing beverages on the day prior to and
during the study visits. Volunteers were asked to fast for 12 h
before each study day (water ad libitum).

2.3. Test foods and beverages

For study part 1, volunteers were asked to consume two
different fruit smoothies with different PPO activities. The
smoothies tested included: (i) a banana smoothie (serving:
417 mL), with a natural high PPO activity (8926 ± 389 IU
mL−1), and (ii) a mixed berry smoothie (serving: 590 mL) with
a natural low PPO activity (96 ± 5 IU mL−1). To standardize
(−)-epicatechin content and minimize the different contri-
butions of (−)-epicatechin from the fruits used in smoothie
preparation, an (−)-epicatechin-containing standardized cocoa
extract was added to each smoothie recipe in known amounts.
In addition to smoothies, a control intervention consisting of
the same (−)-epicatechin-containing standardized cocoa
extract in capsule form was consumed with cow milk (1% fat).
The banana smoothie was prepared with 177 g of ripe, frozen
bananas and 240 g of almond milk. The mixed berry smoothie
was prepared with 50 g each of strawberries, blueberries, black-
berries and raspberries, 120 g of almond milk, 70 g of water,
105 g of crushed ice, and 95 g of yogurt. The contribution of
berries to (−)-epicatechin content was estimated to be <20 mg
based on USDA database for flavonoids.5 The content of
macronutrients in the food matrices tested as well as the
amount of (−)-epicatechin added is detailed in Table 1.
Quantification of flavanols was done according to definition
and method described by AOAC2020.05.33 Quantification of
(−)-epicatechin was done according to AOAC2013.04.34 To
maintain consistency with smoothie preparation and reduce to
a minimum natural variations in fruit composition and matur-
ity, each smoothie type was freshly prepared on two indepen-
dent study days and consumed by volunteers within 1 h of
preparation. This resulted in the administration of test
material in a non-randomized manner in study part 1. In
addition to these test materials, other flavan-3-ol-containing
test foods were evaluated as part of study part 1, aiming at
assessing the influence of a broad range of food matrixes on
the bioavailability of flavan-3-ols. The characteristics of these
additional test foods are shown in ESI.†
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For study 2, test drinks resembled the composition of the
banana-based smoothie used in study part 1 but prevented the
exposure of the flavan-3-ol (−)-epicatechin with banana PPO
prior to intake. These drinks were (i) a flavan-3-ol drink and a
banana blend drink (FD + BD) that were prepared separately
but consumed simultaneously by alternating sips from each
drink; and (ii) a flavan-3-ol drink (FD) without any banana that
served as a control. FD + BD were prepared by mixing 120 g of
almond milk to which was added (−)-epicatechin in a standar-
dized cocoa extract, and separately 177 g of ripe, frozen
bananas with 120 g of almond milk. FD was prepared with
240 mL of almond milk and (−)-epicatechin from a standar-
dized cocoa extract. Both drinks provided 88 mg (303 μmol) of
(−)-epicatechin.

The standardized cocoa extract used in this study
(Cocoapro™ cocoa extract) as a source of (−)-epicatechin was
provided by Mars, Inc. (VA, USA). All foods and beverages,
including bananas, berries, almond milk and yogurt were
obtained from a local grocery store and products were stored
according to manufacturer directions.

2.4. Study design

Studies were conducted at the Ragle Human Nutrition
Research Center at the University of California, Davis. Study
part 1 consisted of a cross-over, single-masked (researchers
analyzing data), controlled, and single acute intake study, in
the course of which participants were asked to consume the
two different flavan-3-ol-containing smoothies and the flavan-
3-ol-containing capsule on different days.

One hour before arrival at the research facility, participants
were asked to consume 250 mL of water to control for equal

levels of hydration. Upon arrival, volunteers were asked to
provide a blood sample (baseline, 0 h) and immediately after
were given the test materials that were consumed in less than
5 min. Additional blood samples were taken at 1 h, 2 h, 3 h, 4 h,
5 h and 6 h after test material ingestion. Two hours after intake
of test materials, water was available for volunteers ad libitum.
Between 4–5 h after intake, volunteers had a flavan-3-ol-free
lunch. Study days were separated by a minimum of 6 days in
which volunteers followed their habitual diet, thus eliminating
any potential carry over effect from test material intake. The
minimum sample size required to determine a change in SREM
plasma levels after the intake of the test products versus control
(flavan-3-ol capsules) was determined by paired t-test (n = 6, α =
0.05, power = 0.8), imputing an SD of 17% and a mean difference
of a 25% in the concentration of SREMs in plasma.35Participants
were assigned to different sequences to receive test materials.
The initial recruitment started in May 2016, and the study was
conducted from May to July 2016.

Study 2 consisted of a randomized, a cross-over, single-
masked (researchers analyzing data), controlled and single
acute intake study, during which participants were asked to
consume a flavan-3-ol-containing drink with and without the
simultaneous intake of a drink with blended banana. For the
simultaneous intake of a flavan-3-ol-containing test drink and
a blended banana drink (FD + BD), participants consumed the
drink in 4 rounds, each round consisting of one sip from the
flavan-3-ol-containing drink and one sip from the blended
banana drink. In this manner, flavan-3-ols would not come
into contact with banana-PPO before intake. The other pro-
cedures followed by volunteers during study part 2 were the
same as those followed during study part 1, with the
additional collection of urine samples from 12 h prior to and
0–24 h after test drink intake. Participants were randomly
assigned to different sequences receiving FD and (FD + BD)
interventions in alternate order. Interventions were randomly
assigned to volunteers according to a computer-generated allo-
cation list created by JLE, and recruitment and allocation of
participants was conducted by JK. The minimum sample size
required to determine a change in SREM plasma levels after
the intake of the test products was determined by paired t-test
(n = 8, α = 0.05, power = 0.8), imputing an SD of 17% and a
mean difference of a 20% change in the concentration of
SREMs in plasma.35 The recruitment for study 2 started in
June 2017 and the study was completed within 6 weeks.

2.5. Research ethics

The study protocol was approved by the Institutional Review
Board of the University of California, Davis. All subjects gave
their written informed consent to participate. The trial was
registered at clinicaltrials.gov as NCT03526094.

2.6. Quantification of flavan-3-ol metabolites in plasma and
urine

Blood samples were collected using EDTA as anticoagulant to
assess the SREMs in plasma over 6 h post-intake (primary
readout of the study) and the gut microbiota-derived γ-VLMs

Table 1 Composition of macronutrients of food matrices tested and
amount of flavan-3-ols, including (−)-epicatechin, added to fruit
smoothies. Nutritional content was obtained from labels and from USDA
Food Data Central

Capsule + milka
Banana
smoothie

Mixed berry
smoothie

Energy (kcal) 145 243 203
Protein (g) 11 4 13
Fat (g) 3 4 2
Carbohydrate (g) 17 52 36
Fiber (g) 0 7 9
Sugar (g) 0 29 19

Flavan-3-ols added (mg) 541 638 484
(−)-Epicatechin (mg) 75 88 68
(+)-Epicatechin (mg) b.l.d. b.l.d. b.l.d.
(−)-Catechin (mg) 13 17 9
(+)-Catechin (mg) 3 3 3
DP2 (mg) 91 106 75
DP3 (mg) 99 116 91
DP4 (mg) 86 101 78
DP5 (mg) 74 87 67
DP6 (mg) 58 69 53
DP7 (mg) 42 51 40

aNutritional composition of milk, 1% fat consumed with capsules.
Capsules did not contribute to nutrient content. DP: degree of
polymerization.
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(γ-VLM; secondary readout of the study). Plasma was obtained by
whole blood centrifugation at 1800g for 15 min at 4 °C, separated
into aliquots, and spiked with ascorbic acid (final concentration:
1 mg ml−1). Plasma samples were stored at −80 °C until ana-
lyzed. Briefly, plasma samples (300 µL) were spiked with 30 µl of
100 µmol L−1 4-nitrophenyl sulfate and transferred to a 2.5 mL
Phree Phospholipid Removal cartridge and collection plate com-
bination for protein precipitation and phospholipid removal
(Phenomenex, Torrance, CA, USA). Samples were added with
1.0 mL of acetonitrile and then with 0.3 mL of methanol. After
each solvent addition, samples were filtered via centrifugation at
400g for 15 min at 4 °C. The resulting samples were transferred
to a 2.0 ml tube and volume was reduced to approximately 50 µL
using a Speedvac®. Samples were then mixed with 100 µL of
100 µmol L−1 3-methyl hippuric acid, as an internal standard,
and analyzed by UPLC-MS within 24 h.

Urine samples were collected to assess the amount of
SREMs and γ-VLMs excreted over 24 h (secondary readouts of
the study part 2). Briefly, 50 µL of urine was loaded onto an
Impact Protein Precipitation cartridge (Phenomenex) along
with 50 µL of 100 µmol L−1 3-methyl hippuric acid. The
mixture was centrifuged at 500g for 15 min at 4 °C. The result-
ing sample was collected and stored in a 600 µL vial at −80 °C
prior to analysis.

Samples were run on a Waters Acquity UPLC (Waters,
Milford, MA, USA) with an autosampler cooled at 5 °C. The
injection volume was 25 µL. Chromatography was carried out
at 25 °C using a 100 × 2.1 mm Kinetex C18 1.7 μm, reversed
phase column with a krudcatcher (Phenomenex). The mobile
phase, pumped at a flow rate of 0.5 mL min−1, was (A) 5 mmol
L−1 ammonium formate (pH 2.9); and (B) acetonitrile/metha-
nol (90 : 10, v/v). The gradient started with 5% B from
0–2.0 min, ramped to 17.5% from 2.0–3.5 min, and then to
22.5% from 3.5–6.0 min. Detection was achieved with a Waters
Quattro Micromass spectrometer fitted with an electrospray inter-
face (ESI; Waters). MS analysis was carried out in negative ioniza-
tion mode by multiple reaction monitoring (ESI Table 1†). Data
processing was performed using Masslynx software (Waters). MS
conditions were set by tuning with the corresponding compound.
Source and desolvation temperature were set at 150 °C and
500 °C, respectively, while desolvation and cone gas were set at
900 L h−1 and 30 L h−1, respectively. Capillary, extractor, and lens
voltage were set at 4 kV, 5 V, and 2 V, respectively. The identifi-
cation and quantification of the compounds were based on co-
elution with authentic standards. The accuracy and precision of
the methods was >90% and <10% for all metabolites quantified,
respectively (ESI Table 2†).

2.7. Quantification of (−)-epicatechin in banana smoothie

The banana smoothie was prepared as described above with
water replacing the almond milk, and aliquots of 0.4 mL were
incubated for 0, 5, 10, 15, 30 and 60 min at room temperature
(n = 6). Incubation was concluded by addition of 1.4 mL ice
cold 0.5% acetic acid in acetone. After 10 min of incubation on
ice, samples were centrifuged (16 000g for 15 min at 4 °C) and
the supernatant collected. The extraction was repeated on the

pellet and the supernatants were combined, diluted 50% with
0.5% acetic acid in water prior to analysis by HPLC according
to Ottaviani et al.36

2.8. Quantification of PPO activity and the (−)-epicatechin
content of a banana smoothie after incubation in simulated
gastric digestion conditions

To determine the change in PPO activity and (−)-epicatechin
content in the smoothie under simulated gastric digestion
conditions, 0.5 ml aliquots of banana smoothie were incu-
bated in the presence of 2000 IU ml−1 of pepsin and
38.5 mmol L−1 NaCl at pH 3 adjusted with concentrated HCl
(final volume of reaction, 1 mL). After incubation for 2 h at
37 °C (n = 5), samples were assayed to determine (−)-epicate-
chin content and PPO activity. The content of (−)-epicatechin
in banana smoothie was determined as described above. PPO
activity was measured according to the method of Liu et al.37

with some modifications, including the use of (−)-epicatechin
as a substrate. Briefly, 20 µL of banana smoothie were added
to 1.5 mL 200 mmol L−1 sodium phosphate solution (pH 7.4).
A 1 mL aliquot of 3 mmol L−1 (−)-epicatechin (in 5% ethanol/
95% water) was added to initiate the reaction, in a final reac-
tion volume of 3 mL (i.e. 100 mmol L−1 sodium phosphate,
1 mmol L−1 (−)-epicatechin). Absorbance at wavelength
440 nm was measured continuously for 1 h at room tempera-
ture. Activity was determined from the slope of the plot of
absorbance vs. incubation time and was calculated as 1 unit =
absorbance of 0.001. Final values are expressed as units per ml
of banana smoothie.

2.9. Polyphenol oxidase (PPO) activity in common fruits and
vegetables used in smoothie preparation

Fruit and vegetable homogenates were prepared from three
individual fruits or vegetables (bananas, apples, pears, pineap-
ples, mangos, cucumbers), or three bunches (parsley, kale,
wheatgrass, beets/beet greens) or three punnets (strawberries
and blueberries) that were purchased from local grocery stores.
The produce was first rinsed using local tap water and patted
dry, and then peeled, pitted, hulled and/or chopped into
smaller pieces. Following preparation, the products were
vacuum sealed in freezer bags, and frozen at −20 °C for at
least 12 hours prior to homogenization. Homogenates of each
product were prepared by mixing frozen portions with bottled
drinking water at a ratio of 1.4 g water per g frozen fruit or
vegetable in a kitchen blender. The products were blended
until smooth, separated in aliquots and stored at −80 °C until
assay. Natural cocoa powder (Mars Cocoapro™, Mars Inc.,
USA) and Spirulina (Natural Elements US, Phoenix, AZ, USA)
were prepared in deionized water on the day of assay.

PPO activity was measured as described above with slight
modifications. In this assay, the reaction was carried out at
25 °C in a shaking water bath. At six different time points
(time points varied according to PPO activity), 0.4 mL of the
reaction mixture was removed and added to 0.4 ml of acetone
and placed on ice. The mixture was centrifuged at 13 000g, at
4 °C for 15 min and the supernatant read spectrophotometri-
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cally at 440 nm. These steps were introduced to reduce the
interference of detritus resulting from homogenized fruits and
vegetables with absorbance determination. Activity values are
expressed as units per 100 g fruit (fresh weight). Each fruit/
vegetable homogenate was run in triplicate. Limit of detection
was determined as three times the rate of autooxidation of
(−)-epicatechin in reaction media without any fruit/vegetable
homogenate.

2.10. Statistical analysis

Data are presented as mean values ± SEM. Normality was
assessed using Kolmogorov–Smirnov test. Pharmacokinetic
parameters were calculated by Non-compartmental Analysis
using Microsoft Excel (Microsoft, Redmond, WA, USA) and
included peak plasma concentration of SREMs (Cmax), time to
reach Cmax (Tmax), apparent half-life of SREMs in plasma
(AT1/2) and area-under-the-curve described by the concen-
tration of SREMs in plasma over 6 h after intake (AUC0–6 h).
We tested for differences in pharmacokinetic parameters
obtained in part 1 of the study using a linear mixed model,
with treatment (test materials) as fixed effect and subject and
sequence in which test materials were received as random
effects. This statistical analysis was selected to account for the
non-randomized design in study part 1 in favor of maintaining
the homogeneity in the fruits used for smoothie preparation.
Adjustments for multiple comparison were not done. These
analyses were conducted using R38 version 4.2.2, lme4
package39 and lmerTest.40 In study part 2, pharmacokinetic
parameters were analyzed via a paired t-test. These statistical
analyses were computed with SigmaStat 3.5 (Systat Software
Inc., San Jose, CA, USA). P-Values of 0.05 or less were con-
sidered statistically significant.

3. Results
3.1. Study population

For study part 1, we assessed 8 volunteers for eligibility, and 8
volunteers were enrolled. The intervention with the flavan-3-ol-
containing capsule was completed by 8 volunteers and the
intervention with the two smoothies tested was completed by 6
volunteers each (ESI Fig. 2†). For study part 2, we assessed 11
volunteers for eligibility, and all were enrolled and completed
the study with every intervention (ESI† Fig. 2†). Characteristics
of the study population are presented in Table 2. Baseline
measurements of plasma samples taken before the consump-
tion of the test drinks on each study day demonstrated low or
no detectable levels of flavan-3-ol metabolites (Fig. 1), indicat-
ing adherence with the low-flavan-3-ol diet as set forth in the
study protocol. No adverse events were reported after the
intake of these test materials.

3.2. Concentration of flavan-3-ol metabolites after the intake
of flavan-3-ol-containing fruit smoothies

The intake of all fruit smoothies and the control intervention
mixed with the flavan-3-ol-containing extract significantly

increased the levels of SREMs in plasma (Fig. 1). However,
ingestion of banana smoothie yielded plasma SREM levels that
were significantly lower to those reached after the intake of the
other test materials (Fig. 1). Most notably, intake of banana
smoothie yielded Cmax, and AUC0–6 h values for SREMs that,
respectively, were 84 ± 9% and 81 ± 11% lower than those
obtained after intake of flavan-3-ol capsules (Table 3). Other
minor, but statistically significant differences in Tmax of
SREMs between capsules and smoothies were detected. In this
case, the Tmax of SREMs after capsule intake was 1–2 h later
than the Tmax obtained after the intake of smoothies (Table 3).
No significant differences in the levels of SREMs were observed
after the intake of additional test foods added with flavan-3-ols
(ESI Results†).

Regardless of the test material consumed, the main SREMs
detected in the circulation were (−)-epicatechin-3′-sulfate,
(−)-epicatechin-3′-glucuronide, 3′-methoxy-(−)-epicatechin-5-
sulfate and 3′-methoxy-(−)-epicatechin-7-sulfate. No significant
differences in the profile of SREMs were observed between
capsule and fruit smoothies (ESI Fig. 3†). In addition to
SREMs, the gut microbiota-derived flavan-3-ol catabolites
γVLMs were also detected in plasma. The plasma concen-
trations of γVLMs 6 h after intake were 342 ± 97 nmol L−1

(capsule), 194 ± 96 nmol L−1 (banana smoothie) and 600 ±
169 nmol L−1 (mixed berry smoothie). The main γVLMs were
5-(4′-hydroxyphenyl)-γ-valerolactone-3′-sulfate, 5-(4′-hydroxy-
phenyl)-γ-valerolactone-3′-glucuronide and 5-(3′-hydroxyphe-
nyl)-γ-valerolactone-4′-glucuronide. There were no significant
differences in the concentration and profile of γVLMs obtained
between capsule and fruit smoothie intake.

3.3. Effect of banana-PPO on the bioavailability of flavan-3-ol
prior to smoothie intake

Given the significant differences in SREM concentrations
obtained after the intake of the banana smoothie and the
intake of the rest of the test materials (Fig. 1 and Table 3), the
level of (−)-epicatechin after banana smoothie preparation was
evaluated to determine if the intrinsic PPO activity of banana
could indeed alter the levels and, therefore, the amount of
(−)-epicatechin available for absorption and metabolism

Table 2 Subject characteristics

Parameters Part 1 Part 2

Males (n) 8 11
Age (years) 30 ± 8 30 ± 7
Weight (kg) 81 ± 8 78 ± 10
BMI (kg m−2) 24 ± 2 28 ± 12
Systolic blood pressure (mmHg) 119 ± 12 116 ± 9
Diastolic blood pressure (mmHg) 74 ± 10 70 ± 8
Heart rate (bpm) 66 ± 4 61 ± 10
Total cholesterol (mg dL−1) 165 ± 46 174 ± 36
Glucose (mg dL−1) 94 ± 3 90 ± 4
Creatinine (mg dL−1) 0.90 ± 0.08 0.93 ± 15
Bilirubin (mg dL−1) 1.1 ± 0.3 1.0 ± 0.2
White blood cell count (103 mm−3) 5.3 ± 1.3 5.5 ± 1.3
Red blood cell count (106 mm−3) 4.8 ± 0.2 5.1 ± 0.3
Hematocrit (%) 44 ± 2 44 ± 1
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before the ingestion of the smoothie. The results obtained
showed a rapid decline in (−)-epicatechin levels in the banana
smoothie over 1 h after preparation, with a half-life of 9.8 ±
2.1 min at room temperature (k = 0.071 ± 0.015 min−1) as illus-
trated in Fig. 2. The direct role of PPO in the decay of (−)-epica-
techin was confirmed by addition of 1 mmol L−1 of three PPO
inhibitors, namely phenylthiourea (competitive inhibitor of
catechol substrate41), K2S2O5 (competitive inhibitor of O2 and
reducing agent42) and (H4N)2MoS4 (copper chelator), all of
which significantly reduced the disappearance of (−)-epicate-
chin when added into the banana smoothie (insert Fig. 2).
Given the time-dependent effect of PPO on (−)-epicatechin
levels in the banana smoothie, we explored if the magnitude of
Cmax of SREMs obtained after the intake of banana smoothie
in study part 1 was dependent on the time between smoothie
preparation and intake (ESI Fig. 4†). Indeed, the results

obtained showed a lower Cmax with increasing time between
smoothie preparation and intake.

3.4. Effect of banana-PPO on the bioavailability of flavan-3-
ols after smoothie intake

To determine if banana-PPO could also affect the bio-
availability of flavan-3-ols after ingestion, a subsequent study
was conducted in which flavan-3-ols and banana-PPO were
ingested as separated drinks but concomitantly (i.e., drink FD
+ BD), thus preventing any direct contact between flavan-3-ols
and banana before ingestion. In addition, a flavan-3-ol drink
(FD) without banana was included as a banana-PPO-free
control. Concentration of SREMs in plasma after the intake of
FD and FD + BD drink are shown in Fig. 3A. Consumption of
the FD alone yielded a Cmax of 622 ± 115 nmol L−1 and an
AUC0–6 h of 1702 ± 300 nmol L−1. In comparison, while the

Fig. 1 Concentration of structurally related (−)-epicatechin metabolites (SREMs) in plasma after the intake of flavan-3-ols in capsule format (n = 8)
and flavan-3-ols mixed in different fruit smoothies (n = 6). Data are expressed as means ± SEM.

Table 3 Pharmacokinetic parameters determined for the sum of structurally related (−)-epicatechin metabolites after the intake of flavan-3-ols in
capsule format and mixed in fruit smoothies. Data presented as mean values ± SEM and analyzed following a linear mixed model, with treatment
(test material) as fixed effect and subject and sequence as random effects. P-Values correspond to comparison between smoothie and capsule
(control)a

Test products

Cmax Tmax AT1/2 AUC0–6 h

(nmol L−1) p (h) p (h) p (nmol L−1) p

Capsule (n = 8) 680 ± 78 3.6 ± 0.2 2.4 ± 0.4 2259 ± 279
Banana smoothie (n = 6) 96 ± 47 4 × 10−05 2.3 ± 0.7 0.002 n.d. n.d. 272 ± 159 4 × 10−05

Mixed berry smoothie (n = 6) 659 ± 104 0.818 2.2 ± 0.4 8 × 10−04 1.5 ± 0.2 0.08 1941 ± 294 0.362

aNot determined, n.d.; peak plasma concentration, Cmax, time to reach Cmax, Tmax, apparent elimination half-life, AT1/2; 0–6 h plasma area under
the curve, AUC0–6 h.
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concomitant consumption of FD + BD did not significantly
impact Cmax (429 ± 80 nmol L−1; p = n.s. vs. FD, paired-t test),
there was a significant impact on AUC0–6 h values (988 ±
150 nmol L−1; p = 0.004 vs. FD, paired-t test) that were 37 ± 6%

lower than those obtained after ingestion of FD alone.
Reinforcing this observation, the amount of SREMs and
γVLMs excreted in 0–24 h urine after FD + BD intake were,
respectively, 41 ± 4% and 38 ± 6% lower than those obtained
after FD intake (Fig. 3B). No differences in the profile of
SREMs and γVLM in plasma and urine were detected between
FD and FD + BD intake (ESI Fig. 5 and 6†).

To evaluate if banana-PPO could react with (−)-epicatechin
after intake during gastric digestion, banana smoothie was incu-
bated in the presence of pepsin at pH 3 for 2 h at 37 °C to
resemble gastric digestion conditions in vitro. The results
obtained showed that PPO activity in banana smoothie was still
present after the incubation under simulated gastric digestion
conditions, maintaining 68 ± 5% of PPO activity present in the
banana smoothie before ingestion (Fig. 4A). Similarly, (−)-epicate-
chin content was assessed before and after simulated gastric
digestion conditions. The results obtained showed a significant
decrease in (−)-epicatechin content in the banana smoothie,
which was equivalent to a reduction of 28 ± 3% of the initial
amount of (−)-epicatechin in the smoothie (Fig. 4B).

3.5. Polyphenol oxidase activity in plant-derived dietary
products

Since PPO occurs widely in fruits and vegetables,13 the in vitro
activity of the enzyme in different fresh fruit and other plant-
derived ingredients used for smoothie preparation was investi-
gated using (−)-epicatechin as the substrate. The results
obtained are presented in Table 4. Given that some of the
fruits and plant-derived ingredients tested are also important
sources of flavan-3-ols in the diet, the expected amount of

Fig. 2 Decline in the amount of (−)-epicatechin in a blended banana
drink mixed with flavan-3-ols after preparation. Data represent mean
values ± SEM (n = 3). Insert: content of (−)-epicatechin in the blended
banana drink prepared with flavan-3-ols 30 min after preparation when
incubated in the absence and presence of 1 mmol L−1 concentrations of
the polyphenol oxidase (PPO) inhibitors. Data are mean values ± SEM (n
= 3) PTU: phenylthiourea.

Fig. 3 (A) Concentration of structurally related (−)-epicatechin metabolites (SREM) in plasma after the intake of a flavanol drink (FD) and a flavanol
drink consumed together with a blended banana drink (FD + BD). Data are mean values ± SEM (n = 11). * p < 0.05 vs. control (FD); ANOVA-repeated
measures; Bonferroni post hoc. (B) Amount of SREMs and 5-(3’,4’-dihydroxyphenyl)-γ-valerolactone metabolites (γVLM) excreted in urine 0–24 h
after the intake of FD and FD + BD drinks. Data are mean ± SEM (n = 11). #Significant reduction after intake of FD + BD compared to FD drink, P <
0.05; paired t-test.
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(−)-epicatechin provided by these food items is also reported
(Table 4). In addition to banana, leaves of beetroot and pome
fruits were the foods with the highest PPO activity, and all had
the ability to use (−)-epicatechin as an enzyme substrate.

4. Discussion

The results obtained showed that (i) the intake of flavan-3-ols
from a high PPO banana smoothie, but not a low PPO mixed
berry smoothie, significantly reduced the levels of flavan-3-ol
metabolites in circulation (Fig. 1); (ii) after banana smoothie
preparation, flavan-3-ol levels rapidly declined in vitro, and the
decrease was prevented by PPO inhibition (Fig. 2); and (iii)
while preventing direct PPO contact in the food preparation
did lessen some of the flavan-3-ol loss, it was insufficient to
fully prevent the loss of flavan-3-ols when co-ingested (Fig. 3).
Taken together, these results show the direct role of PPO in
foods influencing the systemic bioavailability of flavan-3-ols
pre- and post-ingestion. Considering that PPO is widely distrib-
uted in fruits and vegetables commonly used for smoothie
preparation and readily able to use a flavan-3-ol, such as
(−)-epicatechin, as a substrate (Table 4), it is possible to extend
this observation to suggest that drinks, and potentially other
food preparations made with blended, pureed, or pulverized
fruits and vegetables containing high PPO activity, could also
limit the bioavailability of flavan-3-ols and, potentially, other
polyphenolic bioactives.

The effects of PPO on polyphenol oxidation are well-docu-
mented and are often controlled during handling and indus-
trial processing to prevent browning.13,17,20,21 Outside of these

processes, the impact of PPO activity is generally not con-
sidered. In home preparation and “fresh-take-away” foods pur-
chased by consumers, the impact of PPO activity on the nutri-
tional quality of foods may be quite significant and, thus rele-
vant to health. Overall, the findings in this study are in line
with the extensive literature characterizing PPO activity, with
the current data pointing at the specific interaction between
PPO and flavan-3-ols prior to ingestion as the main driver for
the low bioavailability of flavan-3-ols from banana smoothies.
However, it is of note that in study part 2, preventing the
mixture of banana and flavan-3-ols prior to intake also resulted
in a reduction in flavan-3-ol bioavailability compared to the
ingestion of flavan-3-ols without any banana (Fig. 3).
Furthermore, PPO activity in the banana smoothie remained
active under simulated gastric digestion conditions, which was
sufficient to decrease the (−)-epicatechin content to an extent
comparable to the difference in (−)-epicatechin bioavailability
when consuming FD and FD + BD drinks (Fig. 4). Thus, it is
possible that PPO in banana could still play a role in affecting
flavan-3-ol bioavailability, even post-intake. Previous studies
conducted in humans showed that acidity in the stomach
rapidly changes from pH of 2 to pH of 5 after consumption of
a meal, requiring more than 1 h to return to a pH of 2.43–45

Precisely, a pH range between pH 4–5 is compatible with
banana PPO activity,15,16 for which PPO during early phases of
gastric digestion could have even a higher activity than the one
tested at pH 3 in this study (Fig. 4). In addition, PPO is known

Fig. 4 (A) Polyphenol oxidase (PPO) activity and (B) (−)-epicatechin in
banana smoothie before and after incubation under simulated gastric
digestion conditions. Simulated gastric digestion conditions consisted of
an incubation at pH 3 in the presence of 2000 IU mL−1 of pepsin for 2 h
at 37 °C. PPO activity was measured at pH 7.4 as described in the
Materials and methods section. Data are mean ± SEM (n = 5). *P < 0.001
vs. baseline; t-test.

Table 4 Polyphenol oxidase (PPO) activity and (−)-epicatechin content
of selected fruits and vegetables with relevance for smoothie prepa-
ration. PPO activity expressed as mean ± SEM (n = 3). Epicatechin
content was obtained from the USDA database for the flavonoid content
of selected foods, release 3.2 (2015)5 and data are expressed as means
values (minimum and maximum)a

Products

PPO activity (KU/
100 g of edible
portion)

(−)-Epicatechin (mg per
100 g of edible portion)

Banana 3258 ± 71 0.2 (0–0.07)
Beet greens 1594 ± 24 n/a
Apple (red
delicious)

570 ± 27 9.83 (0.8–15.92)

Pear 147 ± 4 3.76 (0.1–17.74)
Beets 94 ± 5 0 (0–0)
Peach 41 ± 2 2.34 (0–6.92)
Avocado 24 ± 5 0.37 (0–1.11)
Strawberry 18 ± 1 1.56 (1.11–2.89)
Wheatgrass 15 ± 1 n/a
Blueberry,
highbush

12 ± 1 0.62 (0–3.29)

Cucumber 10 ± 1 0 (0–0)
Parsley 6 ± 1 n/a
Mango 6 ± 1 0 (0–0)
Cocoa powder,
unsweetened

b.l.d. 196 (45–158)

Orange b.l.d. 0 (0–0)
Pineapple b.l.d. 0 (0–0)
Kale b.l.d. n/a
Spirulina
(powder)

b.l.d. n/a

a Below level of detection, b.l.d; not available, n/a.
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to be present in certain plant species in a less active form
namely latent PPO that can be activated by proteolysis.46,47

Previous studies showed that PPO in banana is present in a
latent form,16 and it is thus possible that, during the initial
phases of digestion, it is activated by pepsin to increase PPO
activity. While considering the activity of PPO after intake
could be counterintuitive, there are other enzymes known to
remain active post-intake. For instance, certain formulations
of lactase, supplemented in cases of lactose intolerance, and
myrosinase, the enzyme involved in the release of sulfora-
phane from glucosinolates in cruciferous vegetables, are also
expected to remain active after ingestion.48–50 Taken together,
reaction of PPO with flavan-3-ols in the stomach is feasible
and indicates that PPO activity in a food can have an impact
on flavan-3-ol stability/bioavailability during the initial stages
of digestion.

The concentration and profile of SREMs detected after the
ingestion of flavan-3-ol-containing smoothies are in agreement
with those reported in other studies in which flavan-3-ols were
administered either as isolated compounds or from other
flavan-3-ol-containing foods.27,30–32,51 In addition to the differ-
ences in AUC and Cmax due to banana-PPO, a difference in
Tmax was also observed between smoothies and flavan-3-ol cap-
sules (control, Table 2). Rather than an effect mediated by fruit
smoothies, this difference in Tmax can be explained by the
intake of flavan-3-ols in a capsule format. Prior to absorption,
additional time is required for flavan-3-ols to be released from
capsules due to disintegration of the capsule shell and dis-
solution of flavan-3-ol extract, which results in delayed absorp-
tion and an increase in Tmax

52 compared to the time required
when consuming materials in which flavan-3-ols are already in
solution. In addition, variations in viscosity of smoothies
could explain differences in the kinetics obtained with the
different drinks tested in study part 1 and study part 2. One
limitation of the study consisted in the addition of flavan-3-ols
to fruit smoothies to standardized content of these bioactives.
In this context, it is possible that the reactivity of PPO with
added flavan-3-ols dissolved in the drink presents differences
with flavan-3-ols intrinsically present in the fruit. However,
homogenization of fruit as occurring during blending could
certainly increase bioaccessibility of flavan-3-ols intrinsically
present in the fruit similar to those of added flavan-3-ols.
While this study focused on the effect of smoothies and PPO
on (−)-epicatechin and its metabolites, it is very likely that PPO
also affected the levels of other flavan-3-ols including procyani-
dins. Further studies will be needed to understand the effect
of PPO on the rest of flavan-3-ols besides (−)-epicatechin.
Finally, it is worth noting that this study was conducted in
male participants, thus representing another limitation of the
study. While there is limited information regarding sex-based
differences in flavan-3-ol absorption and metabolism, it is
possible that the findings presented in this work are also rele-
vant for women as the major effects mediated by PPO took
place prior intake.

The reactivity of flavan-3-ols with PPO is based on the cate-
chol group in the B-ring, which is a feature widely found in

other polyphenols,53 and the description of PPO reaction with
various other polyphenols has been described.54 Thus, blend-
ing of fruit during smoothie preparation could affect not only
flavan-3-ol content but also the stability and bioavailability of
other dietary polyphenols with a similar chemical structure.
The oxidation product of catechol-bearing polyphenols and
PPO results in the formation of o-quinone, a highly reactive
molecule. For instance, o-quinones are involved in the oxi-
dative polymerization of flavan-3-ols that results in the for-
mation of theaflavins and thearubigins as part of black tea
processing.14 These products of PPO reaction with flavan-3-ols
are thought to have a limited bioavailability.25 In addition,
o-quinone has been shown to enter redox reactions with
ascorbic acid and electrophilic additions with amino acids like
cysteine.55,56 Thus, PPO and polyphenol reactions will also
affect the content of nutrients beyond polyphenols. In con-
trast, smoothies prepared from fruits and vegetables with a
low PPO content offer an effective means to circumvent PPO-
mediated losses in flavan-3-ol and polyphenol content. This is
apparent in the good retention of flavan-3-ols following the
preparation and intake of a smoothie prepared with mixed
berries with low intrinsic PPO (Table 4). While the results
obtained in this study are applicable for freshly prepared
smoothies, it also opens the question to what extent PPO reac-
tion with flavan-3-ols and polyphenols occurs during proces-
sing of ready-to-drink, bottled smoothies, especially in view of
the speed at which the loss of (−)-epicatechin occurred in the
presence of high PPO activity (Fig. 2). PPO has been a central
consideration when developing commercial processes for the
manufacture of fruit- and vegetable-based products.13,17,20,21

However, given that fruits and vegetables are common ingredi-
ents of meals prepared at home, the influence of intrinsic PPO
activity on even more moderate forms of food preparation, and
the timing of consumption could have major implications for
the bioavailability of nutrients and bioactives. The assessment
of changes in flavan-3-ols and polyphenol content, in general,
and subsequent impact on bioavailability, however, are not
commonly considered. This is particularly relevant in the
context of nutrition research, when considering current survey-
based methods for diet assessment that may not capture key
aspects about fruit preparation, particularly when assessing
intake of flavan-3-ol and other polyphenolic bioactives.

As the interest in the health benefits of dietary flavan-3-ols
and polyphenols grows, this study highlights that consider-
ation needs to be given not only to the types of fruits and veg-
etables and plant-based products to recommend to increase
intake, but also how they are prepared, stored, and consumed
as part of a regular meal in order to maximize their potential
to support health. Currently, there is a dearth of information
on the topic.

Abbreviations

γ-VLMs 5-(3′,4′-Dihydroxyphenyl)-γ-valerolactone
metabolites
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ADME Absorption, distribution, metabolism and excretion
AUC0–6 h Area under the curve described by the concen-

tration of SREMs in plasma over 6 h after intake
AUC0-inf Area under the curve described by the concen-

tration in plasma extrapolated to infinity
BMI Body mass index
BP Blood pressure
BW Body weight
FD Flavan-3-ol-containing drink
FD + BD Flavan-3-ol drink and a banana blend drink
Cmax Peak plasma concentration
AT1/2 Plasma apparent half-life
Tmax Time to reach Cmax

SREMs Structurally related (−)-epicatechin metabolites
PPO Polyphenol oxidase
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