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1. Introduction

(Poly)phenols are natural compounds that have a variety of
potentially beneficial health effects, including antioxidant and
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Effects of Vaccinium berries (blueberries,
cranberries and bilberries) on oxidative stress,
inflammation, exercise performance, and
recovery — a systematic review
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Exercise-induced muscle damage is common in athletes and recreational exercisers and can lead to
muscle soreness, weakness, and impaired muscle function. The precise mechanisms are unclear but oxi-
dative stress and inflammation are thought to play a role. (Poly)phenols are substances abundant in
Vaccinium berries that have been suggested to possess antioxidant and anti-inflammatory effects that
could help improve exercise performance and/or recovery from exercise. The objective of this systematic
review was to evaluate the benefits of Vaccinium berry supplementation on exercise performance and
recovery, as well as on exercise-induced oxidative and inflammatory biomarkers in healthy individuals. A
comprehensive search was conducted in PubMed, ProQuest Medline, Web of Science, Cochrane Library,
and Scopus. Studies were included if the participants were healthy individuals who were supplemented
with any Vaccinium berry or Vaccinium berry-based products in comparison to a control group. Of the 13
articles included in this review, no significant differences in the exercise performance were found and
only one study reported benefits for markers of recovery. Interleukins and c-reactive protein were the
most frequently reported biomarkers, but there was limited evidence that Vaccinium berry supplemen-
tation impacted them post-exercise. Most studies were of high quality and showed a low risk of bias.
Vaccinium berry supplementation is not effective in modulating markers of exercise-induced inflam-
mation and oxidative distress in healthy individuals; nevertheless, more studies are required to evaluate
their effects on exercise performance and recovery in this population.

anti-inflammatory activities. They are subdivided into four
main classes: flavonoids, phenolic acids, lignans, and stil-
benes." (Poly)phenol-rich foods tend to have vibrant bright
colours, such as yellow, blue or red, and have a slight acidity,
as well as a bitter and sour taste. Fruits such as grapes, apples,
pears, cherries, and berries, vegetables such as broccoli,
carrots, spinach, and beetroot, and grains such as corn, wheat,
oats, and rice all contain high quantities of (poly)phenols.
Nevertheless, a variety of other foods like red wine, tea, coffee,
chocolate, dry legumes, herbs, spices, stems, and flowers also
contain (poly)phenols.>™ Various mechanisms have been pro-
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posed to explain the antioxidant effects of (poly)phenols: (i)
scavenging reactive oxygen and nitrogen species (RONS) pro-
duction by reducing the catalytic activity of enzymes that par-
ticipate in the generation of free radicals such as xanthine
oxidase;” (ii) upregulation of antioxidant defences by activating
transcription factors such as nuclear factor erythroid 2-related
factor 2 (Nrf2);® and (iii) chelation of metal ions and free rad-
icals, preventing their access into cells.” While their anti-
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inflammatory effects are related to their antioxidant capacity,
(poly)phenols can also downregulate the activity of cyclooxy-
genase (COX), lipoxygenase (LOX), and nitric oxide synthase
(NOS), as well as inhibit tyrosine protein kinase and inflamma-
some NLRP3 activation, all of which may contribute to the
symptoms of exercise-induced muscle damage (EIMD).%°

EIMD is characterised by inflammation, muscle pain (sore-
ness), muscle weakness, and/or impaired muscle function that
develops in hours and days after strenuous physical activity.’
EIMD is especially common in athletes and recreational exerci-
sers after engaging in new or unfamiliar exercise, for example,
when learning new techniques or when the intensity or
volume of exercise is increased. Several mechanisms of EIMD
have been proposed, and inflaimmation and oxidative stress
are thought to play a crucial role in its development. Exercise
increases the concentration of key immune cell markers,
including several cytokines, white blood cells, and acute phase
proteins such as c-reactive protein, in blood and skeletal
muscle.’®'" In addition, several markers of oxidative damage,
such as the byproducts of RONS-related damage (e.g., protein
carbonyls), and/or markers of redox balance (reduced gluta-
thione/oxidised glutathione), are altered post-exercise.'>"?
Collectively, exercise-induced inflammation and/or oxidative
damage is thought to cause secondary damage to muscle and
other tissues in the days after strenuous exercise, and this con-
tributes to the muscle pain and/or decrements in muscle func-
tion typically observed.'*®

(Poly)phenols can also influence endothelial function by
increasing the skeletal muscle blood flow.'*?° This effect is
believed to be caused by an increase in nitric oxide (NO) bio-
availability, as (poly)phenols inhibit nicotinamide adenine
dinucleotide phosphate (NADPH) oxidase, an enzyme that
reduces NO bioavailability."*° Increased blood flow may
improve exercise performance by increasing the supply of
nutrients and oxygen to skeletal muscle, as well as by accelerat-
ing the clearance of fatiguing metabolites.'**°

Berries are among the foods with the highest concentration
of (poly)phenols.*" As such, Vaccinium berries may also have
the potential to increase physical performance and recovery in
athletes, by reducing oxidative and inflammatory-related
damage to cells that contribute to EIMD. Vaccinium berries,
such as blueberries, have been shown to possess comparable
antioxidant and anti-inflammatory properties.>>>* They are
easily available to the public and have affordable pricing in
comparison to other berries, which makes them attractive to
consumers. There are other (poly)phenol-rich berries such as
chokeberries (Aronia melanocarpa) that have been previously
studied as sports supplements,* yet they might not be accessi-
ble and affordable to most consumers. Elderberries (Sambucus
nigra) are also known as (poly)phenol-rich berries,*® yet they
have not been studied for any potential sports applications.

Around 60% of the (poly)phenols in fresh blueberries are
anthocyanins, with amounts ranging from 93 to 280 mg per
100 g.*”?® Other (poly)phenols in blueberries include
proanthocyanidins, flavonols, and chlorogenic acid.>**° In
vitro findings have shown that blueberry supplementation may
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suppress fatigue and oxidative stress-induced muscle damage,
as well as oxidative distress in several tissues.>* They may also
accelerate the recovery of muscle peak isometric strength and
enhance exercise performance.*” Since blueberries are low in
kilojoules and high in fibre, vitamins C, K, and E, they are also
considered healthful foods.*® Fresh bilberries contain 300 to
698 mg per 100 g of anthocyanins, as well as flavonols,
proanthocyanidins, and phenolic acids; they are low in kilo-
joules and high in fibre and vitamin C.>* It has been reported
that bilberry supplementation might help inhibit smooth
muscle contraction and affect vasoactive properties that could
increase aerobic exercise performance.’*?°® Additionally, bil-
berries could also enhance recovery from exercise by inhibiting
the expression of pro-inflammatory cells that may contribute
to muscle damage.>”° Cranberries are low in kilojoules and
high in fibre, vitamin C, and a variety of minerals such as
manganese, potassium, and magnesium.’® Raw cranberries
are especially rich in anthocyanins and proanthocyanidins, the
latter of which might be the main compound responsible for
their anti-inflammatory and antioxidant properties.*’ They
contain 13.6 to 140 mg per 100 g of anthocyanins,*” as well as
benzoic acid, flavonols, and ursolic acid.*? Consuming cran-
berry and cranberry-based products may improve endothelial
function, reduce arterial stiffness, attenuate CRP levels, and
decrease inflammatory and oxidative distress markers.**™>°

The aforementioned research with blueberries, cranberries,
and bilberries suggests that these Vaccinium berries have vaso-
active, antioxidant and anti-inflammatory effects and, therefore,
the potential to enhance exercise performance and attenuate
EIMD. However, studies to date have reported conflicting find-
ings, and there remains no consensus as to the effectiveness of
consuming Vaccinium berries on exercise performance and recov-
ety in humans. Therefore, in this systematic review, we evaluated
studies examining the effects of Vaccinium berry supplementation
on markers of inflammation, oxidative stress, exercise perform-
ance, and recovery in healthy individuals.

2. Methodology

This systematic review was pre-registered in the PROSPERO
database (ID: CRD42023456233) and was performed according
to the recommendations established by the Preferred
Reporting Items for Systematic Reviews and meta-Analysis
(PRISMA).>!

2.1 Literature search

An extensive search in PubMed, ProQuest Medline, Web of
Science, Cochrane Library, and Scopus was conducted on 15th
August 2023 to find studies that assessed the effects of
Vaccinium berry supplementation on exercise performance and
recovery in healthy individuals. The search expression con-
sisted of: (Vaccinium OR blueberry OR cranberry OR bilberry)
AND (exercise OR sport OR athletes OR physically active) AND
(antioxidant OR oxidative stress OR inflammatory OR anti-
inflammatory OR muscle damage OR recovery OR exercise per-

Food Funct., 2024,15, 444-459 | 445


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3fo04435a

Open Access Article. Published on 02 January 2024. Downloaded on 12/4/2025 9:19:25 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Review

formance OR sports performance OR performance). Articles
relevant to our investigation that were referenced in any of the
included studies were also taken into consideration. No limit-
ation was made on the publication date or time length of the
studies. The search strategy and inclusion/exclusion criteria
based on population, intervention, comparison, outcomes and
study design (PICOS) are summarised in Table 1.

2.2 Study selection

Included studies were randomized and non-randomized con-
trolled trials in humans that had a control group as a compara-
tor to assess the beneficial effects of Vaccinium berry sup-
plementation on markers of exercise performance and recov-
ery. The excluded studies were observational, animal, and
in vitro studies. Three reviewers independently assessed the
titles and abstracts against the inclusion and exclusion cri-
teria. The eligible full-text articles were retrieved. Full-text
screening was completed independently by the three reviewers.
Any disagreements were resolved through consulting with all
the team members by establishing a consensus.

2.3 Data extraction

The following data were retrieved from each study: type of
intervention, target population characteristics, outcomes, and
analysis of these outcomes. All data were summarised and
described as qualitative and quantitative variables. A narrative
synthesis was performed for the demographic characteristics
of the participants such as age, sex, health, and exercise per-
formance activity, the characteristics of the interventions such
as dose, frequency, and intervention time of the supplemen-
tation with Vaccinium berries as well as the characteristics of
the placebo, and the assessment tools used to determine the
antioxidant, anti-inflammatory, and muscle damage markers,
as well as recovery time, quantitative and qualitative exercise
performance assessments.

2.4 Risk of bias assessment

The scientific quality of the studies was assessed indepen-
dently by three reviewers using the risk of bias 2 tool (RoB2)
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for randomised and crossover trials,”> and the ROBINS-I tool
for non-randomised trials.>® The assessment of randomised
trials was based on the following domains: randomisation
process, assignment and adherence to intervention, missing
data, measurement of outcome, and selection of the reported
results. For crossover studies, the risk of bias arising from
period and carryover effects was also considered. For non-ran-
domised studies, the assessment also evaluated the bias due
to confounding in addition to the domains stated for random-
ised studies. The studies were then categorised as having a low
risk of bias, some concerns, or a high risk of bias. If assess-
ment outcomes were conflicting, reviewers discussed and
came to a consensus. Visualisation of the risk of bias assess-
ments was performed using the robvis online tool.>*

3. Results

This systematic review included 13 studies (11 randomised
and 2 non-randomised trials). The studies included 9 to 59
participants who were considered healthy and relatively young
(18-50 years). Four studies evaluated men only,>*® one study
evaluated women only,*® four studies evaluated both,’*®* and
four did not specify gender.®*™®” A total of 287 participants
were studied, 58 of which were women and 132 were men; the
gender of 98 participants was not disclosed. The studies ana-
lysed the effects of supplementation after various types of
trials such as running, cycling, jumping, rowing, and using
exercise machines. No significant differences in exercise per-
formance were found in any of the studies, and only one study
found benefits for strength recovery after exercise.>® The
changes in the relevant biomarkers with each berry are dis-
cussed below.

3.1 Study selection

The review identified 482 records by searching five databases.
After removing duplicates (n = 193), 289 articles remained,
from which 215 non-clinical trial articles were identified and
removed before the screening. 74 articles were then screened

Table 1 Search strategy and inclusion/exclusion criteria based on population, intervention, comparison, outcomes and study design (PICOS)

Databases Search terms PICOS Inclusion criteria Exclusion criteria
PubMed, ProQuest  (Vaccinium, blueberry, cranberry, or Population ~ Healthy adults 18 to 65 years old Unhealthy individuals;
Medline, Web of bilberry) AND (exercise, sport, or individuals below or above
Science, Cochrane,  athletes) AND (antioxidant, the established age range
Scopus “oxidative stress”, inflammatory*, Intervention Vaccinium berry supplementation Multiple ingredients used as
anti-inflammatory*, “muscle one intervention
damage”, recovery, “exercise Comparison Supplementation vs. no
performance”, “sports performance”, supplementation/placebo
or performance) Outcome Changes in markers of oxidative Alterations in any of the
stress, inflammatory status, markers before the
muscle damage, exercise intervention
performance and recovery
Study Randomized, non-randomized, Meta-analysis, systematic
design controlled, crossover, and quasi- review, cross-sectional, case-
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experimental studies control, case reports, animal,

and in vitro research studies
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by title, abstract, and keywords by all reviewers independently.
A total of 61 articles were excluded for different reasons: the
study did not evaluate supplementation in humans (n = 3); the
study targeted sick individuals (n = 26); the study did not
evaluate markers of inflammation, oxidative stress, exercise
performance, or EIMD (n = 9); the study evaluated multiple
ingredients as a single supplementation (n = 13), ongoing
clinical trial (n = 9), and unclear intervention description (n =
1). The excluded study due to unclear intervention description
evaluated the effects of blueberry supplementation on exercise
performance, total antioxidant status, inflammatory markers
and other biomarkers; however, the study did not provide
sufficient details regarding the type of supplementation,
dosage, total duration of supplementation, nor the (poly)
phenol content in its intervention.®® A total of 13 articles were
assessed for eligibility: 10 articles reviewed the effects of blue-
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berry supplementation; two studies evaluated the effects of
cranberry supplementation, and one study analysed the effects
of bilberry supplementation. The details of the study selection
process are shown in Fig. 1.

3.2 Characteristics of the included studies

3.2.1 Blueberries. Among the included studies, three
studies were randomised, double-blind, placebo-controlled
crossover trials;®"%®%” three studies were randomised, double-
blind, group-controlled parallel intervention trials;*>***¢ one
study was a randomized crossover trial;** one study was a ran-
domised, controlled, crossover trial;*® one study was a non-ran-
domised, group controlled, crossover trial;>®> and one study
was a non-randomised, quasi-experimental, free-living trial.>®
The participants of all the studies were healthy adults and this
included runners (n = 34),°"%*%” cyclists (n = 59),° aerobic rec-

[ Identification of studies via databases ]
)\
Records identified from Records removed before
c Databases (n = 482) screening:
= Duplicate records removed (n
S PubMed (n = 72) =193)
= ProQuest Medline (n = 155) > Records marked as ineligible,
= Web of Science (n = 105) non-clinical studies (n = 215)
k=] Cochrane (n = 50)
Scopus (n = 100)
- 1
) Reports excluded (n = 60):
Records screened > Non-clinical study (n = 3)
(n=74) Unhealthy individuals (n = 26)
Irrelevant outcomes (n = 9)
Evaluated a multi-component
supplement as a single
supplement (n = 13)
Reports sought for retrieval Ongoing clinical trial (n = 9)
=) (n=14)
=
c
1
(%]
(]
Reports excluded (n = 1):
Reports assessed for eligibility _ Low quality, unclear
(n=14) " intervention description
(n=1)
)
S
§ Studies included in review
= (n=13)
f=

Fig. 1 Preferred reporting items for systematic reviews and Meta-analyses (PRISMA) flow diagram.
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reational athletes (n = 21),°®° trained subjects in running and
other forms of aerobic exercise (n = 25),°° and healthy adults (n
= 86).>>%*%" The total supplementation duration ranged from
two days to eight weeks. Supplementation was given daily in
seven of the studies, twice daily in one study, and three times
a day in the remaining studies. Five studies used freeze-dried
blueberry powder’®®"**¢” and fresh blueberries were used in
the remaining studies.>®>*6%636%% The dosage in the blue-
berry powder ranged from 24-72 g per day, while the range
varied from 150 to 625 g per day in the studies with fresh blue-
berries. The details of supplementation used in each study are
described in Table 2.

3.2.2 Cranberries. Two studies investigated the effect of
cranberry supplementation on athletes. One was a double-
blind study involving 16 experienced members of the Polish
Rowing Team who performed a 2000 m rowing test before sup-
plementation and six weeks after supplementation. Nine
members were supplemented with cranberry extract, and the
rest were given a placebo. Blood samples were taken before
each test, one minute after, and 24 hours later. Total iron-
binding capacity (TIBC), unbound iron-binding capacity
(UIBC), and total antioxidant capacity (TAC) were determined
along with levels of hepcidin, interleukin 6 (IL-6), tumor necro-
sis factor-alpha (TNF-a), ferritin, iron, and soluble transferrin
receptor (STFR).>” The other study was a randomised, placebo-
controlled, parallel-group intervention that evaluated 20
athlete students majoring in physical education who were sup-
plemented for 14 days and then performed a Bruce-protocol
treadmill test. The DNA damage index (DI) was measured
through an alkaline comet assay, FPG comet assay, and ENDO
III comet assay, along with 8-hydroxy-2-deoxyguanosine
(8-OHAG) creatine kinase (CK), blood urea nitrogen (BUN),
and malondialdehyde (MDA) plasma levels.>®

3.2.3 Bilberries. One study reviewed the effect of bilberry
juice (BJ) supplementation on runners. It was a single-blind,
placebo-controlled, parallel-group intervention in which 21
experienced runners were supplemented with either BJ or
placebo some days before and after a half-marathon. Muscle
soreness assessments and blood samples analysing serum cre-
atine kinase (CK) and C-reactive protein (CRP) levels were col-
lected at baseline, pre-race, and post-race moments.®

3.3 General findings

3.3.1 Blueberries. The review of included studies revealed
that blueberries were mostly investigated for their effects on
anti-inflammatory, antioxidant, iron metabolism, and muscle
damage biomarkers, as well as on exercise performance and
recovery.

3.3.1.1 Effects on oxidative stress and inflammation bio-
markers. The most commonly reported biomarkers were inter-
leukins, especially IL-6, which was reported in five studies.
There were no statistically significant differences between the
supplementation and control group in any subtype of
interleukins.”®®*%%* CRP was measured in three studies,
none of which reported significant differences between the
two groups.®™®>®” F2-isoprostanes were reported in three
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studies, without significant differences between groups.’®°®>°°
The ferric-reducing antioxidant potential (FRAP) was measured
in three studies,*>®>® one of which reported that the assess-
ments of plasma antioxidant capacity between the pre-treat-
ment and the 60-hour recovery time point revealed a signifi-
cant treatment-in-time interaction for the supplementation
group.”® Manganese superoxide dismutase (Mn-SOD), TNF-q,
and DNA damage were analysed in one study, where a signifi-
cant interaction between pre- and post-intervention over time
was reported for Mn-SOD, but no significant changes were
reported for the others.>® Gut phenolic data showed significant
group differences in blueberry-related metabolite perturbation
between the two groups, as well as significant time per treat-
ment effect in 45 out of 165 gut-derived phenolics, with 24
being associated with blueberry intake.®® One study reported
that 5-hydroxymethyl-2"-deoxyuridine (5-OHMU), a urinary
marker of oxidative damage, had a significant decrease post-
exercise in the supplemented group, while 8-OHDG did not
significantly change.®®

3.3.1.2 Effects on muscle damage, exercise performance and
recovery. All three studies that assessed CK levels reported a
large rise after exercise, however, no significant between-group
differences were found.>®*®*** Serum troponin-T increased
after a running race but there were no significant differences
between groups.®® No significant group differences in creati-
nine, free/total carnitine, and myoglobin were found.’®®*
Lastly, only one study that assessed exercise performance as
isometric, concentric and eccentric torque found a significant
reduction at post-exercise and a significantly faster rate of
recovery in the blueberry supplementation group.*® None of
the other studies found a significant difference between
groups.’536:59-61,63-67

3.3.1.3 Effects on other outcomes. Other outcomes include
lactate, oxylipins, and natural killer (NK) cells. One study
reported that lactate levels were significantly elevated at post-
exercise, and higher in the placebo group.®* In another study,
plasma lactate levels were significantly lower in the sup-
plemented group.®® Lastly, one study reported that lactate
levels had a significant interaction between conditions over
time at 20, 30, and 40 min post-exercise in the supplemented
group.”® There was a significant increase in plasma levels of
arachidonic acid (ARA), docosahexaenoic acid (DHA) and eico-
sapentaenoic acid (EPA) in two trials, as well as significant
increases in 64 out of 67 identified oxylipins, 15 of which had
significant time-for-treatment effects.”*®® NK cells exhibited
significant group, time, and interaction effects in the sup-
plementation group and the mitogen-induced lymphocyte pro-
liferative response decreased post-exercise for both groups in a
similar pattern.®®

3.3.2 Cranberries. In one study, there were no significant
differences in lactate, myoglobin, IL-6, TNF-alpha, hepcidin,
iron, UIBC, TIBC, sTFR or transferrin levels between the two
groups. However, the cranberry extract-supplemented athletes
did have significantly higher resting, post-exercise, and post-
recovery levels of TAC in comparison to the control group. No
significant differences were found in the mean power output

This journal is © The Royal Society of Chemistry 2024
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and total row time.”” In the other study, a cranberry sup-
plementation elicited a significant decrease in various markers
of oxidative distress versus the control group after exhaustive
exercise, however, there were no significant differences in
BUN, MDA or CK. Measures of exercise performance or recov-
ery were not evaluated.’®

3.3.3 Bilberries. The one study in the review that used bil-
berries showed that bilberry juice (BJ) may increase CRP levels
and feelings of delayed onset muscle soreness (DOMS) after a
half-marathon compared to a placebo. CK levels remained
similar throughout the study in both groups. The rise in both

View Article Online

Food & Function

DOMS and CRP might indicate that runners consuming the BJ
experienced greater muscle damage during the race than those
consuming the placebo. No significant differences were found
in the participants’ finishing times.®>

3.4 Risk of bias assessment

A total of 11 studies were randomised controlled trials while
two were non-randomised trials.>**” All but one of the ran-
domised controlled trials was associated with a low risk of bias
(Fig. 2 and 3). This one study raised some concerns regarding
bias in the randomisation process and deviations from

Risk of bias

Study

70000000000

D1: Bias arising from the randomization process

1

2000000000 @
20000000000
00000000000
00000000000
N0000O 0000

Judgement

D2: Bias arising from period and carryover effects

D3: Bias due to deviations from intended intervention
D4: Bias due to missing outcome data

D5: Bias in measurement of the outcome

D6: Bias in selection of the reported result

Bias arising from the randomization process
Bias arising from period and carryover effects
Bias due to deviations from intended intervention
Bias due to missing outcome data

Bias in measurement of the outcome

Bias in selection of the reported result

Overall

- Some concerns

. Low

Not applicable

<
R

25% 50% 75% 100%

| . No information . Critical . High D Some concerns . Low

Fig. 2 Assessment of bias of the randomized studies according to the RoB 2 tool: the traffic light plot and summary plot.
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Fig. 3 Assessment of bias of the non-randomised studies according to the ROBINS-I tool: the traffic light plot and summary plot.

intended interventions due to unclear information; however,
the baseline difference between intervention groups did not
suggest a problem and the deviations were unlikely to affect
the outcome.’® Other than the lack of randomisation, both
non-randomised studies were deemed to have a low risk of
bias.>>>® Finally, four out of five crossover studies had a low
39,61,6567 One study raised some concerns regard-
ing deviations from intended interventions and measurement
of outcome; nevertheless, these concerns were deemed not
likely to affect the final outcome.*®

risk of bias.

4. Discussion

This systematic review evaluated the effect of Vaccinium berry
supplementation on inflammatory, muscle damage, and oxi-
dative stress biomarkers. We found in most studies Vaccinium
berry supplementation did not significantly reduce the concen-
tration of these biomarkers. Only one study reported some
benefit for strength recovery, and no studies reported signifi-
cant benefits for exercise performance.

4.1 Blueberries

Interleukins were the most frequently measured biomarkers of
inflammation in studies evaluating the effects of blueberry
intake. However, there were no statistically significant differ-
ences between groups, suggesting that the effects of blueber-

This journal is © The Royal Society of Chemistry 2024

ries at that dose, frequency and time of supplementation, were
not effective at modulating cytokines. IL-6 was the most fre-
quently measured cytokine; it has been proposed that modu-
lating this cytokine, and other immune cell markers, could
help facilitate the recovery of damaged muscle.®® It has also
been reported that the plasma concentration of IL-6 increases
during physical activity and peaks post-exercise.”® The rise in
IL-6 may occur in response to muscle damage, however,
muscle damage is not required to increase the plasma concen-
trations of IL-6 during exercise.”' The main source of IL-6 in
response to exercise is skeletal muscle.®® Additionally, it is
believed that the muscle glycogen content is partly responsible
for the expression of IL-6 mRNA, so this biomarker is probably
more indicative of changes in energy metabolism than muscle
damage.”” Thus, IL-6 is probably not a reliable biomarker to
assess post-exercise-induced inflammation, which may partly
explain why supplementation had no significant effect on IL-6
levels in most of the studies.

Another biomarker that was frequently measured and that
increased post-exercise was F2-isopropanes, but no significant
differences were reported compared to a placebo.’**>*® These
compounds are produced from arachidonic fatty acids esterified
in phospholipids and are released as free isoprostanes by the
action of phospholipase A2. F2-isoprostanes cause muscle vaso-
constriction, and platelet aggregation, and are considered reason-
ably good markers of oxidative damage.”* Since they come from
an extravascular origin, short supplementation periods might not

Food Funct., 2024,15, 444-459 | 453
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be sufficient to modify these compounds in the extravascular
compartment.”* While the exact consequences of increased F2-
isoprostanes are unknown, higher levels are reported after cardiac
arrest, in diabetics, and smokers.*®

The most common muscle damage marker measured in
studies with blueberries was CK, an enzyme normally found in
skeletal muscle cells but leaks into the circulation after
muscle-damaging exercise.’***% CK levels typically increase
post-exercise, which was a common finding in all included
studies.”®>>®® There were no significant differences in CK
levels between groups, however, the changes in this biomarker
vary greatly between individuals and it has been suggested
that this may in part be due to single nucleotide polymorph-
isms, which may not only limit the efficacy of supplemen-
tation, but also the interpretation of post-exercise changes.’®

Regarding other biomarkers, levels of ARA, DHA and EPA
increased significantly after exercise. A correlation between
blueberry supplementation and increased intermediate oxyli-
pins generated by DHA and EPA (which have anti-inflamma-
tory effects) was found.>® The underlying mechanisms are not
completely understood, however, it has been suggested that
increases in intestinal-derived phenolics and changes in the
microbiota caused by the ingestion of (poly)phenols can influ-
ence the production of oxylipins through enzymatic stimu-
lation.” Likewise, there is a theory that lipid mediators gener-
ated from DHA and EPA play a role in muscle regeneration by
regulating the inflammatory response.”*”®

The training status did not appear to affect the effectiveness
of blueberry supplementation across the included studies.
Three studies with untrained individuals were included,
however, most of the investigated biomarkers differed from
those reported in other studies, for example, they analysed
insulin, triglycerides, HDL-c, and MnSOD; DHA, ARA, EPA,
and IL-6 levels were the only variables that were shared
between these two groups, showing no significant differences
when compared to physically active people.’>”*%3

4.2 Cranberries

A study in rowers analysed the effect of supplementation on
various markers of inflammation and oxidative distress. While
there were no statistically significant differences in most of the
biomarkers, the lack of post-exercise increases in the sup-
plemented group suggests a possible benefit of cranberry
extract components, such as the stimulation of antioxidant
capacity and reduction of iron availability via chelation.’” The
study in runners evaluated the effect of supplementation on
oxidative stress and muscle damage markers.”® While there
were significant differences in oxidative stress markers, the
overall description of the intervention and the presentation of
the results raised some bias concerns, for example, CK, BUN,
and MDA levels of two participants were excluded from the
results without explanation.

4.3 Bilberries

A study in runners analysed the effect of supplementation on
DOMS, CK and CRP but did not measure any markers of

454 | Food Funct, 2024,15, 444-459
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muscle strength. No benefit was found in exercise perform-
ance, recovery or any of the markers. It is also worth noting
that the two-day follow-up after the race might not have been
enough to fully capture the effects of BJ supplementation on
both CRP and CK levels, since both markers had not returned
to baseline levels for any of the participants. In addition, there
were no diet restrictions in this study, except to avoid NSAIDs
and antioxidant vitamins, and this could have influenced the
results. Finally, the number of participants in the study was
likely insufficient to detect small between-group differences in
performance and recovery.®

4.4 Limitations and future perspectives

One limitation of this review is the heterogeneity of the
studies; indeed, the studies differed considerably, not only in
the type of supplementation, administered dose, frequency,
and duration of administration, but also in terms of the
included participants, (i.e., sedentary individuals in one study,
Olympic athletes in the other), as well as the type of physical
activity performed. It is perhaps therefore expected that there
would be large variation in results between the different
studies. While most of the trials reported that oxidative stress,
inflammatory status, and muscle damage increased after stren-
uous physical activity, supplementation did not significantly
affect most of these markers.’>®*>®” It is also worth noting
that, although a small number of studies were included, six
out of the thirteen articles were written by the same three
authors.56,59f61,65,67

We propose several methods to improve research in this
area:

(i) studies should ensure that they are sufficiently powered
to detect statistically significant group differences by perform-
ing a priori sample size calculations;

(if) studies should include measures of exercise perform-
ance and recovery, alongside biological markers that interro-
gate the underpinning mechanisms of action;

(iii) studies should measure the bioavailability of (poly)
phenols from consuming these berries. Less than 2% of antho-
cyanins maintain their original structure after ingestion.””
Anthocyanins exist in different chemical structures depending
on their pH.”” Additionally, they undergo sulfation, methyl-
ation, and enzymatic and microbiota catabolism, which alters
their structure producing anthocyanin glucuronides, phenolic
acids, and aldehydes.”” It would be reasonable to assume that
any bioactive effects could be related to these metabolites, and
not the intact compounds. Nonetheless, only a few studies
have evaluated bioavailability alongside their primary
outcomes.*®””"®> Among all of the polyphenols, gallic acid has
the highest absorption. Gallic acid, quercetin glucoside, tea
catechins, and free hydroxycinnamic acids, which are
absorbed in the small intestine and the stomach, reached
plasma max concentration (Cpax) at 1.5 h, whereas rutin,
hesperidin, naringin, which are absorbed after the release of
the aglycones by the microflora, reached Cp. at 5.5 h.
Likewise, the most well-absorbed flavonoids are isoflavones
with Cpax values of 2 pmol L™ after a 50 mg intake.®* When
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considering colonic metabolites, the bioavailability of antho-
cyanins and proanthocyanidins may range from 12% to 18%.%*

(iv) Among the Vaccinium berries included in our systema-
tic review, bilberries are the richest in anthocyanins since they
contain 300 to 698 mg per 100 g,>* while blueberries contain
93 to 280 mg per 100 g,>”?® and cranberries contain 13.6 to
140 mg per 100 g;*° therefore, to consume a minimum dose of
80 mg, based on the midrange concentration of anthocyanins
in each berry, a minimum of 31 g per d of blueberries, 65 g
per d of cranberries, and 16 g per d of bilberries would be
required.®® This recommendation is based on a study in
people with risk factors for cardiovascular disease and dyslipi-
demic subjects, where a dose of >80 mg per d of anthocyanins
was effective in lowering inflammation markers such as TNF-
a;”’ regarding cranberries, this amount has a midrange con-
centration of approximately 76 mg per d of
proanthocyanidins,***° more than 1.5 times the amount used
in a study in which reduced levels of cholesterol and LDL were
observed after supplementation.”” However, we acknowledge
that due to the limited data available on the most efficacious
dose of anthocyanins or other (poly)phenols in Vaccinium
berries, these amounts are only reasonable estimations based
on the limited data available.

(v) A minimum wash-out period of 1 week should be used
in crossover studies to guarantee that the interventions do not
interfere with each other.

(vi) The supplementation period should continue until all
relevant plasma biomarkers or exercise performance assess-
ments are expected to return to their baseline levels.

(vii) To gain better mechanistic insights, participants are
required to avoid foods/herbs rich in anthocyanins,®® and
other (poly)phenols with similar effects, and avoid the use of
medications that are known to affect oxidative stress and
immune function.

(viii) No specific or individual biomarkers can validly capture
inflammation or oxidative stress, and therefore a wide range of
markers should be measured to assess possible effects on these
pathways.**#¢ At a minimum, we encourage that the following
biomarkers are measured to characterise: (a) inflammation: CRP,
TNF-a, interleukin-1b, interleukin-4, interleukin-10 and interleu-
kin-6, as these are key markers from which the Dietary
Inflammatory Index was developed, based on their association
with food intake; (b) oxidative stress: antioxidants (e.g., gluta-
thione, glutathione peroxidase, catalase, and superoxide dismu-
tase), oxidation products (e.g., protein carbonyls, 8-hydroxyguano-
sine (8-OHdG), and isoprostanes), and redox balance (e.g:, gluta-
thione to oxidised glutathione ratio) (c) muscle damage: CK,
LDH, and myoglobin. The wide range of biomarkers employed in
the individual studies of this review meant that we were unable to
perform a meta-analysis in this study.

(ix) We recommend further investigation regarding the
effects of bilberry supplementation on exercise performance.
Out of the three Vaccinium berries, bilberries not only have the
highest anthocyanin content,** but their effects on exercise
performance/recovery have only been examined in one human
study.

This journal is © The Royal Society of Chemistry 2024
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5. Conclusion

Based on the findings from the 13 studies in this review, the
results suggest that Vaccinium berry supplementation has
neither beneficial nor harmful effects on exercise performance
or recovery, while the effects on the markers of oxidative stress
and inflammation were inconsistent. While most studies had
a low risk of bias, many had low sample sizes and did not
evaluate the most appropriate outcomes; for example, few
studies measured changes in muscle strength following exer-
cise, the most valid marker of EIMD. Future studies are
needed to examine whether Vaccinium berries can enhance
exercise performance and recovery.
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