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ABSTRACT

Anthocyanins (ACN), the sub-class of (poly)phenols responsible for the red-blue-purple pigmenta-
tion of fruit and vegetables, have gained considerable interest in sport and exercise research due
to their potential to facilitate exercise recovery. A systematic literature search was performed using
PubMed, The Cochrane Library, MEDLINE, SPORTDiscus and CINAHL. Thirty nine studies were
included and the standardized mean difference (Hedges g) for creatine kinase (CK), anti-oxidative
and inflammatory markers, strength, power and delayed onset muscle soreness (DOMS) indices
were pooled in separate meta-analyses; meta-regression was also performed on reported ACN
dose. Immediately post-exercise there was an increase in antioxidant capacity (g: 0.56) and reduced
C reactive protein (g: —0.24) and tumor necrosis factor o (g: —40); p < 0.02. Strength was improved
with ACN at all time points (g: 0.45-0.67). DOMS (g: —0.23) was lower 24 hours post-exercise and
power was improved 24 hours (g: 0.62) and 48 hours (g: 0.57) post exercise. The CK was lower
48 hours post-exercise (g: —0.31) and there was a trend for a positive association with ACN dose
(p=0.057). This systematic review provides new data showing ACN-rich foods promote functional
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and subjective recovery likely due to the antioxidant and anti-inflammatory properties of ACN.

Introduction

Physical exercise places a degree of mechanical and meta-
bolic stress on the body, which both contribute to a com-
mon pathological response involving oxidative stress and
inflammation (Pyne 1994). Exercise induced muscle damage
(EIMD) is typically characterized by an initial insult fol-
lowed by a secondary inflammatory response, which is more
prominent following eccentric actions (Bongiovanni et al.
2020). The EIMD has more immediate implications, includ-
ing delayed onset muscle soreness (DOMS) and impaired
muscular strength and power, which have the ability to
compromise performance and quality of training (Clarkson,
Nosaka, and Braun 1992; MacIntyre, Reid, and McKenzie
1995). Although the mechanisms and time course can differ,
both mechanical and metabolic stress can cause an increase
in the appearance of intracellular proteins in the blood (e.g.,
creatine kinase: CK) potentially due to disruptions in cal-
cium homeostasis from a loss of cell membrane integrity
(Brancaccio, Maffulli, and Limongelli 2007; Tee, Bosch, and
Lambert 2007). In addition, exercise also induces signaling
cascades, largely orchestrated by reactive oxygen and nitro-
gen species (RONS), transcriptional release of pro-inflamma-
tory cytokines (e.g., tumor necrosis factor alpha [TNF-ua]

and interleukin-6 [IL-6]), and acute phase proteins, e.g., C-
reactive protein; CRP (Ebbeling and Clarkson 1989; Pyne
1994) and an increase in these immunological markers are
thought to be associated with muscle soreness, loss of
muscle function as well as overtraining and fatigue (Gleeson
et al. 1995; Hecksteden et al. 2016; Maclntyre, Reid, and
McKenzie 1995). Given the potential for physiological stress
associated with strenuous exercise and the potential for
compromised training and/or competition performance due
to loss of strength and power and muscle soreness that can
last for several days, there has been a strong emphasis to
identify natural recovery strategies (Bongiovanni et al. 2020;
Howatson and van Someren 2008).

Amongst the available strategies, dietary interventions, par-
ticularly fruit, have gained considerable attention when it
comes to improving recovery following EIMD (Doma et al.
2021; Naderi et al. 2018). Fruit could influence the recovery
process because they contain (poly)phenols which could inter-
act with the secondary cascade associated with EIMD, via
their antioxidant and anti-inflammatory properties (Bowtell
and Kelly 2019; Pereira Panza, Diefenthaeler, and da Silva
2015). However, not all fruit is equal in terms of (poly)-
phenolic content and abundance and certain fruit might be
more beneficial for exercise recovery. For example, in a simple
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meta-analysis of 25 studies of fruit on recovery from EIMD,
berries were reported to have the greatest overall effect (Doma
et al. 2021). Berries are rich in anthocyanins (ACN), a sub-
class of (poly)phenols, responsible for the red-blue-purple pig-
mentation in fruits (Manach et al. 2004; Pérez-Jiménez et al.
2010). These compounds have gained much research interest
due to their propensity to maintain the balance between the
oxidative and anti-oxidative systems and reduce inflammatory
cytokines (Wang et al. 1999). In vitro ACN have been shown
to act as more potent antioxidants as compared to some other
(poly)phenols (Pojer et al. 2013) and to exhibit anti-inflamma-
tory actions similar or superior to nonsteroidal and other
anti-inflammatory drugs (Pereira Panza, Diefenthaeler, and da
Silva 2015; Seeram et al. 2001). Additionally, ACN might
supress pain at both an enzymatic (e.g., cyclooxygenase) and
transcriptional (e.g., nuclear factor kappa beta) level (Pojer
et al. 2013; Seeram et al. 2001). Moreover, cyanidin-3-gluco-
side, a common ACN found in berries (Sandoval-Ramirez
et al,, 2020), has been shown to up-regulate the expression of
transcriptional pathways related to muscle function and
reduce fatigue in rodent models (Hu et al. 2020; Matsukawa
et al. 2017). Other benefits include the potential for ACN to
enhance blood flow that might aid the removal of waste prod-
ucts and muscle metabolites (Keane et al. 2016b; Rodriguez-
Mateos et al. 2019). Recently, Bloedon et al. (2019) reported
that ACN-rich whole foods reduce exercise-induced oxidative
stress and inflammation, but the effect on muscle soreness
and functional (e.g., strength and power) recovery, which are
arguably more important measures of exercise recovery
(Byrne, Twist, and Eston 2004; Damas et al. 2016; Torres
et al. 2012), were not reported. Therefore whilst there is some
evidence that ACN might be beneficial in facilitating recovery,
the narrative nature of these reviews or lack of attention to
the potential active compounds or other aspects of recovery
means the conclusions are not quantitively derived or based
on a complete picture of the available work (Bloedon et al.
2019; Doma et al. 2021; Harty et al. 2019; Naderi et al. 2018;
Owens et al. 2019; Vitale, Hueglin, and Broad 2017).
Therefore, the aim of this study was to synthesize and evaluate
the effects of anthocyanin-rich foods on biochemical, physio-
logical, and subjective indices of exercise recovery in
human trials.

Methods
Search strategy

A systematic literature search of the following electronic bib-
liographic databases: PubMed and The Cochrane Library as
well as searching MEDLINE, SPORTDiscus, and CINAHL
via EBSCOhost was carried out from inception until August
2020. The search strategy (Supplementary material) was con-
ducted using Medical Subject Heading (MeSH) and Boolean
operations devised using two key concepts (1) anthocyanin-
rich foods and (2) exercise recovery. Furthermore, the refer-
ence list of retrieved literature reviews was hand-searched to
tind potential articles that could be included in the system-
atic review.

Study selection

The inclusion criteria were as follows: (1) randomized con-
trolled trials; (2) in healthy adult participants (average age
>18 years) regardless of training status; (3) included antho-
cyanin-rich foods [blackberry, blackcurrant, blueberry, black
elderberry, black grape, cherry, chokeberry, rhubarb, straw-
berry, red wine, plum (Manach et al. 2004; Pérez-Jiménez
et al. 2010) or other red-blue-purple berries only where the
ACN content was reported] given before exercise (could
continue administration after); (4) had a placebo or suitable
control; (5) reported haematological markers, functional
(e.g., strength or power) or subjective (e.g., visual analogue
scales or pain pressure threshold) recovery measures follow-
ing exercise. For comparability, only similar biomarkers
were included in the meta-analysis, these were; creatine kin-
ase (CK) antioxidant (total antioxidant capacity/status),
inflammatory (IL-6, TNF-o or CRP) or oxidative stress (thi-
obarbituric acid reactive substances; TBARS), antioxidant
enzyme activity [superoxide dismutase (SOD) and glutathi-
one peroxidase (GPx)], strength (maximal voluntary con-
tractions; MVC), power (counter movement jumps; CM]J)
and visual analogue scales or Likert scales for DOMS.
Exclusion criteria were non-adult, smoker or diseased
participants, animal and in vitro studies. Studies were also
excluded if anthocyanins are given alongside another inter-
vention (i.e., pharmacological agent or dietary supplement;
other juice or fruit to increase palatability could be included
as long as anthocyanin content was reported) and no appro-
priate control or reference groups could be identified. Titles
and abstracts were independently reviewed by two research-
ers (RK and CH) to evaluate their eligibility for inclusion in
this review. Only full texts that were published in English or
had an existing translation were retrieved and examined.

Data extraction and quality assessment

The study data was extracted into pre-piloted forms by the
main reviewer (RK) and checked for accuracy by a second
reviewer (KJ). Any discrepancies were resolved by reviewing
the original article. The following data was extracted from
each study: the first author’s last name(s), publication date,
funding source, participants characteristics, sample size, sup-
plement type, ACN content, dosing strategy and duration,
any dietary restrictions, wash out period and type of exercise
(metabolic, mechanical or combined], outcome time points,
outcome measures, mean+SD of the outcomes specified
above were also extracted. Where necessary data was
extrapolated from figures and graphs and authors were con-
tacted to provide missing data (Abbott et al. 2020; Hurst
et al. 2019; Hurst et al. 2020; McCormick et al. 2016;
Morehen et al. 2021), if they did not respond within 1 week
a follow up was sent, those who did not reply within a
month were excluded (e.g., Beals et al. 2017; Lamb et al.
2019) for variables where data could not be obtained. A
modified PEDro scale (de Morton 2009) was used to assess
the methodological quality of the selected studies. One point
could be awarded for each the original 11 items as well as
additional items thought to be relevant to the study design.
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Additional criteria were as follows (1) the study acknowl-
edged whether or not they received funding; (2) compliance
to the intervention was reported; (3) ACN content was
reported in the supplement either according to the manufac-
turer’s nutritional label or confirmed by analysis in the
study; participants refrained from taking antioxidant and
anti-inflammatory drugs and supplements (4) before and/or
(5) during study (6) sample size calculation was included. In
studies where a cross-over design an additional item was
included “(7) a minimum 7-day washout between trial
treatments.” Thus, a total of 17 points could be awarded for
parallel studies and 18 for crossover studies. For parallel
studies a score of <7, 7-10, 11-14, and 15-17 and for cross-
over studies <8, 8-11, 12-15, and 16-18 was poor, fair,
good and excellent, respectively (Doma et al. 2021). Risk of
bias was also assessed according to Cochrane Collaboration
guidelines and is represented graphically to indicate the
overall quality of all studies (Higgins and Green 2011).

Statistical analysis

Standardized mean differences (SMD) were calculated using
Hedge’s g using independent groups and for parallel studies
and paired groups for crossover studies (Borenstein et al.
2019). To calculate the standard deviation within groups for
crossover studies the correlation between pairs of observa-
tions (r; which was calculated from studies where individual
data was provided (Hurst et al. 2019; McCormick et al.
2016) and assumed to be 0.5 (Amiri et al. 2019; Doma et al.
2021; Higgins and Green 2011)) was included. Both study
designs were included in an inverse random effects meta-
analysis (due to study design heterogeneity) using Stata
v.16.0 (StataCorp, College Station, Texas, USA) sub-grouped
by study design to determine whether the inclusion of cross-
over designs influenced the SMD (Supplemental information
(Higgins and Green 2011)). Where there were sufficient
studies (Jackson and Turner 2017) separate meta-analyses
were conducted for immediately post (<2h), 24 hours post
and 48 hours post exercise. For studies that reported meas-
ures over several time points, the data were only analyzed
for the most recent in that time interval. Hurst et al. (2019)
reported different doses so these were pooled to get an over-
all ES before inclusion in the meta-analysis (Higgins and
Green 2011). If DOMS was measured at different sites, the
largest ES was included in the meta-analysis.

Secondly, sensitivity analysis was performed by omitting
one study at a time to evaluate the potential bias and
robustness of the overall SMD. Heterogeneity between stud-
ies was determined by the I® statistic. For the I” statistic, I*
values <25%, <50%, <75%, and >75% indicated no, little,
moderate, and significant heterogeneity, respectively. To
identify potential sources of heterogeneity, moderator ana-
lysis was performed using sub-group analysis for categorical
variables including training status, exercise type and study
duration. In addition, where ACN content was reported a
meta-regression was conducted on the most reported varia-
bles (MVC, DOMS and CK). Potential publication bias for
each outcome was evaluated by Egger’s test (p <0.10) and
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visual inspection of funnel plots (Begg and Mazumdar
1994). Where publication bias was detected, trim and fill
analysis was conducted (Steichen 2010). The SMD were
interpreted as small (>0.2), moderate (>0.5) and (>0.8)
large (Sullivan and Feinn 2012) and a Z effect p < 0.05 was
considered significant.

Results
Literature search and study characteristics

The search results are presented in Figure 1, following full
search and exclusion of irrelevant articles 39 articles were
included in this review. A total of 27 independent group
studies and 12 crossover studies with 767 participants were
included in this review (Table 1). Of the interventions used
tart cherry was the most common (18 studies). Other studies
used blackcurrant (6 studies), grape (6 studies), blueberry (3
studies), chokeberry (3 studies), bilberry (1 study), plum (1
study) and one a mixed anthocyanin cocktail. The duration
of the studies varied greatly with some investigating the
acute influence (1-2h before), most investigating the short-
term influence (2-10days) and some the longer-term influ-
ence (20days-8weeks) of ACN. Most studies were in
trained individuals and the median age was 24 (range
18-48) years. The median ACN content, where reported,
was 80 (range 8-3600) mg/day. The quality of studies was
rated as poor (n=1), fair (n=8), good (n=19), excellent
(n=11; Table 1). The risk of bias is presented in Figure 2,
which showed the percentage of studies with low, medium
and high risk of bias for each domain. The main potential
sources of bias came from allocation, blinding of the inter-
vention or did not acknowledged whether they received
funding (other bias).

The influence of ACN on recovery

Immediately post exercise there was an increase in TAC
(SMD: 0.56; 95% CI: 0.09, 1.03; p=0.02; I = 61.7%) with
ACN. ACN also resulted in a moderate reduction in SOD
(SMD: —-0.42; 95% CI. —0.77, —0.07, p=0.02), TNF-a
(SMD: —0.40; 95% CI: —0.72, —0.07, p=10.02) and a small
reduction in CRP (SMD: —0.24; 95% CI: —0.43, —0.06,
p=0.01) at immediately post-exercise, with no heterogeneity
(> = 0.0%). At 24hours, SOD remained lower (SMD:
—0.46; 95% CI: —0.88, —0.03; > = 16.3%) with ACN.
Intake of ACN reduced DOMS at 24 hours (SMD-0.23; 95%
CI: —0.40, —0.06; p < 0.01; I’ = 0.0%). Strength (MVC) was
increased immediately post-exercise (SMD: 0.45; 95% CL:
0.14, 0.75; 1> = 0.0%), 24 hours post (SMD: 0.50; 95% CI:
0.18, 0.82; I = 60.3%) and greatest at 48 hours post (SMD:
0.67; 95% CI: 0.32, 1.02; I* = 65.4%). At 24hours power
(CMJ) was also increased with ACN (SMD: 0.62; 95% CI:
0.01, 1.24; p=0.047; I* = 66.6%). At 48 hours CMJ (SMD:
0.57; 95% CI: 0.04, 1.11; p=0.04; IF = 63.9%) and CK were
lower (SMD: —0.31 95% CI: —0.55, —0.08; p <0.01; =
12.8%). Sensitivity analysis suggested stable results for these



4 R. KIVBLE ET AL.

)
=
-g Records identified through
g database searching
= (n=1111)
et
=
O
=
I
G
P Records after duplicates removed
(n=769)
=)
8
s
o v
=
A Records screened Records excluded
(n=769) (n=707)
—_—
V Full-text articles excluded,
Full-text articles assessed with reasons (n = 25)
2 for eligibility N Abstracts (13)
= (n=62) 7 Study design (4)
) No appropriate control (3)
= Different intervention (2)
— N Not retrievable (1)
—J | de?l(gff;zg)?l?igscgr(iier Studies included in Not novel data (1)
g =N qualitative synthesis No English translation (1)
P sources (n= 39)
(n=2)
g \
E
= Studies included in
= quantitative synthesis
(meta-analysis)
(n=39)
| —

Figure 1. PRISMA flow diagram of included studies: there were 1111 studies identified by the search strategy, 769 non-duplicated records. After screening the titles
and abstracts, 62 of the records were deemed potentially eligible for inclusion and full texts were retrieved for further evaluation. Twenty-five articles were excluded

and a further 2 found from hand searching, leaving 39 included studies.

variables (Supplemental material). There was no influence of
ACN on any other variables (Figure 3).

Subgroup analysis, publication bias and
meta-regression

Subgroup analysis is presented in Table 2. Immediately
post-exercise ACN increased TAC and decreased SOD, only
in metabolically biased exercise. IL-6 was also reduced by
metabolic-type exercise immediately post and 48 hours post
exercise. MVC was improved immediately post-exercise with
mechanically damaging exercise, whereas 24 hours post and
48 hours post there was a large effect for exercise that had a
combined mechanical and metabolic component. CRP was
lower immediately post exercise, DOMS at 24 hours post
exercise and CK at 48hours post-exercise with combined-

type exercise. MVC was improved immediately post-exercise
and 24 hours post-exercise in trained and untrained individ-
uals, but only 48 hours post-exercise in trained participants.
CRP was lower immediately post-exercise in trained individ-
uals, whereas in the untrained participants IL-6 was lower.
Twenty-four hours post-exercise TNFo and IL-6 was lower
in untrained, whereas trained participants had lower SOD
and DOMS at 24 hours and CK at 48 hours.

Studies of a shorter duration decreased CRP immediately
post-exercise and improved MVC and DOMS 24 hours post
and CK and CM]J 48 hours post. Studies of a longer duration
Increased TAC and reduced SOD, TNFx and CK immedi-
ately post. TAC remained higher at 48 hours and TBARS
and TNFo were reduced in the longer duration studies.
There was evidence of publication bias for TBARS
(p=0.001) and DOMS (p=0.009) immediately post-



CRITICAL REVIEWS IN FOOD SCIENCE AND NUTRITION . 5

(panunuod)
pooo A 5s/ ainf Ausyd ue] sz siake|d 43330s pautel] Id (CINNERENIE:!
ploysaiyy dlqolaeue (97 Aep as1iax3) 9 T/LL AL
pooo N 1B uoljsneyxa 01 awil] skepgz 1o) By qwg xz  /bwes 921n( adein 32 ¥/LL NDY slauuni [euonealddy IId  (5107) ‘|e 3@ ouedso|
Wy-L
9%0L 1e Jenbs >deq (8 Aep as119x3) Lz [4Rib]
ST EsNe| N |I9g4eq e jo sdai g Jo S19s 0L skep 0| Joj 3jnsded Bw gy X | 99 sa|nsded Auayd ue| 1z LLINDY  S9]ew paulei}-adue)sisay Id (S1L07) "I 39 siana]
ujw Q| dde) peol (5 Kep
IE[ERE] A Buipk> pajenuis Ausuaiur ybiy as1ax3) sAep g 10y W Qg X ¢ s il Ausayd wel 0 8 TILD 8:INDY  SISIPAD Sjew pautes) ||9M Iid (5L07) "le 32 |19
Lz 6 711D (¥107) "2 33
pooo N 11 buimol wooz (SY99M SHM 8 Joj TW 0§ X € 009€ In( Ausgavoy) 1z 0L INDV  SI9MoJ 3[ew paules} [[9M Ild  uloqufais-eysuedieys
a5 je
Buiwwims wy G| pue pues N0 ysem Aep |z
ey N ur buiuuns wy 9 ‘bulPAd> wy oL 9)esuadu0d adesb jo 699 In( adesb yoelg v 9 $919|YIeL} ey 0D  (¥L07) ‘|e 3@ ansan|IS
Ul gl 95el peol (£-9 8 111D
JU|[0X] A BuipA> paenwis Ayusuaul ybiH  Aep 3s121ax3) sAep / 1oy W Q€ X ¢ 9¥s Il Auayd we]  of 8 INDY  SISIPAD 3ew paulesd [|I9M Id (¥LOZ) "2 32 |199
N0 ysem Aep gy
SUOJ1DRIIUOD (91 Aep
ey A Wwie [ewixew jo sdai Q| Jo SIS § 3s1219x3) sAep 0z 10} 19|qe} XT 002 19|qel Audyd ue| 1z oLy paurenun 0 (#102) "|e 33 ojj93sRY
WYL %0¢L 1e uoixs|} 0C  6/LL 11D
IET[EDe| N MOQ|d d1uad3 sdai 9 JO S13s € skep gy 10} boy 8 Japmod adeiny oz 0L/0L :NDV pautenun IId  (£107) ‘Je 1@ J0uuo),0
N0 ysem
Kep g asii1axa Ja)e skep g
SUOISUDIXD ddUY Kep yoea 600z (s149xd Sajewsy paulely
lle4 A SLU3I 00 JO S19s € Jo Aep uo sauaganiq b 0oz X €) €6l a1yloows Auagan|g w ol Ajjeuoneaidsy 0 (Z102) |2 3@ Aea P
910439 Jnoy | €€ [4ib)]
pooo A uni [jlwpean ys¢ b5/€ pue sym 9 Joj Bose solIaqgan|g L€ €1 NDV pautel] IId  (LL0T) "[e 12 Aynuydp
WYL J13ys Mo ysem Aep |
JO 9508 1B SUOISUIIXd (8 Kep
ey N 9auy bH3j-31buls Q| Jo SI9S QL 951249X3) sAep QL 104 TWOE X T 1S DI A3y ye] 8z 0L S9I3|yie djew paulesl-||dM 0 (LLOZ) [ 33 ||9ImOg
%06 01 sulw
€ Yoed 9 0L Aq paseanul Lz [4Rib] (0L07) "le 39
ey N Xew 90p 1591 buimol [eluawaidu| SYM 9 Joy sajnsded bw /9¢ X € 5'8¢ 1enxa adeib yoelg 0z 0L INDY  SIamol 3jew paulesd [|9M Ild  uloqufais-eysuedieys
(W §'TF €97) el (8 Aep e oL/sL A
pooo N Kea1 jo syuswbas bujuuni ¢ 351219%3) sAep g 10} TWI GGE X 7 08 DInf Auayd ue] g€ £/61 NV SJ3uUuNJ [eUONRAINAY IId (01L02) "8 33 Jyany
(9 Aep 8¢ /91D
pooo N uoyielepy 351249%3) sAep g 10} W 9EZ X T 08 il Auay we] /g €/1 ‘NOY slauuni [euonealdsy IId (0L0Z) '|e 3@ uosiemoH
N0 ysem £ep |z
(EYIENE]
pooo N *EHTON %08 18 MOJ UlW-0g 1sod 7 pue aid 7) s9jnsded ¢ ovg  s9|nsded Jueund yoe|g 8t S/S slenpiaput Ayijeay (0] (6002) "Ie 13 [1ek7
110}49 [ewixew
1e W Qg Ise| pue 95/ Lz S (8007) "|e 19
1004 N -0/ 1e buiuels 1531 WIMS WOOE M 9 1oy sajnsded Bbw p6E X € Iy 1apmod adeib pay w 6:NDV sajew AyjesH Id ed3y-exsmopes
(9002) yelusazIZS
-eysuhzoeid
Lz 6 711D pue ‘elseg
lle4 N 11 buimol wooz M 9 Joj sansded Bwgze X € DgJo 05z saInsded juenndyde|g 0z OL:NDY  SI9MoJ 3jew paules} |IBM Ild ‘uloqufals-eysuedieys
(9002) 4nodez
MOQ[d 3y} JO SuOIIdRIIUOD o ysem Aep g -e||lped pue
pooo N JLIUIIID [BWIXBW 7 JO SI3S 7 (¢ Aep 3s1piax3) sAkepg zozl X T 08 DI Auayd we] gz yl syuapnis ab3(j0) ae 0 ‘ybnHOW “Ajjouuo)
%06 01 sulw
€ Yoed 9 0L Aq paseanul 44 0L (5007) "le 19
pooo N Xew 940p 1591 buimol [eyuawaldu| SYM § 10} W 0§ X € 0StE a21n[ Auagayoy)d 1z 6:NDY  SI9MOJ 3jew paulesl [[9M IId  Yelusazozs-eysukzoe|id
Aujenb  suonduisal 951D49X3 buisog (bw) NOY juswa|ddng (K) =be (J/w) u syuedpiued ubisap Joyiny
Apnis Aeiq uespy Apnis

'S3IPNIS Papnpul Jo sdnsudeIeYd APniS | d|qeL



6 . R. KIVBLE ET AL.

pue Auaqdses

‘f113qInbew
XEWTOA 19U} JO %0/ 1B ulw O€ (s Aep ‘A1agan|q € SL 1D
poos N 104 (%S 1) lllyumop Buiuuni as1219x3) shep 8 W OyZ X T 8% ‘wnid paxiy [44 Sl NDV S9jew pautenun (6102) "|e 12 ewi
10X3]} Moq|d
3Y} JO SUOIRIIUOD
51Ju3223 AJeunjoa (s Kep ¥ 71D
JUd|[X3 A Jewixew sdaJi Q| Jo SIS § 951219X3) sAep G 1o} JW g X T 8 aoInf Auayd> wel  pz Z1L NDV Sajew paulesun (6107) e 19 queT
pauodai J0ou N0 ysep (€ s19fejd uojun (6L02) pioyiD pue
ey N yoiew uolun Agbni aainadwo) Aep asipiax3) skep g 1oy Qg X ¢ aoInf Auayd> wel gz ol Agbni 3jew pautely-||I9Mm 0D ‘aueysdiy “d1nalesndny
YEHTON %02 44 811D
poon A papIpaid 13y} 1B MOJ UIWOE 9S1249X3 21043q Y | By/Pwz'E ore 1DRIIXD JuRLINIIR|g e 8 :NDV sjenpiaipul AyyeaH (6107) | 39 3sinH
PO 9%0L w 811D
poon A papIpaid 113y} 3B MOJ UIWOE 3SI249X3 21043q Y | By/Bw 9| TLEL 1ORIIXD JueLNIIR|g a4 8 :NDV sjenpiaipul Ayyeaq (6107) | 39 ¥sinH
YEUTON %02 44 811D
poon A pawIpaid 113y} 1B MOJ UIWOE 9S1249X3 21043q Y | BY/Pbw g0 ¥'8S 1DRIIXD JuRLNIIR|g e 8 :NDV sjenpiaipul AyyeaH (6107) |e 39 IsinH
(0207) "Ie 33
*UOIISNBYX3 |I3UN XeWZOA 119y} o ysem Aep / slauuni pauiely ouedso|
JU3||9X3 N JO %08 1e 1531 buiuuni |jiwpeai] (as1219%3 310j9q Y 7) B/ w01 22In( adeib ajding 6€ il Kjjeuonealnay (o) SsaleAe] ewl] ap
(6107) uosiemoH
aseyd uonessjadsp w | pides (5 Aep oL 1D pue
poon N B yum sjuuds [ewixew w Qg X G| 951219X3) sAep g 10} TW g X T Sl aoInf Auayd> wel 6l 0L :NDVY SIdUep dewdy) paulel] ‘UOSUIAIIS ‘UMOJg
no ysem AepyL-0L
(4 (6102) sa11D
poon A Kep 3s1219x3) sAept 10} Bz X € 1apmod Au1agan|g L€ ¥ SI3UUNJ [RUOIIEIIIDY 0 pue binquapueig
SY99M § IO} }IIM
e SUOISSas [|s pue yibuans
X G pue suoissas paads pue
Jamod |ewixew Xg ddueinpua
A)sua3u| djesapow pue
y1buais |essuab Jo suoissas €L D s19feid |legpuey
pooo N ulw 09 x ¢ :dwed buiurel| skep gz 10y BY/ WG X T G'Es Jepsu wnid 6L CLINDY Slew paulely [|I9M (8107) "[e 12 oyjeaie)
(9 Aep L€ ¢/8 111D sisuuni pautes
poon N uoyielew jjeH 3s1249x3) sAep g 40} W 00T X T 08 Inl Au3q)1g s £/8 INDVY A|jeuoneaiday (8L07) "o 39 uukq
anbiey sy hun
sdasupenb sy jo suondeluod
DIUIIIF/DLIUIIUOD J1IBUBIOSI (s Kep Sz p/0L 1D
JUR|[90X3 N 1oyo [ewixXew ‘DA1nIadaYy 9s1249x3) shep gl 10} g X T 9 Jopmod Auayd> wel 9z 9/6 :NDV dA1De A|jeuoneanay (£107) "2 1 s|eag
|e101 Ul Y € Bunse)
‘Aep 1ad 931m) Bujuonpuod
pue yibuans “Diqoise SHIM 10} 8l /1D
poon N o uopneuiqwod e :dwed bujuiel| In[ AI3gMOYd JO W 0L X L DIl Auagadoy) 6L SINDV si19fe|d |jeqpuey ajep (9107) ‘[e 39 21n0119d
ulw Q9 ydlew 1no ysem £Aep ¢ s19fejd ojod [CIN 4N -RE]
poon N ojod Ja1em pajeinwis sAep 9 1o} JW 06 618 aoInf Auayd> wel 6l 6  -I91em 3djew pauiesy [IIM 0 }PIwI0NW
(8 Aep T 9/0111D
JUd|[90X3 N uoyielew jjeH 951249%3) sAep | 4oy dynsded | 99 sa|nsded Auayd ye| 1z €/8 INDY SJduuni paules} adueinpul (91L07) "|e 39 S19A7
WYL JO %SLL yum payybiam
Jeq e buisn suofpesuod (5 Aep uo Lz 9/T 111D (91L07) ‘|2 19
poon N J13UIID Jo sdas Q| JO S19S € 951249x3) sAep g 40} W GG X T 161 Jeau ueundydelg 0z £/1 ‘NDV paulenun uosIydINH
ulw 06 (s Aep 8 111D
1511 paydepy as124ax3) shep £ 104 w07 X T 8 ‘NDV
Aujenb  suonpuisal ENBIEYE| buisog (bw) NOV juswg|ddng (K) abe (/w) u syuedpiued ubisap loyny
Apnis fieyaiq ues|y Apnis

"panunuo) ‘| qel



cranberry

concentrates
Tart cherry juice

Fair

LIST

2 x 30 mL for 8days (Exercise

28

ACN: 4/6

Team-sport players

Pll

Quinlan and

day 6)
2 x 30mL for 3 days (Exercise day Competitive soccer match

25

CTL: 4/6

Hill (2020)
Abbott et al. (2020)

Good

Tart cherry juice

19

10

Well trained male

Cco

)
14-28 day wash out
2x capsules for 10 days (Exercise

1

soccer players

Excellent

Half marathon

110

Blackcurrant extract

30

ACN: 6/4

Recreational runners

Pl

Costello et al. (2020)

day 8)
2x capsules for 5 weeks

29

CTL: 6/4
ACN: 17

Excellent

Y

30min row at their predicted

240

Blackcurrant extract

38

Pl Healthy individuals

Hurst et al. (2020)

70% VO, rmax

2 x 30 mL for 7 days (Exercise day Competitive rugby league match

38

CTL: 17

Good

N

640

Tart cherry juice

Well trained male rugby 1 18

Cco

Morehen et al. (2021)

)

5 day wash-out

6

league players

Abbreviations: anthocyanin (ACN); Blackcurrant (BC); Cross-over (C); Loughborough intermittent shuttle test (LIST); Parallel (Pll), Repetitions (reps)  apart from exclusion of the product under investigation.
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exercise. So too were TAC, CMJ] and MVC (p <0.058) 24
and 48hours post exercise and IL-6 (p=0.004) 48 hours
post-exercise. No other publication bias was detected. Trim
and fill analysis was done for the above variables resulting
in lower DOMS immediately post-exercise (SMD: —0.33;
95% CI: —0.60, —0.06) higher CM] at 24 hours (SMD: 0.47;
95% CI: 0.12, 0.81) and increased TAC at 48 hours post-
exercise (SMD: 0.35; 95% CI: 0.04, 0.67). With trim and fill
analysis CMJ was no longer significantly higher at 48 hours
(SMD: 0.18; 95% CI: —0.10, 0.47), but there was no other
materially different SMDs. Meta-regression suggested a trend
for a weak positive association with ACN dose and CK
(Figure 4) at 48hours (p=0.057; 1’=0%), however there
was no relationship with MVC or DOMS or CK at any
other time point.

Discussion

The present study represents the most comprehensive pic-
ture that synthesizes and evaluates the effects of dietary
ACN on exercise recovery from all the available literature
including additional analyses that consider ACN dose, exer-
cise type, training status, and study duration. These new
data showed a beneficial effect for ACN on biochemical,
physiological, and subjective recovery following exercise up
to and including 48 hours post-exercise.

Dietary intake of ACN resulted in an increase in total
antioxidant capacity/status immediately post exercise, which
was mirrored by a reduction in SOD at the same point
which was still reduced 24hours post exercise, suggesting
less reliance on these defence systems over time due to the
ability of the ACN to scavenge free radicals (Skarpanska-
Stejnborn, Basta, and Pilaczyniska-Szczesniak 2006). Dietary
ACN have antioxidant potential due to the ability for hydro-
gen (electron) donation and the positively charged oxygen
in the flavonoid molecule (Bi et al. 2014). Moreover, the
time course aligns with plasma maximum concentrations of
ACN and their metabolites, which typically occurs 1-2 hours
after ingestion (Hurst et al. 2019; Keane et al. 2016a). In
accordance, a number of studies included in this analysis
that measured these indices gave an acute dose pre-exercise
that would coincide with the peak plasma concentrations
(de Lima Tavares Toscano et al., 2020; Hurst et al. 2019;
Hurst et al. 2020; Lyall et al. 2009; McAnulty et al. 2014;
Silvestre et al. 2014). Interestingly, the antioxidant effects of
ACN were predominantly seen in exercise with a major
metabolic component, which might be attributable to greater
exercise-induced oxidative stress owing to higher oxygen
consumption during the exercise, whereas a delayed and
prolonged generation of RONS after mechanically strenuous
eccentric exercise is likely (Fisher-Wellman and Bloomer
2009), because of the secondary inflammatory-mediated
damage that occurs after exercise (Howatson and van
Someren 2008; Owens et al. 2019; Bongiovanni et al. 2020).

The consumption of ACN resulted in reduced CK at
48 hours post, and inflammation (TNFa and CRP) to be
reduced immediately post-exercise. As there is an inherent
interplay between these markers and RONS (Baird et al.
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Random sequence generation (selection bias)

Allocation concealment (selection hias)

Blinding of participants and personnel (performance hias)
Blinding of outcome assessment (detection bhias)
Incomplete outcome data (attrition bias)

Selective reporting (reporting bias)

Other bias

0%

25% 50%

75%  100%

[l Low risk of bias

[Junclear risk of bias

[l High risk of bias

Figure 2. Risk of bias of included studies.
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Figure 3. Summary forest plot of findings for anthocyanin (ACN) intake on exercise recovery relative to a control immediately post (top), 24 hours post (middle)
and 48 hours post (bottom) exercise. Data missing for timepoint if less than 5 studies (N/A). For maximal voluntary contraction (MVC), countermovement jump
(CMJ) and total antioxidant capacity/status (TAC) right side favors ACN. For interleukin 6 (IL-6), tumor necrosis factor alpha (TNF), C-reactive protein (CRP), thiobar-
bituric acid reactive substances (TBARS), creatine kinase (CK), superoxide dismutase (SOD) and glutathione peroxidase (GPx), and delayed onset of muscle damage
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Figure 4. Bubble plot with fitted meta-regression for creatine kinase (CK) at
48 h post exercise.

2012; Lee and Clarkson 2003), the early antioxidant actions
of the ACN represent one potential mechanism that might
supress the efflux of CK (through reduced cell membrane
disruption) and inflammatory indices. The anti-inflamma-
tory properties of ACN are well documented (Fallah et al.
2020; Speer et al. 2020), and might relate to their ability to
interact with cellular enzymes and signaling pathways (Li
et al. 2017). For example, ACN have been shown to reduce
inflammatory enzymes such as cyclooxygenase and lipoxyge-
nase (Kirakosyan et al. 2018; Wang et al. 1999), which might
be mediated by their ability to inhibit mitogen-activated
protein kinase and nuclear factor kappa beta pathways
(Pojer et al. 2013). Dependent on exercise modality, inten-
sity and duration CK has been shown to peak 24-72hours
after exercise (Baird et al. 2012). Whereas an acute inflam-
matory response due to immunological activation typically
occurs more rapidly (1-4hours) and a second wave of
inflammation is detectable in a similar timeframe to peak
CK (Peake et al. 2017). A lower peak in the CK and inflam-
matory indices might reflect a reduction in muscle damage
and also indicate a faster recovery after exercise with ACN
compared to a control. While this might relate to the anti-
oxidant capacity of the ACN it could also be because of
improved blood flow and clearance (Baird et al. 2012;
Rodriguez-Mateos et al. 2019). Other meta-analyses have not
suggested an effect of fruit or (poly)phenols on CK (Doma
et al. 2021; Hill et al. 2021), it should be acknowledged there
are several criticisms of CK as a marker for muscle damage
especially owing to its high inter and intra-individual vari-
ability and its meaningfulness as a recovery index
(Brancaccio, Maffulli, and Limongelli 2007; Hill et al. 2021;
Warren, Lowe, and Armstrong 1999). However, some
included studies in the current review found a benefit of
ACN-rich foods (Carvalho et al. 2018; (Lyall et al. 2009) and
an ACN rich cocktail on exercise-induced CK (Lima et al.
2019) it therefore might be that some (poly)phenols such as
ACN are more beneficial than others. Moreover, the large
number of pooled studies at 48 hours post exercise might
account for some of the variability, where the participant
numbers amounted to 244.

CRITICAL REVIEWS IN FOOD SCIENCE AND NUTRITION e 9

The aforementioned supports the notion that ACN
improves biomarkers related to exercise recovery. However,
the influence on symptoms such as functional (i.e., strength
and power) and muscle soreness indices perhaps are better
representations of recovery facilitation and EIMD (Byrne,
Twist, and Eston 2004; Damas et al. 2016; Torres et al.
2012). There was an effect of ACN on reducing DOMS at
24hours and recovery of strength loss 0, 24 and 48 hours
post exercise, whereas power was only increased 24 and
48 hours post-exercise. Reduced strength loss, and recovery
of strength, was greater with ACN, initially for eccentrically
biased exercise, but CMJ and MVC were improved 24 hours
and 48hours post-exercise after combined metabolic and
mechanically strenuous exercise. Both mechanical and meta-
bolic exercise increase RONS due to mitochondrial oxygen
consumption, the increased circulating catecholamines, ele-
vated participation of eccentric muscle contraction-induced
damage, inflammatory response and/or the intermittent and
repeated sprint actions that can cause temporary ischemic-
reperfusion in the skeletal muscle (Ascensao et al. 2008;
Leeuwenburgh and Heinecke 2001). Strength loss after exer-
cise has been proposed to be related to oxidative stress
(Gakir-Atabek, Dokumaci, and Aygiin 2019), whereas loss in
muscle power might be more synonymous with DOMS and
the inflammatory response (Byrne, Twist, and Eston 2004).
Speculatively, the early increase in antioxidant capacity with
ACN might help to reduce strength loss, whereas the recov-
ery in power coincides with the reduced DOMS at 24 hours
post-exercise. These data are of great interest because thera-
peutic recovery interventions (e.g., massage, cold water
immersion and compression garments) have shown some
benefits in recovery of DOMS, strength and power, but
there are limited data to suggest that all facets of recovery
can be affected in a positive manner (Brown et al. 2017;
Davis, Alabed, and Chico 2020; Leeder et al. 2012).
Whereas, in this review, ACN-rich foods are shown to
improve physiological and subjective recovery following
strenuous exercise and hence should be an integral consider-
ation for practitioners and exercisers to consider in
their diet.

Notwithstanding, there are several limitations within the
included studies that warrant discussion. Firstly, studies with
a crossover study design were included in the meta-analysis
and these could be influenced by the repeated bout effect
(RBE) between experimental trials. The RBE refers to the
protective effect afforded by a single bout of eccentric-biased
muscle actions that provide a protective effect on subsequent
bout of exercise (even if this is performed on the contralat-
eral limb) and hence could mask any treatment effect
(Howatson and van Someren 2007). However, including
crossover studies did not appear to add to heterogeneity to
the results (Figure 3). Secondly, some studies which investi-
gated the effects on functional and subjective recovery after
“real” game play (Abbott et al. 2020; Kupusarevic, McShane,
and Clifford 2019; Morehen et al., 2021); while these argu-
ably have good application they are heavily confounded by
the RBE as well as other recovery practices that might be
conducted concurrently. Conversely, some studies used
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Long
0.0
—0.20 (—0.7, 0.3)
16.2
—0.09 (—0.8, 0.6)
53.7
—0.58 (—1.4,0.2)
N/A

Study duration
18
8
9
13

39.3
—0.29 (—0.5, —0.04)
16.8

0.0
—0.30 (—0.7, 0.1)

372
—0.29 (—0.7, 0.1)

65.5

—0.20 (—0.4, 0.03)
343

—0.30 (—0.7, 0.1)

Short

n
7
1
1

2

76.7

—0.19 (—0.6, 0.2)
559

—0.42 (-1.0,0.2)
N/A
N/A

—0.60 (—1.2, —0.0)
0.0

Untrained
—0.58 (—1.6, 0.4)

n
13
9
6
8
12

Subgroup
Training status

Trained
50.1
—0.18 (04, 0.1)
10.6
—0.22 (—0.6, 0.2)
39.0
—0.29 (—0.7, 0.1)
0.0
—0.28 (—0.7, 0.1)
447
—0.27 (—0.5, —0.01)
17.4

n
5
2
4
7

10

64.0
—0.36 (—0.7, —0.06)
0.0

26.5
—0.21 (—0.9, 0.5)

54.7
—0.38 (—1.1,04)

19.2
—0.32 (—0.9, 0.3)

Combined
53.1
—0.20 (—0.5, 0.1)

n
8
2
1
2
4

55.8
—0.30 (—0.8, 0.2)
0.0
—0.49 (—1.3,0.3)
0.0
—0.16 (—0.6, 0.3)
0.0
—0.24 (—0.7, 0.3)
41.8

Exercise type
63.4
—018 (—0.6, 0.2)

Mechanical

n
2
3
2
3

N/A
—0.28 (—1.0, 0.4)
0.0
—0.10 (—0.8, 0.6)
46.2
—0.08 (—0.8, 0.6)
0.0
—0.70 (1.3, —0.1) 3

0.0
—0.33 (—1.3, 0.6)
60.1

Metabolic

SMD (95% Cl)

SMD (95% Cl)
2

SMD (95% Cl)
2

SMD (95% Cl)
2

2
SMD (95% Cl)
12

I

I

Subgroup analysis for: countermovement jump (CMJ); C-reactive protein (CRP); creatine kinase (CK); delayed onset of muscle damage (DOMS); glutathione peroxidase (GPx); interleukin (IL-); maximal voluntary contraction

(MVQ); superoxide dismutase (SOD); thiobarbituric acid reactive substances (TBARS); total antioxidant capacity/status (TAC) and tumor necrosis factor alpha (TNFz). Gray cells indicate no studies, n = number of studies.

Table 2. Continued.

Variable
DOMS
CRP
TNFo
IL—6
CK
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dietary restrictions (Table 1) to reduce phenolic intake. This
might lead to an overestimate in the effect, as removal of
natural antioxidants from the diet might conceptually impair
the natural recovery process; therefore ACN might only
restore antioxidant capacity whereas the placebo remains in
a depleted state. The balance between reducing background
noise and ecological validity needs careful consideration in
research designs (Bowtell and Kelly 2019). Thirdly, there
was a large difference between ACN content of the interven-
tions and it is not possible to distinguish between different
types of ACN, which could have different bioactivities
(Rechner and Kroner 2005). Notwithstanding, ACN content
is often reported as cyanidin equivalents (Bell et al. 2016;
Brown, Stevenson, and Howatson 2019; Hutchison et al.
2016; O’Connor et al. 2013) and this compound is an estab-
lished biomarker of berries (Sandoval-Ramirez et al. 2020)
and tart cherries (Seymour et al. 2014) suggesting at least
some commonality between the interventions. Moreover,
this is the first review to comprehensively study ACN on
exercise recovery, including a meta-regression of ACN dose.
Nonetheless, future studies should try to distinguish the
optimum type and dosage of anthocyanins for recovery, an
important factor highlighted in a recent review (Sabou et al.
2021). Lastly, blinding of studies was a major source of bias,
although it is acknowledged that this is an inherent chal-
lenge with studies involving functional foods (Brown et al.
2018). Therefore, results from this meta-analysis have to be
interpreted in light of limitations of the literature high-
lighted above. Nonetheless, the meta-analytical technique is
currently the best method to systematically consolidate evi-
dence from previous work (Haidich 2010), but it should be
conducted with a forensic eye of the literature in order to
interpret the information with insight.

To summarize, ACN were shown to have an overall
beneficial effect on reducing CK, muscle soreness, strength
loss and improving power after exercise. This was accompa-
nied by attenuated inflammation and increased antioxidant
capacity/status following the intake of ACN, suggesting a
potential causal link. The information provided by sub-
group analyses suggested the most beneficial effect on the
biomarkers are following metabolically biased exercise and
longer-term interventions; whereas shorter duration inter-
ventions saw most benefit on physiological variables, which
can collectively help inform research designs and application
of ACN in exercise recovery. These data provide new infor-
mation to support the use of ACN-rich foods in promoting
recovery following strenuous exercise that can inform exer-
cisers and practitioners.
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