Downloaded by Ucsd Libraries University of California San Diego from www.liebertpub.com at 05/17/22. For personal use only.

JOURNAL OF MEDICINAL FOOD

J Med Food 25 (5) 2022, 465-486

© Mary Ann Liebert, Inc., and Korean Society of Food Science and Nutrition
DOI: 10.1089/jmf.2021.0054

REVIEWS

Open camera or QR reader and
scan code to access this article
and other resources online.

Beneficial Effects of Flavonoids on Skeletal Muscle Health:
A Systematic Review and Meta-Analysis

Levy Munguia!"" Miguel Ortiz.! Cristian Gonzélez, Andrés Portilla,! Eduardo Meaney!
Francisco Villarreal,? Nayelli Ndjera,"™ and Guillermo Ceballos'™*

'Higher School of Medicine, Instituto Politécnico Nacional, Mexico City, México.
2Department of Medicine, School of Medicine, University of California San Diego, La Jolla, California, USA.

ABSTRACT Skeletal muscle (SkM) is a highly dynamic tissue that responds to physiological adaptations or pathological
conditions, and SkM mitochondria play a major role in bioenergetics, regulation of intracellular calcium homeostasis, pro-
oxidant/antioxidant balance, and apoptosis. Flavonoids are polyphenolic compounds with the ability to modulate molecular
pathways implicated in the development of mitochondrial myopathy. Therefore, it is pertinent to explore its potential
application in conditions such as aging, disuse, denervation, diabetes, obesity, and cancer. To evaluate preclinical and clinical
effects of flavonoids on SkM structure and function. We performed a systematic review of published studies, with no date
restrictions applied, using PubMed and Scopus. The following search terms were used: “‘flavonoids” OR ‘“‘flavanols” OR
“flavones” OR ‘‘anthocyanidins” OR ‘‘flavanones” OR ‘‘flavan-3-ols”” OR ‘“‘catechins’’ OR ‘‘epicatechin” OR “‘©-
epicatechin”” AND ‘‘skeletal muscle.”” The studies included in this review were preclinical studies, clinical trials, controlled
clinical trials, and randomized-controlled trials that investigated the influence of flavonoids on SkM health. Three authors,
independently, assessed trials for the review. Any disagreement was resolved by consensus. The use of flavonoids could be a
potential tool for the prevention of muscle loss. Their effects on metabolism and on mitochondria function suggest their use as
muscle regulators.
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INTRODUCTION

FLAVONOIDS ARE POLYPHENOLIC compounds, chemi-
cally characterized by two aromatic rings linked by a
heterocycle, and the differences in the functionalization
of the heterocycle allow them to be distinguished into
subfamilies such as the following: anthocyanins, flavan-3-
ols, flavones, flavanones, and flavonols.! Flavonoids are
found ubiquitously in a wide range of plants, fruits, and
vegetables.
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A large proportion of the food we consume in our daily
diet contains a variable amount of flavonoids, for example,
those rich in flavones and flavonols: citrus, plums, apples,
onions, and green herbs such as lettuce, parsley, and co-
riander; flavan-3-ols such as tea, grapes, red wine, cocoa,
and chocolate; and/or anthocyanins, mainly present in
berries.?

The type of flavonoid and the proportion found in each
food source are very diverse, however, according to the
U.S. Department of Agriculture some examples include
the following: (1) flavonols: onions, red, raw: 39.21 mg
quercetin/100g and peppers, ancho variety: 27.60 mg
quercetin/100 g; (2) flavan-3-ols: cocoa, dry powder, un-
sweetened: 196.43mg (-epicatechin/100g and cacao
beans: 8262 mg (H-gallocatechin/100 mg; (3) anthocyanins:
raspberries, black: 669.01 mg cyanidin/100 g and cabbage,
red, raw: 209.83mg cyanidin/100g; (4) flavones: fresh
parsley: 215.16 mg apigenin/100g and dried Mexican
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oregano: 1028.75mg luteolin/100g; and (5) flavanones:
orange raw: 27.25 mg hesperidin/100 g and grapefruit raw:
53 mg naringenin/100 g.?

The consumption of these molecules has emerged as a
potential approach to preserve and/or improve overall health
as they possess positive effects on cardiovascular risks.*
Current evidence indicates that flavonoids and associated
circulating metabolites may modulate molecular pathways
involved in the preservation of muscle structure and function.’

The current recommended approach to treat sarcopenia is
adequate protein intake and regular exercise to improve
muscle mass and strength.® However, many older individ-
uals are incapable of sustaining regular and healthy levels of
exercise due to conditions and diseases such as excess
weight and osteoarthritis. An apparent beneficial effect of
sustained flavonoid consumption on muscle quality is based
on two main actions: (1) the stimulation of mitochondrial
biogenesis, leading to increased production of ATP and (2)
reduction of generated reactive oxygen species, through
chemical scavenger action; both leading to increased muscle
performance.”-® However, not all reports have yielded con-
sistent positive effects on muscle.

We therefore conducted a systematic review and meta-
analysis of preclinical and clinical studies that explore the
effects of flavonoids on indicators skeletal muscle (SkM)
structure and/or function. We hypothesized that flavonoids
may play a key role in prevention of age-related pathologies
of SkM.

METHODS

We carried out a systematic search of studies, following
the Cochrane methodology and presented it in accordance
with Preferred Reporting Items for Systematic Reviews and
Meta-Analyses (PRISMA) guidelines.

Search strategy

Three investigators independently conducted the elec-
tronic database search, with no date restrictions applied,
using PubMed and Scopus for published articles. The fol-
lowing medical subject headings (MESH) and non-MESH
terms by these following keywords were used: ‘‘flavonoids™
OR ““flavanols” OR “‘flavones”” OR ‘‘anthocyanidins’” OR
“flavanones” OR ‘‘flavan-3-ols” OR ‘‘catechins”” OR
“epicatechin” OR ‘“‘()-epicatechin”” AND ‘‘skeletal mus-
cle.” Chinese language was excluded from this study. The
search was completed on March 08, 2019, at 22:00h
(UTC/GMT -6h).

Study selection

Studies included in this review were preclinical studies,
clinical trials, controlled clinical trials, and randomized-
controlled trials that investigated the influence of any fla-
vonoid on SkM health. The types of studies included were
those focused on the administration of flavonoid-rich foods
(e.g., cocoa) and pure flavonoids (natural, semisynthetic, or

synthetic) or flavonoid formulations, as well as any phar-
macological compound that contains an active flavonoid
ingredient, whether administered orally or parenterally. We
evaluated titles, abstracts, and methodology, and then, po-
tential articles were assessed for inclusion independently by
each reviewer.

Data extraction

Three reviewers independently assessed the studies for
inclusion in the review, extracted data from the selected
studies into a Google-based data collection tool, and stored
them into a standardized Microsoft Excel spreadsheet. Any
disagreement was resolved in consensus between the au-
thors. Relevant data were extracted including general
characteristics of the study and population (authorship, year
of publication, type of study population, number of cases
and controls, participants’ gender, study design, study lo-
cation, intervention duration, type of flavonoids, and sup-
plement dosage).

Trial quality assessment for rodent studies

Based on the criteria described by Kilkenny et al.,’
quality was analyzed based on brief descriptions of essential
characteristics of all studies using animal models, such as
theoretical and methodological basis, research objective,
and improvement of analytical methods, statistical design,
sample calculations, and outcome measures.

Records identified
through database
searching (n=508)

—

v
/ Records excluded \

[ Records screened ]
(n=315)

Duplicates removed
(n=90)

(n=418)

™ 1)Reviews, n=15
| 4 2)In vitro, n=83

Full-text studies
assessed for
review (n=103)

3)Other species, n=8
3)No flavonoids, n=24

4)Not muscle

Qpeciﬁc= 185 /

v
Rodent (n=80)
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FIG. 1. Flowchart of the selection process of the studies for sys-
tematic review.
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o RESULTS
55
2 S ¢ The search from PubMed and Scopus identified 508 po-
SE5|lx F x x5 _ tentially eligible studies, of which 90 duplicates were ex-
= i © i i 2 = cluded. A large number of studies were excluded (315)
based on title and methodology screening and at least one of
the following reasons: (1) reviews that were not filtered in
the initial search; (2) in vitro, in silico, or other species
% studies (not humans or rodents); (3) only abstract or not
S _5‘ _5‘ _5 available; and (4) unclear methodology.
R EE _§‘ ) The study identification and selection processes are
E E SIS ) g shown in Figure 1.
& R - & F =% Study covered those articles published between 2003 and
2019. Of the 103 included studies, 54 were conducted in Asia,
g g 30 in America, 17 in Europe, and 2 in Oceania. According to
% E the type of study, 80 were performed in rodents and 23 in
8 3B & 3 % 8 humans. The duration of trials ranged between 2 and 72 h for
§ Z 2 Z 2 = 2 acute effects, and 1 to 44 weeks for chronic/accumulative
3 8 3 8 8 8 effects. Characteristics of rodent and human eligible studies
are summarized in Tables 1 and 2, respectively.
Data are presented as the direct or indirect effects of
3 flavonoids, type of flavonoid derived from a variety of
g - sources such as green tea, black tea, and cacao, among
| @ 2] ) 2] . .
S|lE g 5 £ ¢ £ others. Results are grouped into the following tables:
k; 8 g £ ©° £ thers. Result grouped into the foll g tabl
8 B 5 83 £ 3B Table 3 summarizes the reported effects on body com-
= Q b= < = .. . . .
2 S 3 5 8 & 8 position, physical performance, and muscle in rodent studies.
Z = Table 4 shows reported effects on body composition,
é 2 Ql 55 Q Ql =9 physical performance, aerobic capacity, inflammation,
4 30 ® 3 *® musc.le.damage, ?Lpoptosis, oxic!ative stress, glucose profile,
S and lipid profile in human studies.
i "E 5] Table 5 summarizes the biomarkers modulated by flavo-
= g s 3 noids in autophagy, differentiation, ubiquitin/proteasome
<N EE S L d tophagy, differentiat biquitin/prot
2 |5} g 3 5} |5} 5] |5} i 1 i 1 i i
& 2 2 2 2 2 2 system, apoptosis, inflammation, and oxidative stress in
rodents.
g " Table 6 summarizes reported effects in mitochondria
ﬁ.ﬁ i‘j (changes in activity, signaling pathways, or transcription
. SE £t o factors).
Slg £% 3 2 £ Table 7 summarizes metabolic changes in rodent studies.
T|E £8 £ £ g Table 8 shows the effects on SkM metabolism (carbo-
“ i S 8 i _ = > hydrates, lipids, and protein synthesis).
£ 58 £ £ £ = Figure 2 provides an integrated panorama of reported
éﬁ E"‘ é éﬁ é‘i % flavonoid-induced activation or inactivation of signaling
pathways, related to their induced effects showing the pos-
. o < sible interaction of signaling pathways and mitochondrial
E 2 k= .8 bioenergetics and biogenesis.
<% Ts T $ § % - Figure 3 shows an integrated participation in three pos-
P2 22 B 8 £ b= sible signaling pathways. (1) Interaction of flavonoids in
£S5 2 & & a7 g g p y
L . . . o e
S é SE 38 = § -g = apoptosis through an increase in the activity of B cell lym-
Tls 98 d.d39w=3s3 homa and promoting degradation of damaged cells. (2) The
S| o O I O 0O O D OO D I p p g g g
4 E E 2 g §§ 3 g §§ 2 ubiquitin/proteasome system through the reduction of
S S8 S85ESEss MAFbx and MuRF1 expression and reduction of protein
§ 5 = Es © 5 © 5:% © Es & ubiquitination and hence reduction of protein degradation.
(3) Myogenesis through myostatin/activin by clocking the
£ | < 23 %o 38 myostatin activity and an increase in follistatin expression.
S |Z.s  F33Zusl
S |33 g8 s EDERE] Meta-analysis
S |Sz28z55i55%5232 . .
S5|ERESKSEEZDEEUAR Overall, the meta-analysis reported in the present study
<2 ¥ & = O 38 suggested an improvement in muscle health; it must be
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TABLE 3. SUMMARY OF EFFECTS ON BobYy COMPOSITION
AND SKELETAL MUSCLE IN RODENT STUDIES

QOutcome Flavonoid Reference
Body | Weight gain  Flavan-3-ols 38.39.59.71.90
composition
Anthocyanidin o4
Isoflavones 91,97
| Weight loss  Flavanonols 17
due to muscle
waste
| Fat mass Flavan-3-ols 26
| WAT Flavan-3-ols 9
1 Visceral fat Flavan-3-ols 15
| Energy Isoflavones ol
efficiency
| Epididymal Isoflavones ol
adipose tissue
Physical 1 Exercise Flavan-3-ols ~ 3841:43.49.56.63.84
performance endurance
Flavones o8
| Time to Flavan-3-ols 88
exhaustion
1 Traveling Flavan-3-ols 15
distance
1 Running Flavones 18
distance
Muscle | Fiber atrophy  Flavan-3-ols 50,73

1 Fiber
perimeter

1 Fiber
diameter

1 Cross-
sectional
area

1 Regenerating
fiber area

1 Protection
against
necrosis

1 Tetanic force
and peak
twitch force

Recover
maximal
isometric
force

1 Muscle mass

| Muscle waste
1 Capillary
indices

Isoflavones
Flavonols
Flavanonols
Flavones
Flavan-3-ols

Isoflavones

Flavonols
Flavan-3-ols

Flavonols
Flavanonols
Flavones
Flavan-3-ols

Flavan-3-ols

Flavan-3-ols

Flavan-3-ols

Flavan-3-ols
Isoflavones
Flavonols
Licorice
Flavanonols
Flavones
Isoflavones
Flavan-3-ols

25

34

27

49

91

89

49,64,73,76,79,90

89

27.17

45

40,45

40,73

64

46,49,56,95,100
97,99
89
104
27,17

91
56,61

(continued)
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TABLE 3. (CONTINUED)

Outcome Flavonoid Reference

Flavan-3-ols 57

| Pain and
recovery rate

1 Intermediate
and slow
MyHC

1 Myoglobin
protein
expression

| Fiber shift

| Lipid
accumulation

Flavan-3-ols 87

Flavan-3-ols 87

90
90

Flavan-3-ols
Flavan-3-ols

WAT, white adipose tissue.

considered that we only reported the analysis on three pa-
rameters: physical performance, cross-sectional area, and
muscle mass.

Nine studies including a total of 154 rodents (experimental =
80, and control=74) reported performance as an outcome
measure. Combined results from the random-effects model
showed a significant improvement in the endurance exercise
following flavonoid consumption (mean difference [MD]:
+10min, 95% CIL: 4.70-15.30, P<.0002), with significant
heterogeneity among the studies (I =97%, P <.00001) (Fig. 4).

Ten studies including a total of 198 rodents (experimental =
98, and control = 100) reported cross-sectional area as an out-
come measure. Combined results from the random-effects
model showed a significant improvement in the muscle area
following flavonoid consumption (MD: +317.29 um?, 95% CI:
184.48-450.11, P<.00001), with significant heterogeneity
among the studies (I>=89%, P<.00001) (Fig. 5).

Seven studies including a total of 120 rodents (experi-
mental =59, and control=61) reported muscle weight as an
outcome measure. Combined results from the random-effects
model showed a significant improvement in the muscle mass
following flavonoid consumption (MD: +14.23 mg, 95% CI:
1.98-26.48, P=.02), with significant heterogeneity among
the studies (>=81%, P<.0001) (Fig. 6).

DISCUSSION

SkM gives strength and movement to the body.
Throughout human existence, tribute has been paid to its
relationship with vigor and youth. Currently, it is recognized
as an endocrine organ capable of influencing the metabo-
lism. The reduction of the muscular mass leads to loss of
autonomy, development of chronic comorbidities, and a
lower quality of life. Therefore, the study of interventions
that promote muscle health is relevant and necessary. The
present systematic review and meta-analysis summarize the
effects of flavonoid supplementation on SkM quality indi-
cators. In the setting of sarcopenia, the preservation of SkM
structure (mass) and strength is now recognized as key to
countering the effects of aging, leading to a reduction in the
risk for falls, institutionalization, disability, and mortality.'°

In this review, we focused on the effects of flavonoids on
muscle health, and we divided these effects in the regulation
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TABLE 4. SUMMARY OF EFFECTS IN HUMAN STUDIES

Outcome Flavonoid Reference
Body composition | Weight Flavan-3-ols 113,120
| Fat mass Flavan-3-ols 113,114
1 Muscle mass Licorice 122
in the body trunk
| Body fat percentage Licorice 122
Physical performance 1 Walking Flavan-3-ols 106.114
speed
| Up & go time Flavan-3-ols 106
| Postexercise muscle soreness Flavan-3-ols 104
1 Relative squad strength Flavan-3-ols 120
1 Leg extension strength Flavan-3-ols 120
1 Torque—velocity Flavonols 123
of knee extensors
1 Total volume of the resistance exercises Flavonols 123
| Postexercise muscle soreness Anthocyanins 1o
Aerobic capacity 1 VO> max Flavan-3-ols 117,118
1 Power exercise Flavan-3-ols 18
(Watts)
| Muscle recovery period Flavan-3-ols 10
Inflammation | Cortisol, neutrophil count, and the neutrophil/ Flavan-3-ols 104
lymphocyte ratio
Muscle damage | Myoglobin Anthocyanins 1o
| Creatinine Anthocyanins 19
| CK Anthocyanins 1o
| Myoglobin Flavan-3-ols 125
| CK Flavan-3-ols 125
| LDH Flavan-3-ols 125
Apoptosis | BAD phosphorylation Flavan-3-ols 124
1 JNK phosphorylation Flavan-3-ols 124
1 Bcl-2 phosphorylation Flavan-3-ols 124
Oxidative stress 1 GSH Flavan-3-ols 18
| Carbonylation levels Flavan-3-ols 18
1 CAT Flavan-3-ols 109
1 SOD Flavan-3-ols 109
| HoO» Flavan-3-ols 125
| HBA% Flavan-3-ols 125
| Nox2dp Flavan-3-ols 125
1 Total antioxidant capacity Flavan-3-ols 120
| MDA Flavan-3-ols 121
Glucose profile | Glycerol Flavan-3-ols 1z
| Glucose AUC Flavan-3-ols 116
Lipid profile | Triglycerides Flavan-3-ols e
105,107,118

| HDL

Flavan-3-ols

BAD, BCL2-associated agonist of cell death; BCL2, B cell lymphoma 2; CAT, catalase; CK, creatine kinase; Glucose AUC, glucose area under the curve; GSH,
reduced glutathione; H,O», hydrogen peroxide; HBA%, glycated hemoglobin; HDL, high-density lipoprotein; JNK, c-Jun N-terminal; LDH, lactate dehydrogenase;
MDA, malondialdehyde; Nox2dp, nitric oxide derived peptide; SOD, superoxide dismutase; VO», volume of oxygen.

of autophagy, ubiquitin/proteasome system, apoptosis, in-
flammation, oxidative stress, muscle metabolism, and bio-
energetics. Although the exact mechanisms by which
flavonoids may exert their reported beneficial effects on
muscle quality remain unclear, according to the data reported,
the suggested pathways involved in metabolism, mitochon-
drial bioenergetics, apoptosis, ubiquitin/proteasome system,
and autophagy are summarized in Figures 2 and 3.

Physical performance

In rodents, flavonoids appear to improve the physical
performance, cross-sectional area, and muscle mass. In hu-

mans, improved physical performance with reduction of
postexercise muscle soreness and the time of recovery. Al-
though currently only diet and exercise are recognized as
effective means to counteract muscle loss, it is important to
mention that exercise in the elderly can produce exercise-
induced muscle damage with reduction of muscle force and
delayed-onset muscle soreness.'! The inflammatory response
from the injured muscle involves neutrophils, macrophages,
and cytokines such as TNF-o, IL-1f, and IL-6, which con-
tribute to low-grade systemic inflammation and oxidative
stress.'? Therefore, in specific populations where the preser-
vation of muscle is crucial, flavonoids may be potentially
useful to prevent loss of muscle mass and function.
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TABLE 5. SUMMARY OF PLASMA AND SKELETAL MUSCLE BIOMARKERS MODULATED IN RODENT STUDIES

Skeletal muscle Outcome Flavonoid Reference
Autophagy | Aktl, ATG4b, ATG4c, ATG7, Gabarap, Gabarapl2 Flavan-3-ols 86
and Rab24 mRNA expression
1 ATG16L2, SNCA, TM9SF1, Pink-1, PI3Ky, PIM-2, Flavan-3-ols 86
Dapkl1, IFNy, IRGM and Cdkn2A mRNA expression
| Beclinl, LC3-II/LC3-I, ATG12 and ATG?7 protein Flavan-3-ols 86
expression
| DRP1 and Beclinl protein expression Flavan-3-ols 34
1 AMPK phosphorylation Flavanonols z
Flavan-3-ols 4
1 Beclinl protein expression Flavanonols z
1 LC3-II/LC3-I protein expression Flavanonols 2
Differentiation 1 MyoD protein and mRNA expression Isoflavones o7
1 Myogenin mRNA expression Isoflavones o7
Ubiquitin/proteasome | NF-kB protein expression Flavan-3-ols 46.90
| NF-kB activation Flavonols to1
1 Nrf2 activation Flavonols 101
| NF-kB mRNA expression Flavan-3-ols 46
| Myostatin protein expression Flavan-3-ols 76
Flavanonols z
| MuRF1 protein expression Flavan-3-ols 46,76,95
Licorice 103
Flavones 18,93
Flavonols 101
Flavanonols 17
| MAFbx protein expression Flavan-3-ols 46.76
Flavones 93
Flavanonols 17.27
Licorice 103
| MuRFI and MAFbx mRNA expression Flavan-3-ols e
Flavones 93
| MuRF1 and Atrogin-1 mRNA expression Flavones 18
| Proteasome 20S and 19S protein expression Flavan-3-ols 76
| FOXO1 and GSK3p protein expression Flavan-3-ols 83
| FOXO3a protein expression Flavan-3-ols 90
Flavanonols 17
| FOXO3a phosphorylation Licorice 103
1 Sirtl protein expression Flavan-3-ols 7590
Flavanonols 2
1 S6K phosphorylation Flavan-3-ols 95
Licorice 103
Flavanonols 17
1 Akt phosphorylation Licorice 103
Flavanonols 17
Flavan-3-ols 33.64
Anthocyanins o4
| USP19 protein expression Isoflavones 99
| p38 phosphorylation Flavones 93
Licorice 103
| p65 phosphorylation Flavones 93
| Free ubiquitin E3 protein expression Flavanonols 2
Apoptosis 1 Bakl, Bid, Caspase 3, TNF-o, Htt, Bcl-2, Bel-XL, Flavan-3-ols 86
Mapllc3a and FADD mRNA expression
| Bax mRNA expression Flavan-3-ols 57
1 Cytochrome ¢ mitochondria/cytoplasm ratio Flavan-3-ols 68
| Bcl-2 mRNA expression Flavan-3-ols 57
1 Bax cytoplasm/mitochondria ratio Flavan-3-ols 68
1 p53 mRNA expression Flavan-3-ols 57
| p53 phosphorylation Licorice 103
| Caspase 3 and caspase 9 protein expression Flavan-3-ols 64
(continued)
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TABLE 5. (CONTINUED)

Skeletal muscle Outcome Flavonoid Reference
| Caspase 3 and caspase 9 mRNA expression Flavan-3-ols 79
| AIF protein expression Flavan-3-ols 64,73
| FADD protein expression and apoptotic index Flavan-3-ols 64
| Bax protein expression Flavanonols 2

Flavan-3-ols 6473
1 Bcl-2 protein expression Flavanonols 27
Flavan-3-ols 64
Inflammation 1 IL-10 protein expression Flavones o8
| IL-6 protein expression Flavones 18,98
1 IL-6 Flavonols 33
| TNF-u protein expression Flavones 18.98
Flavan-3-ols 63
| IL-18 protein expression Flavones o8
Flavan-3-ols 47,63
| CRP-1 protein expression Flavan-3-ols a
1 IL-4 and IL-10 mRNA expression Flavan-3-ols 84
| MCP-1 and TNF-o mRNA expression Flavan-3-ols st
| MCP-1 protein expression Flavan-3-ols 63
1 Itgam (macrophage marker CD11b) mRNA Flavan-3-ols 74
expression
1 mRNA expression of IL-15 and IGF-1 Flavan-3-ols 76
1 HO-1 protein expression Flavonols 93,101
T HO-1 mRNA expression Flavones o8
1 Nrf2 mRNA and protein expression Flavones 8
1 Nrf2 protein expression Flavan-3-ols 7
| TNF-o and IL-1 mRNA expression Flavones 18
Oxidative stress 1 SOD2 protein expression Flavan-3-ols 68,75
1 SOD2 mRNA expression Flavan-3-ols 84
1 SOD2 activity Flavan-3-ols 68
1 SOD1 activity Anthocyanins o4
1 Total SOD activity Flavan-3-ols a4
| Total SOD protein expression Isoflavone 2
Flavones o8
1 CAT protein expression Flavonols 3
Flavan-3-ols 7
1 CAT activity Anthocyanins 4494
Flavan-3-ols 68,75
1 GSH/GSSG ratio Flavan-3-ols 51,68,75
1 GSH protein levels Isoflavone 2
1 Glutathione reductase protein expression Flavan-3-ols st
1 GPx protein expression Flavones o8
Flavonols 3
1 GPx activity Anthocyanins o4
Flavan-3-ols a4
| ROS Flavones o8
| Myeloperoxidase activity Flavan-3-ols 63
| Cytochrome ¢ oxidase activity Isoflavone 2
| MDA levels Flavonols 33
Flavan-3-ols 51,54,63
Flavanonols 17
Flavones o8
Anthocyanins o4
Isoflavone 2
| Carbonylation levels Flavan-3-ols 44.50,51,54,68,75.79
Isoflavone 2
Anthocyanins o4
Flavanonols 17

476
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TABLE 5. (CONTINUED)

Skeletal muscle Outcome Flavonoid Reference
Plasma
Oxidative stress | MDA levels Flavan-3-ols 35,51,53,84

Anthocyanins o4
Flavanonols 2
1 SOD activity Anthocyanins 94
Flavanonols 2
Flavan-3-ols 3
1 CAT activity Anthocyanins o4
1 GPx activity Anthocyanins 94
Flavan-3-ols 3
Inflammation 1 IL-10 protein levels Flavan-3-ols 51
Flavones o8
| IL-6 protein levels Flavan-3-ols St

| IL-6 Flavones 18,93
Anthocyanins o4

| TNF-u protein levels Flavones 18,93
Anthocyanins o4
| Leptin and resistin protein levels Anthocyanins 94
1 Adiponectin protein levels Anthocyanins o4

AIF, apoptosis inducing factor; Akt, RAC-alpha serine/threonine-protein kinase; AMPK, 5 AMP-activated protein kinase; ATG12, ubiquitin-like protein ATG12;
ATGI16L2, autophagy-related protein 16-2; ATG4b,c, autophagy-related 4B/4C cysteine peptidase; ATG7, ubiquitin-like modifier-activating enzyme; Bakl, Bcl-2
homologous antagonist killer; Bax, Bcl2 associated X; Bcl-2, B cell lymphoma 2; Bel-XL, B cell lymphoma extra-large; CAT, catalase; Cdkn2A, cyclin-dependent
kinase inhibitor 2A; CRP-1, cysteine-rich protein 1; Dapkl, death-associated protein kinase 1; DRPI, dynamin-1-like protein; FADD, Fas associated via death
domain; FOXO1, forkhead box protein O1; FOXO3a, forkhead box O3a; Gabarap, gamma-aminobutyric acid receptor-associated protein; Gabarapl2, gamma-
aminobutyric acid receptor-associated protein-like 2; GPx, glutathione peroxidase; GSH, glutathione; GSK3p, glycogen synthase kinase 3 beta; GSSG, disulfide
glutathione; HO-1, heme oxygenase 1; Htt, Huntingtin; IFNy, interferon gamma; IGF-1, insulin-like growth factor I; IL, interleukin; IRGM, immunity-related
GTPase family M protein; Itgam, integrin alpha-M precursor; LC3-II/LC3-I/Mapllc3a, microtubule-associated proteins 1A/1B-light chain 3; MAFbx, muscle
atrophy F-box; MCP-1, monocyte chemoattractant protein-1; MDA, malondialdehyde.; mRNA, messenger ribo nucleic acid; MuRF1, muscle RING-finger protein-1;
MyOD, myoblast determination protein 1; NF-kB, nuclear factor kB; Nrf2, nuclear factor-erythroid factor 2-related factor 2; p38, p38 mitogen-activated protein
kinase; p53, cellular tumor antigen p53; p65, nuclear factor NF-kappa-B p65 subunit; PI3Ky, phosphatidylinositol 3-kinase catalytic subunit gamma isoform; PIM-2,
serine/threonine-protein kinase pim-2; Pink-1, PTEN-induced putative kinase protein 1; Rab24, Ras-related protein Rab-24; ROS, reactive oxygen species; SOK,
ribosomal protein S6 kinase; SIRTI, sirtuin 1; SNCA, alpha synuclein; SOD, superoxide dismutase; TM9SF1, transmembrane 9 superfamily member 1; TNF-o,
tumor necrosis factor alpha; USP19, ubiquitin carboxyl-terminal hydrolase 19.

In this regard, resveratrol and )-epicatechin have been
defined as exercise mimetics based on many similarities
between the effects of exercise and the consumption of these
flavonoids, such as AMP-activated protein kinase activation
and an increase in mitochondrial biogenesis, angiogenesis,
and vasodilatation.'>'* In addition, flavonoids could stimu-
late muscle remodeling through the AMPK-SIRT1-PGClo—
PPARJ pathway and myokines (e.g., 11-6, IGF1, and ca-
thepsin B).>!* Our data agree with this statement, associating
the consumption of flavonoids with an increase in muscle
mass, muscle area, and exercise endurance.

All the evidence reveals that regular exercise significantly
increases f-oxidation (fatty acid metabolism) in SkM.'3
Considering that two important flavonoids (resveratrol and
O-epicatechin) have been defined as partial exercise mi-
metics,'* and besides acting on beta-oxidation, they could
modulate the expression of proteins involved in related lipid
metabolism pathways and the expression of energy
expenditure-related genes, such as the PPAR family.'® The
evidence suggested that flavonoids increase fat oxidation
(metabolism) at rest and/or during exercise and subse-
quently decreasing the carbohydrate oxidization rate and
improving the exercise capacity.

Based on the results reported here, we hypothesize that
since flavonoids have been reported to have vasodilatory
effects by increasing endothelial nitric oxide synthesis, they
may improve muscle perfusion during exercise and there-
fore improve endurance and the reduction of the recovery
period.

Changes in body composition and increased muscle
quality are strong predictors of a change in physical func-
tion,'® and in concordance with this evidence, flavonoids
included in this review induced improvements in both.

Effects on SkM mitochondria

It has been suggested that ()-epicatechin, an abundant
flavan-3-ol found in cacao, could enhance the effects of
exercise improving muscle performance and possibly at-
tenuating the effects of aging induced muscle loss and
maintaining mitochondrial integrity and metabolism ho-
meostasis.

In addition, dihydromyricetin an important flavanonol
prevents dexamethasone-induced muscle atrophy through
mitochondrial biogenesis and mitochondrial fusion, en-
hances mitochondrial respiratory chain complex activity,
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TABLE 6. SUMMARY OF MUSCLE MITOCHONDRIAL EFFECTS
IN RODENT STUDIES

Outcome Flavonoid Reference
1 Complex I Flavan-3-ols 49.54.56.71.75
Flavanonols 17
Flavones 18
1 Complex II Flavan-3-ols 49,54,56,71
Flavanonols 17
Flavones 18
1 Complex IIT Flavan-3-ols 49,54,36,71
1 Complex IV Flavanonols 7
1 Complex V Flavan-3-ols 49,54,56,71.75
1 mRNA expression of Flavan-3-ols 8
complexes I and IV
1 ATPase activity Flavan-3-ols 66
Flavanonols 17
1 CcO activity Flavan-3-ols 56,6183
1 Citrate synthase Flavan-3-ols 49,5666
Flavones 18
1 Cristae, inner membrane Flavan-3-ols 49
surface and volume
density
Flavones 18
1 TFAM Flavan-3-ols 67,78
Flavanonols 17
Flavones 18
1 SIRTI Flavan-3-ols 67.69,78,82
Flavanonols 2
1 PGCla Flavan-3-ols 52,67,69.71,72,74
Flavanonols 17.27
Flavones 18
1 mRNA levels of PGClu Flavan-3-ols 80
No effect on mRNA levels of  Flavan-3-ols 2638
PGC-1a
No effect on protein levels of  Flavan-3-ols 3478
PGC-1a
1 UCP1 Flavan-3-ols 67
1 UCP2 Flavan-3-ols 66
1 UCP3 Flavan-3-ols 2
T mRNA expression UCP1 Flavan-3-ols 80
1 mRNA expression UCP3 Flavan-3-ols 48.72.80
1T mRNA expression of Flavan-3-ols 60
PPAR«
1 Mitofilin Flavan-3-ols 67,75
1 AMPK expression and Flavan-3-ols 82
activity

1 AMPKua phosphorylation
| Protein carbonyls and

Flavan-3-ols
Flavanonols

31,47,53,59.66,69.78.80.85

17

TABLE 7. ASSOCIATED METABOLIC CHANGES IN RODENT STUDIES

Outcome Flavonoid Reference

| Glucose Flavan-3-ols 48,52,54,60,62,67,70,77,78,82
Flavonols 33,92
Isoflavones 91,100
Anthocyanins 94

| Postprandial Flavan-3-ols 31,32,37,58,59,77,85

glucose

| Insulin Flavan-3-ols 39,43,48,52,58,59,60,62,65,66,78,82,100
Isoflavones 9
Anthocyanins 94

1 Insulin Flavonols 92
Isoflavones 101

| HOMA-IR Flavan-3-ols 48,59,66,71,100
Flavonols 33
Anthocyanins o4

1 Glucose uptake Flavan-3-ols 36,53

1 Glucose tolerance Isoflavones 91

| HbAIC Flavan-3-ols 32,62,85
Anthocyanins o4

| HK, PK, Flavan-3-ols 62

Glucose-6P-DH

| LECT2 Flavan-3-ols 100

1 IGF-1 Isoflavones 97

1 IGF-1R Isoflavones 97

1 Trisin Flavanonols 27

1 HDL Flavan-3-ols 323677
Isoflavones 91

| LDL Flavan-3-ols 32.36:47.77
Anthocyanins o4

| VLDL Anthocyanins 94

| Total cholesterol  Flavan-3-ols 32,36.47.59,77.85
Isoflavones 91
Anthocyanins o4

1 PPARa Flavonols 92

| Triglycerides Flavan-3-ols 32,39,55,67,77,85
Anthocyanins 94

1 Lipid oxidation Flavan-3-ols 38,39

| FFA Flavan-3-ols 32,36

26,39,55

| NEFA
| HDL/LDL ratio

Flavan-3-ols
Phloridzin

102

Glucose-6P-DH, glucose 6 phosphate dehydrogenase; HbAIC, glycated

MDA
1 Nrfl

52,78
101
54

Flavan-3-ols
Flavonols

T Mfn2 and OPA1 gene Flavan-3-ols

expression
1 Mitochondrial DNA copy Flavan-3-ols 70
number
| DRP1 Flavanonols 17
1 TOM 20 Flavanonols 17

CcO, cytochrome c oxidase; Mfn2, mitofusin-2; OPAI1, mitochondrial
dynamin-like GTPase; PGCla, peroxisome proliferator-activated receptor
gamma coactivator 1-alpha; PPAR«, peroxisome proliferator-activated recep-
tor o; TFAM, mitochondrial transcription factor A; TOM20, mitochondrial
import receptor subunit TOM20; UCP1, 2, 3, uncoupling protein isoforms
1,2, 3.

hemoglobin; HDL, high-density lipoprotein; HK, hexokinase; HOMA-IR,
homeostatic model assessment of insulin resistance; IGF-1R, insulin-like
growth factor-1 receptor; LDL, low-density lipoprotein; LECT2, leukocyte
cell-derived chemotaxin 2; NEFA, nonesterified fatty acids; PK, pyruvate
kinase; VLDL, very low-density lipoprotein.

and prevents collapse of mitochondrial membrane.!” Also,
flavones such as apigenin suppress mitochondrial dysfunc-
tion and reduce muscle atrophy.'8

In this sense, many flavonoids enhance mitochondrial
function through diverse signaling pathway changes.

Effect on SkM metabolism-associated parameters

Several reviews have got together evidence of different
studies demonstrating the beneficial effects of daily flavo-
noid consumption on cardiometabolic health, highlighting
the probable mechanism that let those molecules regulate
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TABLE 8. EFFECTS ON METABOLISM IN SKELETAL MUSCLE
IN RODENT STUDIES

Outcome Flavonoid Reference
Carbohydrates 1 GLUT4 Flavan-3-ols 32.78.85
Anthocyanidin o4
1 GLUT4 Flavan-3-ols ~ 31:42:53.58.59
translocation
Isoflavones 101
1 mRNA expression  Flavan-3-ols 48
of GLUT4
Flavonols 92
1 IRS Flavan-3-ols 31,65
Anthocyanidin o4
| IRS phosphorylation Flavan-3-ols 33,82
1 IRS phosphorylation Isoflavones 1o1
Anthocyanidin o4
1 GK and PFK Flavan-3-ols 32
1 Akt Flavonols 92
1 phospho-Akt Flavan-3-ols 54.82.85.100
Flavonols 2
Isoflavones 1o1
Anthocyanidin o4
1 phospho-S6K Flavan-3-ols 100
1 phospho-AMPK Anthocyanidin o4
1 AMPKo mRNA Flavan-3-ols 90
expression
1 PPARz mRNA Flavan-3-ols 90
expression
| GSK3p Flavan-3-ols 54
| PIBK Anthocyanidin o4
Lipids 1 B-oxidation Flavan-3-ols 38,39,41.43
1 CPT Flavan-3-ols 15,48,66,70
Laminaria 60
1 Acyl-CoA oxidase  Flavan-3-ols 7
1 mRNA FAT/CD36  Flavan-3-ols 38
1 mRNA MCAD Flavan-3-ols 38,52,70
1 mRNA expression  Flavan-3-ols 66
of LPL
1 CD36 gene Flavan-3-ols 66
expression
17 mRNA ACO Flavan-3-ols 15,48
Laminaria 48
1 mRNA expression  Flavan-3-ols 15.48
of PPAR«
1 mRNA expression  Flavan-3-ols 48
of PPARJ
1 PPAR-y gene Flavan-3-ols 7
expression
No effect on PPARx  Flavan-3-ols 26
T mRNA expression  Laminaria 60
of PPAR«
1 phospho-AMPK Isoflavones ol
Protein 1 mTOR Licorice 103
synthesis phosphorylation
1 p70S6K Licorice 103
phosphorylation

ACO, peroxisomal acyl-CoA oxidase; Akt, protein kinase B; CPT, carnitine
palmitoyl transferase; FAT/CD36, fatty acid translocase; GLUT4, glucose

transporter 4; IRS, insulin receptor substrate; LPL, lipoprotein lipase; MCAD,
medium-chain acyl-CoA dehydrogenase; mTOR, mechanistic target of
rapamycin; p70-S6K, ribosomal protein S6 kinase; PFK, phospho fructo
kinase; PI3K, phosphoinositide 3-kinase; PPARo, o, 7y, peroxisome
proliferator-activated receptor o, ¢, y isoforms.
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different pathways involved in metabolism and the main-
tenance of cardiac health.'>* Some of these mechanisms
include regulation of vascular health through nitric oxide
synthase activation/deactivation and weight maintenance,
and glucose-insulin homeostasis via regulation of Akt/PI3K,
AMPK, and PGC1-« signaling cascades.” By the way, ef-
fects regulating different SkM processes have also been
described, enriching the functional value of inclusion of
different polyphenol sources in our diet. Information ob-
tained in this review indicates that.

Flavonoids increase GLUT4 expression or stimulate its
translocation by activating the PI3K/Akt-dependent signal-
ing pathway. The analysis reported here strongly suggests
that flavonoids may enhance muscle glucose uptake and
improve adipocyte function by modulating pathways such as
AMPK and PPAR-y and decrease the expression of genes
involved in the biosynthesis of fatty acids, cholesterol, and
lipogenesis by limiting the de novo lipogenesis and in-
creasing fatty acid B-oxidation.?*

Dosage

The most challenging issue in flavonoid use is the broad
range of doses used, using ranges between 1 mg/day (using
isoflavones and catechins)®>?° and up to 200 mg/day using
dihydromyricetin,'”*” making it difficult to interpret results
in studies and their replication. We believe that (at least for
(-epicatechin) many, if not all, of its induced effects are
mediated through its specific interaction with acceptors/re-
ceptors, supporting the hypothesis of needing only low
doses.

The use of low doses minimizes the antioxidation effects
of these molecule types, however, given the specificity of the
induced effects, the interaction with receptors needs to be
analyzed molecule by molecule.?®2° Interestingly, although
positive effects have been observed with low doses of fla-
vonoids, most of the analyzed studies utilized high doses of
the flavonoids and suggest necessary association with
physical training to improve physical performance parame-
ters. However, in our hands, doses as low of 1 mg/kg/day
induce the improvements in physical performance.*

With regard to rodents, 59 of the 80 studies administered
flavanols either isolated in their monomeric form (epicatechin
or epigallocatechin gallate [EGCG]) or in a mixture of mo-
nomeric and dimeric/polymeric forms (catechins or procya-
nidins), with a procyanidin dose ranging between 10 and
150 ug/kg (total dose for procyanidin-rich extracts).*!-3> Major
differences in daily flavanols dosage utilized were observed
among the studies, ranging between 10 and 400 mg/kg/bw for
epicatechin, 0.05% in chow diet to 269 mg/kg/bw for EGCG,
0.05% in chow diet to 600 mg/kg/bw for catechins, on the
other hand the authors report quercetin doses between
20 mg/kg intramuscular and 100 mg/kg oral >34

Meta-analysis

The results of the meta-analysis suggested that flavonoid
supplementation is associated with improvements in muscle
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FIG. 3. Proposed signaling pathways where flavonoids modulate muscle homeostasis. (A) Interaction of flavonoids in apoptosis through
increase in the activity of BCL and promoting degradation of damaged cells. (B) Ubiquitin/proteasome system through reduction of MAFbx and
MuRF1 expression and reduction of protein ubiquitination, and hence, reduction of protein degradation. (C) Myogenesis through myostati-
n/activin by clocking myostatin activity and an increase in follistatin expression. BCL, B cell lymphoma, MAFbx, muscle atrophy F-box, MuRF1:
muscle RING-finger protein-1.
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Experimental Control Mean Difference Mean Difference
Study or Subgroup Mean SD Total Mean SD Total Weight IV, Random, 95% Cl Year IV, Random, 95% CI
Murase 2005 40 59 10 324 35 10 16.0% 7.60[3.35,11.85] 2006 o
Murase 2006 160.8 20.4 8 1239 17 8 5.7% 36.90[18.50,55.30] 2006
Murase 2008 121 147 8 100 20.2 8 6.1%  21.00[3.69,38.31] 2008
Nogueira 2011 1551 1.4 5. 1218 1A7 6 17.6% 3.35[2.01, 4.69] 2011 ol
Hatterann 2012 13.23 04 8 1078 04 8 17.8% 2.45[2.06,2.84] 2012 "
Haramizu 2013 213 229 8 1895 254 8 3.9% 23.50[-0.20,47.20] 2013 1
Mohamad 2016 44 174 10 217 47 10 10.0% 22.30[11.13,33.47] 2016 ——
Pence 2017 80 324 13 107 498 6 5.3% -27.00[-46.28,-7.72] 2017
Duan 2017 283 21 10 131 1.05 10 17.6% 1520[13.74,16.66) 2017 "
Total (95% CI) 80 74 100.0%  10.00[4.70, 15.30] L3
Heterogeneity. Tau®= 41.06; Chi*= 318.91, df= 8 (P < 0.00001); F= 97% Soo 80 0 50 100

Test for overall effect: Z= 3.70 (P = 0.0002)

Favours [control] Favours [experimental]

FIG. 4. Forest plot of the meta-analysis for the exercise performance. Mean differences in time (min) between flavonoids and control. Combined
results from the random-effects model showed a significant improvement in the endurance exercise following flavonoid consumption (MD:
+10min, 95% CI: 4.70-15.30, P<.0002), with significant heterogeneity among the studies (I>=97%, P <.00001). MD, mean difference.

Experimental Control Mean Difference Mean Difference
Study or Subgroup Mean SD Total Mean SD Total Weight IV, Random, 95% CI IV, Random, 95% CI
Alway 2014 2,407 6408 12 2111 5127 12 5.4% 296.00[-168.32, 760.32)
Alway 2015 2,4659 2977 20 1,085 5852 20 8.9% 557.40([265.74,849.06]
Choi 2017 2,515 104 3 1984 108 3 125% 531.00[361.34, 700.66) —_—
Huang 2018 351 243 10 316 566 10 155% 35.00[-3.18,73.18] =
Kohara 2017 2,278 300 9 1,820 303 10 95% 458.00[186.55, 729.45] S
Kou 2017 1,845 629 10 1,557 559 10 4.6% 288.00[-233.56, 809.56]
Lambert 2015 1,0995 71.8 79357 24 7 153% 163.80[107.72,219.88) o
Liu 2017 7653 823 10 478 2743 10 123%  287.30[109.80, 464.80] —
Meador 2015 3,347 1,209 12 3,087 849.2 12 2.0% 260.00[-609.68, 1129.68) +
MNogueira 2011 2205 783 5 1,794 1225 6 13.9% 411.00 [291.34, 530.66) —_—
Total (95% CI) 98 100 100.0%  317.29 [184.48, 450.11] i
Heterogeneity: Tau®= 29199.63; Chi*= 85.55, df= 9 (P < 0.00001); F= 89% ?_1 000 .5500 S 560 10004

Test for overall effect: Z= 4.68 (P < 0.00001)

Favours [control] Favours [experimental]

FIG. 5. Forest plot of the meta-analysis for the SkM cross-sectional area. Mean differences reported muscle fiber cross-sectional area (um?)
between flavonoids and control. Combined results from the random-effects model showed a significant improvement in the muscle area following
flavonoid consumption (MD: +317.29 um?, 95% CI: 184.48-450.11, P<.00001), with significant heterogeneity among the studies (I*=89%,
P <.00001). SkM, skeletal muscle.

health parameters such as performance, cross-sectional area,
and muscle mass, with no reported adverse effects. Because

the data show different muscle conditions that involve
aging, obesity, and atrophy, the use of flavonoids, particu-
larly flavan-3-ols, could be clinically relevant for diseases

such as sarcopenia-frailty, cachexia, or dystrophy.

CONCLUSIONS

Although the clinical evidence is still scarce, the results of
preclinical studies focused at improving muscle mass and
physical performance are promising. The analysis reported

here strongly suggested that the use of flavonoids could be a

Experimental Control Mean Difference Mean Difference
Study or Subgroup  Mean SD Total Mean SD Total Weight IV, Random, 95% Cl Year IV, Random, 95% CI
Nogueira 2011 11.7 6.3 5 1099 137 6 18.3% 1.80[10.47,14.07] 2011 e
Wang 2011 1283 59 3 986 23 3 208% 29.70[22.53,36.87] 2011 s
Hitterann 2012 2408 181 8 2335 99 8 17.2% 7.30[-7.00, 21.60] 2012 i inili
Ito 2017 291.4 288 8 2736 605 8 53% 17.80 [128.63,64.23] 2017 —
Kohara 2017 453 1.4 9 415 95 10 198% 3.80[-5.54,13.14] 2017 T
Onishi 2018 177.7 10.2 16 1528 222 16 185% 24.90[12.93,36.87] 2018 o
Huang 2018 2,320 1,011.9 10 1,800 553.4 10  0.0% 520.00[-194.83,1234.83] 2018 ¢ +
Total (95% CI) 59 61 100.0% 14.23[1.98, 26.48] L
Heterogeneity: Tau®=174.11; Chi*= 30.97, df= 6 (P < 0.0001); F= 81% b0 20 ) 50 160

Test for overall effect. Z= 2.28 (P = 0.02)

Favours [control] Favours [experimental)

FIG. 6. Forest plot of the meta-analysis for the SkM weight. Mean differences reported weight (mg) between flavonoids and control. Combined
results from the random-effects model showed a significant improvement in the muscle mass following flavonoid consumption (MD: +14.23 mg,
95% CI: 1.98-26.48, P=.02), with significant heterogeneity among the studies (>=81%, P <.0001) (Fig. 6).
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potential tool for the prevention of muscle loss. Their effects
on metabolism and on mitochondrial function suggest their
use as cardiometabolic regulators. However, larger clinical
trials are necessary to support the use of flavonoids in the
treatment of the muscle dysfunction.
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