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concetti chiave

strumenti pronti

QUANDO VEDRETE QUESTO SIMBOLO: 
ATTENZIONE, È UN CONCETTO CHIAVE

QUANDO VEDRETE QUESTO SIMBOLO: 
ATTENZIONE, È UNO STRUMENTO DA UTILIZZARE
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È TUTTA QUESTIONE DI…
METABOLISMO =μεταβολη(  (meta ballein) =  cambiamento
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È COMPLESSO!
"La parola “complesso” scivola tra le mani di chi cerca di darne una
definizione precisa."  G. Parisi, Padova 30 Gennaio 2023

COMPLICATO: 

SEMPLICE:

COMPLESSO

Nei sistemi complessi esistono equilibri multipli
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    PROTEINE PER LA FORZA

CARBOIDRATI PER LA RESISTENZA

NON È SEMPLICE
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Thomas Hicks
Vinse la medaglia d'ora nella maratona alle Olimpiadi di Saint 
Louis (1904) a uova, stricnina e brandy!!!

Ne abbiamo fatto di strada
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ENDURANCE BASED STRENGTH BASEDMIXED/TEAM

RISERVE DI ENERGIA
MITOCONDRI

ENZIMI OSSIDATIVI
CAPILLARI

IDRATAZIONE
SNC (fatica)

RISERVE DI ENERGIA
MITOCONDRI

ENZIMI OSSIDATIVI
CAPILLARI

PROTEINE MUSCOLARI
TENDINI

IDRATAZIONE
SNC(focus)

CAPILLARI
PROTEINE MUSCOLARI

TENDINI
ENZIMI ANAEROBICI

SNC (focus) 

INFIAMMAZIONE
IMMUNITÀ

È COMPLESSO
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ENDURANCE BASED STRENGTH BASED

RISERVE DI ENERGIA
MITOCONDRI

ENZIMI OSSIDATIVI
CAPILLARI

SNC (fatica)

CAPILLARI
PROTEINE MUSCOLARI

TENDINI
ENZIMI ANAEROBICI

SNC (focus) 

INFIAMMAZIONE
IMMUNITÀ

ATLETICA LEGGERA
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PERSONALIZZAZIONE

OGNI ATLETA È DIVERSO

Perdita di elettroliti

Sudorazione e perdita di liquidi

Richieste energetiche

Carburante preferenziale

Recupero

Infortuni

Obiettivi

Preferenze
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APPORT0  ENERGETICO
Un adeguato apporto energetico è alla base di tutto il resto

Se non vi è un apporto energetico almeno pari alla spesa:
1. Prevalenza organi energivori
2. Impairment omeostasi

Se non vi è un apporto energetico superiore alla spesa:
1. Inefficacia meccanismi legati all'ipertrofia

12
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Si parte dalla misura

F

M

Jagim et al. J Strength Cond Res. 2018 Jul;32(7):1875-1881
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2394 J. E. R. O’Neill et al.

2386 J. E. R. O’Neill et al.

[52], the Cunningham (1980) (LBM) equation, in contrast, 
overestimated RMR by ~ 6% in female soccer players [55], 
and the Cunningham (1980) (LBM) equation was accurate to 
< 1% in a single athlete case study of a male taekwondo ath-
lete [54]. Two other studies found the Cunningham (1980) 
(LBM) equation to be the most accurate in male and female 
rowers and canoeists (~ 15% under-estimation in males, 
~ 10% over-estimation in females) [14] and female karate 
(~ 8% under-estimation) [62], compared with two and three 
other equations respectively. In male and female ballet danc-
ers, the Koehler DXA (2016) (sum of organelle masses) was 
found to be the most accurate (within ~ 10%) out of three 
equations, with the Harris-Benedict (1918) (age, weight, 
height) most precise (26/40; 65%) [3]. In male and female 
bodybuilders, a locally developed equation was found to 
be the most accurate (within < 1%) when compared with 
11 other equations [23]. In males from the Indian national 
weightlifting team, the FAO/WHO/UNU (1985) (age, 
weight, height) was reported to be the most accurate and 
precise out of eight equations but its performance was still 
very poor (accuracy: underestimating by ~ 18%, precision: 
11/30 [37%]) [28].

3.4  Meta-analysis

Six articles could not be synthesised by meta-analysis for 
the following reasons: means and/or SDs for predicted or 
measured RMR were not provided (n = 3) [19, 51, 56], RMR 
prediction equation used by less than three separate studies 
(n = 2) [22, 52] and study sample size of n = 1 [54].

3.4.1  Meta-analysis Accuracy—Description of Included 
Studies

Twenty-three studies were included in the meta-analysis for 
prediction equation accuracy, involving 1058 participants 
(mean [SD]: age 23.4 [5.8] years, height 1.72 [0.09] m, 
weight 66.4 [13.5] kg). Of these participants, 671 were 
female (age 23.4 [5.2] years, height 1.67 [0.07] m, weight 
61.0 [8.6] kg) and 387 were male (age 23.9 [6.7] years, 
height 1.78 [0.09] m, weight 76.6 [14.4] kg). A total of 1206 
comparisons were made between predicted RMR by equa-
tion and measured RMR via IC.

Fig. 2  Forest plot containing all equations analysed in meta-analysis listed in chronological order. CI confidence interval, ES effect size, FFM fat 
free mass, FM fat mass, LBM lean body mass
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Abstract
Background Resting metabolic rate (RMR) prediction equations are often used to calculate RMR in athletes; however, their 
accuracy and precision can vary greatly.
Objective The aim of this systematic review and meta-analysis was to determine which RMR prediction equations are (i) 
most accurate (average predicted values closest to measured values) and (ii) most precise (number of individuals within 
10% of measured value).
Data Sources A systematic search of PubMed, CINAHL, SPORTDiscus, Embase, and Web of Science up to November 
2021 was conducted.
Eligibility Criteria Randomised controlled trials, cross-sectional observational studies, case studies or any other study wherein 
RMR, measured by indirect calorimetry, was compared with RMR predicted via prediction equations in adult athletes were 
included.
Analysis A narrative synthesis and random-effects meta-analysis (where possible) was conducted. To explore heterogeneity 
and factors influencing accuracy, subgroup analysis was conducted based on sex, body composition measurement method, 
athlete characteristics (athlete status, energy availability, body weight), and RMR measurement characteristics (adherence 
to best practice guidelines, test preparation and prior physical activity).
Results Twenty-nine studies (mixed sports/disciplines n = 8, endurance n = 5, recreational exercisers n = 5, rugby n = 3, other 
n = 8), with a total of 1430 participants (822 F, 608 M) and 100 different RMR prediction equations were included. Eleven 
equations satisfied criteria for meta-analysis for accuracy. Effect sizes for accuracy ranged from 0.04 to − 1.49. Predicted 
RMR values did not differ significantly from measured values for five equations (Cunningham (1980), Harris-Benedict 
(1918), Cunningham (1991), De Lorenzo, Ten-Haaf), whereas all others significantly underestimated or overestimated 
RMR (p < 0.05) (Mifflin-St. Jeor, Owen, FAO/WHO/UNU, Nelson, Koehler). Of the five equations, large heterogeneity 
was observed for all (p < 0.05, I2 range: 80–93%) except the Ten-Haaf (p = 0.48, I2 = 0%). Significant differences between 
subgroups were observed for some but not all equations for sex, athlete status, fasting status prior to RMR testing, and RMR 
measurement methodology. Nine equations satisfied criteria for meta-analysis for precision. Of the nine equations, the Ten-
Haaf was found to be the most precise, predicting 80.2% of participants to be within ± 10% of measured values with all 
others ranging from 40.7 to 63.7%.
Conclusion Many RMR prediction equations have been used in athletes, which can differ widely in accuracy and precision. 
While no single equation is guaranteed to be superior, the Ten-Haaf (age, weight, height) equation appears to be the most 
accurate and precise in most situations. Some equations are documented as consistently underperforming and should be 
avoided. Choosing a prediction equation based on a population of similar characteristics (physical characteristics, sex, sport, 
athlete status) is preferable. Caution is warranted when interpreting RMR ratio of measured to predicted values as a proxy 
of energy availability from a single measurement.
PROSPERO Registration CRD42020218212.

Extended author information available on the last page of the article

Si parte dalla misura
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QUANDO SI PARLA DI ALIMENTAZIONE E ATLETI 
IL PRIMO PUNTO È L'INTAKE CALORICO

LE FORMULE PER CALCOLARE IL RMR SONO: 
HARRISON-BENEDICT PER GLI UOMINI

CUNNINGHAM PER LE DONNE

15
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Riduciamo energia per perdere peso?

Padamsey & Rochefort. Curr Opin Neurobiol. 2023 Feb;78:102668

Attenzione che comanda il cervello

16
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Il cervello è un organo egoista (selfish): se non dispone di energia sufficiente 
per il suo funzionamento, la prende dagli altri organi

Peters et al. Neurosci Biobehav Rev. 2022 Oct;141:104847

Comanda proprio lui

17
Paoli A. Straub RH.  Arthritis Res Ther. 2014 Feb 13;16(1):203.

Basal Metabolic Rate

Total body        7000 Kj/day (1673,04 Kcal/day)
Brain                  2000 Kj/day (478,01 Kcal/day)
Immune S.        2000 Kj/day  (478,01 Kcal/day)
Muscle 2000 Kj/day  (478,01 Kcal/day)

Comanda proprio lui

18
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Cervello e Sistema  Immunitario sono organi energivori ma anche Egoisti (selfish): in caso di carenza 
energetica tolgono energia agli alri organi insulino dipendenti (Fegato,Muscolo) attivando Insulino 
Resistenza

• Il sistema immunitario 
riceve un ulteriore 
vantaggio in quanto 
l’insulina è un importante 
fattore di crescita per i 
leucociti

•     L’iperglicemia da 
insulino resistenza 
fornisce circa 900 kJ (215 
kcal) nelle 24 ore ad 
entrambi i sistemi

Straub RH. Prog Lipid Res. 2020 Jul;79:101049

Comanda proprio lui

19
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La sintesi proteica è un processo metabolicamente impegnativo. È stato 
stimato che sono necessari ~ 4/5 ATP per legame peptidico o ~ 2300 
ATP per una tipica proteina sintetizzata.

Questo fabbisogno equivale all'energia di ~	1100 molecole di glucosio 
processate attraverso la glicolisi o ~ 60–70 molecole di glucosio per 
OXPHOS, se questi processi fossero efficienti al 100%. Marchingo &  Cantrell DA. Cell 
Mol Immunol. 2022 Mar;19(3):303-315. 

Ma quanto mi costa? La sintesi proteica

20
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Ma quanto mi costa? La sintesi proteica
Nel muscolo scheletrico, la sintesi proteica varia da ~ 0,23 a 0,90 
kg/giorno, a seconda della quantità di massa muscolare.

Poiché vengono utilizzati 4 moli di ATP per mole di amminoacidi 
incorporati nella proteina e poiché l'idrolisi di 1 mole di ATP rilascia 20 kcal 
di energia, l'energia rilasciata al giorno come risultato della sintesi 
proteica muscolare può variare da ~ 485 kcal/giorno in un giovane uomo 
ben muscoloso a ~ 120 kcal/giorno in una donna anziana attiva. (Wolfe RR. Am J 
Clin Nutr. 2006 Sep;84(3):475-82)

LA SINTESI PROTEICA È UN PROCESSO 
ENERGETICAMENTE COSTOSO: 

È NECESSARIO UN SURPLUS DI ENERGIA PER IPERTROFIA MUSCOLARE 

21
Paoli A. 

L’ attivazione del sistema immunitario indotto da esercizio può 
aumentare la richiesta energetica 

Nei bambini, un aumento, anche limitato, dell'attivazione del sistema 
immunitario può portare ad una riduzione del 49% della velocità di 
crescita Urlacher et al . Proc Natl Acad Sci U S A. 2018 Apr 24;115(17):E3914-E3921.

Negli adulti, l'attivazione acuta del sistema immunitario aumenta del 
8-14% il REE ed una diminuzione del 10-30% del testosterone. 
Muehlenbein et al. . Am J Hum Biol. 2010 Jul-Aug;22(4):546-56

Questione di gerarchie

22
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Stress fracture (SF) is one of the most common and prevalent injuries in 
sports, where track and field and runners have the highest incidence 
compared to other sports (even among Olympic athletes).

Attenzione a ridurre l'EI
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exercise bouts of less than 60 min that have potential prevention
and therapeutic value.37!48

2.1. Enhanced immunosurveillance with acute exercise bouts
of less than 60 min

During moderate- and vigorous-intensity aerobic exercise
bouts of less than 60 min duration, the antipathogen activity of
tissue macrophages occurs in parallel with an enhanced recir-
culation of immunoglobulins, anti-inflammatory cytokines,
neutrophils, NK cells, cytotoxic T cells, and immature B cells,
all of which play critical roles in immune defense activity and
metabolic health (Fig. 3).37!40,44!47 Acute exercise bouts pref-
erentially mobilize NK cells and CD8+ T lymphocytes that
exhibit high cytotoxicity and tissue migrating potential.38,46,48

Stress hormones, which can suppress immune cell function,
and proinflammatory cytokines, indicative of intense meta-
bolic activity, do not reach high levels during short duration,
moderate exercise bouts.40 Over time, these transient, exer-
cise-induced increases in selective lymphocyte subsets
enhance immunosurveillance and lower inflammation, and
may be of particular clinical value for obese and diseased
individuals.41!43

In general, acute exercise is now viewed as an important
immune system adjuvant to stimulate the ongoing exchange of
leukocytes between the circulation and tissues.37 An ancillary
benefit is that acute exercise may serve as a simple strategy to
enrich the blood compartment of highly cytotoxic T-cell and
NK cell subsets that can be harvested for clinical use.38,44!46

Metabolically, moderate exercise induces small, acute eleva-
tions in IL-6 that exert direct anti-inflammatory effects,
improving glucose and lipid metabolism over time.49,50

Another benefit may include an enhanced antibody-specific
response when vaccinations are preceded by an acute exercise

bout, but more research is needed with better study designs to
control for potential confounding influences.51

2.2. Transient immune dysfunction after heavy exertion

The measurement of immune responses to prolonged and
intensive exercise by athletes continues to receive high
attention. Taken together, the best evidence supports that
high exercise training workloads, competition events, and
the associated physiological, metabolic, and psychological
stress are linked to immune dysfunction, inflammation, oxi-
dative stress, and muscle damage.9!14,24,27,52!54 NK cell
and neutrophil function, various measures of T- and B-cell
function, salivary IgA output, skin delayed-type hypersensi-
tivity response, major histocompatibility complex II expres-
sion in macrophages, and other biomarkers of immune
function are altered for several hours to days during recov-
ery from prolonged and intensive endurance exercise.52!58

The contrast in the magnitude of immune responses between
a 30- to 45-min walking bout and 42.2-km marathon race is
summarized in Fig. 4.3,4,27,40,52!57 These immune changes
occur in several compartments of the immune system and
body including the skin, upper respiratory tract mucosal tis-
sue, lung, blood, muscle, and peritoneal cavity. Although
some investigators have challenged the clinical significance
and linkage between heavy exertion and transient immune
dysfunction,58 the majority of investigators in the field of
exercise immunology have supported the viewpoint that the
immune system reflects the magnitude of physiological
stress experienced by the exerciser.3!5,27,54,56,57

Recent improvements in mass spectrometry technology and
bioinformatics support have improved the capacity to use a
systems biology approach when measuring the complex inter-
actions between exercise stress and immune function within
the human athlete.29!33,59!63 Metabolomics, proteomics, and
lipidomics have revealed that metabolism and immunity are
inextricably interwoven and has led to a new area of research

Fig. 3. Acute exercise stimulates the interchange of innate immune system

cells and components between lymphoid tissues and the blood compartment.

Although transient, a summation effect occurs over time, with improved

immunosurveillance against pathogens and cancer cells and decreased sys-

temic inflammation.

Fig. 4. The contrast in acute immune responses to heavy exertion (e.g., a mar-

athon race) and a 30- to 45-min walking bout. DTH = delayed-type

hypersensitivity; IgA = immunoglobulin A; Ne/Ly = neutrophil/lymphocyte

ratio; NK = natural killer; OB = oxidative burst.

Exercise immunology 203

Nieman & Wentz J Sport Health Sci. 2019 May;8(3):201-217 Nieman &  Bishop. J Sports Sci. 2006 Jul;24(7):763-72

Una finestra (e non sarà l'ultima)
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DAL PUNTO DI VISTA ENERGETICO COMANDANO:
CERVELLO

SISTEMA IMMUNITARIO

CALCOLARE LA SPESA ENERGETICA TOTALE: 
REE (BMR) + NEAT + EAT + TEF

CALCOLARE EVENTUALE SURPLUS ENERGETICO PER ALTRI SCOPI
+ ENERGIA POST TRAINING PER SISTEMA IMMUNITARIO

25
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ALIMENTAZIONE ED ENDURANCE

PRIMA

DURANTE

DOPO

26
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Riserve di energia
Quantità: assoluta (grammi ), relativa (Kcal)
Tipologia: CHO e LIPIDI 

Localizzazione: sottocutanea (L), viscerale (L), intramuscolare (L+C), epatica (C)
Mobilizzazione: meccanismi e velocità

RISERVE DI ENERGIA
MITOCONDRI

ENZIMI OSSIDATIVI
CAPILLARI

SNC (fatica)

cle fiber lipid content despite being markedly insulin sensi-
tive. The higher oxidative capacity of skeletal muscle in these
trained athletes provides a likely intermediary in the asso-
ciation between muscle lipid content and insulin resistance.
By examining the muscle lipid content, oxidative capacity,
and insulin sensitivity in trained and sedentary individuals,
we have identified potential mediators governing the asso-
ciation between skeletal muscle lipid and insulin resistance
of obesity and type 2 DM.

Skeletal muscle lipid within muscle fibers was directly
ascertained with quantitative histochemical analysis of bi-
opsy specimens, reflecting true intracellular concentration of
lipid. Because of inherent limitations of prior methods, prior
studies have relied on certain assumptions in their measure-
ments of intramuscular TG concentrations. Quantifying in-
tramuscular TG in human biopsy samples has typically in-
volved the biochemical extraction of TG, possibly resulting
in the inadvertent contamination of fat and connective tissue
within the sample (4, 5, 7, 8, 10). Proton MRS studies of
human muscle performed by several independent groups
have recently differentiated extra- and intramyocellular lipid
(IMCL) and have observed negative associations between
IMCL and insulin sensitivity (1, 3, 6, 12, 13). Although MRS
represents a novel noninvasive method to determine relative
IMCL content in vivo, quantification of actual IMCL concen-

trations using MRS remains problematic. Nevertheless, the
prior observed associations between IMCL and insulin re-
sistance should not be discounted. On the contrary, our find-
ings confirm those of these previous studies demonstrating
that increased lipid stored within muscle fibers is indeed
associated with insulin resistance.

Despite their expectedly higher insulin sensitivity, com-
pared with obese subjects and with those with type 2 DM, the
IMCL content in the trained subjects in this study was similar
to individuals with type 2 DM. Moreover, the observed as-
sociation between IMCL and insulin resistance disappeared
when trained subjects were included in the analysis. In pre-
vious studies observing associations between IMCL and in-
sulin resistance, the influence of physical fitness or physical
activity was not directly assessed (1, 3–6, 12, 13). Thus, this
study represents the first examination of the potential influ-
ence of physical training on the association between IMCL
and insulin resistance. Interestingly, insulin sensitivity in
these athletes was not greater, compared with lean sedentary
men and women. This finding is supported by other studies
finding only modest or no improvements in insulin sensi-
tivity with exercise training when the effects of weight loss
(21) and the last exercise session (21, 37) are accounted for.

Although their insulin sensitivity was similar, endurance-
trained athletes had nearly 2-fold higher amounts of lipid
stored within their muscle fibers, compared with their lean,

TABLE 2. Subject clinical characteristics

Lean Obese Type 2 DM Trained

Fasting glucose (mM) 5.02 ! 0.16 4.94 ! 0.15 9.54 ! 1.23a 4.65 ! 0.11
Serum cholesterol (g!dl"1) 182 ! 13 209 ! 18 220 ! 16 171 ! 18
Serum TG (g!dl"1) 124 ! 35 147 ! 19 157 ! 22 87 ! 19a

Data are presented as means ! SE of the mean; P values are given below for specific comparisons.
a Different from all other groups, P # 0.01.

FIG. 2. Insulin sensitivity in lean and obese subjects, obese subjects
with type 2 DM, and exercise-trained subjects. *, P # 0.05 vs. obese
and type 2 DM groups; **, P # 0.05 vs. type 2 DM group only. Results
are mean ! SE.

FIG. 3. IMCL content in lean and obese subjects, obese subjects with
type 2 DM, and exercise-trained subjects. *, P # 0.05 vs. obese and
lean groups; **, P # 0.05 vs. lean group only. Results are mean ! SE.

5758 J Clin Endocrinol Metab, December 2001, 86(12):5755–5761 Goodpaster et al. • Muscle Lipid and Insulin Resistance
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biochemical TG extraction analyses of muscle lipid content in
biopsy samples taken from the vastus lateralis before and after
exercise (r ! 0.15; P ! 0.73).

DISCUSSION

This is the first study to apply three different methodologies
to establish that skeletal muscle lipid stores represent an
important substrate source during prolonged exercise in endur-

ance-trained males. In agreement with the large contribution of
muscle (and/or lipoprotein)-derived TG use to energy expen-
diture during exercise, we observed a substantial net decline in
skeletal muscle lipid content following prolonged exercise as
assessed by using immunofluorescence microscopy on ORO-
stained muscle cross sections and by biochemical TG extrac-
tion analyses. Furthermore, most intramyocellular lipid depos-

Fig. 3. Images ("240 magnification) of rep-
resentative cross sections of vastus lateralis
muscle obtained before (left) and immedi-
ately after (right) exercise with sections
stained for intramyocellular lipid content.
The muscle fibers are labeled as type I and
type II. Differentiation between type I and II
fibres was based on standard ATPase
staining.

Fig. 4. Intramyocellular lipid content before and after 3 h of exercise at 50%
Wmax as assessed via immunohistochemical analyses of oil red O-stained
muscle cross sections (percentage of area lipid stained was assessed per fiber
type and calculated for total mixed muscle by correcting for fiber type
composition and fiber area; A) and biochemical TG extraction analyses
(mmol/kg dry wt; B). Values are means # SE; n ! 8. Line plots show
individual responses (n ! 8). †Significantly lower than preexercise, resting
values (P $ 0.01).

Fig. 5. Type I muscle fiber lipid distribution presented as intramyocellular
lipid content (expressed as area fraction lipid stained) in 9 successive 2-%m
bands from the immediate subsarcolemmal area toward the more central region
of the muscle fiber. A: myocellular lipid content before and immediately after
3 h of moderate-intensity exercise. B: net changes in myocellular lipid content
following 3 h of moderate-intensity exercise. Values are means # SE; n ! 8.
P $ 0.001, significantly less lipid compared with the subsarcolemmal area (0- to
4-%m bands: P $ 0.001; *) and significantly lower than preexercise values (†).

E1720 SKELETAL MUSCLE LIPID USE DURING EXERCISE

AJP-Endocrinol Metab • VOL 292 • JUNE 2007 • www.ajpendo.org

Downloaded from journals.physiology.org/journal/ajpendo at Università di Padova (147.162.015.177) on April 3, 2025.

Stellingwerff et al. Am J Physiol Endocrinol Metab. 2007 Jun;292(6):E1715-23

ATHLETE'S PARADOX

Le scorte
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Aumentare IMTG per la performance
Il consumo di una dieta ricca di grassi può aumentare la concentrazione di IMTG a riposo.
La ricerca ha evidenziato che una dieta ad alto contenuto lipidico può aumentare le riserve di 
IMTG e promuovere la lipolisi a livello sistemico durante l’esercizio.

L’integrazione di una dieta low-carb high-fat (LCHF) con l’allenamento può favorire l’accumulo
di grassi intramuscolari. Questo approccio porta a un aumento della disponibilità di substrati
lipidici e a un cambiamento nel pattern di utilizzo dei carburanti,  con potenziali benefici sulla
performance di endurance. 

a significant net breakdown during HF (P ! 0.06, n ! 5).
Before exercise, resting muscle glycogen concentration was
significantly lowered by "50% with the HF diet (348 # 36 vs.
716# 68 mmol/kg dw), and the net breakdown during exercise
was also significantly lower during HF (67 # 12 vs. 171 # 40
mmol!kg dw$1!60 min$1, HF vs. CON, P % 0.05; Fig. 4).
Although muscle biopsies were not taken in acipimox trials
(ACP-CON and ACP-HF), it was expected that the preexercise
muscle substrate concentrations were similar to CON and HF,
because the same subjects replicated the diet and exercise
protocols.
Carbohydrate and minimal glycogen oxidation. HF de-

creased carbohydrate oxidation during exercise by 38% below
CON (i.e., 146 # 8 vs. 90 # 7 &mol!kg$1!min$1 in CON vs.
HF; P % 0.05; Table 1). Similarly, ACP-HF decreased carbo-
hydrate oxidation by 30% from 170 # 10 in ACP-CON to
119 # 7 &mol!kg$1!min$1 (P % 0.05). Acipimox raised
carbohydrate oxidation after both control and high-fat diets
(ACP-CON vs. CON, ACP-HF vs. HF, P % 0.05). Similar to
total carbohydrate oxidation, minimal glycogen oxidation was
also lowered by the HF diet, from 128 # 9 to 74 # 7
&mol!kg$1!min$1 without acipimox (CON vs. HF, P % 0.05),
and also with acipimox, from 147 # 11 to 100 # 7
&mol!kg$1!min$1 (ACP-CON vs. ACP-HF, P % 0.05; Table
1). Acipimox, with both the control and high-fat diets, signif-
icantly increased minimal glycogen oxidation during exercise
(both P % 0.05).
Plasma glucose kinetics. During 10–60 min of exercise, Ra

glucose, Rd glucose, and GCR were not affected by the high-fat
diet in the normal conditions (CON vs. HF, all NS). However,
under acipimox, the high-fat diet uniformly lowered Ra
(19.3 # 1.4 vs. 22.9 # 2.4 &mol!kg$1!min$1; Fig. 5), Rd
(18.8 # 1.3 vs. 22.3 # 2.1 &mol!kg$1!min$1; Fig. 5), and
GCR (4.03 # 0.34 vs. 4.74 # 0.52 ml!kg$1!min$1) by 16, 16,
and 15%, respectively (all ACP-HF vs. ACP-CON, all P %
0.05). After the control diet, acipimox elevated Ra glucose

(22.9 # 2.4 vs. 19.4 # 1.5 &mol!kg$1!min$1, ACP-CON vs.
CON; Fig. 5), Rd glucose (22.3 # 2.1 vs. 18.4 # 1.5
&mol!kg$1!min$1, ACP-CON vs. CON; Fig. 5), and GCR
(4.74 # 0.52 vs. 3.81 # 0.32 ml!kg$1!min$1, ACP-CON vs.
CON) by 18, 21, and 24% during exercise, respectively (ACP-
CON vs. CON, all P % 0.05). However, after the high-fat diet,
acipimox did not increase Ra glucose, Rd glucose, or GCR
during exercise (ACP-HF vs. HF, all P ' 0.05). At rest, Ra
glucose was not significantly affected by diet or acipimox
(12.4 # 0.5, 12.1 # 0.5, 13.6 # 0.8, and 13.2 # 0.7
&mol!kg$1!min$1 for CON, HF, ACP-CON, and ACP-HF,
respectively).
Plasma glucose and insulin. At rest and during exercise,

plasma glucose concentrations were similar during CON and
HF and were not affected by acipimox (Fig. 6). At 60 min,
plasma glucose concentrations in ACP-CON and ACP-HF
were significantly below those of the respective resting values

Fig. 3. Rate of glycerol appearance (Ra glycerol) during 60 min of exercise at
50% V̇O2peak after 2 days of a control or high-fat diet, performed with and
without acipimox ingestion 2 h before exercise. *Time points significantly
higher than corresponding resting value; †HF significantly higher than CON,
and ACP-HF significantly higher than ACP-CON; ‡ACP-CON significantly
less than CON, and ACP-HF significantly less than HF. All P % 0.05.

Fig. 4. Intramuscular triglyceride (IMTG) (A) and muscle glycogen (B)
concentrations and net breakdown during 60 min of exercise at 50% V̇O2peak
after 2 days of a control or high-fat diet. †HF significantly different from CON;
P % 0.05 (n ! 6). IMTG net breakdown during HF tended to be significantly
above zero (P ! 0.06, n ! 5).
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(P ! 0.05). There were no statistically significant effects of
diet or acipimox at rest or during exercise on plasma insulin
concentration. By 60 min of exercise, plasma insulin concen-
tration was significantly below resting values in all trials (P !
0.05; Fig. 6).

DISCUSSION

This study demonstrated that the higher fat oxidation during
exercise after a short-term high-fat diet is associated with
elevated IMTG concentration and whole body lipolysis. Fur-
thermore, the increase in fat oxidation and lipolysis after the
high-fat diet does not appear to depend on elevated adipose
lipolysis and plasma FFA concentration, because adipose tis-
sue lipolysis inhibition with acipimox did not attenuate the
absolute increase in fat oxidation and lipolysis. This finding
suggests that the major substrate responsible for elevated fat
oxidation and lipolysis after a short-term high-fat diet is IMTG.
Although several studies have reported elevated concentra-

tions of plasma glycerol after a high-fat diet (5, 26, 42), this is
the first study, to our knowledge, that has directly measured
whole body lipolysis after a high-fat diet. As expected, lipol-
ysis was indeed elevated. However, an elevation of adipose
lipolysis during exercise was not necessary for the increase in
whole body lipolysis and fat oxidation with the high-fat diet, as
demonstrated when adipose tissue lipolysis was suppressed by
acipimox. This suggests that a major source of increased
lipolysis during exercise after the high-fat diet was IMTG and
not plasma FFA. It appears that skeletal muscle is the tissue
that responds to the high-fat diet used in this study by altering
the amount of triglyceride and glycogen stores within its fibers.
The high-fat diet significantly elevated IMTG concentration by
36%, and there was 8.8 " 3.3 mmol/kg dw net breakdown of
IMTG over the 60 min of exercise (P # 0.06). With the
assumption of an active muscle mass of 10 kg during cycling
exercise, and the wet-to-dry weight ratio being 4.31 (see
METHODS), the increase in net IMTG breakdown during the
exercise with the high-fat trial (8.8 vs. 4.5 mmol/kg dw) was,
on average, 10 mmol triglyceride (10 kg $ 4.3 mmol/kg $
1/4.31) and could account for about one-half of the increase in
fat oxidation (i.e., 21 mmol triglyceride # 13.6 %mol fatty
acid!kg&1!min&1 $ 60 min$ 76 kg$ 1 %mol Tg/3 %mol fatty
acid $ 1 mmol/1,000 %mol) and lipolysis caused by the

high-fat diet, because fat oxidation and lipolysis were elevated
by 21 and 27 mmol triglyceride, respectively, over 60 min of
exercise during the high-fat trial. Starling et al. (42) reported
that, in as few as 24 h, resting IMTG concentration can be
increased by 45% and fat oxidation during exercise can be
significantly elevated by a high-fat diet. Helge et al. (20) also
reported that 7 wk of a high-fat diet (65% fat) significantly
elevated IMTG concentration by 73% and nonsignificantly
increased IMTG breakdown ('7 mmol/kg dw) during 1 h of
exercise at 68% V̇O2 peak. Although the 7 mmol/kg dw break-
down of IMTG during 1 h of exercise was not statistically
significant in the study by Helge et al., this value is similar in
magnitude to the present observation that IMTG breakdown
was 8.8 mmol!kg dw&1!60 min&1 during HF (P # 0.06; Fig.
4). In addition, a recent report (26) using 1H magnetic reso-
nance spectroscopy to measure intramyocellular triglyceride
net breakdown during 3 h of cycling at 70% V̇O2 peak demon-
strated that 2 days of a high-fat diet resulted in an IMTG
breakdown of '9.5 mmol!kg dw&1!60 min&1 compared with

Fig. 5. Average rate of glucose appearance (Ra glucose, A) and disappearance
(Rd Glucose, B) during 60 min of exercise at 50% V̇O2peak after 2 days of a
control or high-fat diet, performed with and without acipimox ingestion 2 h
before exercise. †ACP-CON significantly higher than ACP-HF; ‡ACP-CON
significantly higher than CON. All P ! 0.05.

Table 1. Effects of diet (control or high-fat) and low plasma
FFA concentration (acipimox) on total carbohydrate
oxidation, glycogen oxidation, and plasma glucose
disappearance during exercise

Treatment
Total CHO
Oxidation

Glycogen
Oxidation Rd Glucose

CON 146"8 128"9 18.4"1.5
HF 90"7* 74"7* 17.3"1.0
ACP-CON 170"10† 147"11† 22.3"2.1*†
ACP-HF 119"7*† 100"7*† 18.8"1.3

Total carbohydrate oxidation (Total CHO Oxidation), minimal glycogen
oxidation (Glycogen Oxidation), and rate of plasma glucose disappearance (Rd
Glucose) during 10–60 min of exercise at 50% of peak O2 consumption.
Values are means" SE expressed as %mol!kg&1!min&1. Trials (2 days): CON,
control diet; HF, high-fat diet; ACP-CON, control diet with acipimox; ACP-
HF, high-fat diet with acipimox. *HF significantly lower than CON, and
ACP-HF significantly lower than ACP-CON; †ACP-CON significantly higher
than CON, and ACP-HF significantly higher than HF. All P ! 0.05.
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utilization takes place in human tissues to an extent that would
meaningfully invalidate the measurement of lipolysis from plasma
glycerol kinetics. Sampling from an antecubital vein as in this study
may have underestimated the enrichment of glycerol and glucose and
could result in an overestimate in glucose and glycerol turnover.
However, low glucose and glycerol turnover rates relative to glucose
and glycerol pools in humans results in !10% error on turnover rates
(51).
Measurements of gas exchange. During exercise, subjects inhaled

through a two-way valve while inspired air volume was measured
with a pneumotach (Hans Rudolph, Kansas City, MO) and analyzed
for oxygen (Applied Electrochemistry, SA3; Ametek, Pittsburgh, PA)
and carbon dioxide (Beckman LB2; Schiller Park, IL) concentrations.
These instruments were interfaced to a computer for calculation of O2
consumption (V̇O2) and carbon dioxide production (V̇CO2).
Substrate oxidation. Fat and carbohydrate oxidation were calcu-

lated from V̇O2 and V̇CO2 measurements (11). Because at 50% max-
imal V̇O2, it has been reported that 96–100% of Rd glucose is
oxidized, minimal glycogen oxidation was calculated as total carbo-
hydrate oxidation minus Rd glucose (25).
Statistics. A three-way repeated-measures ANOVA (ACP "

diet " time) and mean contrasts according to Bonferroni inequal-
ities were used to analyze dependent variables at specific time
points during exercise when there was a significant main effect or
interaction. Dependent sample t-tests were used to determine the
effect of diet on resting muscle glycogen and IMTG concentra-
tions. Statistical significance was defined as P ! 0.05. The results
are presented as means # SE.

RESULTS

Plasma FFA concentration. ACP-CON and ACP-HF mark-
edly suppressed resting plasma FFA compared with CON and
HF, respectively (Fig. 1) (P ! 0.05). Acipimox maintained
plasma FFA at $0.10 mM throughout exercise during both
ACP-CON and ACP-HF trials. At 50 and 60 min of exercise,
HF plasma FFA concentration was slightly but significantly

elevated above CON (0.46 # 0.11 vs. 0.34 # 0.04 mM, mean
50–60 min, P ! 0.05), but there was no significant difference
in plasma FFA concentration during the first 40 min of exer-
cise.
Fat oxidation. During exercise, HF elevated fat oxidation by

13.6# 1.7 %mol!kg&1!min&1 compared with CON (32.4# 2.2
vs. 18.8# 2.4 %mol!kg&1!min&1, mean 10–60 min, P ! 0.05),
which amounted to an increase of 72 # 5% (Fig. 2). ACP-HF
elevated fat oxidation over ACP-CON (24.5 # 2.4 vs. 11.7 #
1.9 %mol!kg&1!min&1, P ! 0.05) by a similar absolute mag-
nitude (i.e., 12.8 # 0.7 %mol!kg&1!min&1) compared with the
absolute increase in HF vs. CON (i.e., 13.6 # 1.7
%mol!kg&1!min&1; Fig. 2). In association with the lowering of
plasma FFA concentration, acipimox trials also lowered fat
oxidation after both control and high-fat diets by 7–8
%mol!kg&1!min&1 (CON vs. ACP-CON and HF vs. HF-ACP,
both P ! 0.05).
Glycerol kinetics. During the 1st h of exercise, HF signifi-

cantly elevated Ra glycerol above CON (13.63 # 1.65 vs.
7.62 # 0.85 %mol!kg&1!min&1, mean 10–60 min, P ! 0.05);
furthermore, ACP-HF elevated Ra glycerol above the ACP-
CON trial (6.14 # 0.48 vs. 3.05 # 0.61 %mol!kg&1!min&1,
mean 10–60 min, P ! 0.05). Under both control and high-fat
diets, acipimox significantly lowered Ra glycerol during exer-
cise (3.05# 0.61 vs. 7.62# 0.85, and 6.14# 0.48 vs. 13.63#
1.65 %mol!kg&1!min&1; ACP-CON vs. CON and ACP-HF vs.
HF, respectively, both P ! 0.05). At rest, Ra glycerol was not
affected by diet (4.20 # 0.58 vs. 5.71 # 1.17, CON vs. HF;
1.91# 0.21 vs. 2.68# 0.57 %mol!kg&1!min&1, ACP-CON vs.
ACP-HF, respectively; neither significant; Fig. 3) but was
significantly lowered by acipimox after both diets (P ! 0.05).
IMTG and glycogen concentrations. IMTG concentration

before exercise was significantly elevated by 36% after HF vs.
CON (49.9 # 3.4 vs. 36.8 # 4.8 mmol/kg dw, P ! 0.05; Fig.
4). During 60 min of exercise in CON and HF trials, there was
no statistically significant net breakdown of IMTG (4.5 # 4.3
vs. 8.8# 3.3 mmol/kg dw). However, there was a tendency for

Fig. 1. Plasma free fatty acid (FFA) concentrations during 60 min of exercise
at 50% peak O2 consumption (V̇O2peak) after 2 days on a control (CON) or
high-fat (HF) diet, performed with and without acipimox ingestion 2 h before
exercise. ACP-CON, control diet with acipimox; ACP-HF, high-fat diet with
acipimox. *Time points significantly higher than resting value; †HF signifi-
cantly higher than CON; ‡ACP-CON significantly lower than CON, and
ACP-HF significantly lower than HF. All P ! 0.05.

Fig. 2. Average rate of fat oxidation during 60 min of exercise at 50% V̇O2peak
after 2 days of a control or high-fat diet, performed with and without acipimox
ingestion 2 h before exercise. Abbreviations as in Fig. 1. †HF significantly
higher than CON, and ACP-HF significantly higher than ACP-CON; ‡ACP-
CON significantly less than CON, and ACP-HF significantly less than HF. All
P ! 0.05.
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Le modificazioni dell’ossidazione dei substrati indotte da una dieta LCHF (low-
carbohydrate, high-fat) permangono anche dopo l’aumento della disponibilità di 
carboidrati, sia endogeni che esogeni.
1. Adattamenti mitocondriali positivi (miglioramento Fat max, flessibilità

metobolica),
2. potrebbero compromettere qualità dell’allenamento e del recupero.

UTILIZZARE SOLO CON ALLENAMENTI A BASSA INTENSITÀ (Z2): 
PER RIDURRE AL MINIMO L'IMMUNOSOPPRESSIONE 

INDOTTA DALL'ESERCIZIO FISICO, L'ALLENAMENTO RIDOTTO DEVE ESSERE 
EFFETTUATO DURANTE LE SESSIONI CHE NON SONO DEDICATE A CARICHI DI 

ALLENAMENTO NON ABITUALI (CIOÈ SFORZI SOVRA-MASSIMALI, ALLENAMENTI 
PROLUNGATI E INTENSI).

Aumentare IMTG per la performance

29
Paoli A. 

Il glicogeno per l'endurance: basta tanta pasta?

Areta et al. Sports Med. 2018 Sep;48(9):2091-2102
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EFFETTO DELLA MANIPOLAIZONE DI  CHO
SU PERFORMANCE DI BREVE DURATA (1 E 15 min)

Nessuna differenza nella performance tra diete né nel 1-min o nel 15-min test

Manipolare il glicogeno: pre

Schytz et al. Scand J Med Sci Sports. 2023 Jul;33(7):1054-1071

31
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Nessuna differenza nella 
MEZZA MARATONA tra le 3 

condizioni

Manipolare il glicogeno: pre

Sherman et al. Int J Sports Med. 1981 May;2(2):114-8

15% carbohydrate (CHO,L), 
50% CHO (M), 
70% (CHO (H) 

three trials: 
trial A = 3 days L, 3 days H; 
trial B = 3 days M, 3 days H; 
trial C = 6 days M

EFFETTO DELLA MANIPOLAIZONE DI  CHO
SU PERFORMANCE <90'

32
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PERFORMANCE DI  ENDURANCE
LUNGA DURATA (>90 minutes)

theoretical threshold

1) PARTIRE CON RISERVE ADEGUATE

2) RISPARMIARE GLICOGENO?

3) RECUPERO RAPIDO DEL 
GLICOGENO CONSUMATO

Manipolare il glicogeno

Areta et al. Sports Med. 2018 Sep;48(9):2091-2102

33
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1) PARTIRE CON RISERVE ADEGUATE- CHO LOADING

Muscle glycogen 
'supercompensation’

 aumenta la resistenza alla 
fatica del

20%  e la performance di 
endurance  (> 90 min) 

del  2-3%. 

Manipolare il glicogeno: pre

Burke et al. J Appl Physiol (1985). 2017 May 1;122(5):1055-1067

Hawley et al. Sports Med. 1997 Aug;24(2):73-81
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2) RISPARMIO DEL GLICOGENO?

KETONS SUPPLEMENTATION?

Risparmiare il glicogeno

Poffé et al. J Appl Physiol (1985). 2020 Jun 1;128(6):1643-1653

35
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Riduce la dipendenza da CHO (risparmia 
gliocogeno?) e aumenta l'efficienza ossidativa 

in quasi tutti gli studi
Solo 1/3 degli 11 studi dimostra efficacia 

sulla performance)

Fig. 2 Overview of studies supporting the glycogen threshold
hypothesis. Studies are categorized into those examining a cell
signalling, b gene expression and c muscle contractile capacity and
post-exercise signalling. In a and b, the green bars represent the trial
within the specific study that has been completed with high muscle
glycogen, and the red bars represent the trial completed with low
muscle glycogen. The length of the bar in both instances corresponds
to the pre- and post-exercise muscle glycogen concentration. Addi-
tionally, in studies from the authors’ laboratory (Bartlett et al. [38]
and Impey et al. [48]), black and white circles represent individual
subjects’ pre- and post-exercise muscle glycogen concentrations,
respectively. In c, a variety of CHO manipulation protocols have been

adopted to examine the effect of high (green bars) and low (red bars)
muscle glycogen concentration on contractile properties and post-
exercise cell signalling. The shaded area represents a potential muscle
glycogen threshold in which exercise should be commenced (albeit
specific to the training status of the participants studied in these
investigations). AMPK AMP-activated protein kinase, ACC acetyl-
CoA carboxylase, Ca2? calcium, COX cytochrome c oxidase,
p38MAPK p38 mitogen-activated protein kinase, p70S6K ribosomal
protein S6 kinase, PDK4 pyruvate dehydrogenase kinase 4, PGC-1a
peroxisome proliferator-activated receptor gamma coactivator 1-a,
Tfam mitochondrial transcription factor A

1044 S. G. Impey et al.

123

mpey et al. Sports Med. 2018 May;48(5):1031-1048

Training Low CHO
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Utilizzare solo con:

Allenamenti a bassa intensità (Z2): Per ridurre al minimo l'immunosoppressione indotta dall'esercizio
fisico, l'allenamento ridotto deve essere effettuato durante le sessioni che non sono dedicate a carichi di 
allenamento non abituali (cioè sforzi sovra-massimali, allenamenti prolungati e intensi).

Abbinare una corretta strategia di nutrizione sia intra che pre-post esercizio:

- PRE: utilizzare zero o pochi carbodrati ( più sostenibile) prediligendo fonti a BASSO INDICE GLICEMICO 
(avena, quinoa, orzo, farro). L'assunzione di proteine (ad esempio 20-25 g) deve avvenire pre esercizio per 
promuovere la sintesi proteica. 

- DURANTE: basso apporto di CHO (max 30-50g/h, con una quantità crescente nelle ore di esercizio). 
Utilizzare MCT e EAA per supportare lo sforzo. Eventualmente includere mouth-rinse CHO durante
l'esercizio fisico. 

- POST: assumere un’adeguata quantità di proteine (20-25g) + carboidrati e grassi a seconda dell’obiettivo
e del tipo di esercizio effettuato

Training Low CHO

37
Paoli A. Ørtenblad et al. J Physiol. 2013 Sep 15;591(18):4405-13

Glicogeno: non solo per ATP
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Per ricostituire le scorte di glicogeno muscolare un'assunzione elevata
di carboidrati (9,8 g/kg BW/d) per 24 ore ricostituisce al 93% le scorte
(esaurite con un esercizio di 2 ore al 60% VO2max);

t ime-t r ia l effor t s dur ing road compet it ions. Fur thermore,
each subject completed a familia r iza t ion t ime t r ia l 7–10 days
before the first exper imenta l t r ia l to minimize any learn ing
effect . The ergometer was in ter faced with a computer tha t
a llowed the subjects to see the tota l work completed, with no
feedback regarding tota l t ime elapsed. Tota l t ime to complete
the self-paced cycling t r ia l was recorded. In addit ion , respira -
tory gases and a hear t ra te via radiotelemet ry (Pola r Vantage
XL, Polar Elect ro, Por t Washington , NY) were obta ined every
200 kJ . A blood sample was obta ined from a forearm vein
before and every 400 kJ throughout the t ime t r ia l.
Analytic techniques. The biopsy samples were quickly

dissected free of any visible fa t and connect ive t issue and then
were frozen and stored in liqu id nit rogen (2190°C) unt il la ter
ana lysis for glycogen and t r iglycer ide concent ra t ions. Before
these ana lyses, the muscle samples were freeze-dr ied for 20 h
and then were weighed on an elect ron ic autoba lance having a
sensit ivity of 0.001 mg. Tota l muscle glycogen was deter-
mined in t r iplica te after hydrolysis of the muscle in hy-
drochlor ic acid (26). The resu ltan t glucose residues from the
hydrolysis were measured fluoromet r ica lly with the use of the
hexokinase-glucose-6-phosphate dehydrogenase react ion (27).
Tota l muscle t r iglycer ide was determined in quadruplica te
with a dry weight sample size (mean 6 SD) of 1.3 6 0.5 mg. A
modifica t ion of the chloroform-methanol method by Frayn
and Maycock (13) was used to ext ract the t r iglycer ide from
the muscle samples. Ext ract s were dr ied, hydrolyzed in
a lcoholic KOH, and neut ra lized with HCl, and t r iglycer ide
concent ra t ion was then determined by measur ing the liber-
a ted glycerol spect rophotomet r ica lly using a commercia lly
ava ilable enzymat ic method (kit no. 337, Sigma Chemica l, St .
Louis, MO).
The blood samples were cent r ifuged, and the serum was

then stored a t 220°C unt il la ter ana lysis. Serum glucose, free
fa t ty acid (kit no. 990–75401, Wako Pure Chemica l Indus-
t r ies, Osaka , J apan), and glycerol concent ra t ions were mea-
sured on a ll serum samples by using commercia lly ava ilable
enzymat ic methods.
Respira tory gases were ana lyzed for oxygen (model S-3A,

Applied Elect rochemist ry, Sunnyvale, CA) and carbon dioxide
(model LB-2, SensorMedics, Anaheim, CA) fract ions by using
elect ron ic ana lyzers. Gas volume was determined via a dry-
gas meter (Parkinson Cowan). From these da ta , oxygen
consumpt ion (V̇O2) and respira tory exchange ra t io (RER)
were ca lcu la ted.
S tatistics. A two-way ana lysis of var iance for repea ted

measures (t rea tment 3 t ime) was used to examine possible
differences between the exper imenta l t r ia ls for muscle glyco-
gen and t r iglycer ide concent ra t ions and for a ll dependent
var iables obta ined throughout the cycling t ime t r ia l. When
significant F-va lues were obta ined, a Tukey’s post hoc ana ly-
sis was administered to loca te differences between means. In
addit ion , possible differences between the exper imenta l t r ia ls
for tota l per formance t ime were examined by using a pa ired
t-test . Significance was accepted a t the P , 0.05 level.

RESULTS

Muscle triglyceride and glycogen. Tota l muscle t r iglyc-
er ide concent ra t ion before the 120-min cycling bout
was not sign ificant ly differen t between the Hi-CHO
and Hi-Fat t r ia ls (Table 1). Fur thermore, muscle t r iglyc-
er ide concent ra t ions after the 120-min r ide were not
sign ificant ly differen t compared with the cor respond-
ing preexercise va lues for both the Hi-CHO and Hi-Fa t
t r ia ls. Muscle t r iglycer ide concent ra t ion 24 h after the

120-min r ide was significant ly h igher for the Hi-Fa t
compared with the Hi-CHO tr ia l (Table 1).
Tota l muscle glycogen concent ra t ion before the 120-

min cycling bout was not sign ificant ly differen t be-
tween the Hi-CHO and Hi-Fa t t r ia ls (Table 1). Muscle
glycogen concent ra t ion after the 120-min r ide was
significant ly lower compared with the preexercise va lue
for both the Hi-CHO and Hi-Fa t t r ia ls. Fur thermore,
muscle glycogen concent ra t ion was significant ly h igher
24 h after the 120-min r ide for the Hi-CHO compared
with the Hi-Fa t t r ia l (Table 1).
S elf-paced cycling tim e trial. Tota l t ime to complete

the 1,600-kJ cycling t ime t r ia l was sign ificant ly grea ter
dur ing the Hi-Fa t t r ia l (139.3 6 7.1 min) compared
with the Hi-CHO tr ia l (117.1 6 3.2 min). F igure 1
displays the elapsed t ime every 200 kJ throughout the
cycling t ime t r ia l for the Hi-Fa t and Hi-CHO tr ia ls.
Fur thermore, V̇O2 expressed as a percentage of V̇O2max
was not sign ificant ly differen t between the Hi-Fa t and
Hi-CHO tr ia ls dur ing the first 1,000 kJ of the t ime t r ia l

Table 1. In tram uscular substrates before, imm ediately
after, and 24 h after 120-m in cycling bout

Subst ra te Prer ide Post r ide 24-h Post r ide

Tr iglycer ide
Hi-CHO 33.062.3 30.962.4 27.562.1*
Hi-Fa t 37.062.1 32.861.6 44.762.4*†‡

Glycogen
Hi-CHO 571638 241636* 549638†
Hi-Fa t 599641 285622* 327621*‡

Values are means 6 SE in mmol/kg dry wt . Hi-CHO, high-
carbohydra te; Hi-Fa t , h igh-fa t . *Significant ly differen t from corre-
sponding prer ide va lue, P , 0.05. †Significant ly differen t from
corresponding post r ide va lue, P , 0.05. ‡Significant ly differen t from
24-h va lue for Hi-CHO tr ia l, P , 0.05.

F ig. 1. Elapsed per formance t ime throughout 1,600-kJ cycling t ime
t r ia l for h igh-carbohydra te (Hi-CHO) and high-fa t (Hi-Fa t ) t r ia ls.

1186 DIET, MUSCLE TRIGLYCERIDE, AND PERFORMANCE
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Starling et al. J Appl Physiol (1985). 1997 Apr;82(4):1185-9

Ma ricostruiamo 'sto glicogeno post!

39
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• Nel breve termine sappiamo che la supplementazione di CHO 
immediatamente post esercizio porta ad una ricostituzione
del glicogeno di circa 6/7 µmol/g wet wt/h;

• Questa velocità di ricostituzione scende al 50% dopo 2 ore 
(insieme al ritorno alla normalità di glicemia ed insulina);

• Se vengono dati dopo 2 ore la ricostituzione del glicogeno
sarà di  circa 3/4 µmol/g wet wt/h (anche in presenza di un 
aumento normale di insulina e glicemia);

Ricostruiamo 'sto glicogeno: post
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Studi ormai classici hanno dimostrato come la presenza di proteine
aumenti la resintesi di glicogeno;

Ivy JL. Int J Sports Med. 1998 Jun;19 Suppl 2:S142-5
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Ma scorte elevate di glicogeno
permettono anche di ottimizzare le 
vie di segnale dell'ipertrofia tramite la 
riduzione di AMPK e quindi
l'attivazione di mTORC1-S6K1

and responsiveness of individual mRNA species to different
types of contractile activity is variable, but peak induction for
both ‘‘metabolic’’ and ‘‘myogenic’’ genes generally occur 4–
8 hr after an exercise bout, with mRNA levels returning to pre-ex-
ercise levels within 24 hr (Yang et al., 2005). Another level of
regulation of mRNA and protein abundance by exercise involves
alterations in DNA methylation status (Barrès et al., 2012), his-
tone modifications (McGee and Hargreaves, 2011), and micro-
RNA expression (Zacharewicz et al., 2013). Ultimately the ability
of a given muscle cell to alter the type and quantity of protein is a
function of its half-life. Proteins that turn over rapidly and have
high rates of synthesis are capable of attaining a new steady-
state level faster than those that turn over slowly during adapta-
tion to contractile and other stimuli.
Mitochondrial Biogenesis and Endurance Training

Adaptation

Mitochondrial biogenesis requires the coordination of multiple
cellular events, including transcription of two genomes, synthe-

sis of lipids and proteins, and the stoichiometric assembly of
multisubunit protein complexes into a functional respiratory
chain (Hood et al., 2006). Impairments at any step can lead to
defective electron transport, failure of ATP production, and an
inability to maintain energy homeostasis. Since the seminal
work of Holloszy (1967), who discovered that muscles of tread-
mill-trained rats exhibited higher levels of mitochondrial proteins
than those of untrained animals, major breakthroughs in unravel-
ing the cellular events controlling skeletal muscle mitochondrial
biogenesis have occurred. Several transcription factors that
regulate the expression of the nuclear genes encoding mito-
chondrial proteins were discovered (Scarpulla 2006). These
include nuclear respiratory factors 1 and 2 (NRF-1, NRF-2) that
bind to the promoters and activate transcription of genes that
encodemitochondrial respiratory chain proteins (Kelly and Scar-
pulla 2004). NRF-1 also activates expression of the nuclear
gene that encodes mitochondrial transcription factor A (TFAM),
which moves to the mitochondria and regulates transcription
of the mitochondrial DNA (i.e., the mitochondrial genome).
Because not all promoters of genes transcribing mitochondrial
proteins have NRF-1-binding sites, other transcription factors
are involved in contractile-modulated mitochondrial biogenesis,
including the estrogen-receptor-related receptors (ERR) a and
d and the peroxisome proliferator-activated receptor coactiva-
tors (PPARs), which regulate expression of the mitochondrial
fatty acid oxidative enzymes (Kelly and Scarpulla, 2004; Scar-
pulla, 2006).
Another major breakthrough in unraveling the cellular events

that promote mitochondrial biogenesis was the discovery of
PGC-1a, an inducible coactivator that regulates the coordinated
expression of mitochondrial proteins encoded in the nuclear and
mitochondrial genomes (Lin et al., 2005). A critical feature of the
PGC-1 coactivators is that they are highly versatile and interact
with many different transcription factors to activate distinct bio-
logical programs in different tissues (Lin et al., 2005). In skeletal
muscle, PGC-1a has emerged as a key regulator of mitochon-
drial biogenesis that responds to neuromuscular input and the
prevailing contractile activity. A single bout of endurance exer-
cise induces a rapid and sustained increase in PGC-1a gene
and protein in skeletal muscle (Mathai et al., 2008), whereas
muscle-specific overexpression of PGC-1a results in a large in-
crease in functional mitochondria (Lin et al., 2002), improve-
ments in whole-body VO2max, a shift from carbohydrate to fat
fuels during submaximal exercise, and improved endurance per-
formance (Calvo et al., 2008). Gain-of-function studies reveal
that expression of PGC-1a at or near physiological levels leads
to activation of genetic programs characteristic of slow-twitch
muscle fibers (Lin et al., 2002), with the muscles of these trans-
genic mice resistant to contraction-induced fatigue. Loss of
function studies challenge the absolute requirement of PGC-1a
for exercise training-induced changes in muscle mitochondrial
biogenesis, angiogenesis, and fiber type changes (Geng et al.,
2010; Rowe et al., 2012). On balance, current observations place
PGC-1a as a central player in orchestratingmany of the oxidative
adaptations to exercise.
AMPK and p38 MAPK are two important signaling cascades

that converge upon the regulation of PGC-1a and consequently
the regulation of mitochondrial biogenesis (Figure 4). AMPK

Figure 4. Schematic of the Major Signaling Pathways Involved in

the Control of Skeletal Muscle Hypertrophy and Mitochondrial

Biogenesis
Multiple primary signals, including, but not limited to, mechanical stretch,
calcium, pH, redox state, hypoxia, and muscle energy status, are altered with
voluntary dynamic exercise. Following initiation of one or more of these pri-
mary signals, additional kinases/phosphatases are activated to mediate a
specific exercise-induced signal. In mammalian cells, numerous signaling
cascades exist. These pathways are regulated at multiple sites, with sub-
stantial crosstalk between pathways producing a highly sensitive, complex
transduction network.

744 Cell 159, November 6, 2014 ª2014 Elsevier Inc.

Hawley et al. Cell. 2014;159(4):738-49
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trations were measured by using commercially available human
insulin ELISA kit (Alpco Diagnostics, Salem, MA). Plasma AA
concentrations were determined by using liquid chromatography-
mass spectrometry (QTrap 5500 MS; AB Sciex) using internal
standard method (12). Preparations of muscle tissue samples ob-
tained from the vastus lateralis muscles at 180 and 420 min were
performed as previously described (18). Phenylalanine tracer en-
richment from muscle bound protein was determined as in plasma
analyses.

Statistical analysis. Mixed effects ANOVA models were used to
analyze protein kinetics (NB, PS, and PB), MPS, and concentrations
of AAs, insulin, and glucose in the plasma. Each model included fixed
effects for protein amount (MP and HP) and physical activity (R and
X). Because this was a cross-over study, factors representing sequence
order and period were included in the model to allow for the assess-
ment of possible carryover effects. The analyses of the AA, insulin,
and glucose data also included sampling time, which was modeled as
a continuous variable. P ! 0.05 were considered to be statistically
significant. In cases where multiple testing was necessary, Sime’s
method was used to adjust the P values. This analysis was performed
using SAS (version 9.4 SAS Institute, Cary, NC).

RESULTS

Protein kinetics at whole body and muscle levels. Whole
body protein kinetics (NB, PS, and PB) were calculated as
changes from the fasted to the fed states to account for any
variability in the fasting kinetic values (Fig. 3). Statistical
comparisons for kinetics between fasted and fed states were not
made, since the focus of this paper was the response to dietary
intake of protein. There was no sequence (MP and HP) effect

on any kinetics (for all, P " 0.39). In contrast to the hypoth-
esis, we did not find an effect of exercise on protein kinetics
(P " 0.490). However, we found there were significant effects
of protein amount on the protein kinetics (P ! 0.00005). NB
was increased in both MP and HP groups, with the increase in
response to HP significantly greater than the response to MP
(for all, P ! 0.00001). PS was stimulated in response to both
levels of protein intake, and the magnitude was greater with
HP. Similarly, PB was decreased in both MP and HP groups,
with the reduction in PB markedly greater in the HP group (for
all, P ! 0.00001). Although the difference in NB between MP
and HP groups was due to differences in the magnitude of
changes in both PS (P ! 0.00004) and PB, the predominant
factor in the difference in NB was the greater reduction in PB
in the HP group. MPS responses following meal intake are
presented in Fig. 4. There were no significant effects with
respect to interaction (group-by-amount), protein amount, and
groups (R vs. X) for MPS (for all, P " 0.25).

Plasma concentrations. Plasma responses of insulin, glu-
cose, and total essential amino acids (EAA) and nonessential
amino acid (NEAA) are expressed as area under the curves in
Figs. 5 and 6. There was no significant exercise effect on any
concentration value (P " 0.150). For the EAA, there was a
protein-by-time interaction (P ! 0.00001), which suggests the
effect of protein amount depends on the time elapsed since
ingestion. Furthermore, there was a significant effect of protein
amount (P ! 0.001): EAA was significantly higher with HP
compared with MP. For NEAA, there was a significant protein
effect (P ! 0.0001) that was not dependent on time: NEAA
was significantly higher with HP compared with MP. Both
insulin and glucose were elevated upon meal intake (P !
0.0001; Fig. 6). However, there was no protein effect for
insulin (P # 0.4053) or for glucose (P # 0.0866).

DISCUSSION

In this study we assessed the response to ingestion of
isocaloric meals that contained either the amount of protein
(i.e., MP) that others have considered to be optimal based on
the effect on stimulation of MPS or twice the moderate amount
of protein (i.e., HP). We found that both levels of protein intake
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Fig. 2. Plasma enrichments of infused tracers (A: Phe; B: Tyr) before and
following a meal intake containing $40 g [moderate protein (MP)] or $70 g
[high protein (HP)] of dietary protein with prior resistance exercise (X) or
time-matched resting (R). Values are expressed as means % SE. TTR,
tracer-to-tracee ratio.
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Fig. 3. Changes in rates of whole body protein net balance (NB), synthesis
(PS), and breakdown (PB) from the fasted state in response to meal containing
$40 g (MP) or $70 g (HP) of dietary protein with prior resistance exercise (X)
or time-matched resting (R). *Significantly different from MP within the same
activity group (P ! 0.0001). Values are expressed as means % SE.

E76 ANABOLIC RESPONSES TO INCREASING PROTEIN INTAKE IN A MEAL
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Kim et al Am J Physiol Endocrinol Metab 310: E73–E80, 2016 
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A 20-g dose of whey protein is sufficient for the maximal stimulation of 
postabsorptive rates of myofibrillar MPS in rested and exercised muscle 
of w80-kg resistance-trained, young men. A dose of whey protein >20 
g stimulates amino acid oxidation and ureagenesis. 

Witard et al. Am J Clin Nutr 2014;99:86–95 

Our data indicate that ingestion of 40 g whey protein following 
whole-body resistance exercise stimulates a greater MPS 
response than 20 g in young resistance-trained men. However, 
with the current doses, the total amount of LBM does not seem 
to influence the response. 

Macnaughton  et al. Physiol Rep. 2016 Aug;4(15)
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Dose-response changes in whole-body phenylalanine
oxidation rates

The AUC of whole body phenylalanine oxidation rate in 0WP,
10WP, 20WP, and 40WP is shown in Figure 5. No differences in
phenylalanine oxidation rates were observed between the 0WP,
10WP, and 20WP. The phenylalanine oxidation rate in the 40WP
was greater than in all other conditions (P , 0.05).

Dose-response changes in whole-body urea production
rates and plasma concentrations

The AUC of whole-body urea production rates and plasma
concentrations in response to the postexercise ingestion of dif-

ferent doses of whey protein is shown in Figure 6. Urea pro-
duction after whey protein ingestion (10WP, 20WP, and 40WP)
was greater than in the 0WP (P, 0.05), and the urea production
AUC for the 40WP was significantly greater than for the 10WP
(P , 0.05) and tended (P = 0.075) to be greater than for the
20WP. The plasma urea concentration in the 40WP was greater
than in the 0WP, 10WP, and 20WP (P , 0.05), and the plasma
urea concentration in the 20WP and 10WP was greater than in
the 0WP (P , 0.05).

Dose-response changes in myofibrillar MPS rates

Overall, across all dose conditions combined, the myofibrillar
FSR was greater in the exercised than in nonexercised muscle
(main effect of muscle, P , 0.05; Figure 7). Although no dose
3 muscle interaction was detected (P = 0.437), a main effect of
dose was observed across both muscles (rested and exercised)
combined (P , 0.05). The myofibrillar FSR was increased (P ,
0.05) above the 0WP (0.041 6 0.015%/h) by w49% andw56%
in the 20WP and 40WP, respectively, whereas no difference was
observed between the 0WP and 10WP (P . 0.05). In addition,
the myofibrillar FSR was increased (P , 0.05) above the 10WP
by w22% and w28% in the 20WP and 40WP, respectively. No
difference in myofibrillar MPS was observed between the 20WP
and 40WP (P . 0.05).

DISCUSSION

Because exercise training is typically performed in the fed
state, we measured postabsorptive rates of myofibrillar MPS in
response to the ingestion of a 0-, 10-, 20-, or 40-g dose of whey
protein isolate at rest and after resistance exercise in trained,
young men. The postabsorptive ingestion of moderate (20 g) and
high (40 g) doses of whey protein stimulated a greater response of
myofibrillar MPS than with the low (10 g) dose of whey protein.
However, myofibrillar MPS reached an upper limit with
the ingestion of 20 g whey protein. Hence, in this population of
w80-kg trained, young men, 40 g whey protein failed to further

FIGURE 5. Mean (6SEM) whole-body phenylalanine oxidation rates
after postexercise ingestion of increasing doses of whey protein expressed
as the AUC. The calculation of the AUC for phenylalanine oxidation rates
did not include the initial 30 min after drink ingestion in each dose condi-
tion. Data were analyzed by using a 1-factor (dose of protein) ANOVA to test
for differences between conditions. A main effect of whey protein dose was
observed (P , 0.05). Differences in means were analyzed by using Bonfer-
roni’s post hoc test. *Significantly .0WP, 10WP, and 20WP (P , 0.05; n =
12). 0WP, 0 g whey protein condition; 10WP, 10 g whey protein condition;
20WP, 20 g whey protein condition.

FIGURE 6. Mean (6SEM) whole-body urea production rates (A) and concentrations (B) expressed as the AUC after postexercise ingestion of increasing
doses of whey protein. Data were analyzed by using a 1-factor (dose of protein) ANOVA to test for differences between conditions. A main effect of the whey
protein dose was observed for both data sets (P , 0.05). Differences in means were analyzed using Bonferroni’s post hoc test. aSignificantly .0WP;
bsignificantly .10WP; csignificantly .20WP (all P , 0.05, n = 12). 0WP, 0 g whey protein condition; 10WP, 10 g whey protein condition; 20WP, 20 g whey
protein condition.
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Phenylalanine oxidation rates and plasma
urea concentrations

The rate of phenylalanine oxidation was greater with inges-
tion of 40 g compared with 20 g of ingested whey protein
at 60 (d = 1.35; CI = 0.78–1.91) and 90 min (d = 1.51;
CI = 0.93–2.08) (dose 9 time interaction; P < 0.001)
(Fig. 4A). There was a moderate effect between doses at
45 min (d = 0.62; CI = 0.11–1.14) but this effect was not
statistically significant. Phenylalanine oxidation rates,
expressed as AUC, were greater with ingestion of 40 g of
whey protein (15.5 ! 5.6 lmol"kg#1"min#1 9 300 min)
compared with 20 g (12.8 ! 3.8 lmol"kg#1"min#1 9

300 min) (main effect of dose; P < 0.001; d = 0.56;
CI = 0.05–1.08) but there were no differences between
groups (P = 0.068; d = 0.54; CI = 0.03–1.06).

Plasma urea concentrations were greater with ingestion
of 40 g of whey protein compared with 20 g at 120
(d = 0.66; CI = 0.14–1.18), 180 (d = 0.55; CI = 0.03–
1.06), 240 (d = 0.66; CI = 0.14–1.18), and 300 min
(d = 0.58; CI = 0.07–1.10) (dose 9 time interaction;
P < 0.001) (Fig. 4B). The AUC for plasma urea

concentrations was greater in 40 g (1974 ! 317
mmol"L#1 9 300 min) compared with 20 g (1821 ! 320
mmol"L#1 9 300 min) (main effect of dose; P = 0.002,
d = 0.48; CI = #0.03 to 0.99) and also in LLBM
(2003 ! 292 mmol"L#1 9 300 min) compared with
HLBM (1792 ! 327 mmol"L#1 9 300 min) (main effect
of group; P = 0.047; d = 0.68; CI = 0.16–1.20).

Myofibrillar muscle protein synthesis

There was no significant interaction between protein dose
and LBM group nor was there a statistically significant
difference in myofibrillar FSR (determined for the entire

A

B

Figure 4. Rate of phenylalanine oxidation (A) and plasma urea

concentrations (B) following ingestion of either 20 or 40 g of whey

protein isolate in both the lower lean body mass (LLBM) and higher

lean body mass (HLBM) groups. Data presented as means with

95% confidence intervals. *Significant difference between doses

(P < 0.05).

A

B

Figure 5. Myofibrillar fractional synthesis rate (FSR) presented for

each individual participant following ingestion of either 20 or 40 g

whey protein isolate in lower lean body mass (LLBM) and higher

lean body mass (HLBM) groups (A). Line represents the mean for

each condition. Mean ! SD of myofibrillar FSR following the

ingestion of 20 and 40 g whey protein isolate for both groups

combined (B). *Significant difference between doses with all

participants of each group combined (P = 0.005). FSR was

determined over the 0–5 h period following protein ingestion.
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acceptable macronutrient distribution range (AMDR)
tra 10 e 35% del total energy intake può venire dalle proteine
Wolfe et al. Clin Nutr. 2008 Oct;27(5):675-84; 

Il che vuol dire da 0,8 a 2,4 g/kg/bw 
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The Impact of Stable Isotope Tracers on Metabolic Research
Robert R. Wolfe, PhD | Professor, Department of Geriatrics
Jane and Edward Warmack Chair in Nutritional Longevity
Reynolds Institute on Aging, University of Arkansas for Medical Sciences, Little Rock, Arkansas USA

Tracer methodology has advanced the !eld of metabolism by 
enabling the quanti!cation of metabolic reactions in vivo. Stable 
isotope tracers have been particularly important in this regard,  
as these tracers have made possible a wide range of studies that 
would not have been possible with radioactive tracers. Early efforts 
using stable isotope tracers focused on determining the nature  
of protein “turnover,” or the simultaneous processes of protein 
synthesis and breakdown. As analytical techniques have developed 
and a wide variety of isotopic tracers have become available, the 
scope of tracer studies has widened to the point where it would 
be impossible to even touch on all possible applications. Some 
speci!c examples will be discussed.

Methods using stable isotope tracers fall into two general 
categories, those in which the use of stable isotopes is a preferable 
option to the use of the corresponding radioactive tracer for 
reasons of ease of disposal or analysis, and methods for which 
there are no radioactive tracers available that would enable 
quanti!cation of the metabolic pathway under investigation. 

The ease of disposal of stable isotopes stems from the fact that, 
unlike radionuclides, they do not undergo spontaneous decay with 
resulting emissions that have adverse biological effects (hence the 
name stable isotopes). Stable isotopes are naturally occurring and 
may be present in signi!cant amounts. For example, slightly more 
than one percent of all naturally occurring carbon is 13C, and the 
amount of 13C infused in the context of a tracer study will likely 
not signi!cantly affect the whole body level of enrichment. Since 
mice have been raised to have almost entirely 13C in their bodies 
without apparent adverse effects, we can be quite con!dent that 
the experimental use of stable isotopes is safe and that no special 
procedures are necessary in the disposal of animals given stable 
isotopes. The potential analytical advantages of stable isotope 
tracers are two-fold. If mass spectrometry is used to measure 
enrichment, then the ratio of tracer to tracee is measured directly 

as opposed to the separate measurement of concentration and 
decays per minute (dpms) and the calculation of speci!c activity 
(the expression of tracer / tracee ratio when radioactive tracers  
are used). Another advantage of stable isotopes stemming from 
analysis is that the use of selected ion monitoring with mass 
spectrometry enables de!nitive proof that the analyte has been 
isolated in absolutely pure form for the measurement of stable-
isotope enrichment. Also, the measurement of enrichment in 
speci!c positions of a molecule is generally much more feasible 
with mass spectrometry and stable isotopes than the chemical 
isolation of radioactive atoms in speci!c positions in a molecule 
and subsequent determination of dpms of those isolated atoms. 
The use of D-glucose (6,6-D2, 99%) to measure the rate of hepatic 
glucose production is the most common example of a stable 
isotope providing an alternative to the radioactive analogue.

While factors such as safety and convenience are important,  
the most exciting advances in metabolism stemming from the  
use of stable isotope tracers generally involve the quanti!cation  
of metabolic pathways that realistically could not have been 
measured otherwise. Nitrogen metabolism is the most obvious 
example, since there is no radioactive isotope of nitrogen. Since 
nitrogen is the key element that de!nes amino acids and protein, 
a wide variety of applications have been derived to quantify 
various aspects of nitrogen metabolism in the body using 15N as  
a tracer. Stable isotopes of carbon and hydrogen have also been 
used to label amino acids in order to perform novel studies of 
amino acids. Individual amino acids can be labeled with a variable 
number of heavy stable isotopes in order to produce molecules  
of different molecular weight that retain the same metabolic 
functions (isotopomers). Isotopomers can be useful in a variety 
of approaches. For example, measurement of muscle-protein 
synthesis involves infusion or injection of an amino acid tracer 
and measurement of the rate of incorporation over time into the 
tissue protein. Collection of the muscle protein requires a muscle 
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phase (37–39). Further support that bodybuilders can benefit
from dietary protein in excess of the current RDA comes from a
meta-analysis of 680 ST (>6 wk) young (23 6 3 y) as well as
older (62 6 6 y) individuals, because receiving a supplement of
50 6 32 g protein/d in addition to a regular dietary intake of
;1.2 g ! kg21 ! d21 (daily protein intake of ;1.8 g ! kg21 ! d21)
increased skeletal muscle mass and strength gains (40). More-
over, Snijders et al. (41) recently found that 3 mo of ST with a
daily protein intake of 1.9 compared with 1.3 g ! kg21 ! d21

resulted in increased skeletal muscle mass, strength, and muscle
fiber size in young men (aged 22 6 1 y). However, the rate of
muscle mass gain decreases with training experience, and these
data were from less-experienced ST athletes so they may not be
directly comparable to our experienced bodybuilders. Further-
more, it is also difficult to compare our results with previous
studies (8–10) because critical determinants of protein require-
ments (i.e., training experience, training intensity, and muscu-
larity) varied (32, 42). For example, NB studies on novice (#1 y
training experience) (8, 9) and elite ($3 y training experience)
bodybuilders (10) observed protein requirements of 1.4 and
0.82 g ! kg21 ! d21, respectively. This 71% greater protein need in
novice compared with elite bodybuilders was attributed, at least
in part, to a greater rate of muscle mass accrual in novices (8, 9).
To control for these variables, the men in our study were required
to have trained rigorously and consistently for at least the
previous 3 y and to be close to their maximal natural (i.e., without
steroids) muscularity (90–100%) on the basis of published data of
pre–steroid era Mr. USAwinners (17). At present, no true marker
of maximal muscularity exists, so it is possible that our
bodybuilders may have still been adding FFM, albeit at a reduced
rate in comparison to novices (i.e., certainly <4 kg mass gain in
6 mo, the criterion used for inclusion in this study).

Regardless, our study is the first, to our knowledge, to assess the
protein requirement in experienced male bodybuilders with the use
of the IAAO technique, and the results indicate that the protein
requirement and RDA should be ;1.7 and 2.2 g ! kg21 ! d21,
respectively (Figure 1), which is ;23% greater than the results
reported previously for bodybuilders with the use of the NB
method (8, 9). Interestingly, this is consistent with published
reports of the protein requirement for sedentary individuals with

the use of the IAAO technique, in that those data also exceeded
the published NB protein requirement set by the Institute of
Medicine by ;30–40% (7, 20, 21, 43).

Although of similar height and age to our current partici-
pants, the individuals in the previous IAAO studies were
sedentary (7, 24) (Table 4) and therefore, not surprisingly,
had a much lower body mass (;16 kg less FFM). Of course, to
accrue FFM, a chronic positive protein and energy balance is
necessary and is consistent with the observed 1.8 times greater
protein requirement for our male bodybuilders (Table 4).
Furthermore, whole-body phenylalanine flux in the fed state at
rest was ;15% or 1.1 times greater (P = 0.02) in our
bodybuilders than in their sedentary counterparts, which also
agrees with the results reported previously comparing whole-
body flux between ST and sedentary young men (9, 44). When
compared relative to FFM, this difference was only 6% and was
nonsignificant (Table 4). In contrast, despite differing metho-
dology, training experience, and protein intakes used, there are
studies that showed no change or even a reduction in whole-
body protein flux as a result of ST (45, 46). Furthermore, it is
well known that muscle protein synthesis can be elevated for 24–
48 h after exercise (22, 47). Moreover, the time course and
magnitude of any increase in whole-body protein flux and
synthesis can vary depending on the training status of the
individual (23). Together, these factors could explain the
variable results in whole-body flux measured <24 h after a ST
session between studies.

Our observed 1.1-fold increase in whole-body phenylalanine
flux is less than the observed 1.8-fold measured increase in
protein requirement (Table 4). Given that the muscle contribu-
tion to the whole-body protein flux is estimated at;30% (48), it
is likely that a concomitant accommodative response occurred
elsewhere (i.e., a reduction in non–muscle tissue protein synthesis
and flux). Whether this possibility is correct requires further
investigation.

Relative to the debate regarding protein requirements of
bodybuilders, our observations could mean that NB data tend to

FIGURE 1 Protein intake and 13CO2 production from phenylalanine
oxidation (F13CO2) in young male bodybuilders (42 experiments). Indivi-
dual values for each athlete are represented by different symbols. The
breakpoint represents the estimated mean protein requirement. A
mixed-effects change-point regression analysis identified a breakpoint
and upper 95% CI for the relation between protein intake and phenyl-
alanine oxidation to be 1.7 and 2.2 g ! kg21 ! d21, respectively. The lower
CI was 1.2 g ! kg21 ! d21.

TABLE 4 Comparison between young male bodybuilders
(current study) and young healthy sedentary men who
participated in another protein requirement study conducted with
the IAAO method1

Variable Young male bodybuilders2 Sedentary young men3

Age, y 22.5 6 1.7 26.8 6 2.0
n 8 8
Height, m 1.7 6 0.1 1.7 6 2.6
BM, kg 83.9 6 11.6* 69.6 6 3.7
FFM, kg 72.4 6 5.5* 56.4 6 1.9
Phenylalanine flux

μmol ! kg21 BM ! h21 67.4 6 3.8* 58.5 6 14
μmol ! kg21 FFM ! h21 76.3 6 11.7 71.9 6 18.7

Protein requirement
g ! kg21 BM ! d21 1.72 0.93
g ! kg21 FFM ! d21 2.0 1.1

Protein recommendation
g ! kg21 BM ! d21 2.2 1.2
g ! kg21 FFM ! d21 2.5 1.5

1 Values are means 6 SDs. Comparisons were performed by t test. *Different from

sedentary, P , 0.05. BM, body mass; FFM, fat-free mass; IAAO, indicator amino acid

oxidation.
2 Current study.
3 Data are from reference 7.
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Indicator Amino Acid–Derived Estimate of
Dietary Protein Requirement for Male
Bodybuilders on a Nontraining Day Is
Several-Fold Greater than the Current
Recommended Dietary Allowance1,2

Arash Bandegan,3 Glenda Courtney-Martin,4,5 Mahroukh Rafii,4 Paul B Pencharz,4,6,7

and Peter WR Lemon3*

3Exercise Nutrition Research Laboratory, Western University, London, Canada; 4Research Institute, Hospital for Sick Children, Toronto,
Canada; and 5Faculty of Kinesiology and Physical Education, 6Department of Nutritional Sciences, and 7Department of Pediatrics and
Nutrition Science, University of Toronto, Toronto, Canada

Abstract

Background: Despite a number of studies indicating increased dietary protein needs in bodybuilders with the use of the

nitrogen balance technique, the Institute of Medicine (2005) has concluded, based in part on methodologic concerns, that

‘‘no additional dietary protein is suggested for healthy adults undertaking resistance or endurance exercise.’’

Objective: The aim of the study was to assess the dietary protein requirement of healthy young male bodybuilders (with

$3 y training experience) on a nontraining day by measuring the oxidation of ingested L-[1-13C]phenylalanine to 13CO2 in

response to graded intakes of protein [indicator amino acid oxidation (IAAO) technique].

Methods: Eightmen (means6 SDs: age, 22.56 1.7 y; weight, 83.96 11.6 kg; 13.0%6 6.3%body fat) were studied at rest on a

nontraining day, on several occasions (4–8 times) each with protein intakes ranging from 0.1 to 3.5 g ! kg21 ! d21, for a total of 42

experiments. The diets provided energy at 1.5 times each individual!s measured resting energy expenditure and were isoenergetic

across all treatments. Protein was fed as an amino acid mixture based on the protein pattern in egg, except for phenylalanine and

tyrosine, which weremaintained at constant amounts across all protein intakes. For 2 d before the study, all participants consumed

1.5 g protein ! kg21 ! d21.On the study day, the protein requirementwasdetermined by identifying the breakpoint in the F13CO2with

graded amounts of dietary protein [mixed-effects change-point regression analysis of F13CO2 (labeled tracer oxidation in breath)].

Results: The Estimated Average Requirement (EAR) of protein and the upper 95% CI RDA for these young male

bodybuilders were 1.7 and 2.2 g ! kg21 ! d21, respectively.

Conclusion: These IAAO data suggest that the protein EAR and recommended intake for male bodybuilders at rest on a

nontraining day exceed the current recommendations of the Institute of Medicine by;2.6-fold. This trial was registered at

clinicaltrials.gov as NCT02621294. J Nutr doi: 10.3945/jn.116.236331.

Keywords: dietary requirements, nitrogen balance, strength, stable isotopes, exercise, athletes

Introduction

Historically, the dietary protein requirement has been deter-
mined by using nitrogen balance (NB)8 data; however, this

measurement technique has been criticized widely because of a
variety of methodologic concerns (1–4). Two of the main
concerns involve the use of a linear regression line for analyzing
nonlinear data (2, 5) and an over- or underestimation of nitrogen
intake and excretion, respectively (6). Specifically, it has been
suggested that applying a single linear regression line with a
greater residual error is not a good fit for either NB or oxidation
data (5). Interestingly, a bilinear regression model has been used
on the NB results of 28 published studies in which repeated
measurements were made within the same individuals (7), and the

1 Supported in part by Mead Johnson Nutritionals, Abbott Nutrition, and Nestlé
Health Science.
2 Author disclosures: A Bandegan, G Courtney-Martin, M Rafii, PB Pencharz, and
PWR Lemon, no conflicts of interest.
*To whom correspondence should be addressed. E-mail: plemon@uwo.ca.
8 Abbreviations used: AA, amino acid; FFM, fat-free mass; IAAO, indicator amino
acid oxidation; NB, nitrogen balance; REE, resting energy expenditure; ST,
strength training.

ã 2017 American Society for Nutrition.
Manuscript received June 16, 2016. Initial review completed July 6, 2016. Revision accepted January 13, 2017. 1 of 8
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Proteine per la sintesi proteica

“the AMDR for protein at 10–35% of 
energy coming from protein is concept 
that is more in line with an optimal 
rather than a minimal dietary strategy”
Phillips Front Nutr. 2017 4:13. 

L'ATLETA DI FORZA/POTENZA HA BISOGNO DI PIÙ PROTEINE RISPETTO A QUANTO 
GENERALMENTE CONSIGLIATO

LA QUANTITÀ RACCOMANDATA VA, GENERALMENTE,
DA 1,2 A 2,4 G/KG PESO CORPOREO/DIE (CON % GRASSO NORMALE) 
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fasted state is currently unknown but likely involves one or all
of the major proteolytic pathways (calpains, caspases, lysomes,
and ubiquitin-proteasomal) present in muscle (63). We specu-
late that while fasted, the elevated MPB with resistance exer-
cise is likely confined to the more rapidly turning over sarco-
plasmic pool, which may provide a source of amino acids to
support the synthesis of myofibrillar proteins. This supposition
is based on the observation the sarcoplasmic protein fraction
turns over at an approximately twofold greater rate than myo-
fibrillar proteins in the fasted state, demonstrating its labile in
nature (22, 74).

The rise in MPB is attenuated and net balance consequently
becomes positive when amino acid availability is increased by
the provision of an exogenous source of essential amino acids
(EAA), either intravenously (4) or orally (111) after exercise
(Fig. 1). The magnitude and duration of changes in MPS with
resistance exercise point to a change in this variable in deter-
mining the extent of muscle protein accretion after exercise.
More importantly, the acute resistance exercise-induced in-
crease in MPS, even in the absence of feeding, is sustained for
up to 48 h (86), suggesting that feeding at any time during this
“window of anabolic opportunity” should stimulate a greater
muscle protein synthetic response compared with feeding at
rest (Fig. 2). In support of this, data from a recent study within
our laboratory demonstrated that the acute increase in muscle
protein synthesis after ingestion of a suboptimal dose of whey
protein isolate [i.e., 15 g of protein or the equivalent of !6 g
(EAA) (22)] was greater 24 h after a bout of resistance exercise
compared with at rest suggesting exercise enhances the nutrient
sensitivity of the muscle for up to 24 h (Burd NA, Staples AW,
Dan WD, West AD, Moore DR, Holwerda AM, Baker SK and

Phillips SM, unpublished data); indicating the “window of
anabolic opportunity” may be extended up to 24 h after
resistance exercise; however, it appears that feeding early may
offer some additional advantages because this is when MPS is
stimulated to the greatest extent (43, 86, 92). When discussing
the effect of feeding there are many considerations, including
the protein source (i.e., animal- vs. plant-based proteins),
quantity, the timing of postexercise ingestion, and the presence
of carbohydrate to stimulate insulin release. In the absence of
feeding, MPS may also be influenced by training status (Fig. 3)
and/or training overload (intensity, volume, frequency) (20,
68, 75, 107). A valid question is what is the value of the
short-term changes we observe within hours in predicting a
long-term chronic change leading to a differing phenotype?
Some evidence exists to show that in carefully controlled
studies short-term changes in MPS and MPB (124) are quali-
tatively predictive of long-term changes (43). Thus acute
changes in protein turnover during postexercise recovery can
be, at least qualitatively, predictive of chronic adaptations to
different training or feeding interventions.

Fig. 1. A: changes in muscle protein synthesis (MPS) and muscle protein
breakdown (MPB) in response to feeding (i.e., amino acids). B: changes in
MPS and MPB in response to resistance exercise and feeding. Chronic
application of these anabolic stimuli, as in B, results in muscle hypertrophy.

Fig. 2. Resistance training induces a sustained increase in MPS for up to 48 h,
which likely sensitizes the muscle to feeding. As a result, feeding during this
time should result in a greater MPS response compared with feeding at rest.

Fig. 3. Time course of the elevation in MPS after a single bout of resistance
exercise. Inset, area under the curve (AUC) for % change in fractional
synthetic rate (FSR). T, trained; UT, untrained. The 16-h time point is taken
from Ref. 48. *Significantly different from rest, P " 0.01. [From Tang et al.
(107).]
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18 male subjects
age 24.9±5.3 years 
HP = 1.8 g · kg-1 · day-1 
NP = 0.85 g · kg-1 · day-1

• 1 week  2 sets of 9-11 repetitions at 75-80% 1RM  (2 min rest between each set) 
• 2-4 weeks 3 sets.
• 5 week  80-85% 1RM 3 sets of 6-8 repetitions. (3 min of rest for all exercise
• 6-8  weeks 4 sets.  

uante
Proteine per tutti?

56



19/05/25

29

Paoli A. 

uante
Proteine per tutti?

Paoli et al. J Med Food. 2015 Jan;18(1):137-43

57
Paoli A. 

Nutrients 2016, 8, 331 9 of 16

influenced the MyHC isoform profile only in the NP group, but not HP group (time ˆ diet interaction
significant effect, p = 0.039 with a simple main effect for diet: p = 0.0229), a significant decrease of MyHC
2X proportion occurred (see Figure 4b,c). The percentage of MyHC 1 or slow fibers remained constant.
The analysis of the distribution of fibers classified according to their MyHC isoform composition
showed that the proportion of pure slow (type 1) and pure fast 2A fibers was not modified by training
or diet, while hybrid fibers (1/2A and 2A/2X) significantly increased after the training period (data
not shown) (interaction p = 0.75; main effect of time: p = 0.0156). It is worth noting that pure 2X fibers,
i.e., fibers expressing only MyHC 2X, were a minority and not sufficient for statistical analysis.
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(Figure 7c) was calculated as described in the Methods section. As shown in Figure 7a, a significant 
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Figure 4. MyHC isoform distribution in biopsy samples collected pre- and post-training. (a) All subjects
pooled together (n = 18); (b) only subjects with lower protein intake (NP, n = 9); (c) only subjects with
higher protein intake (HP, n = 9). Means and Standard Errors. * p < 0.05, ** p < 0.005.

The effects of training on the thickness (CSA) and contractile parameters (Fo, Po) of single fibers
classified on the basis of the MyHC isoform expressed are reported in Figure 5. The analysis is restricted
to the three more abundant groups, i.e., pure slow or type 1 fibers, pure fast 2A fibers, and hybrid
2A/2X fibers. Pure 2X fibers were not considered, being a rather small group (see above). As can be
seen, all fiber types showed hypertrophic response, as indicated by the increase in CSA (Figure 5a),
while only 2A/2X NP fibers showed a significant improvement (see Figure 6a). No changes in specific
tension were detected (Figure 5c), while an increase in Fo was observed in slow and 2A2X fibers (see
Figure 5b). When single fibers classified on the basis of the MyHC are analyzed by treatment group
(HP and NP), NP showed a significant, albeit at the limit of statistical significance, greater increase in
2A2X fibers’ Fo (p < 0.05) (Figure 6b).
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influenced the MyHC isoform profile only in the NP group, but not HP group (time ˆ diet interaction
significant effect, p = 0.039 with a simple main effect for diet: p = 0.0229), a significant decrease of MyHC
2X proportion occurred (see Figure 4b,c). The percentage of MyHC 1 or slow fibers remained constant.
The analysis of the distribution of fibers classified according to their MyHC isoform composition
showed that the proportion of pure slow (type 1) and pure fast 2A fibers was not modified by training
or diet, while hybrid fibers (1/2A and 2A/2X) significantly increased after the training period (data
not shown) (interaction p = 0.75; main effect of time: p = 0.0156). It is worth noting that pure 2X fibers,
i.e., fibers expressing only MyHC 2X, were a minority and not sufficient for statistical analysis.
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Figure 4. MyHC isoform distribution in biopsy samples collected pre- and post-training. (a) All subjects
pooled together (n = 18); (b) only subjects with lower protein intake (NP, n = 9); (c) only subjects with
higher protein intake (HP, n = 9). Means and Standard Errors. * p < 0.05, ** p < 0.005.

The effects of training on the thickness (CSA) and contractile parameters (Fo, Po) of single fibers
classified on the basis of the MyHC isoform expressed are reported in Figure 5. The analysis is restricted
to the three more abundant groups, i.e., pure slow or type 1 fibers, pure fast 2A fibers, and hybrid
2A/2X fibers. Pure 2X fibers were not considered, being a rather small group (see above). As can be
seen, all fiber types showed hypertrophic response, as indicated by the increase in CSA (Figure 5a),
while only 2A/2X NP fibers showed a significant improvement (see Figure 6a). No changes in specific
tension were detected (Figure 5c), while an increase in Fo was observed in slow and 2A2X fibers (see
Figure 5b). When single fibers classified on the basis of the MyHC are analyzed by treatment group
(HP and NP), NP showed a significant, albeit at the limit of statistical significance, greater increase in
2A2X fibers’ Fo (p < 0.05) (Figure 6b).
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weeks of training, while the isometric specific tension (Po) was unchanged (see Figure 3a–c, where
the supplementation and non-supplementation groups are pooled together to better show the effect
of training).

When the effects of resistance training (pre vs. post) and supplementation (HP vs. NP) were
separated (see Figure 3d–f), ANOVA showed a significant effect of training but no effect of protein
supplementation on Fo, while Po showed no significant changes. Interestingly, the increase of CSA
reached statistical significance only in NP (main effect for diet: interaction p = 0.835; main effect:
p = 0.006) (Figure 3d).
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Figure 3. Effects of RT and protein supply (NP and HP) on Cross-Sectional Area (CSA), Isometric Force
(Fo), and Isometric tension (Po). Merged NP + HP data are shown in (a–c), while individual data for the
NP and HP groups are shown in (d–f). A paired Student’s t-test was used for merged data (a,d), while
mixed-model ANOVA (with one between-subjects factor and one within-subjects factor) was used for
HP and NP analysis (b,c,e,f). Means and Standard Errors. * p < 0.05; ** p < 0.005 (pre- vs. post-).

Electrophoretic analysis of MyHC isoform distribution in biopsy samples showed minor but
significant changes after RT and in relation to protein intake (Figure 4). When considering merged
NP and HP (Figure 4a), training induced an increase in MyHC 2A percentage, while the percentage
of MyHC 2X decreased after eight weeks of training. ANOVA showed that the nutritional regimen
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weeks of training, while the isometric specific tension (Po) was unchanged (see Figure 3a–c, where
the supplementation and non-supplementation groups are pooled together to better show the effect
of training).

When the effects of resistance training (pre vs. post) and supplementation (HP vs. NP) were
separated (see Figure 3d–f), ANOVA showed a significant effect of training but no effect of protein
supplementation on Fo, while Po showed no significant changes. Interestingly, the increase of CSA
reached statistical significance only in NP (main effect for diet: interaction p = 0.835; main effect:
p = 0.006) (Figure 3d).
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Treadmills Were
Meant to Be
Atonement Machines
America’s favorite piece of workout equipment was developed
as a device for forced labor in British prisons. It was banned as
cruel and inhumane by 1900.
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(https://www.ithaka.org/cookies). By continuing to use the site or
closing this banner, you are agreeing to our terms of use.

×

Il tapis roulant fu inventato duecento anni fa in Inghilterra come strumento di 
riabilitazione carcerario. L'obiettivo era di far faticare i carcerati ri-educarli 
tramite la sofferenza, il dolore ed il sudore. Fu bandido come crudele ed 
inumano verso il 1900.  (Peters D. JSTOR Daily May 2, 2018). 
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1. Need for mitochondrial protein synthesis? (Halloszy and Booth, 1976)
 Yes but regardless exercise modes (Wilkinson et al., 2008; Robinson et al., 
2010; Breen et al., 2011; Coffey et al., 2011; Burd et al., 2012; Donges et al., 2012)

2.Increased enhanced AA oxidation during ET? (Tarnopolsky, 2004; Moore et al., 
2014). 

Yes through stimulation of protein breakdown rate (Lemon and Mullin, 
1980; Bowtell et al., 2000; Harber et al., 2010; Howarth et al., 2010) 

3.Increased need for enzymes production , capillarization and for hemoglobin 
and myoglobin synthesis? (Tarnopolsky, 2004). 

 ??? theory 

uante
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Paoli A. exercise [33] and enhance nitrogen retention at rest [34], phenylalanine flux in the present

study (~69 μmol!kg-1!d-1/kg/d) was ~17% higher than that previously observed in non-exer-
cised young adults (~59 μmol!kg-1!d-1/kg/d) at rest [7] using identical methodology; this differ-
ence is attenuated slightly when data from both studies are normalized to the metabolically
active lean tissue mass (i.e. ~79 μmol!kg FFM-1!d-1 vs. ~72 μmol/!kg lean body mass(LBM)-1

!d-1, respectively). While we cannot identify the potential site(s) of altered protein turnover in
our whole body model, previous studies have shown that muscle protein turnover is increased
in aerobically-trained individuals [35] and that acute exercise elevates protein breakdown [36]
after endurance exercise due to an activation of the protein degradation systems [37]. Whether
these factors may have influenced the slightly higher phenylalanine flux in the present study
relative to that previously reported in non-exercising adults is unclear [7]. Nevertheless, the
lack of effect of protein intake on phenylalanine flux permits the reliable estimation of the rec-
ommended protein intake from the F13CO2 breakpoint [7, 12, 13, 25].

According to sports nutrition consensus statements mainly based data from NBAL studies,
protein recommendations for endurance athletes have been suggested to be 1.2–1.4 g protein/
kg/d [1]; these recommendations are 50–75% greater than the current RDA of 0.8 g/kg/d. In the
present study, the recommended protein intake was determined to be 1.83 g!kg-1!d-1, which is
~31–53% greater than previous recommendations for endurance trained populations on the

Fig 3. Relationship between protein intake and F13CO2. 6 participants completed 34 metabolic trials with a range of test protein intake
(0.2–2.8 g!kg-1!d-1). The breakpoint represented the average protein requirement. The breakpoint was determined by using a biphasic
linear regression crossover analysis. The average protein requirement and recommended protein intakes were estimated to be 1.65, 1.83
g!kg-1!d-1 respectively (R2 = 0.86).

doi:10.1371/journal.pone.0157406.g003

Protein Recommendations for Endurance Athletes
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Sample collection and analysis
Three baseline breath samples (45, 30, and 15 min) and 2 baseline urine samples were (45 and
15 min) before the participants consumed the 5th test drink containing the indicator amino
acid. Six plateau breath samples were collected every 15 min and three plateau urine samples
were collected every 30 min beginning 2.5h after the 5th test drink. Steady state CO2 production
(VCO2) was measured for 20 min ~30 min after the 5th or 6th test drink by indirect calorimetry
(MetaMax 3B, CORTEX Biophysik GmbH, Leipzig, Germany). These time points of breath
sampling were selected according to pilot testing that confirmed background 13CO2 enrich-
ment from the diet (in the absence of tracer ingestion) and VCO2 were both constant, indicat-
ing stable background isotopic and metabolic steady state was achieved (S1 Text). Breath
samples were collected in disposable Extainer tubes (Labco, Ltd., Ceredigion, UK) with a collec-
tion system (Easy-Sampler; QuinTron Instrument Company, Inc., Milwaukee, WI) that per-
mitted the removal of dead-space air. Breath samples were stored at room temperature prior to
measurement of 13CO2 enrichment by a continuous-flow isotope ratio mass spectrometry
(CF-IRMS 20/20 isotope analyzer; PDZ Europa Ltd, Cheshire, UK). Urine samples were stored
at -20°C prior to [1-13C]phenylalanine enrichment determined by API 4000 triple quadrupole
mass spectrometer (Applied Biosystems, Foster City, CA) in positive electrospray ionization
mode, as previously described [12, 25].

Table 2. Amino acid composition of reference protein and selected test protein intakes1.

Reference
protein2, mg!g-1"

0.2 g
protein!kg-1!d-1

0.7 g
protein!kg-1!d-1

1.2 g
protein!kg-1!d-1

1.7 g
protein!kg-1!d-1

2.2 g
protein!kg-1!d-1

2.8 g
protein!kg-1!d-1

L-Alanine 61.5 12.3 43.1 73.8 104.6 135.3 172.2

L-arginine
HCL3

75.1 15.0 52.6 90.1 127.7 165.2 210.3

L-Asparagine 33.3 6.7 23.3 40.0 56.6 73.3 93.2

L-Aspartic acid 33.3 6.7 23.3 40.0 56.6 73.3 93.2

L-Cysteine 22.1 4.4 15.5 26.5 37.6 48.6 61.9

L-Glutamine 56.6 11.3 39.6 67.9 96.2 124.5 158.5

L-Glutamic acid 56.6 11.3 39.6 67.9 96.2 124.5 158.5

L-Glycine 33.3 6.7 23.3 40.0 56.6 73.3 93.2

L-Histidine 22.7 4.5 15.9 27.2 38.6 49.9 63.6

L-Isoleucine 62.8 12.6 44.0 75.4 106.8 138.2 175.8

L-leucine 83.3 16.7 58.3 100.0 141.6 183.3 233.2

L-Lysine HCL2 75.7 15.1 53.0 90.8 128.7 166.5 212.0

L-Methionine 29.6 5.9 20.7 35.5 50.3 65.1 82.9

L-Phenylalanie3 54.7 30.5 30.5 30.5 30.5 30.5 30.5

L-Proline 41.9 8.4 29.3 50.3 71.2 92.2 117.3

L-serine 83.9 16.8 58.7 100.7 142.6 184.6 234.9

L-threonine 47.1 9.4 33.0 56.5 80.1 103.6 131.9

L-tryptophan4 15.6 3.1 10.9 18.7 26.5 34.3 43.7

L-Tyrsoine5 40.7 40.0 40.0 40.0 40.0 40.0 40.0

L-Valine 70.3 14.1 49.2 84.4 119.5 154.7 196.8

1 Participants consumed a single protein intake that ranged from 0.2 to 2.8 g!kg-1!min-1, on each metabolic trial.
2 Represents egg protein composition.
3 Actual concentration of amino acid in HCl form in amino acid mixture; arginine, 62.1 mg!g-1; and lysine 60.6 mg!g-1.
4 Phenylalanine intake was held constant at 30.5 mg!kg-1!d-1 for all protein intakes.
5 Tyrosine intake was held constant at 40.0 mg!kg-1!d-1 for all protein intakes

doi:10.1371/journal.pone.0157406.t002
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uante
Il fabbisogno medio di proteine 
durante un periodo di allenamento di 
endurance controllato (ossia 35 km 
in 3 giorni) e dopo una corsa di 20 
km è stato determinato essere di 
1,65 g/kg/d, che è circa il 77% più 
alto rispetto al fabbisogno medio di 
proteine (0,93 g/kg/d) negli adulti 
sani determinato mediante la 
metodologia IAAO. Questo 
rappresenta una differenza assoluta 
di fabbisogno di circa 0,72 g/kg/d."

Proteine per atleta di endurance
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ANCHE GLI ATLETI DI ENDURANCE HANNO NECESSITÀ  
DI AUMENTARE LE PROTEINE (MA COMANDA L'ENERGIA)

1,6 G/KG/DIE FINO A 1,8

63
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uando
C'è un tempo per ogni cosa…
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Nutrient timing revisited: is there a post-exercise
anabolic window?
Alan Albert Aragon1 and Brad Jon Schoenfeld2*

Abstract

Nutrient timing is a popular nutritional strategy that involves the consumption of combinations of
nutrients–primarily protein and carbohydrate–in and around an exercise session. Some have claimed that this
approach can produce dramatic improvements in body composition. It has even been postulated that the
timing of nutritional consumption may be more important than the absolute daily intake of nutrients. The
post-exercise period is widely considered the most critical part of nutrient timing. Theoretically, consuming the
proper ratio of nutrients during this time not only initiates the rebuilding of damaged muscle tissue and
restoration of energy reserves, but it does so in a supercompensated fashion that enhances both body
composition and exercise performance. Several researchers have made reference to an anabolic “window of
opportunity” whereby a limited time exists after training to optimize training-related muscular adaptations.
However, the importance - and even the existence - of a post-exercise ‘window’ can vary according to a
number of factors. Not only is nutrient timing research open to question in terms of applicability, but recent
evidence has directly challenged the classical view of the relevance of post-exercise nutritional intake with
respect to anabolism. Therefore, the purpose of this paper will be twofold: 1) to review the existing literature
on the effects of nutrient timing with respect to post-exercise muscular adaptations, and; 2) to draw relevant
conclusions that allow practical, evidence-based nutritional recommendations to be made for maximizing the
anabolic response to exercise.

Introduction
Over the past two decades, nutrient timing has been the
subject of numerous research studies and reviews. The
basis of nutrient timing involves the consumption of combi-
nations of nutrients--primarily protein and carbohydrate--in
and around an exercise session. The strategy is designed to
maximize exercise-induced muscular adaptations and facili-
tate repair of damaged tissue [1]. Some have claimed that
such timing strategies can produce dramatic improvements
in body composition, particularly with respect to increases
in fat-free mass [2]. It has even been postulated that the tim-
ing of nutritional consumption may be more important than
the absolute daily intake of nutrients [3].
The post-exercise period is often considered the most

critical part of nutrient timing. An intense resistance train-
ing workout results in the depletion of a significant propor-
tion of stored fuels (including glycogen and amino acids) as

well as causing damage to muscle fibers. Theoretically, con-
suming the proper ratio of nutrients during this time not
only initiates the rebuilding of damaged tissue and restor-
ation of energy reserves, but it does so in a supercompen-
sated fashion that enhances both body composition and
exercise performance. Several researchers have made refer-
ence to an “anabolic window of opportunity” whereby a
limited time exists after training to optimize training-
related muscular adaptations [3-5].
However, the importance – and even the existence –

of a post-exercise ‘window’ can vary according to a num-
ber of factors. Not only is nutrient timing research open
to question in terms of applicability, but recent evidence
has directly challenged the classical view of the relevance
of post-exercise nutritional intake on anabolism. There-
fore, the purpose of this paper will be twofold: 1) to re-
view the existing literature on the effects of nutrient
timing with respect to post-exercise muscular adapta-
tions, and; 2) to draw relevant conclusions that allow
evidence-based nutritional recommendations to be made
for maximizing the anabolic response to exercise.

* Correspondence: brad@workout911.com
2Department of Health Science, Lehman College, Bronx, NY, USA
Full list of author information is available at the end of the article

© 2013 Aragon and Schoenfeld; licensee BioMed Central Ltd. This is an Open Access article distributed under the terms of the
Creative Commons Attribution License (http://creativecommons.org/licenses/by/2.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.

Aragon and Schoenfeld Journal of the International Society of Sports Nutrition 2013, 10:5
http://www.jissn.com/content/10/1/5

It appears optimal to ingest protein in the post-exercise 
period though the purported “anabolic window” for protein 
ingestion lasts at least 24h (Burd et al., 2011) and does not 
have as drastic an effect on outcomes as has been believed 
(Schoenfeld et al., 2013).

 It is also important to ingest protein in sufficient doses 
(∼0.4 g/kg/meal) distributed throughout the day (Areta et 
al., 2013). 

Morton et al. Front Physiol. 2015 Sep  3;6:245 

uando
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4. Pre-Sleep Protein Feeding as a Strategy to Increase Overnight Muscle Protein Synthesis

Our observation that protein administered during sleep is effectively digested and absorbed
provided proof-of-principle that the gut functions properly during sleep [23]. However, nasogastric
tube feeding does not represent a feasible feeding strategy for athletes. Therefore, our next step was to
assess if protein ingestion prior to sleep would represent an effective dietary strategy to increase muscle
protein synthesis rates during overnight post-exercise recovery [24]. Therefore, we studied recreational
athletes during overnight recovery from a single bout of resistance-type exercise performed in the
evening after a full day of dietary standardization. Immediately after exercise, all athletes ingested
a recovery drink containing 20 g protein to maximize muscle protein synthesis rates during the acute
stages of post-exercise recovery [4,24]. As explained above, this prescribed recovery strategy does not
suffice to maintain elevated muscle protein synthesis rates during more prolonged overnight sleep [21].
Therefore, we provided subjects with either 40 g casein protein or a placebo drink immediately prior to
sleep. In line with intragastric protein administration during sleep [23], the bolus of protein ingested
prior to sleep was properly digested and absorbed throughout overnight sleep. The greater plasma
amino acid availability following pre-sleep protein ingestion improved the overnight whole-body
protein balance, allowing the net protein balance to become positive. In line, muscle protein synthesis
rates were approximately 22% higher during overnight recovery when protein was ingested prior to
sleep when compared to the placebo treatment. From these data we concluded that pre-sleep protein
ingestion represents an effective dietary strategy to further augment the skeletal muscle adaptive
response to resistance-type exercise training (Figure 1).
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Figure 1. Schematic representation of the process of muscle protein synthesis (MPS) and muscle protein
breakdown (MPB) throughout the day. Protein ingestion stimulates MPS rates and allows for net
muscle protein accretion (green areas). During post-absorptive conditions, MPB rates exceed MPS rates,
resulting in a net loss of muscle protein (red areas). Overnight sleep is the longest post-absorptive
period of the day (A). Pre-sleep protein ingestion stimulates overnight muscle protein synthesis rates
(B), thereby improving muscle reconditioning during overnight sleep.

Trommelen & van Loon. Nutrients. 2016 Nov 28;8(12

Ingesting AAs in larger doses 
of protein (40g casein or up to 
0.6g/kg/meal) pre-sleep 
appears to augment both 
acute overnight MPS (Res et al., 
2012) and chronic skeletal 
muscle adaptations (Snijders 
et al., 2015).

C'è un tempo per ogni cosa…
uando
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36 uomini giovani e sani, fisicamente attivi, 

parallel group
0 g, 25 g, or 100 g intrinsically L- [1-13C]-
phenylalanine and L-[1-13C]-leucine labeled milk 
protein

60' di RT

Nessun plateau nella sintesi proteica misurata con 
metodica isotopica

Trommelen et al.   Cell Rep Med. 2023 Dec 19;4(12):101324.
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NON ESISTE LA FINESTRA ANABOLICA

L'IMPORTANTE È ASSUMERLE ENTRO LE 34 H
ANCHE PRIMA DI DORMIRE

SE SI VERIFICA LA NECESSITÀ, ANCHE IN UN'UNICA IMPORTANTE ASSUNZIONE 
GIORNALIERA
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PARLIAMO DI …
Il microbiota rappresenta la 
popolazione di 
microrganismi (batteri, 
funghi, protozoi e virus) che 
colonizza un ambiente (i.e.: 
pelle, intestino, ecc)

Il microbiota rappresenta la 
popolazione di 
microrganismi (batteri, 
funghi, protozoi e virus) che 
colonizza un ambiente (i.e.: 
intestino)

Il microbioma rappresenta 
la totalità del patrimonio 
genetico espresso dal 
microbiota.

Hashimoto K. Mol Psychiatry. 2023 Sep;28(9):3625-3637
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Il microbiota intestinale comprende 100.000 miliardi di 
batteri e pesa 2 kg. 

Il microbioma consiste di 150 volte più geni rispetto alle 
nostre cellule umane.

Moya &  Ferrer M. Trends Microbiol. 2016 May;24(5):402-413

Quale microbiota…
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§ Utilizza l’energia proveniente dal cibo

§ Migliora la funzione gastrointestinale

§ Migliora la barriera intestinale

§ Protegge dai batteri patogeni

§ Produce metaboliti essenziali per la salute

§ Sintetizza ormoni e vitamina

§ Migliora il sistema immunitario

§ Regola alcune condizioni quali l’insulino –resistenza 
e la dislipidemia

Cosa fa

71
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Cosi come ci sono fattori esterni che influenzano il 
microbiota così il microbiota influenza diversi aspetti
della salute

Baptista et al. Front Nutr. 2020 Mar 11;7:17Quigley EMM. Nat Rev Gastroenterol Hepatol. 2017 May;14(5):315-320

Una strada a due vie
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The use of high- throughput molecular tech-
niques in exercise science has been the cata-
lyst for our increased knowledge of the cellular 
events that regulate muscle metabolism during 
exercise and has provided an appreciation of 
the multiplicity, complexity and redundancy  
of networks involved in these responses1. 
The use of various ‘omics’ platforms has also 
afforded opportunities to map contraction- 
induced biological pathways through the 
interrogation of tissue- specific and/or cell- 
specific molecular responses in a holistic, 
unbiased and integrated manner2. The discov-
ery of muscle crosstalk with other organs and 
tissues, including the liver, bone and brain, 
offers a plausible framework for understanding 
how exercise transmits many of its effects on 
health and performance. In 2019, the results 
of several investigations uncovered important 
links between the gut microbiota and skeletal 
muscle, helping to cast new light on the inter- 
connectivity between these two organs. While 
it is now well established that contracting mus-
cles release proteins and metabolites that have 
endocrine- like properties, discoveries during 
the past year demonstrate how gut bacteria 
respond to exercise challenges and have recip-
rocal roles in fuel selection, muscle function 
and exercise performance.

The gut microbiota comprises over 100 tril-
lion bacterial cells and 3 million unique genes 
and is considered a central ‘organ’ because of 
its direct and indirect roles in host physiology 
and pathophysiology. The healthy micro-
biota includes numerous, highly represented 
taxa along with a multitude of minor players 
with lower representation but high metabolic 
activity. The impact of the gut microbiota on 

significantly lower than after the HMC diet, 
while muscle mass of the tibialis anterior 
and treadmill run time to exhaustion were 
decreased. Ab+ largely eliminated the intes-
tinal microbiota, reducing both faecal SCFA 
content and circulating concentrations of 
SCFA. In addition, the Ab+ group had a 
reduction in running capacity compared with 
the Ab− group. Infusion of the SCFA acetate 
into Ab+ mice restored endurance exercise 
capacity, while running time to exhaustion 
was also improved in LMC- fed mice after 
faecal microbiota transplantation from mice 
fed the HMC diet and administered a single 
portion of fermentable fibre. These findings4 
show that changes in the composition of the 
gut microbiota markedly influence systemic 
metabolism and exercise capacity.

Nay et al.5 also used Ab+ to perturb the gut 
environment in mice, followed by recovery of 
gut microbiota by natural reseeding. In the 
Ab+ gut- microbiota depleted mice, endur-
ance running capacity was decreased and 
ex vivo skeletal muscle contractile function 
was impaired. Natural reseeding of the mice 
restored the gut microbiota and reversed 
both skeletal muscle endurance capacity and 
contractile function. A deficiency of certain 
bacteria- derived metabolites can interfere 
with the metabolism of bioenergetic substrates 
such as glucose and lipids. Hence, one poten-
tial mechanism linking gut microbiota and 
skeletal muscle energetics is the availability 
and storage of intramuscular fuels, principally 
glycogen and triacylglycerol. By depleting gut 

human metabolic and immunological health is 
being increasingly recognized, with ‘metaboli-
cally unfavourable’ gut microbiota composi-
tion linked to obesity, type 2 diabetes mellitus 
and cardiovascular disease3. However, inves-
tigations in the past few years have revealed 
that the gut microbiota also exerts multiple 
effects on skeletal muscle bioenergetics. The  
notion of crosstalk between the gut micro biota 
and skeletal muscle emerged from several early  
studies in animals that reported increases in  
several species of short- chain fatty acids (SCFAs;  
acetate, butyrate, propionate and conjugated 
linoleic acid) after endurance exercise training. 
SCFAs are produced by commensal  bacteria  
in the gut and have a protective effect on the  
host by reducing inflammation through 
trans criptional inhibition of cytokines and 
inflam matory proteins. Several novel findings 
reported in 2019 have extended understanding 
of the links between the gut microbiota and  
skeletal muscle.

Okamoto et al.4 assigned healthy C57BL/6J 
mice to receive one of two different diets, or 
a standard chow diet with antibiotic adminis-
tration (Ab+). Mice in the diet groups were fed 
either a low- microbiota accessible carbohy-
drate (LMC) diet or a high- microbiota acces-
sible carbohydrate (HMC) diet for 6 weeks, 
while two additional cohorts consumed a 
standard chow diet and were administered 
antibiotics (Ab+) or assigned to an antibiotic- 
free group (Ab−). Mice fed the LMC diet had 
reduced bacterial diversity, and the low fibre 
content altered the composition to favour 
bacteria that produce reduced amounts of 
SCFAs. After the LMC diet, plasma con-
centrations of acetate and propionate were 
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Microbiota and muscle 
highway — two way traffic
John A. Hawley   
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The use of high- throughput molecular tech-
niques in exercise science has been the cata-
lyst for our increased knowledge of the cellular 
events that regulate muscle metabolism during 
exercise and has provided an appreciation of 
the multiplicity, complexity and redundancy  
of networks involved in these responses1. 
The use of various ‘omics’ platforms has also 
afforded opportunities to map contraction- 
induced biological pathways through the 
interrogation of tissue- specific and/or cell- 
specific molecular responses in a holistic, 
unbiased and integrated manner2. The discov-
ery of muscle crosstalk with other organs and 
tissues, including the liver, bone and brain, 
offers a plausible framework for understanding 
how exercise transmits many of its effects on 
health and performance. In 2019, the results 
of several investigations uncovered important 
links between the gut microbiota and skeletal 
muscle, helping to cast new light on the inter- 
connectivity between these two organs. While 
it is now well established that contracting mus-
cles release proteins and metabolites that have 
endocrine- like properties, discoveries during 
the past year demonstrate how gut bacteria 
respond to exercise challenges and have recip-
rocal roles in fuel selection, muscle function 
and exercise performance.

The gut microbiota comprises over 100 tril-
lion bacterial cells and 3 million unique genes 
and is considered a central ‘organ’ because of 
its direct and indirect roles in host physiology 
and pathophysiology. The healthy micro-
biota includes numerous, highly represented 
taxa along with a multitude of minor players 
with lower representation but high metabolic 
activity. The impact of the gut microbiota on 

significantly lower than after the HMC diet, 
while muscle mass of the tibialis anterior 
and treadmill run time to exhaustion were 
decreased. Ab+ largely eliminated the intes-
tinal microbiota, reducing both faecal SCFA 
content and circulating concentrations of 
SCFA. In addition, the Ab+ group had a 
reduction in running capacity compared with 
the Ab− group. Infusion of the SCFA acetate 
into Ab+ mice restored endurance exercise 
capacity, while running time to exhaustion 
was also improved in LMC- fed mice after 
faecal microbiota transplantation from mice 
fed the HMC diet and administered a single 
portion of fermentable fibre. These findings4 
show that changes in the composition of the 
gut microbiota markedly influence systemic 
metabolism and exercise capacity.

Nay et al.5 also used Ab+ to perturb the gut 
environment in mice, followed by recovery of 
gut microbiota by natural reseeding. In the 
Ab+ gut- microbiota depleted mice, endur-
ance running capacity was decreased and 
ex vivo skeletal muscle contractile function 
was impaired. Natural reseeding of the mice 
restored the gut microbiota and reversed 
both skeletal muscle endurance capacity and 
contractile function. A deficiency of certain 
bacteria- derived metabolites can interfere 
with the metabolism of bioenergetic substrates 
such as glucose and lipids. Hence, one poten-
tial mechanism linking gut microbiota and 
skeletal muscle energetics is the availability 
and storage of intramuscular fuels, principally 
glycogen and triacylglycerol. By depleting gut 

human metabolic and immunological health is 
being increasingly recognized, with ‘metaboli-
cally unfavourable’ gut microbiota composi-
tion linked to obesity, type 2 diabetes mellitus 
and cardiovascular disease3. However, inves-
tigations in the past few years have revealed 
that the gut microbiota also exerts multiple 
effects on skeletal muscle bioenergetics. The  
notion of crosstalk between the gut micro biota 
and skeletal muscle emerged from several early  
studies in animals that reported increases in  
several species of short- chain fatty acids (SCFAs;  
acetate, butyrate, propionate and conjugated 
linoleic acid) after endurance exercise training. 
SCFAs are produced by commensal  bacteria  
in the gut and have a protective effect on the  
host by reducing inflammation through 
trans criptional inhibition of cytokines and 
inflam matory proteins. Several novel findings 
reported in 2019 have extended understanding 
of the links between the gut microbiota and  
skeletal muscle.

Okamoto et al.4 assigned healthy C57BL/6J 
mice to receive one of two different diets, or 
a standard chow diet with antibiotic adminis-
tration (Ab+). Mice in the diet groups were fed 
either a low- microbiota accessible carbohy-
drate (LMC) diet or a high- microbiota acces-
sible carbohydrate (HMC) diet for 6 weeks, 
while two additional cohorts consumed a 
standard chow diet and were administered 
antibiotics (Ab+) or assigned to an antibiotic- 
free group (Ab−). Mice fed the LMC diet had 
reduced bacterial diversity, and the low fibre 
content altered the composition to favour 
bacteria that produce reduced amounts of 
SCFAs. After the LMC diet, plasma con-
centrations of acetate and propionate were 
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Anche sulla performace
una strada a due vie

Una strada a due vie
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Esiste un percorso bidirezionale tra il microbioma e l'allenamento e l'"impronta" 
metabolomica dei diversi sport e delle modalità di allenamento.

Gli atleti di alto livello hanno:
• una maggiore diversità microbica (α diversity), 
• una crescita più elevata di specie specifiche come Akkermansia muciniphila, 
• una maggiore produzione microbica di acidi grassi a catena corta (SCFA),
• un'associazione diretta con il fitness cardiorespiratorio (VO2max) 
• la composizione relativa del microbiota (rapporto Firmicutes/Bacteroides), 
• una maggiore capacità metabolica rispetto ai controlli sedentari abbinati.

Possiamo modulare il microbioma per migliorare la salute e le prestazioni di 
un atleta?

Una strada a due vie
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Optimizing Microbiota Profiles for Athletes
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MANCIN, L., I. ROLLO, J.F. MOTA, F. PICCINI, M. CARLETTI, G.A. SUSTO, G. VALLE, and A. PAOLI. Optimizing micro-
biota profiles for athletes. Exerc. Sport Sci. Rev., Vol. 49, No. 1, pp. 42–49, 2021.Gut microbiome influences athletes’ physiology, but be-
cause of the complexity of sport performance and the great intervariability of microbiome features, it is not reasonable to define a single healthy
microbiota profile for athletes. We suggest the use of specific meta-omics analysis coupled with innovative computational systems to uncover the
hidden association between microbes and athlete’s physiology and predict personalized recommendation. Key Words: microbiome, gut health,
personalized nutrition, sport science, machine learning, omics technology

Key points

• The trillions of microbes in the gastrointestinal tract play es-
sential roles both in health and disease.

• Different dietary strategies and exercise training methods alter
the composition and functional activity of the gut ecosystem.

• We cannot define one healthy microbiota scenario for all
athletes; however, there are several opportunities to modu-
late gut microbiota and, consequently, athlete’s health.

• To get a better understanding of how microbiota communi-
cate with athlete’s physiology, it is required to go beyond
correlation studies toward the combination of meta-omics
technologies with computational tools.

• We explore the possibility to leverage machine learning
models to predict exercise-induced alteration and perfor-
mance measures (e.g., V̇O2peak and V̇O2max, glycemic and
lactate response, and markers of inflammation), to automat-
ically distinguish between responders and nonresponders to
specific nutrients or supplements, and to get additional in-
formation about the most relevant features and correlations
to solve the mentioned tasks.

INTRODUCTION
The human gastrointestinal tract is a complex ecosystem of

microbes including bacteria, archaea, fungi, viruses, and micro-
bial eukaryotes. Collectively, these microbes are known as mi-
crobiota, whereas the microbiome is defined as the set of their
genomes. The science of bacterial classification is taxonomy,
which consists of identification, classification, and naming of
microorganisms. Taxonomic classification permits placing a mi-
croorganism in a homogeneous group and in a level; groups of
the same level create a group of higher rank. The classification
is hierarchic, and it ranges from the highest level to the lowest:
domain, phylum, class, order, family, genus, species, and subspe-
cies (1).

A growing number of studies show how specific microbiome
signatures are associated with lifestyle, diet, and many disease
states, such as inflammatory bowel diseases (2), cancer (3,4),
alcoholic and nonalcoholic fatty liver diseases (5,6), type 2
diabetes (7), obesity (8), and mental related conditions (9).
Few studies reveal the association between exercise and spe-
cific microbiota profiles (10–12), with the majority lacking
causation or mechanistic explanation. It seems that commu-
nication between gut microbiota and athlete’s physiology is
still “hidden,” and we do not have interpretable strategies
able to decipher the connection. However, thanks to new
meta-omics analysis and novel computational tools, the
identification of this bidirectional influence is becoming
clearer. Machine learning (ML) might offer an opportunity
to reveal how bacteria communicate with host exercise phys-
iology, highlighting the potential relevance of our microbi-
ota in sport science.
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individual adaptation to specific training regimes, reciprocal
influences between microbiota/genetic/physiology/environment,
and relative risk for injuries. These new data may be used by sport
scientists, trainers, and medical staff to individualize training and
nutrition programs. To achieve such results (discover new metab-
olites), a multisystem method such as ultraperformance liquid
chromatography–tandem mass spectrometer is likely the first-line
method of metabolomics analysis. Metabolites may be measured
from fecal sample (55), blood, saliva, and urine (56), and by
choosing a multianalytical and sensitive platform, many differ-
ent types of metabolites can be quantified.

In this respect, also the use of metatranscriptomics, the tran-
script of the gene, might represent a useful tool able to bridge
the gap between metagenome and other meta-omics analyses
by providing information about which specific microbial path-
ways are active and contribute to the final outcome (57). These
meta-omics analyses represent a crucial point for exercise sci-
ence given that the microbiota exert positive effects on skeletal

muscle, fuel availability, and endurance performance by its
endocrine-like activity (48).

Clearly, most exercise microbiome studies identified
subject-specific variation in both specific metabolites and pro-
cessing pathways (37,58), underlying the necessity of integrat-
ing meta-metabolomics analyses to “bridge the gap” between
correlation and causation (46). Lastly, metagenomics coupled
with meta-metabolomics might provide an explanation of
how potential medicationmay affect the host physiology.Maier
et al. (59) found that nonsteroidal anti-inflammatory drugs, fre-
quently used by athletes, inhibited the growth of at least one
strain of microbe, suggesting that nonantibiotic drugs might
promote antibiotic resistance as well. This result highlights
the possibility of future discovery of drug-microbiome relation-
ships, revealing potential adverse effects on athlete’s health.

These findings suggest the necessity to change and improve the
“microbiome research field,” moving toward mechanistic and in-
terpretable explanations rather than simple correlation analyses.

Figure 1. The leading effects of different dietary patterns on gut microbiota composition and metabolism in athletes’ physiology. Microbiome-unfriendly diet
(left). A microbiome-unfriendly diet is characterized by a high intake of red meat and a low intake of indigestible fiber. Such a diet is high in detrimental com-
pounds that contribute to impair the diversity of the microbiota; moreover, it increases the production of detrimental metabolites and reduces the ability to gen-
erate short-chain fatty acids (SCFA). Collectively, the reduction in SCFA production increases the relative abundance of proteolytic microbes and
mucus-degrading bacteria, which directly affects the gut barrier’s function. Proteolytic fermentation also generates many biocompounds that affect both
host and colonic health. Many methylamine-containing nutrients can also provide substrates for microbiota-derived generation of TMA, which is converted
by the liver in TMAO, a metabolite linked with the acceleration of the atherosclerosis process. Lastly, a low-fiber diet contributes to reducing muscle fuel avail-
ability and negatively impacts exercise capacity. Microbiome-friendly diet (right). Dietary patterns rich in MAC and adequate intake of high-quality protein con-
tribute to increasemicrobial diversity, function, and production of SCFA. SCFA enhance intestinal barrier, nourish enterocytes, act as ligand of GPR41 andGPR43
on the surface of colonocytes and immune cells, suppress protein fermentation, and lower the pH that inhibits proteolytic enzymes. The improvement of func-
tional intestinal barrier contributes to improve metabolic profile and immunological responses as well. High SCFA availability is also hypothesized to modulate
endurance exercise capacity. GPR41/GPR43: G protein–coupled receptor 41/43.
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bacteria, Ab+ reduces SCFA production, while 
concomitantly lowering the bioavailability of 
glucose in serum, a precursor for glycogen 
in muscle (FIG. 1). The antibiotic- associated 
reductions in muscle levels of glycogen and 
the subsequent restoration of glycogen con-
centrations to values close to those observed 
in mice after natural reseeding might partly 
explain the changes in endurance capacity 
observed by Nay and colleagues5.

Collectively, the results of Okamoto et al.4 
and Nay et al.5 provide new information on the 
gut–muscle axis, showing that communication 
between these two organ systems is bidirec-
tional, with gut microbiota seemingly critical 
for optimal muscle function, at least in mice 
(FIG. 1). But can these findings be translated to 
humans? Certainly, exercise training modu-
lates the composition and metabolic capacity  
of the gut microbiota, with high cardio-
respiratory fitness being positively correlated 
with increased bacterial diversity (a metric of  
health) and SCFA- producing bacteria6,7.

During extreme exercise challenges8,9, 
increased microbial diversity and increased 
abundance of bacterial species seem to be 
associated with improved metabolic health 
and athletic performance. For instance, 
Scheiman et al.9 conducted 16S ribosomal 
DNA sequencing on stool samples collected 
from a cohort of runners 1 week before and 
1 week after running a marathon (42.1 km), 

exercise training- induced alterations to both 
gut microbiota composition and function might 
be dependent on the body composition of par-
ticipants. Allen et al.10 reported that 6 weeks of 
endurance exercise training increased faecal 
concentrations of SCFAs in lean individuals 
but not those with obesity, independent of 
diet. Strikingly, exercise- induced changes to 
the microbiota, aerobic fitness and body com-
position were rapidly reversed in both cohorts 
when the exercise stimulus was removed, sug-
gesting that shifts in the metabolic capacity of 
the gut microbiota are transient and dependent 
on regular exercise stimuli10.

Several studies published in 2019 pro-
vide new insight into the biological crosstalk 
between the gut microbiota and skeletal mus-
cle. While gut microbiota ‘dysbiosis’ reduces 
biodiversity, affecting microbial metabolism 
and the functionality and pathophysiology of 
several peripheral organs, exercise is a potent 
intervention to perturb gut microbiota com-
position and restore gut symbiosis. Clearly, 
exercise- induced alterations in the gut micro-
biota can modulate skeletal muscle bioenerget-
ics, possibly by altering substrate availability. 
Although the precise mechanisms linking the 
intestinal microbiota, fuel stores and skeletal 
muscle function need to be elucidated, it is 
clear that the highway between the gut and 
skeletal muscle is open for two- way traffic!
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along with samples from a group of inactive 
control participants at the same time points. 
The bacterial genus Veillonella (species that 
metabolize lactate into acetate and propion-
ate via the methylmalonyl- CoA pathway) was 
the most differentially abundant microbiota 
between pre- marathon and post- marathon 
samples. To determine whether these results 
could be replicated, metagenomic sequencing 
of stool samples from an independent cohort 
of ultramarathoners and Olympic trial rowers 
was performed before and after an exercise 
challenge9. Every gene in the major path-
ways metabolizing lactate to propionate had a 
higher relative abundance in the athletes’ post- 
exercise samples than in those taken before 
exercise9. In a further experiment9, Veillonella 
atypica was isolated from one of the marathon 
runners and inoculated into mice. Compared 
with mice gavaged with Lactobacillus, fae-
cal microbiota transplantation containing 
Veillonella significantly increased submaximal 
treadmill run time to exhaustion, prompting 
the authors to speculate that lactate generated 
during sustained bouts of exercise could be 
accessible to the microbiota and converted into 
SCFAs that improve athletic performance9.

While interpretation of human studies is 
limited by low participant numbers8,9, cross- 
sectional designs6,7, lack of dietary control8,9 
and/or other environmental factors, results 
from a recent investigation demonstrate that 
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Fig. 1 | The gut microbiota–skeletal muscle highway. a | A high microbiota- accessible carbo-
hydrate (HMC) diet potentiates endurance exercise capacity in mice. b | In mice, antibiotic (Ab+) 
administration and a low microbiota- accessible carbohydrate (LMC) diet modulates muscle fuel 
availability and impairs exercise capacity. In humans, a healthy gut microbiota is contingent on 
regular physical exercise. FFA , free fatty acids; SCFAs, short- chain fatty acids.
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Working out the bugs: microbial modulation of 
athletic performance
A multi-faceted translational study provides the first evidence that gut microbial conversion of lactate to 
propionate may enhance athletic performance during high-intensity endurance exercise.

Rachel N. Carmody and Aaron L. Baggish

Recent insights into the human 
microbiome have initiated a paradigm 
shift in our understanding of the 

human body. The most dense and complex 
community of microbes resides in the gut 
and modulates critical functions including 
digestion, xenobiotic metabolism, immune 
response, energy homeostasis and even 
social behavior1. The fundamental and 
interconnected nature of these processes 
suggests that gut microbes influence 
virtually all aspects of human physiology. 
However, investigations of causal links 
between microbial profiles and human 
phenotypes have largely focused on risks 
and treatment outcomes for disease rather 
than markers of health such as exercise 
capacity. To date, long-distance running 
performance, a complex and incompletely 
understood trait, has not been associated 
with the composition or function of the gut 
microbial community.

In a new study published in Nature 
Medicine, Scheiman et al. present intriguing 
data suggesting that the gut microbiome 
may modulate lactate homeostasis, a critical 
determinant of athletic performance, 
during vigorous physical exercise2 (Fig. 1). 
Participants in the 2015 Boston Marathon, 
studied before and after race completion, 
demonstrated a variable but compelling 
increase in Veillonella, a microbial genus 
specializing in lactate fermentation, in 
the post-race period. A separate cohort of 
runners and elite rowers also showed post-
exercise microbiomes that were enriched 
in genes encoding enzymes involved in 
the methylmalonyl-CoA pathway used by 
Veillonella to convert lactate to propionate. 
Interestingly, probiotic treatment of mice 
with Veillonella or with non-lactate-
fermenting Lactobacillus improved 
exhaustive treadmill running times, thus 
suggesting that Veillonella might enhance 
running performance. Although Veillonella 
could theoretically improve performance 
by removing lactate from the blood, 
probiotic treatment with Veillonella did not 

measurably increase blood lactate clearance. 
In contrast, administration of propionate  
led to enhanced running times among  
mice. The authors therefore conclude  
that propionate production rather than 
lactate utilization per se underlies the 
performance-enhancement effects conferred 
by gut Veillonella.

The greatest strength of this study is its 
novel focus on the gut microbiome as a 
potential modulator of athletic performance. 
However, the work from Scheiman et al. also 
represents an impressive multi-faceted  

translational effort, combining longitudinal 
experiments in humans and mice with 
multi-omics analyses probing changes 
in microbial community structure, 
microbial gene content and host metabolic 
phenotypes. This robust study design 
leads to some interesting and informative 
findings en route to the key conclusions. 
For instance, via intraperitoneal injection 
of isotopically labeled lactate, the authors 
report the first evidence that circulating 
lactate crosses into the gut lumen. Although 
the authors appropriately contextualize this 

or
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Performance enhancement
in supplemented mice
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 – Runners versus controls
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 via the methylmalonyl-CoA
 pathway
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Fig. 1 | Evidence for microbial modulation of athletic performance. Running performance is affected 
by numerous factors, many of which remain unknown. Scheiman et al.2 present diverse evidence in 
humans and mice suggesting that the gut microbiota contributes to running performance. The authors 
surveyed the gut microbiotas of Boston Marathon participants and found increases in the microbial 
genus Veillonella, a lactate-catabolism specialist, both longitudinally (post-race versus pre-race) and 
cross-sectionally (as compared with sedentary controls). In a second distinct sample of elite runners 
and rowers, post-exercise microbiomes were enriched in genes encoding proteins involved in the 
methylmalonyl-CoA pathway used by Veillonella to convert lactate to propionate. Together, these 
data suggest a model in which gut microbes are affected by exercise and in turn modulate athletic 
performance via microbial lactate metabolism by serving as a sink for circulating lactate, by producing 
performance-enhancing metabolites in the lactate-to-propionate conversion, or both. Despite 
demonstrating that circulating lactate can cross into the lumen, the authors did not observe decreases 
in circulating lactate with Veillonella colonization, results that do not support the lactate-sink model. 
In contrast, mice colonized with Veillonella or administered isolated propionate showed improved 
performance in exhaustive treadmill running-time experiments, thus suggesting that propionate 
production was key to the observed performance gains.

NATURE METABOLISM | VOL 1 | JULY 2019 | 658–659 | www.nature.com/natmetab

Scheiman et al. Nat Med. 2019 Jul;25(7):1104-1109

Veillonella 
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Carmody & Baggish. Nat Metab. 2019 Jul;1(7):658-659.
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•PROBIOTICO: microrganismi che si dimostrano in grado, una volta ingeriti in 
adeguate quantità, di esercitare funzioni benefiche per l’organismo.

•ALIMENTI/INTEGRATORI CON PROBIOTICI: alimenti che contengono, in numero 
sufficientemente elevato, microrganismi probiotici vivi e attivi, in grado di 
raggiungere l'intestino, moltiplicarsi ed esercitare un'azione di equilibrio sul 
microbiota intestinale mediante colonizzazione diretta. 

•PREBIOTICO: sostanze non digeribili di origine alimentare, come la fibra, che, 
assunte in quantità adeguata, favoriscono selettivamente la crescita e l'attività di 
uno o più batteri già presenti nel tratto intestinale o assunti insieme al prebiotico.

•SIMBIOTICO: alimento o integratore che contiene miscele di probiotici e prebiotici.

Probiotici e prebiotici
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Systematic Review

Effects of probiotic supplementation on performance of
resistance and aerobic exercises: a systematic review
Anne K.F. de Paiva, Erick P. de Oliveira, Laura Mancini, Antonio Paoli , and Jo~ao F. Mota

Context: Strenuous exercise may lead to negative acute physiological effects that
can impair athletic performance. Some recent studies suggest that probiotic supple-
mentation can curtail these effects by reducing the permeability of the intestinal
barrier, yet results are inconsistent. Objective: The aim of this systematic review is
to assess the effects of probiotic supplementation on athletic performance. Data
Sources: The PubMed/MEDLINE, Cochrane, and Scopus databases were searched
for articles that assessed the effects of probiotic supplementation on athletic perfor-
mance. Data Extraction This systematic review is reported according to:
PRISMA guidelines. Risk of bias was assessed through the Cochrane RoB 2.0 tool.
Seventeen randomized clinical trials assessing athletic performance as the primary
outcome were included. In total, 496 individuals (73% male) comprising athletes,
recreationally trained individuals, and untrained healthy individuals aged 18 to
40 years were investigated. Data Analysis: Three studies showed an increase or an
attenuation of aerobic performance (decline in time to exhaustion on the treadmill)
after supplementation with probiotics, while 3 found an increase in strength.
However, most studies (n¼ 11) showed no effect of probiotic consumption on aero-
bic performance (n¼ 9) or muscular strength (n¼ 2). The most frequently used
strain was Lactobacillus acidophilus, used in 2 studies that observed positive results
on performance. Studies that used Lactobacillus plantarum TK10 and Lactobacillus
plantarum PS128 also demonstrated positive effects on aerobic performance and
strength, but they had high risk of bias, which implies low confidence about the ac-
tual effect of treatment. Conclusion: There is not enough evidence to support the
hypothesis that probiotics can improve performance in resistance and aerobic exer-
cises. Further well-controlled studies are warranted.

Affiliation: A.K. Ferreira de Paiva and J.F. Mota are with the School of Nutrition, Federal University of Goi!as, Goiânia, Goi!as, Brazil. J.F. Mota
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Sport, Catholic University of Murcia (UCAM), Murcia, Spain.
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to claim a positive effect of probiotic supplementation
on athletic performance, owing to the scarce evidence
of positive results and the high risk of bias. As far as can
be determined, this is the first systematic review that
aimed to verify the effects of probiotics on resistance or
aerobic exercise performance. It is important to men-
tion that other systematic reviews did not assess athletic
performance as the primary outcome,40–42 which could
increase the risk of bias.

This review analyzed the effects of probiotic sup-
plementation on both strength and endurance

performance. In general, the influence of probiotic sup-
plementation on strength performance is unclear.
Indeed, of the studies that reported an improvement in
skeletal muscle strength after probiotic supplementa-
tion, 2 were performed in untrained individuals25,33

and 2 in recreationally trained individuals.23,24 It is
likely that the ergogenic effect of supplements differs
according to an individual’s training status, as has al-
ready been demonstrated with caffeine supplementa-
tion.43 Moreover, although the mechanism of probiotics
in relation to muscle strength is still unclear, the

Figure 2 Risk of bias of randomized and nonrandomized studies assessed by the Cochrane tool.
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involved in the regulation of inflammatory responses
and has antiviral and antitumor effects,82 neither study
showed an improvement in performance.27,34

CONCLUSION

This systematic review found insufficient evidence that
probiotic supplementation improves athletic perfor-
mance. Further studies are necessary to draw definitive
conclusions, as most studies had important methodo-
logical limitations such as study design, types of strains
used, population investigated, and types of physical tests
employed to assess performance. Nevertheless, some
potential effects were observed, such as decreased intes-
tinal permeability, reduced symptoms of upper respira-
tory tract infections, and modulation of the immune
response. Only a limited number of clinical interven-
tions tested the ability of probiotics to improve perfor-
mance and validated which strains and quantities are
specific to athletes and practitioners of physical exercise.
Thus, new randomized, controlled studies that examine
these issues and aim to accurately determine the effect
of probiotic supplementation on physical performance
are warranted.
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Dieta ricca di fibre e cibi fermentati e MACs

Microbiota SCFAs

Mantenimento stabilità
Alfa diversità
Corretta distribuizone

Azione su muscolo: 
sintesi proteica (FGF-19) 
Glicogeno
Infiammazione

Miglioramento performance?
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Prendiamoci cura…
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IL MICROBIOTA SEMBRA ESSERE L'ULTIMA FRONTIERA 
ANCHE PER LA PRESTAZIONE SPORTIVA

NON CI SONO ANCORA DATI MA SEMBRA CHE 
LA VEILONELLA POSSA AVERE UN'AIZONE POSITIVA

UN'ALIMENTAIZONE EQUILIBRATA CON MAC PER SCFAs
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1. L'alimentazione gioca un ruolo fondamentale nel 
mantenimento della salute e nella prestazione per gli atleti;

2. Non esiste la dieta perfetta;
3. La manipolazione dei macro andrebbe sincronizzata  con la 

programmazione dell'allenamento;
4. Il recupero passa anche attraverso l'alimentazione;
5. L'alimentazione DEVE essere personalizzata; 
6. Si può allenare anche l'intestino;
7.  Sembra che anche il microbiota possa giocare un ruolo;
8. MANGIA E SPINGI

CONCLUSIONI
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