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1. Streszczenie w jezyku polskim

Masa migs$ni szkieletowych zalezy od tempa syntezy i degradacji biatek. U ludzi w starszym
wieku dysproporcja miedzy tymi dwoma procesami jest bardzo wysoka. Co za tym idzie
w starzeniu odnotowuje si¢ zmniejszenie masy i sity mi¢$§niowej, co przektada sie bezposrednio

na funkcjonalnos$¢ 1 jako$ zycia 0sob starszych.

Wplyw maja na to m.in. zachodzace z wiekiem zmiany w sktadzie ciata (procentowy wzrost
tkanki tluszczowej) oraz brak aktywnos$ci fizycznej. Z wiekiem wzrasta poziom krazacych
czynnikéw prozapalnych we krwi, takich jak interleukina-6 (IL-6), czynnik martwicy

nowotworow-o (TNF- a), czy biatko C-reaktywne (CRP), a spada poziom czynnikéw wzrostu.

W starszym wieku obserwuje si¢ rowniez istotny spadek zawarto$ci L-karnityny
w mieg$niach. Badania pokazuja, ze L-karnityna moze skutecznie obniza¢ poziom czynnikow
prozapalnych, a takze zwigksza¢ poziom krazacego insulinopodobnego czynnika wzrostu (IGF-
1), ktory jest kluczowy w procesie syntezy bialek mig$niowych. Dodatkowo czynnikiem
pozytywnie wptywajacym na tkanke miesniowa jest odpowiednio dobrana aktywno$¢ fizyczna.
W kontekscie budowania tkanki migsniowej szczegélnie polecany jest trening oporowy.
Oddziatuje on na tkanke mig$niowa poprzez czynniki wzrostu, m.in. wspomniany juz IGF-1,

czy dekoryne i miostatyng.

Celem niniejszych badan byto wskazanie skutecznej interwencji w zapobieganiu procesowi

utraty masy 1 funkcji tkanki migsniowej w starszym wieku.

Pierwszy etap badan, mial wskaza¢ skuteczno$¢ suplementacji L-karnityna na poziom
krazacych czynnikow prozapalnych: IL-6, TNF- o, CRP, poziom IGF-1, poziom wolnej
karnityny we krwi oraz sit¢ migsni szkieletowych i sktad ciata w grupie kobiet po 65 roku zycia.
W kolejnym etapie badan zastosowano interwencj¢ taczong, aby wskazac¢, czy suplementacja
L-karnityng w potaczeniu z leucyng zwiekszy efektywnos¢ 24-tygodniowego treningu sitowego
w konteks$cie zmian wielko$ci 1 funkcjonalno$ci migsni szkieletowych, a takze zwigzanych z
tym procesem poziomoéw miostatyny, dekoryny, IGF-1, karnityny catkowitej (TC) 1 N-tlenku
trimetyloaminy (TMAO) we krwi.

Do badan zostaty zrekrutowane zdrowe osoby w wieku miedzy 65 a 70 rokiem zycia.
Pierwszy etap badan ukonczylo 20 kobiet, ktore losowo byly przydzielone do grupy
suplementowanej L-karnityng (1500 mg/doba; n=11) lub grupy przyjmujacej placebo (n=9).

Zastosowane interwencje wykazaty, ze 24-tygodniowa suplementacja L-karnityna zwigksza



poziom krazacej wolnej karnityny (o 22 + 9%), jednak nie wplywa to na wyniki mierzonych
markeréw we krwi. Nie stwierdzono réznic migdzy suplementowanymi grupami w stezeniu
czynnikow prozapalnych, ani IGF-1. Podobnie nie zaobserwowano zmian w masie ciala, ani jej

poszczegbdlnych komponentach oraz sile migsni.

Drugi etap badan ukonczyto 37 kobiet, ktore przez 24 tygodnie uczestniczyly w treningu
oporowym dwa razy w tygodniu. Cz¢$¢ kobiet miata uzupetniong interwencje o suplementacje
L-karnityng 1 leucyng (LC+L; 1000mg+3000mg/doba; n=12), lub leucyng (L; 4000mg/doba;
n=13), natomiast grupa kontrolna (n=12) ¢wiczyla bez przyjmowania suplementow. Wyniki
uzyskane po 24 tygodniowej interwencji wskazaty na efektywno$¢ treningu oporowego w
kontekscie hipertrofii migsni, a takze sity mig$ni mierzonych w testach izokinetycznych i
izometrycznych. Niemniej jednak zastosowane protokoty suplementacyjne nie wptynety na
wigksza efektywnos$¢ uzyskanych zmian (mimo zaobserwowanego wzrostu TC we krwi w
grupie suplementowanej LC+L; p=0.009). Poziom dekoryny wzrdst po interwencji (p=0.012)
w analizie obu grup suplementowanych tacznie (LC+L i L), jednak nie r6znit si¢ istotnie od
wyniku w grupie CON (p=0.231). Trening, takze potaczony z suplementacja nie wptynat na
poziom IGF-1, ani poziom miostatyny. Nie zaobserwowano rowniez korelacji migdzy
poszczegblnymi parametrami wielko$ci 1 sity migéni, a parametrami oznaczanymi we krwi (z

wyjatkiem korelacji miedzy poziomem TC 1 TMAOQO; p<0.001).

Na cykl publikacji sktadajacych si¢ na niniejsza rozprawe doktorska sktada si¢ réwniez
praca przegladowa, opisujaca problematyke stosowania suplementacji L-karnityng u ludzi, ze
szczegOlnym uwzglednieniem jej dziatania na metabolizm mig$ni szkieletowych. Zestawione
badania pozwalaja wyciagna¢ wnioski na temat najefektywniejszego sposobu suplementacji L-
karnityng w procesie zmiany metabolizmu mig$niowego. Powinien on przebiega¢ w potaczeniu
z weglowodanami oraz trwac nie krocej niz 12 tygodni (z uwagi na niskg przyswajalnos¢ L-

karnityny w tkance migsniowe;).

Podsumowujac zebrane dane, mozna wyciagna¢ wnioski, ze 24 tygodniowa suplementacja
samg L-karnityng nie jest efektywng strategiag dla zmiany komponentéw sktadu ciata oraz
wzrostu masy 1 sity mie$niowej u zdrowych kobiet po 65 roku zycia. Potaczenie suplementacji
L-karnityny z leucyng nie wplywa na poziom krazacego IGF-1 i miostatyny. Mimo wzrostu
poziomu TC i dekoryny we krwi, nie zwicksza efektywno$ci treningu oporowego. Co istotne,
w kazdym z przypadkow suplementacja L-karnityng powoduje wzrost poziom krazacego

TMAO.



Stowa kluczowe: sita migsniowa, pole przekroju poprzecznego migsni, trening sitowy,

starzenie si¢, insulinopodobny czynnik wzrostu-1, cytokiny, dekoryna, miostatyna, N-tlenek

trimetyloamino



2. Streszczenie w jezyku angielskim

Skeletal muscle mass depends on the rate of protein synthesis and degradation. However,
the imbalance between these two processes is very high in older people. Consequently, a
reduction in muscle mass and strength is noted in ageing, directly impacting older people's

functionality and quality of life.

Age-related changes in body composition (percentage increase in body fat) and lack of
physical activity, among other things, impact this disproportion. With age, levels of circulating
pro-inflammatory factors in the blood, such as interleukin-6 (IL-6), tumor necrosis factor-a

(TNF- a), and C-reactive protein (CRP), increase, while levels of growth factors decrease.

There is also a significant decline in muscle L-carnitine content in older age. Studies show
that L-carnitine can effectively reduce levels of pro-inflammatory factors and increase
circulating insulin-like growth factor (IGF-1) levels, which is crucial for muscle protein
synthesis. In addition, a factor that positively influences muscle tissue is appropriately selected
physical activity. In the context of building muscle tissue, resistance training is particularly
recommended. It affects muscle tissue through growth factors, such as the IGF-1 mentioned

above or decorin and myostatin.

The aim of this study was to identify an effective intervention to prevent the loss of muscle

mass and function in old age.

The first stage of the study was to indicate the efficacy of L-carnitine supplementation on
levels of circulating pro-inflammatory factors: IL-6, TNF- a, CRP, IGF-1 levels, free carnitine
levels and skeletal muscle strength and body composition in a group of women over 65 years
of age. In the next stage of the study, a combined intervention was used to indicate whether L-
carnitine supplementation combined with leucine would increase the effectiveness of 24-week
strength training in the context of skeletal muscle mass, size and strength, as well as the
associated blood levels of myostatin, decorin, IGF-1, total carnitine (TC) and trimethylamine

N-oxide (TMAO).

Healthy subjects aged between 65 and 70 years were recruited for the study. Twenty women
completed the study's first phase and were randomly allocated to either the 1500 mg/day L-
carnitine supplementation group (n=11) or the placebo group (n=9). The interventions showed
that 24-week L-carnitine supplementation increased circulating free carnitine levels (by 22 +

9% ) but did not affect the results of measured markers in the blood. No differences were found



between the supplemented groups in the levels of pro-inflammatory factors or IGF-1. Similarly,

no changes were observed in components of body mass, or muscle strength.

The study's second phase was completed by 37 women who participated in resistance
training twice a week for 24 weeks. Some women had the intervention supplemented with L-
carnitine and leucine (LC+L;1000mg+3000mg/day; n=12) or leucine alone (L; 4000mg/day;
n=13), while the control group exercised (n=12) without taking supplements. The results
obtained after the 24-week intervention indicated the effectiveness of resistance training in
muscle hypertrophy and muscle strength measured by isokinetic and isometric tests.
Nevertheless, the supplementation protocols did not increase the effectiveness of the changes
achieved (despite the observed increase in TC in the LC+L supplemented group; p=0.009).
Decorin levels increased after the intervention in the analysis of both supplemented groups
combined (LC+L and L; p=0.012), but were not significantly different from the CON group
(p=0.231).Training, also combined with supplementation, did not affect IGF-1 or myostatin
levels. There was also no correlation between individual muscle size and strength parameters
and those determined in the blood (except for the correlation between TC and TMAO levels;
p<0.001).

The series of publications comprising this doctoral thesis also includes a review paper that
looks at using L-carnitine supplementation in humans, focusing on its effect on skeletal muscle
metabolism. The research gathered in the review allows conclusions to be drawn on the most
effective way of L-carnitine supplementation in changing muscle metabolism. L-carnitine
should be supplemented with carbohydrate supplementation and last no less than 12 weeks (due

to the low bioavailability of L-carnitine in muscle tissue).

Summarizing the data collected, 24 weeks of L-carnitine supplementation alone is
ineffective for changing body composition components and increasing muscle mass and
strength in healthy women over 65. Similarly, L-carnitine supplementation with leucine does
not affect circulating levels of IGF-1 and myostatin Furthermore, despite increasing blood
levels of TC and decorin, it does not increase the effectiveness of resistance training.

Significantly, in each case, L-carnitine supplementation increases circulating TMAO levels.

Key words: muscle strength, muscle cross-section area, strength training, aging, Insulin-

like growth factor-1; cytokines, decorin, myostatin, trimethylamino-N-oxide



3. Lista stosowanych skrotow
IRM — test jednego maksymalnego powtorzenia (ang. one repetition maximum)

ACSP — Amerykanskie Kolegium Medycyny Sportowej (ang. American College of Sports
Medicine)

Akt — kinaza biatkowa B (ang. protein kinase B)

AP — §rednia moc (ang. average power)

BM — masa ciala (ang. body mass)

CHO — weglowodany (ang. carbohydrates)

CL — przedziat ufnosci (ang. confidence limit)

CRP - biatko C-reaktywne (ang. C-reactive protein)

CSA KE - przekrdj poprzeczny prostownikow kolana (ang. cross section area of knee
extensors)

CSA TM - przekroj poprzeczny migséni uda (ang. cross section area of total muscle)

FFM — beztluszczowa masa ciala (ang. fat free mass)

IGF-1 — insulinopodobny czynnik wzrostu (ang. insulin-like growth factor I)

IL-6 — interleukina 6 (ang. interleukin-6)

mTOR - kinaza biatkowa treoninowo-serynowa (ang. mammalian target of rapamycin kinase)
MVC — maksymalny skurcz izometryczny (ang. maximum voluntary contraction)

NSCA — Amerykanskie Stowarzyszenie Kondycji Sitowej (ang. National Strength and
Conditioning Association)

PI3K — kinaza 3-fosfoinozytydu (ang. phosphoinositide-3-kinase)
RET - trening oporowy (ang. resistance exercise training)

SMM — masa mi¢$ni szkieletowych (ang. skeletal muscle mass)
TC — karnityna catkowita (ang. total carnitine)

TMAO — N-tlenek trimetyloaminy (ang.trimethylamine-N-oxide)
TNF- a — czynnik martwicy guza (ang. tumor necrosis factor)

TW — praca catkowita (ang. fotal work)



4. Wykaz prac wchodzacych w sktad rozprawy doktorskie;j

Przedstawiona rozprawa doktorska sktada si¢ z cyklu trzech prac (dwoch prac oryginalnych i
jednej pracy przegladowej) opublikowanych w recenzowanych czasopismach zagranicznych o
sumarycznej punktacji Impact Factor (IF) réwnej 14.615 oraz Ministerstwa Nauki i

Szkolnictwa Wyzszego (MNiSW) rownej 235 pkt.

Publikacja nr 1: Sawicka, A. K., Hartmane, D., Lipinska, P., Wojtowicz, E., Lysiak-
Szydlowska, W., Olek, R. A. (2018). L-carnitine supplementation in older women. A pilot study

on aging skeletal muscle mass and function. Nutrients, 10(2), 255, 1-11.

IF: 4,171 / MNiSW: 35 / artykul oryginalny

Publikacja nr 2: Sawicka, A. K., Jaworska, J., Brzeska, B., Sabisz, A., Samborowska, E.,
Radkiewicz, M., Szurowska, E., Winklewski, P. J., Szarmach, A., & Olek, R. A. (2022). L-
Carnitine Combined with Leucine Supplementation Does Not Improve the Effectiveness of

Progressive Resistance Training in Healthy Aged Women. The journal of nutrition, health &

aging, 26(10), 945-953.

IF: 5.285 / MNISW: 100 / artykul oryginalny

Publikacja nr 3: Sawicka, A. K., Renzi, G., & Olek, R. A. (2020). The bright and the dark
sides of L-carnitine supplementation: a systematic review. Journal of the International Society

of Sports Nutrition, 17(1), 49.

IF: 5.159 / MNiSW: 100 / przeglad systematyczny

Badania zostaly sfinansowane z:

Grantu Narodowego Centrum Nauki: OPUS 8 (UMO-2014/15/B/NZ7/00893)

,»Suplementacja karnityng a funkcja migsnia szkieletowego w starzeniu”



5. Wprowadzenie

Podeszty wiek wigze si¢ z postepujaca utrata sprawnosci fizycznej, ktorej bezposrednig
przyczyna jest mimowolna utrata masy i sity migsniowej, jak i zanik funkcji tkanki mig$niowe;j
[1]. Pomimo utraty masy mie$niowej w populacji osob starszych nie obserwuje si¢ spadku masy
ciata, zmienia si¢ bowiem sktad poszczegdlnych jego komponentéw, a doktadniej stosunek
tkanki thuszczowej do beztluszczowej masy ciala. Tkanka tluszczowa, obok funkcji
magazynujacej, petni rowniez funkcje wydzielnicza [2]. Odpowiedzialna jest za produkcje i
uwalnianie do krwiobiegu wielu bioaktywnych czasteczek, zwanych adipokinami, w tym m.in.
czynnikdéw prozapalnych, takich jak interleukina 6 (ang. interleukin-6; I1L-6), czynnik martwicy
guza (ang. tumor necrosis factor; TNF-a), czy biatko ostrej fazy, inaczej biatko C-reaktywne
(ang. C-reactive protein; CRP) [3]. Procentowy wzrost thuszczowej masy ciata moze by¢ jedna,
obok innych przyczyn, podwyzszonego stezenia krazacych w organizmie czynnikéw
prozapalnych, odnotowywanych w starszym wieku. Mowa tu o wspomnianych wcze$niej:
TNF-a, IL-6, CRP 1 podwyzZszonej liczbie neutrofili [4]. Liczne badania naukowe wskazujg na
to, ze cytokiny odgrywaja duzg role w metabolizmie bialek mig$ni szkieletowych [5]. Znanych
jest kilka mechanizméw biochemicznych, ktére potwierdzaja negatywny wplyw czynnikow
prozapalnych na tkanke mig$niowa [6]. IL-6 1 TNF- o hamuja synteze biatek [7] oraz
zwigkszaja ich proteolize [5, 8]. Posrednim skutkiem oddzialywania TNF-a na metabolizm
biatek migsniowych moze by¢ réwniez jego zdolnos¢ do blokowania dziatania insuliny, ktéra

wplywa pozytywnie na synteze¢ tychze bialek oraz ochronnie na procesy ich rozktadu [9, 10].

L-karnityna jest niskoczasteczkowym, azotowym zwigzkiem, ktoérego gtowna rolg jest
transport dlugotancuchowych kwaséw thuszczowych z cytoplazmy do macierzy
mitochondrialnej [11]. Zwigzek ten wykazuje rowniez dzialanie przeciwzapalne [12].
Potwierdzono to w badaniach naukowych 2z wykorzystaniem ro6znych modeli
eksperymentalnych, m.in.: w starzeniu [13], przy zwidknieniu watroby [14], czy przy kacheksji
nowotworowej [15]. Badania Lee i in. [16] wykazaly, ze 12 tygodniowa suplementacja L-
karnityng w ilosci 1g/doba zmniejsza stan zapalny u osob z chorobg wiencowsa. Meta-analiza
poréwnujaca 44 randomizowane badania kliniczne wykazala, Zze suplementacja L-karnityng

zwigzana jest m.in. z obnizeniem poziomow CRP, IL-6 i TNF-a [17].

Co wigcej, L-karnityna moze wplywa¢ na réwnowage bialek migsniowych, dzieki
aktywacji kinazy biatkowej treoninowo-serynowej (ang. mammalian target of rapamycin
kinase; mTOR), poprzez podnoszenie stg¢zenia insulinopodobnego czynnika wzrostu (ang.

insulin-like growth factor 1;1GF-1) [18]. Szlak sygnalowy IGF-1 — PI3K (kinaza 3-
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fosfoinozytydu; ang. phosphoinositide-3-kinase) — Akt (kinaza biatkowa B; ang. protein kinase
B)—mTOR zaréwno przyspiesza proces syntezy biatek, jak i hamuje proces proteolizy (Ryc.1)
[19, 20, 21].

2LC —— I1GF1 4

N
e/

atrogin-

1 ;
: synteza /
¢ proteoliza hilalok /

Rycina 1. Zwiazek pomiedzy suplementacja L-karnityng a regulacja szlakoéw
metabolicznych zaangazowanych w rownowage biatek migsniowych. L-karnityna (LC);
insulinopodobny czynnik wzrostu-1 (IGF-1); kinaza 3-fosfoinozytydu (PI3K); kinaza biatkowa
B (Akt); kinaza biatkowa treoninowo-serynowa (mTOR); biatka FOX (FoxO); specyficzne dla
migs$ni biatko RING finger 1 (MuRF-1); muscle atrophy F-box (atrogin-1) [21].

IGF-1 jest jednym z najlepiej poznanych czynnikow wzrostu; w badaniach na ludziach
wykazano, ze koreluje dodatnio z parametrami sprawnosci tlenowej, wytrzymatos$cig migsni
czy nizszym poziomem tkanki ttuszczowej [22]. Badanie Keller i in. [23] przeprowadzone na
modelu zwierzgcym wykazato, ze L-karnityna zwigksza poziom krazacego IGF-1 w osoczu,
przyczyniajac si¢ do spowolnienia katabolizmu biatek w mig$niach szkieletowych. Co wazne,

poziom IGF-1 zmniejsza si¢ wraz z wiekiem, §rednio o 10% co dekade [24].
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Analiza probek mies$ni ludzi wskazuje na istotng redukcje L-karnityny oraz acetylo-I-
karnityny wraz z wiekiem [25]. Zalezno$¢ ta postrzegana jest jako potencjalna przyczyna
sarkopenii, oraz ostabienia mig$ni i szybszego meczenia obserwowanych w procesie starzenia

[26].

W badaniach Wall 1 in. [27] wykazano, ze zawarto$¢ karnityny catkowitej (ang. total
carnitine; TC) w mig$niach mozna regulowac poprzez interwencje¢ dietetyczng. W tym samym
eksperymencie dowiedziono, ze suplementacja L-karnityng wplywa na metabolizm
energetyczny mi¢s$ni, a mianowicie zwicksza zuzycie lipidow w celu uzyskania energii podczas
wysitku o niskiej intensywnos$ci, oszczedzajac tym samym zmagazynowany w migsniach
glikogen. Efekt ten zaobserwowano po podawaniu dwa razy dziennie 2g L-karnityny w
potaczeniu z 80g weglowodandw (ang. carbohydrates; CHO) przez okres 24 tygodni. Do
protokotu suplementacji wiaczono CHO, poniewaz transport L-karnityny do komorek

mig$niowych jest insulino-zalezny [28].

Chcac uzyska¢ podobny efekt, czyli zwigkszy¢ zawartos¢ TC w mig$niach,
suplementacj¢ L-karnityng nalezy uzupehi¢ o zwiazek regulujacy poziom insuliny we krwi.
Innym szeroko stosowanym skladnikiem, ktéry znany jest ze swoich wlasciwosci

stymulujacych wydzielanie insuliny przez komorki beta trzustki jest leucyna [29].

Leucyna jest egzogennym aminokwasem rozgatezionym, jednym z najefektywniej
wplywajacych na synteze biatek migsniowych [30]. Wykazano, ze polaczenie wysitku sitowego
wraz z suplementacja aminokwasami egzogennymi, w tym przede wszystkim leucyna
uaktywnia szlak sygnatowy dla mTOR, ktory zwigzany jest z synteza bialek migsniowych [31].
Wykorzystanie tego zwigzku jako transportera L-karnityny do komoérek migsniowych

dodatkowo moze wzmocni¢ dziatanie stymulujace produkcje biatek migsniowych.

Odpowiednio dobrana aktywno$¢ fizyczna roéwniez moze pozytywnie wplynaé na
funkcje tkanki mie$niowej, zapobiegajac a nawet odwracajgc proces utraty masy mig¢sniowej
[32]. W przypadku wzrostu syntezy biatek migsniowych u starszych ludzi, idealnym
rozwigzaniem okazuje si¢ zastosowanie treningu sitowego [33]. Wzrost syntezy biatek
mig$niowych przy treningu oporowym (ang. resistance exercise training; RET) moze by¢
regulowany przez hormony 1 czynniki wzrostu, w tym przez wspominany juz IGF-1 czy

miostatyne.

Miostatyna jest negatywnym czynnikiem wzrostu i odpowiada za degradacje biatek

mig$niowych [34]. Badania przekrojowe pokazaly, ze poziom miostatyny rosnie wraz z
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wiekiem (zarowno u kobiet jak 1 u m¢zczyzn), a jej poziom jest odwrotnie skorelowany z masg
mie$niowa 1 beztluszczowa masg ciata [35]. Dodatkowo badania prowadzone na osobach
starszych wykazaly, ze wzrost tego biatka jest zwigzany z nizsza sitag migs$ni u kobiet [36].
Aktywno$¢ miostatyny jest blokowana w macierzy pozakomorkowej poprzez bogaty w leucyne
proteoglikan — dekoryne [37], ktora wydzielana jest w odpowiedzi na aktywnos$¢ fizyczng [38,
39]. Co ciekawe badania Wiloughby i in. [39] wskazuja, ze pojedyncza jednostka RET
powoduje znaczny wzrost dekoryny, ktéra jest w stanie zwigzaé, a nastgpnie zmniejszy¢ ilos¢

miostatyny w surowicy, mimo jej wzrostu w mi¢sniach szkieletowych po treningu.

Patrzac na powyzsze, trening oporowy w potaczeniu z interwencja zywieniowg stanowi

lepszy bodziec dla utrzymania sity i masy mig¢$niowej niz sam trening.

Jak si¢ okazuje, nie bez znaczenia w procesie utraty tkanki migsniowej wraz z wiekiem
moze pozostawac rola mikrobioty jelitowej [40], ktéra to zaangazowana jest w metabolizm L-
karnityny do krazacego N-tlenku trimetyloaminy (ang. trimethylamine-N-oxide; TMAO) [41].
Dhugotrwata suplementacja L-karnityng podnosi poziom TMAO w osoczu na czczo u ludzi
[42]. Z kolei badania in vitro wskazujg, ze TMAO moze zwicksza¢ synteze biatek [43] lub

modulowac¢ aktywno$¢ ATPazy miozynowej [44, 45].

Podsumowujac, masa migsni szkieletowych zalezy od tempa syntezy i degradacji
biatek. U ludzi w podesztym wieku dysproporcja migdzy syntezg nowych bialek migsniowych,
a ich degradacjg jest bardzo wysoka. Suplementacja L-karnityng, tym bardziej w potaczeniu z
systematycznym treningiem sitowym, moze skutecznie przeciwdziala¢ opisanym zmianom.
Totez podjecie zaproponowanego badania, ktore ma na celu wskazanie najskuteczniejszej i

wieloaspektowej interwencji, wydaje si¢ by¢ wysoko zasadne.
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6. Cele rozprawy doktorskiej

Cele badawcze:

1. Ocena wptywu 24 tygodniowej suplementacji L-karnityng na stezenie markerow stanu
zapalnego oraz czynnikow wzrostu we krwi 1 wpltyw tych zmian na sit¢ migsni
szkieletowych oraz sktad ciata.

2. Okreslenie efektu potaczenia suplementacji L-karnityng i leucyng wraz z treningiem
oporowym na sit¢ 1 hipertrofi¢ miesni szkieletowych, a takze zwigzane z nimi zmiany

w poziomie IGF-1, dekoryny, miostatyny oraz TMAO.
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7. Materiaty 1 Metody

7.1 Konstrukcja przeprowadzonych badan

Na caty proces badawczy sktadajg si¢ dwa eksperymenty, przeprowadzone w okresie
miedzy grudniem 2015 r. a majem 2018 r., opisane kolejno w pierwszej i drugiej publikacji.
Trzecia publikacja — przeglad systematyczny, zostal opublikowany w 2020 roku. Przeglad
powstal w celu usystematyzowania wiedzy na temat wykorzystania L-karnityny w

suplementacji u ludzi, celowanej na zwiekszenie sity 1 masy mig$niowe;.

Pierwszy etap badan, opisany w publikacji ,, L-carnitine supplementation in older women.
A pilot study on aging skeletal muscle mass and function.” trwat od grudnia 2015 do czerwca
2016 r. Ochotnikéw losowo przydzielono do jednej z dwoch grup — suplementowanej L-
karnityna w ilosci 1500 mg/doba (LC) 1 kontrolnej (CON), przyjmujacej placebo. Obie grupy
przyjmowaly kapsutki przez okres 6 miesiecy, ze wskazaniem odstawienia innych
suplementow diety i nie modyfikowania swojego dotychczasowego stylu zycia.

W czasie trwania eksperymentu badani zostali poddani testom trzykrotnie - przed
rozpoczeciem, po 12 tygodniach i po zakonczeniu 24 tygodniowej procedury suplementacji.
Badanie obejmowato: analize sktadu ciala (przy uzyciu metody spektroskopowej bio-
impedancji — InBody), pomiar sity prostownikéw 1 zginaczy kolana (przy pomocy platformy
dynamometrycznej Biodex System 4 Pro) oraz oznaczenie poziomu czynnikéw prozapalnych,

stezenie wolnej karnityny oraz IGF-1 we krwi zylne;.

Drugi etap badan, opisany w publikacji ,,L-Carnitine Combined with Leucine
Supplementation Does Not Improve the Effectiveness of Progressive Resistance Training in
Healthy Aged Women.”” mial miejsce od pazdziernika 2017 do maja 2018 r. W tym etapie osoby
badane zostaty podzielone losowo na trzy grupy — dwie grupy suplementowane: 1000 mg L-
karnityny w potaczeniu z 3000 mg leucyny (LC+L), lub 4000 mg leucyny (L) oraz grupe
kontrolng (CON; nieprzyjmujaca suplementow). Wszystkie grupy przez okres suplementacji,

tj. 6 miesiecy byty poddawane regularnemu treningowi sitowemu (opisany ponizej).

Przed rozpoczgciem i po 24 tygodniach procesu treningowego i suplementacji osobom
badanym zostaty wykonane testy. Badania obejmowaly te same pomiary, co w przypadku etapu
pierwszego, dodatkowo zostaty rozszerzone o wolumetri¢ uda, wykonang za pomocg rezonansu
magnetycznego - skaner 1,5 Tesli Magnetom Aera (Siemens) oraz o pomiary 1RM (ang. one
repetitium maximum, test jednego maksymalnego powtorzenia). Analiza probek krwi

obejmowata oceng stezenia catkowitej karnityny, dekoryny, miostatyny, IGF-1 oraz TMAO.

15



Badania posiadajg zgod¢ Komisji Bioetycznej przy Okregowej Izbie Lekarskiej w Gdansku
— NKBBN/354/2012, NKBBN/354-304/2015 oraz NKBBN/354-201/2017, a wszystkie osoby
wlaczone do badan zostaly poinformowane o celach i przebiegu badania oraz podpisaty

swiadoma zgode na udzial w projekcie.

7.2 Charakterystyka grupy badane;j

Do pierwszego etapu badan zgtosito si¢ 42 ochotnikow, z czego po wstepnym badaniu
przesiewowym, obejmujagcym wywiad, badanie krwi oraz konsultacje kardiologiczng do
eksperymentu zakwalifikowano 28 0sob (26 kobiet i 2 mezczyzn). Osoby niezakwalifikowane
zrezygnowatly z uczestnictwa badz nie spetnialy kryteriow wilaczenia. Kryteriami do udzialu w
badaniu byly: wiek 65 — 70 lat, abstynencja nikotynowa, ogdlny dobry stan zdrowia (z udzialu
wykluczaly choroby uktadu krazenia, choroby watroby i nerek, zaburzenia zotadkowo —
jelitowe, w tym wrzody zotadka i nadzerki, choroby nowotworowe, cukrzyca, choroby uktadu
ruchu i inne ciezkie choroby przewlekte). Osoby zakwalifikowane losowo przydzielono do
grupy suplementowanej L-karnityng (LC; n=14; wiek: 67.8 + 2.3 lat), lub do grupy
przyjmujacej placebo (CON; n=14; wiek: 66.4 + 1.3 lat). Ostatecznie pierwszy etap badan
ukonczyto 20 kobiet.

Do drugiego etapu badan zglosito si¢ 100 0sob, z ktérych po badaniu przesiewowym
(wywiad, badania krwi, konsultacja kardiologiczna) do procesu badawczego zostato
zakwalifikowanych 60 kobiet w wieku 65-70 lat, w wywiadzie bez widocznych zaburzen
poznawczych. Kryteriami wykluczajacymi byly: nikotynizm, choroby ukladu krazenia,
choroby watroby i nerek, zaburzenia zotadkowo — jelitowe, w tym wrzody Zotadka i1 nadzerki,
choroby nowotworowe, cukrzyca, choroby uktadu ruchu i inne cigzkie choroby przewlekte oraz
jakiekolwiek przeciwskazania do badania rezonansem magnetycznym. Dodatkowo ochotniczki
musialy przedstawi¢ zaswiadczenie od lekarza o braku przeciwwskazan do wykonywania
¢wiczen sitowych. Badane zostaty losowo przydzieleni do grupy LC + L (n=20; wiek: 67.8 £+
2.7 lat), przyjmujacej kapsultki z L-karnityng i leucyna, do grupy L (n=20; wiek: 67.8 £ 2.3 lat)
suplementowanej czystg leucyng oraz grupy kontrolnej (n=20; wiek: 66.8 £ 3.3 lat). Ostatecznie

procedurg badawczg ukonczyto 37 osob.

7.3 Procedura treningowa
Zastosowany trening obejmowata wylgcznie etap 2 eksperymentu. Okres treningowy trwat
przez 6 miesigcy, obejmowat 48 jednostek treningowych, ktére odbywaty si¢ regularnie 2 razy

w tygodniu na sitowni. Protokol ¢wiczen sitowych zostat przygotowany na podstawie planu
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treningowego stosowanego juz wczesniej w badaniach klinicznych [46]. Jest to program
utozony zgodnie z wytycznymi dla osob starszych, przedstawionymi przez Amerykanskie
Kolegium Medycyny Sportowej (ang. American College of Sports Medicine; ACSP) i
Amerykanskie Stowarzyszenie Kondycji Sitowej (ang. National Strength and Conditioning
Association; NSCA).

Na kompletny plan treningowy sktadato si¢ 6 ¢wiczen wykonywanych na przyrzadach:
horyzontalne wypychanie nd6g na maszynie, wyprost ndg na maszynie siedzac, ¢wiczenia na
migsnie piersiowe wieksze 1 mniejsze, $cigganie drazka wyciggu goérnego do klatki w siadzie
podchwytem, przycigganie linki wyciggu dolnego w siadzie, wyciskanie ci¢zaru na klatke
piersiowg siedzac. Horyzontalne wypychanie ndg na maszynie oraz wyprost nd6g na maszynie
siedzac byty wykonywane na kazdej sesji treningowej. Cwiczenia angazujace gorne partie ciata
byly wykonywane na przemian: podczas pierwszego treningu w tygodniu - $cigganie drazka
wyciagu gornego do klatki w siadzie podchwytem oraz wyciskanie ci¢zaru na klatke piersiowa
siedzac, natomiast podczas drugiego treningu w tygodniu - ¢wiczenia na mig¢snie piersiowe
wieksze 1 mniejsze oraz przycigganie linki wyciggu dolnego w siadzie. Na kazdej sesji

treningowej badane wykonywaty 4 ¢wiczenia.

Tydzien przed rozpoczg¢ciem treningdw kazdy z uczestnikdw zapoznat si¢ z planem
treningowym 1 wykonat test 1IRM, dla kazdego z przewidzianych ¢wiczen. Uzyskane wyniki
byty punktem odniesienia do zadawanej intensywnosci podczas treningdw. Przez pierwsze dwa
tygodnie badani wykonywali 3 serie po 10-12 powtdrzen dla kazdego ¢wiczenia przy 65%
maksymalnej intensywnosci. Po dwoch tygodniach adaptacji intensywnos¢ zostata podniesiona
do 80% 1RM, a ¢wiczenia wykonywane byly w 3 seriach po 6-8 powtorzen. Test 1RM
powtarzany byt $rednio co 6 tygodni w celu weryfikacji postepodw oraz ustalania kolejnych

poziomow zadawanych obcigzen.

Kazda sesja treningowa byla poprzedzana 10 minutowa rozgrzewka na biezni (marsz), a
konczona spokojng jazdg na ergometrze rowerowym. Wszystkie ¢wiczenia wykonywane byty
pod opieka instruktora. Do badania zostaty wlaczone osoby, ktére ukonczyty co najmniej 80%

sesji treningowych.
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7.4 Metody 1 narzedzia badawcze

W badaniach zastosowano ponizsze metody i narzedzia badawcze:

7.4.1 Pomiary antropometryczne

Do oceny masy ciata (ang. body mass; BM) oraz analizy komponentéw sktadu ciata, takich
jak bezttuszczowa masa ciata (ang. fat free mass; FFM) oraz masa mig$ni szkieletowych (ang.
skeletal muscle mass; SMM) uzyto metody spektroskopowej bioimpedancji postugujac si¢
urzadzeniem InBody 720 (Biospace, Korea). Urzadzenie mierzy impedancj¢ z konczyn oraz z
tutowia poprzez 8-polarng elektrode dotykowa. Uczestnicy byli poddawani badaniu w pozycji

stojacej, boso, ubrani w bielizng, pozostajac na czczo.

7.4.2 Pomiary sity mig$ni

Pomiary sily mig$ni dotyczyly zginaczy (eksperyment pierwszy) i prostownikdéw
(eksperyment pierwszy i1 drugi) stawu kolanowego nogi dominujacej, obejmowaty zarowno
oceng izokinetyczng jak 1 izometryczng (w drugim eksperymencie). Badanie zostato wykonane
przy uzyciu platformy dynamometrycznej Biodex System 4 Pro, (Biodex Medical Systems,
New York). Przed testem badani zostali unieruchomieni w sposéb izolujacy ruch w danym
stawie, wykluczajac wspomaganie go innymi czg¢sciami ciala. Pomiar izokinetyczny byt
wykonywany przy predkosci katowej 60°/s w pigciu probach. Natomiast test izometryczny byt
wykonywany przy zgieciu kolana w 90°. W tescie izometrycznym badani wykonywali po trzy
powtorzenia maksymalnego skurczu prostownikow stawu kolanowego (trwajacego 4s),
kazdorazowo z 20 s spoczynkiem mig¢dzy powtdrzeniami. Szczytowy moment obrotowy
mierzony byl przez wykonanie maksymalnego skurczu izometrycznego (ang. maximum
voluntary contraction; MVC) podczas wyprostu kolana. Badanie zostato poprzedzone krotka

rozgrzewka na ergometrze rowerowym.

7.4.3 Pomiar przekroju poprzecznego migsnia

Pomiar wolumetryczny mig¢snia wykonywany byt przy uzyciu rezonansu magnetycznego
1.5T Siemens MAGNETOM Aera (Siemens, Monachium, Niemcy) w Zakladzie Radiologii
Uniwersyteckiego Centrum Klinicznego w Gdansku. Badanie obejmowalo obszar od stawu

kolanowego do konca stawu biodrowego nogi dominujace;j.

Protokét badania obejmowal skanowanie uda w plaszczyznie czolowej, strzaltkowej 1

poprzecznej, w obrazach T1 i T2-zalenych, w sekwencjach Turbo Spin Echo oraz VIBE Dixon.

Po zebraniu danych, u kazdego z uczestnikéw zostal wyznaczony obszar na 2/3 wysokosci

ko$ci udowej, ktoéry jest wiasciwym dla pomiaru maksymalnej sity prostownikéw kolana. W

18



wyznaczonym obszarze zostal zmierzony przekroj poprzeczny mi¢snia uda (CSA TM; cross
section area of total muscle) oraz przez gtowne prostowniki kolana (CSA KE; cross section
area of knee extensors), takie jak migsien poprzeczny boczny (tac. vastus lateralis), migsien
obszerny posredni (tac. vastus intermedius) 1 migsien obszerny przysrodkowy (lac. vastus
medialis). Uzyskane skany analizowane byly za pomocg oprogramowania OsiriX Lite (Pixmeo
SARL, Bernex, Szwajcaria), przez dwoch niezaleznych badaczy (gtowny badacz oraz

radiolog). Miedzy indywidualny wspotczynnik zmienno$ci analizy wynosit 1.3%.

7.4.4 Analiza probek krwi oraz oznaczenia biochemiczne

Do okreslenia st¢zenia wolnej karnityny, calkowitej karnityny oraz TMAO zostata uzyta
metoda wysokosprawnej chromatografii cieczowej sprzgzonej z detektorem mas
(UPLC/MS/MS), natomiast do oznaczenia IL-6, CRP, TNF-a, IGF-1, dekoryny oraz
miostatyny zastosowana zostala metoda immunoenzymatyczna ELISA, przy uzyciu gotowych
zestawow z firm R&D (R&D Systems, Minneapolis, MN, USA) i Cloud-Clone Corp. (Cloud-
Clone Corp., Houston, TX, USA).

7.4.5 Metoda przeprowadzenia przegladu systematycznego

Literatura do pracy przegladowej zostata zebrana poprzez bazy danych: MEDLINE (przez
wyszukiwarke PubMed) oraz Web of Science. Wyszukiwanie dotyczyto prac opublikowanych
do lutego 2020 roku 1 =zawierajacych niniejsze kombinacje termindéw: “carnitine

2 (13

supplementation” lub “carnitine treatment” w potaczeniu z “exercise”, “training”, “athletic
performance”, “muscle strength”, “muscle fatigue”, “muscle damage”, “muscle recovery”,
“muscle synthesis” lub “proteolysis”. Wstepne wyszukiwanie przyniosto wynik 1024

publikacji (po usunigciu duplikatow), ktore zostaty poddane dalszej selekcji.

W celu klaryfikacji kryteriow wiaczenia badan do przegladu zostal zastosowany model
PICOS, ktéry odpowiadajac na cele badawcze niniejszej pracy zostat zdefiniowany w
nastgpujacy sposob: ,,P” — uczestnicy (ang. participants) — zdrowi ludzie; ,,I” — interwencja
(ang. intervention) — doustna suplementacja L-karnityna; ,,C” — porownanie (ang. comparision)
— pomigdzy prowadzong suplementacjg a placebo; "O" — efekty wzgledem, ktoérych oceniana
bedzie efektywno$¢ interwencji (ang. outcomes) — zmienne dotyczace migsni; ,,S" — projekt
badania (ang. study design) - randomizowane badania kontrolowane, nierandomizowane

badania kontrolowane, nierandomizowane badania nickontrolowane.

Drugi etap weryfikacji zebranych publikacji przebiegal z analizg streszczen, posrod ktorych

zostaly wykluczone prace przegladowe, opisy przypadkow, badania prowadzone na
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zwierzetach, badania in-vitro oraz wszystkie prace, ktore byly sporzadzone w jezyku innym niz
jezyk angielski i nie byly dostgpne w formacie petno tekstowym. Odrzucenie prac, ktore nie

spetniato powyzszych warunkéw pozwolito wiaczy¢ do dalszej analizy 230 artykulow.

Ostatni etap kwalifikacji polegat na analizie petnych manuskryptéw i odrzuceniu prac, ktore
nie spetniaty kryteridow wiaczenia, takich jak: a) grupa badana — ludzie zdrowi; b) suplementacja
co najmniej przez 12 tygodni; ¢) suplementacja doustna; d) brak wspotuzywania lekow; e) brak
suplementacji wielosktadnikowej. Ostatecznie powyzsze kryteria wilaczenia spetito 11

publikacji, ktore zostaly wlaczone do analizy jakosciowej w pracy (Ryec. 2).

Proces selekcji prac i1 zbierania danych przeprowadzany byl niezaleznie przez dwoch

autorow.
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820 publikacji 475 publikacji
zidentyfikowanych z PubMed zidentyfikowanych z Web of
Science

1 l

1024 publikacji po usunie¢ciu duplikatéw

l 794 publikacji odrzuconych:
- artykuly napisane w jezyku innym

— niz j. angielski (n= 69)
1024 publikacji ) » | - brak dostepnosci petnego tekstu
poddanych wstepnej (n=63)
ocenie - prace przegladowe (n= 330)

- opisy przypadkow (n = 19)
- badania na zwierzetach (n=301)
- badania in-vitro (n = 12)

230 artykulow pelno
tekstowych ocenionych 219 publikacji odrzuconych:
pod katem >| - okres suplementacji krotszy niz 12
kwalifikowalnoS$ci tygodni (n=152)
- wspotuzywanie lekow (n=27)
- podawanie suplementacji dozylnie
l (n=10)
- badania z udzialem oséb chorych
11 badan wilaczonych do (n=28)
syntezy jako$ciowej - suplementacja wielosktadnikowa
(n=2)

Rycina 2. Schemat wyszukiwania 1 wyboru artykutow wilaczonych do przegladu
systematycznego.
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8. Najwazniejsze wyniki opublikowane w pracach zawartych w cyklu

8.1 Najwazniejsze wyniki opublikowane w pracy pt.: L-carnitine supplementation

in older women. A pilot study on aging skeletal muscle mass and function.

Niniejsze badanie ukonczyto 20 kobiet (grupa LC n=11; sredni wiek: 67.8 = 2.3; grupa
CON n=9; $redni wiek: 66.4 + 1.3).

Dwadziescia cztery tygodnie suplementacji L-karnityng istotnie wptynety na wzrost
stezenia wolnej karnityny we krwi, podnoszac poziom wyjsciowy 41.1 £ 6.4 umol/L 0 22 +
9%. Podobnego wzrostu nie zaobserwowano w grupie przyjmujacej placebo, gdzie wartos$¢
wyjsciowa 39.5 + 3.7 umol/L wzrosta jedynie o 10 = 11%, a skorygowany efekt dla obu grup
wynosit 13% + 5.8% (Srednia; przedzial ufnosci, ang. confidence limit; CL 90%), dajac tym
samym mozliwo$¢ wnioskowania o wysoce umiarkowanym efekcie. Niemniej jednak wzrost
wolnej karnityny w grupie LC nie wplynal na zmiany st¢zenia pozostatych badanych
wskaznikow. Warto$ci mierzone dla IL-6 i IGF-1 charakteryzowal niewielki spadek w obu
grupach (w grupie LC odpowiednio o —11 £42% 10 —6 = 28% ; w grupie CON odpowiednio
—10 + 23% 1 —10 + 12%), a skorygowany efekt zostal zinterpretowany jako nieznaczacy.
Podobnie w przypadku wartosci zmierzonych dla TNF-a, zaobserwowany minimalny wzrost
(LC 0 24 £ 82%; CON o 14 + 70%) przyniost skorygowany efekt dla obu grup 9.0%; = 50%
(Srednia; CL 90%) 1 zostat zinterpretowany jako nieznaczacy. W przypadku mierzonego CRP
zaobserwowany skorygowany efekt (21% = 37%; s$rednia; CL 90%), zostat zinterpretowany
jako niejasny, gdzie wartosci wyjsciowe w grupie LC wskazywaly minimalne tendencje

wzrostowe (0 8 = 68%),a w grupie CON spadkowe (0 —6 £ 15%)).

Zastosowany w badaniu protokot suplementacji L-karnityng nie wptynat istotnie na zmiang
BM, ani tez poszczegdlnych jej komponentow: FFM i SMM. Roéznica skorygowanych §rednich
zmian w BM w grupie suplementowanej L-karnityng 1 placebo w odniesieniu do wartosci
wyjsciowych wynosita 0.5% = 1.9% ($rednia; CL 90%). Natomiast dla FFM byta to wartos¢
0.7% + 2.6%, a dla SMM 1.2% + 3.2%. Podobnie w przypadku mierzonej sity mig$ni uda w
dominujacej konczynie dolnej nie zaobserwowano istotnych zmian w zadnym z parametrow z
wykonywanych testow izokinetycznych. Zarowno dla pomiaréw pracy catkowitej (ang. total
work; TW) 1 §redniej mocy (ang. average power; AP) skorygowany efekt dla obu grup

oceniony zostat jako nieznaczacy; przyjmujac odpowiednio wartos¢ TW podczas wyprostu
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(5.6% % 7.1%; S$rednia = CL90%) i1 zgigcia (—2.9% + 13%), natomiast AP podczas wyprostu
(1.4% + 6.8%), a zginania (—7.1% £ 9.7%).

8.2 Najwazniejsze wyniki opublikowane w pracy pt.: L-Carnitine Combined with
Leucine Supplementation Does Not Improve the Effectiveness of Progressive

Resistance Training in Healthy Aged Women.

Niniejsze badanie ukonczyto 37 kobiet (grupa LC n=12; $redni wiek: 68.0 + 2.7; grupa L
n=13; $redni wiek: 67.9 + 2.1; grupa CON n=12; §redni wiek: 65.8 £ 2.6).

Dwadziescia cztery tygodnie RET wykonywanego przez badanych dwa razy w tygodniu
przyniosto statystycznie istotne zmiany w hipertrofii migs$ni, mierzonych jako przekroj
poprzeczny migsni uda (CSA TM; p=0.005) jak i jako przekrdj poprzeczny przez gtowne
prostowniki stawu kolanowego (czyli migsien poprzeczny boczny, migsien obszerny posredni
i migsien obszerny przysrodkowy; CSA KE; p=0.006). Przeprowadzony protokot treningowy
spowodowat rowniez istotny wzrost w §redniej mocy (p<0.001), pracy catkowitej (p<<0.001)
oraz wzrost w szczytowych wartosciach maksymalnego momentu sity (p<0.001) w testach sily
izokinetycznej prostownikéw stawu kolanowego. Podobne zmiany zostaly zaobserwowane w
szczytowych wartosciach maksymalnego momentu sity (p=0.009) w tescie izometrycznym
prostownikow stawu kolanowego. Niemniej jednak, protokot suplementacji w grupach LC+L i
L nie wplynal istotnie na poziom zaobserwowanych zmian w Zadnych z wymienionych

parametrow w analizie migdzygrupowe;j [47].

Prowadzona z treningiem suplementacja L-karnityng zwigkszyla istotnie poziom TC w
osoczu w grupie LC+L (9.9 £ 6.3 pmol/L; p= 0.009), ktorej nie zaobserwowano w grupie L
(0.4 £9.1 umol/L), ani CON (2.3 + 6.6 pmol/L). Suplementacja L-karnityng wptyne¢la istotnie
rowniez na poziom krazacego TMAO w grupie LC+L (p<0.001). W grupie L i CON nie
zaobserwowano zmian w st¢zeniu TMAO po zastosowanej interwencji (odpowiednio: p=0.959
1 p=0.866). Sam trening ani trening wspomagany suplementacja w zadnej z grup nie wptynat
istotnie na poziom krazacego IGF-1 (% zmiana warto$ci przed i po interwencji w grupach:
LC+L =11.3% = 36.3; L = 6.8% £ 19.9; CON = 1.6% = 17.8), a relacja miedzy grupami nie
byta istotna statystycznie (p=0.757). Podobnie brak statystycznie istotnych r6znic widoczny byt
w stezeniu miostatyny (p=0.619). Zaobserwowana tendencja zmian w stezeniu dekoryny

(p=0.075), przyczynita si¢ do wykonania dodatkowej analizy grup suplementowanych lacznie
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(LC+L 1 L). U 0s6b suplementowanych leucyng zaobserwowano statystycznie istotny wzrost
stezenia dekoryny (przed 8.2 £ 1.5ug/L, po 8.9 £ 1.5ug/L; p=0.012), jednak wartosci po

interwencji nie rdznity sie istotnie statystycznie w poréwnaniu do grupy CON (p=0.231).

Przeprowadzone analizy korelacji wykazaly, ze podwyzszony poziom TC w osoczu
pozytywnie korelowal ze zmiang poziomu TMAO (rho=0.595, p<0.001). Nie zaobserwowano
natomiast zadnych istotnych korelacji migdzy parametrami sity (MVC PT, PT, TW, AP) i
przekroju poprzecznego mi¢sni (CSA TM 1 CSA KE) a zmianami w poziomie krazacych
markerow we krwi (IGF-1, TMAO, TC).

8.3 Najwazniejsze wyniki opublikowane w pracy pt.: The bright and the dark sides

of L-carnitine supplementation: a systematic review.

Niniejszy przeglad systematyczny zostal przygotowany w celu usystematyzowania wiedzy
na temat wptywu dhugotrwalej suplementacji L-karnityng na metabolizm mig$niowy 0s6b

zdrowych.

Do analizy jako$ciowej wlaczono jedenascie publikacji (wydanych w latach 2002 —2020),
opisujacych badania z udzialem zdrowych dorostych, poddawanych doustnej suplementacji
przynajmniej przez okres 12 tygodni. Co istotne byly to prace, w ktorych badani nie
przyjmowali suplementéow wielosktadnikowych, ani innych lekow. Kazda z prac zostata
przeanalizowana pod katem podawanej dawki i dlugosci stosowanej suplementacji oraz

uzyskanego efektu gtownego.

W wybranych publikacjach, badani byli suplementowani L-karnityng w dawce od 1g do
4,5g na dobe przez okres 12 lub 24 tygodni. W trzech sposroéd wiaczonych badan suplementacje
taczono z weglowodanami (CHO) w ilosci 80g/doba [27, 48, 49], a w jednym badaniu z leucyng
3g/doba [50].

Zebrane dane pozwolity wyciaggna¢ wspdlne wnioski, iz 12 — tygodniowa suplementacja
samg L-karnityng nie zwigksza poziomu TC w migéniach i tym samym nie wplywa na
metabolizm mig¢sniowy [51, 52]. Jedynie u wegetarian zaobserwowano wzrost poziomu TC w
mig$niach po 12 tygodniowej suplementacji bez CHO [51]. Nie miato to jednak wptywu na
metabolizm migéni szkieletowych, ani poziom fosfokreatyny, mleczanu czy glikogenu

migsniowego [51]. Istotny wzrost TC w mig$niach obserwuje si¢ dopiero po potaczeniu jej z

24



CHO; efekty te zostaly zaobserwowane po 12 [49] i1 24 tygodniach suplementacji [27].
Zaobserwowane zmiany wynikaja z faktu, iz stezenie L-karnityny w mig¢$niach jest wyzsze niz
w osoczu, dlatego konieczny jest aktywny transport karnityny [53], ktory staje si¢ mozliwy
dzigki zastosowaniu kontrolowanej hiperinsulinemii [28], np. przez stosowanie L-karnityny
wraz z cukrami prostymi. W przytoczonych badaniach [27, 49] interwencja ta zwigkszyta
poziom TC w mig$niach odpowiednio o 20 i 21% i1 wptyne¢ta na metabolizm wysitkowy [27],
poprawiajac wydolnos¢ [27] i wydatek energetyczny, jednak nie zmieniajac sktadu ciata [49]
(co moze by¢ zwigzane ze zwigkszong podazag CHO). Co ciekawe wplyw na ekspresje genow
zwigzanych z metabolizmem kwasow ttuszczowych i karnityny zauwazono zar6wno po 12
tygodniach suplementacji w potagczeniu z CHO [49] jak i samg L-karnityng w ilo$ci 2g/dziennie
[54].

W kontekscie wptywu samej suplementacji L-karnityng na wzrost masy migsniowej
zauwazono po 24 tygodniach podawania L-karnityny w grupie stulatkow, jednoczesnie
obserwujac zwigkszenie tolerancji na wysitek fizyczny [55]. Niemniej jednak nie potwierdzity
tego badania przeprowadzone na grupie zdrowych kobiet po 65 roku zycia [56], co wigzaé

mozna chociazby z wiekiem os6b badanych 1 ich stanem zdrowia.

Waznym aspektem w kontek$cie suplementacji L-karnityng pozostaje jej wplyw na
metabolizm TMAO. Dlugoterminowe spozywanie L-karnityny powoduje wzrost TMAO w
osoczu na czczo [57], a juz trzymiesigczna suplementacja 1500mg/dob¢ powoduje jego 10-
krotny wzrost, w porownaniu do wartosci sprzed suplementacjg [42, 58]. W literaturze
pozostaja badania, ktore tacza podwyzszony poziom tego zwigzku ze zwigkszonym ryzykiem
zdarzen sercowo-naczyniowych [59, 60]. Niemniej jednak rozbiezno§¢ wynikow badan nie
pozwala jednoznacznie stwierdzi¢ czy TMAO jest zwigzkiem aterogennym wptywajacym na

rozw0j chorob sercowo-naczyniowych, czy jedynie markerem zmian z nimi zwigzanych [61].

Podsumowujac, zastosowanie odpowiedniego protokotu suplementacyjnego, czyli
polaczenia L-karnityny ze zwigzkiem regulujagcym poziom insuliny we krwi, moze wptywac na
zmiany metaboliczne oraz na usprawnienia zwigzane z sitg 1 masg mig¢sni. Co wazne, z uwagi
na niskg biodostgpnos¢ L-karnityny suplementacja powinna by¢ stosowana co najmniej przez
okres 3 miesigcy. Patrzac na wyniki badan wlasnych, lepsza strategia wydaje si¢ polaczenie
suplementacji L-karnityng z CHO niz leucyng. By¢ moze leucyna nie stwarza wystarczajacych

warunkow do tego, aby umozliwi¢ transport L-karnityny do migsni szkieletowych.
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9. Wnioski z cyklu publikacji

Uzyskane wyniki z zaprezentowanych eksperymentow pozwolity na wyciagnigcie

nastepujacych wnioskow:

1. Suplementacja L-karnityng w ilo$ci 1500mg/na dobe nie wptywa na poziom czynnikdéw
prozapalnych we krwi (takich jak CRP, IL-6, TNF-a) ani czynnikéw wzrostu (IGF-1)
u zdrowych kobiet w starszym wieku.

2. Dwudziestoczterotygodniowa suplementacja L-karnityng (1500mg/na dobe) nie
wplywa rowniez na mase i sktad ciata oraz sit¢ mie$ni zdrowych kobiet po 65 roku
zycia.

3. Trening oporowy przeprowadzany dwa razy w tygodniu przez okres dwudziestu
czterech tygodni zwigksza hipertrofi¢ migsni uda oraz sit¢ migsni w grupie kobiet po 65
roku zycia.

4. Suplementacja L-karnityng w potaczeniu z leucyna (1000mg + 3000mg) zwigksza ilo§¢
calkowitej karnityny we krwi oraz poziom krazacego TMAQ. Zmiany te nie wptywaja
na efektywno$¢ treningu sitowego w grupie starszych kobiet.

5. Dwudziestoczterotygodniowa suplementacja leucyna zwigksza poziom krazacej
dekoryny we krwi, jednak nie wpltywa to na poziom miostatyny, ani zwigkszenie
efektywnosci treningu oporowego w kontekscie hipertrofii 1 poprawy sity migsniowe;j

w badanej grupie kobiet.
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Abstract: Skeletal muscle wasting, associated with aging, may be regulated by the inflammatory
cytokines as well as by insulin-like growth factor 1 (IGF-1). L-carnitine possesses anti-inflammatory
properties and increases plasma IGF-1 concentration, leading to the regulation of the genes responsible
for protein catabolism and anabolism. The purpose of the present study was to evaluate the effect of
a 24-week L-carnitine supplementation on serum inflammatory markers, IGF-1, body composition
and skeletal muscle strength in healthy human subjects over 65 years of age. Women between 65
and 70 years of age were supplemented for 24 weeks with either 1500 mg L-carnitine-L-tartrate or
an isonitrogenous placebo per day in a double-blind fashion. Before and after the supplementation
protocol, body mass and composition, as well as knee extensor and flexor muscle strength were
determined. In the blood samples, free carnitine, interleukin-6, tumor necrosis factor-o, C-reactive
protein and IGF-1 were determined. A marked increase in free plasma carnitine concentration was
observed due to L-carnitine supplementation. No substantial changes in other parameters were noted.
In the current study, supplementation for 24 weeks affected neither the skeletal muscle strength
nor circulating markers in healthy women over 65 years of age. Positive and negative aspects of
L-carnitine supplementation need to be clarified.

Keywords: sarcopenia; cytokines; body composition; muscle strength

1. Introduction

Aging is accompanied by a progressive change in the ratio between fat and lean body mass (BM).
Fat mass, in particular visceral adipose tissue, increases, whereas fat free mass (FFM) declines [1].
Adipose tissue itself produces and releases a number of cytokines, such as interleukin-6 (IL-6), tumor
necrosis factor-a (TNF-«), and other bioactive molecules [2]. In fact, even healthy aging results in
slight elevations of circulating proinflammatory mediators, corresponding to a chronic low-grade
inflammatory profile [3].

A body of literature has demonstrated that inflammatory cytokines activate many of the molecular
pathways involved in skeletal muscle wasting, leading to an imbalance between protein synthesis
and degradation [4,5]. High doses of TNF-« lead to reduced muscle cell differentiation in human and
mouse muscle cells [6,7] and cause myotube (in vitro) and myofibre (in vivo) atrophy in animals [8,9],

Nutrients 2018, 10, 255; d0i:10.3390 /nu10020255 www.mdpi.com/journal /nutrients


http://www.mdpi.com/journal/nutrients
http://www.mdpi.com
https://orcid.org/0000-0002-3714-7386
http://dx.doi.org/10.3390/nu10020255
http://www.mdpi.com/journal/nutrients

Nutrients 2018, 10, 255 20of 11

suggesting a predominant role for pro-inflammatory cytokine in reduced muscle regeneration, and
thus a contributor to atrophy. Moreover, higher levels of IL-6 and TNF-« have been related with
lower muscle strength and lower muscle mass in a cross-sectional study [10]. Cesari et al. [11], found
associations of high levels of C-reactive protein (CRP) and IL-6 with poorer physical performance
and muscle strength in elderly people. Longitudinal studies have shown elevated inflammatory
markers as a predictor of increased incidence of mobility limitation [12] or the risk of muscle strength
loss [13]. Skeletal muscle signaling pathways, which regulate anabolic and catabolic processes, may
also be activated by insulin-like growth factor 1 (IGF-1) [4]. In cross-sectional studies of the European
population recruited in five different countries, it has been demonstrated that circulating levels of
IGF-1 decrease with age in both men and women [14].

L-carnitine is a low-molecular, nitrogenous compound, the main role of which is transporting
long-chain fatty acids from the cytoplasm into the mitochondrial matrix [15]. It also possesses
anti-inflammatory properties [16]. L-carnitine attenuates inflammatory changes in various
experimental models: aging [17], liver fibrosis [18] or cancer cachexia [19]. Lee et al. [20] demonstrated
that L-carnitine supplementation at a dose of 1000 mg/day for 12 weeks reduces the inflammatory
status in the patients with coronary artery disease. The animal studies have indicated that L-carnitine
suppresses the genes responsible for protein catabolism [21] and up-regulates the main drivers of
protein anabolism [22] in skeletal muscle. Moreover, the activation of the signaling pathway is
mediated by increased IGF-1 plasma concentration [22]. Furthermore, analysis of muscle samples of
healthy humans of various ages shows a drastic reduction of L-carnitine and acetyl carnitine in the
older subjects with a strong reverse correlation between age and L-carnitine levels [23]. Therefore,
we hypothesized that L-carnitine supplementation for 24 weeks would affect the level of serum
inflammatory markers, IGF-1, body composition and skeletal muscle strength in healthy human
subjects over 65 years of age.

2. Materials and Methods

All subjects gave their informed consent for inclusion before they participated in the study.
The study was conducted in accordance with the Declaration of Helsinki, and the protocol was
approved by the Independent Bioethics Commission for Research at Medical University of Gdansk
Ethics (NKBBN/354-304/2015).

2.1. Subjects

Forty-two subjects replied to the advertisements in the local newspaper at the University of Third
Age and at the Senior Activity Center, and volunteered to participate in the study. Subjects with cancer,
cardiovascular disease, gastrointestinal disease, liver, and renal diseases were excluded from the study.
After the initial screening, 28 were included in the study and were randomly assigned to either an
L-carnitine or a placebo supplementation group (Figure 1).

n
Volunteers SCREENED

n=14 n=28
SCREENING FATLURES PASSED SCREENING
Reasons and
-did notmeet inclusion criteria (n = 3) RANDOMIZED
_meetexclusion criteria (n=11)
n=14 n=14
L-carnitine placebo
time 0
DROP OUT DROP OUT
=1 withdrawn due tonon- =1 gastrointestinal problems
compliance with study procedure 12=1 headache and dizziness
=1 gastrointestinal problems =1 health problems not related
n=1 personal reason tosupplementation

24th week

1 male and 1 smoking female subjects excluded from the
statistical analyses for group homogeneity
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Figure 1. Disposition of study participants. A total of 42 participants were screened and 28 passed
screening. The remaining 28 participants were enrolled in the study (14 in each group), but 22 completed
the study while adhering to study protocols. One male subject and one smoking female subject were
excluded from the statistical analyses for group homogeneity.

2.2. Study Procedure

Subjects were supplemented for 24 weeks with either 1500 mg L-carnitine-L-tartrate or a
isonitrogenous placebo per day in a double-blind fashion. Supplements were kindly provided
by Trec Nutrition Ltd. (Gdynia, Poland) and put inside identical gelatin capsules. Subjects were
instructed to consume capsules daily after their main meal during the study period, because of the
insulin-dependent L-carnitine transport into the skeletal muscle cell [24,25]. Before the start and after
completion of the supplementation protocol, subjects arrived at the laboratory in the fasted state.
Following weighting and blood sampling, standard light breakfasts were provided. Then, the set of
laboratory tests were performed.

2.3. Anthropometric Measurements

Body mass and composition were estimated using a bioelectrical impedance analyzer, (InBody720,
InBody Co., Ltd., Seoul, Korea). The participants had emptied their bladders and bowels prior to the
measurement. The analyses were performed in the position recommended by the manufacturer’s
guidelines and the subjects clad only underwear [26]. The InBody720 measures impedance of five
segments of the body (each arm, each leg, trunk) at frequencies of 1, 5, 50, 250, 500, and 1000 kHz
through the 8-polar tactile-electrode. Based on the impedance, FFM and skeletal muscle mass (SMM)
were calculated.

2.4. Blood Sampling

Blood samples were drawn from a participant’s antecubital vein, maintaining a sterile field
and using BD Vacutainer® tubes (Becton, Dickinson and Company, Franklin Lakes, NJ, USA) with
serum-separator or ethylenediaminetetraacetic acid (EDTA). After collection, the samples were
centrifuged at 2000 x g at 4 °C for 10 min. Aliquots were stored at —80 °C for later analyses.

2.5. Biochemical Determination

Plasma free carnitine was determined by the ultra-high-performance liquid chromatography-mass
spectrometry (UPLC/MS/MS) method as previously described [27]. Serum IL-6, TNF-&, CRP and
IGF-1 concentrations were determined by the enzyme immunoassay method using commercially
available kits (IL-6, cat. no. HS600B; TNF-«, cat. no. HSTA00D; total IGF-1, cat. no. DG100—R&D
Systems, Minneapolis, MN, USA; CRP, cat. no. SEA821Hu—Cloud-Clone Corp., Houston, TX, USA).

2.6. Skeletal Muscle Strength Test

Knee extensor and flexor muscle strength were determined by a Biodex System 4 Pro™
dynamometer (Biodex Medical Systems, Inc., Shirley, NY, USA). After a warm-up, subjects were
positioned according to the manufacturer’s manual (seated with arms hanging along the body, hands
holding the lateral handles, and strap stabilization of trunk, hip, and tested thigh, with the knee
flexed at 90°) [28]. The testing range of motion was 80° and was set from 10-90° of knee flexion (with
0° = full voluntary extension). The seat position was adjusted for the leg length of each tested person.
The dominant leg was examined using isokinetics tests. The isokinetic knee flexion and extension was
measured at angular velocities of 60° /s [29]. All the measurements were normalized by the lean mass
of the working leg.
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2.7. Nutritional and Physical Activity Habits

Nutritional intake patterns, especially red meat, have a great impact on total body carnitine
content [30]. Therefore, to assess the frequency of meat consumption, a specific survey was designed
in a way that was both simple to complete and easily comprehensible. The survey used quantitative
research methods to identify six “frequency consumption groups” [31]:

FO—mnever,

Fl—occasionally,
F2—several times per year,
F3—several times per month,
F4—2-5 times per week,
F5—6-7 times per week.

The short form of the International Physical Activity Questionnaire (IPAQ) was used for the
assessment of habitual physical activity. The following metabolic equivalent (MET) values were used
for the analysis of IPAQ: walking = 3.3 METs, moderate physical activity = 4.0 METs, vigorous physical
activity = 8.0 METs [32]. The total physical activity of the subjects was classified as low, moderate or
high. Subject characteristics are presented in Table 1.

Table 1. Basic characteristics of the participants.

Placebo L-Carnitine
Variables
Mean =+ SD (Standard Deviation) Mean + SD
Age (years) 664 +13 678 £23
Height (cm) 162 +5.3 159 + 54
BMI (kg/mz) 26.5 +4.4 275+45
n % n %
Education level
Primary 0 0 0 0
Secondary 2 22.2 4 36.4
High 7 77.8 7 63.6
Physical activity
Low 0 0 0 0
Moderate 4 444 6 54.5
High 5 55.6 5 45.5
median range median  range
Meat consumption
Poultry F4 F3-F4 F4 FO-F4
Pork F2 FO-F3 F3 FO-F4
Beef F1 FO-F3 F2 FO-F4
Fish F3 F1-F4 F2 F1-F4
Lamb FO FO-F3 FO FO-F3
Venison FO FO-F3 FO FO-F1
Horseflesh FO FO-F2 FO FO-F1

2.8. Statistical Analyses

Basic anthropometric characteristics of the subjects were evaluated as mean =+ SD. For educational
and physical activity levels, a percentage of the total tested was used, while a frequency of meat
consumption was presented as median and range. Changes in both groups across the supplementation
time and ratios as well as changes in other measurements were analyzed with a Microsoft Excel
(Microsoft Office Home and Student 2007, Version 12.0.6612.1000, Microsoft, Redmond, WA, USA)
spreadsheet for the analysis of parallel-group controlled trials [33]. For this, effects were interpreted
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using magnitude-based inferences [34]. All data were log-transformed for analysis to reduce bias
arising from non-uniformity of error; means of change scores in the placebo and L-carnitine groups,
standard deviations of change scores, and effects (variations of change in both the means and their
confidence limits (CL)) were back-transformed to percent units. Mean changes and effects were
adjusted to the overall mean baseline value of the placebo and L-carnitine groups, by including
the baseline value as a covariate in the analysis. Magnitudes of the effects were evaluated with
the log-transformed data by standardizing the deviation of the baseline values of the placebo and
L-carnitine groups. Threshold values for assessing magnitudes of standardized effects were 0.20,
0.60, 1.2 and 2.0 for small, moderate, large and very large respectively. Uncertainty in the effects was
expressed as 90% CL and as probabilities that the true value of the effect was beneficial, trivial or
harmful. These probabilities are not presented quantitatively but were used to make qualitative
probabilistic clinical inferences about effects in preference to a statistical inference based on a
null-hypothesis significance test [34]. The effect was deemed unclear when the chance of benefit
was sufficiently high to warrant the use of the treatment but the risk of harm was unacceptable. Such
unclear effects were identified as those with an odds ratio of benefit to harm of <66, a ratio that
corresponds to an effect that is borderline possibly beneficial (25% chance of benefit) and borderline
most unlikely harmful (0.5% risk of harm). All other effects were deemed clinically clear and the
likelihood of the true effect as being trivial, beneficial or harmful was expressed with the following
scale: 25-75%, possibly; 75-95%, likely; 95-99.5%, very likely; >99.5%, most likely. To maintain an
overall error rate of <5% to declare one or more changes as having opposite magnitudes (a substantial
decrease instead of an increase, and vice versa), the effects were also evaluated as beneficial or harmful
with a threshold of 1%, equivalent to the consideration of the overlap of substantial values with a 98%
confidence interval (CI).

3. Results

In the study, participants were all non-smoking, non-obese, non-vegetarian, physically active
women in the age range of 65 to 70 years. The ratio of percent changes in BM at baseline and across a
supplementation period in placebo and L-carnitine groups was most likely trivial (0.5%; +1.9%; mean;
90% CL). The effects were clear, which indicates that supplementation did not affect BM. Ratios of
percent changes in BM components (FFM and SMM) were likely trivial (clear effects, 0.7%; +2.6%;
1.2%; £3.2%, respectively) (Table 2).

Table 2. Baseline and changes in the measures across a supplementation period in both groups.

Variables Group Baseline Observed Change  Adjusted Change ? Adjusted Effect "
Mean + SD Mean + SD Mean + SD Mean; CL Inference
mibg U SIEEL WS B s

CL, 90% confidence limit; ¥ most likely, * possible. @ Adjusted to the overall mean of both groups at baseline.
b Adjusted mean change in the L-carnitine group minus the adjusted mean change in the placebo group. BM: body
mass; FFM: fat free mass; SMM: skeletal muscle mass.

Baseline measures of circulating parameters, their percent changes across a supplementation
period in both groups, and ratios of the changes are presented in Table 3.
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Table 3. Baseline and changes across the supplementation period in both groups and ratios of changes

as effects.
Variables Group Baseline Observed Change  Adjusted Change 2 Adjusted Effect ®
Mean + SD Mean + SD Mean + SD Mean; CL Inference
<§§ L) L-}Zlai‘cneilt)i(r)le ;2 i (1):;3 ?fﬁgfff 7146.7::6;?/:/0 21%; £37%  unclear
N
0e)  Loamime 003 241em oo OO EN vl
S S Bb AR U e e

CL, 90% confidence limit; ¥ most likely; * possible, underlined effect is also clear at the 0.5% level (98% confidence
interval). @ Adjusted to the overall mean of both groups at baseline. ® Adjusted mean change in the L-carnitine
group minus the adjusted mean change in the placebo group. CRP: C-reactive protein; IL-6: interleukin 6; TNF-oc:
tumor necrosis factor-alpha; IGF-1: insulin-like growth factor 1.

A marked increase in free plasma carnitine concentration was observed due to L-carnitine
supplementation. Other ratios of changes, with the exception of unclear change in CRP, were possibly
trivial (Table 3).

No substantial changes in the isokinetic measures were noted in response to the supplementation
period (Table 4).

Table 4. Isokinetic measures for the dominant leg at baseline, and changes across a supplementation

period in both groups.
Variables Group Baseline Observed Change  Adjusted Change ? Adjusted Effect
Mean + SD Mean + SD Mean + SD Mean; CL Inference
TW extension placebo 76 £15 7.4 £ 26% 5.7 £83% o). o .
(J/kg) L-carnitine 78 + 11 11 + 13% 12+ 9.5% 5.6%; £7.1% trivial *
TW flexion placebo 43417 9.4 + 40% 13 + 13% o tno »
(J/kg) L-carnitine 36+9 14 + 34% 9.7 4 23% —29%;£13%  trivial *
APT extension placebo 120+ 2.6 4.7 +20% 1.9 £9.7% o . o
(Nm/kg) L-carnitine 12.8 +2.3 2.7 +18% 5.0 & 13% 3.0%; £9.0% unclear
APT flexion placebo 6.8 +£2.6 4.9 £ 26% 7.0 +7.8% o . o .
(Nm/kg) L-carnitine 59+ 1.1 5.0 + 22% 2.6 + 16% —4.2%;£9.0%  trivial *
AP extension placebo 83+20 6.3 £ 25% 3.9+6.2% o). o ot
(W/kg) L-carnitine 86+14 33+ 18% 54+11% 1.4%; £6.8% trivial
AP flexion placebo 44+17 10 £ 40% 14 £ 12% —71%: +9.79% N
(W/kg) L-carnitine 39+14 12 + 83% 58 £17% e AT e trivial

CL, 90% confidence limit; * possible, T likely. * Adjusted to the overall mean of both groups at baseline. ® Adjusted
mean change in the L-carnitine group minus the adjusted mean change in the placebo group. TW: total work; APT:
average peak torque; AP: average power.

4. Discussion

Systemic L-carnitine depletion has been described in aging, and is characterized by fatigue, muscle
wasting, and geriatric frailty [35]. In the current study, we have evaluated the effect of L-carnitine
supplementation on muscle mass, strength, and selected blood markers in older women at risk
for sarcopenia.

In a recent meta-analysis, Pooyandjoo et al. [36] calculated that subjects supplemented with
L-carnitine lost significantly more weight (—1.33 kg), compared with the control group. This article
was later criticized [37] for mixing studies using L-carnitine alone or in association with other
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factors (i.e., pharmacological therapy-sibutramine [38] or orlistat [39] and changes in lifestyle-diet
intervention [40]). Inclusion of the studies using treatments consisting exclusively of L-carnitine
indicated no modification in body weight [37]. Twenty-four weeks of L-carnitine supplementation,
without changing nutritional or physical activity habits, did not influence our participants” body
weight. Interestingly, participants supplemented with L-carnitine maintained a similar SMM from
baseline to 24 weeks, while the placebo group showed a decline in SMM within the population
range—an approximate annual rate of 1 to 2% [41]. However, due to the variability within the groups
themselves, the effect between the two groups was trivial. In a previous study, Malaguarnera et al. [42]
supplemented the diet of centenarians with 2 g of L-carnitine per day. Six months of intervention
induced a significant increase in FFM in comparison with pre-treatment values, and in comparison
with post-treatment values in the placebo group [42]. However, the mechanism has not been proposed.

Muscle wasting in sarcopenia populations is associated with a shift from muscle protein
synthesis to muscle protein degradation. The mechanism of muscle wasting may involve low-grade
inflammation [4,5]. It has been proposed that circulating cytokines and CRP negatively affect muscle
mass during aging [10,11]. Meta-analysis of human studies suggests potential beneficial effects of
L-carnitine in lowering the circulating CRP level [43]. However, the magnitude of significant effect of
L-carnitine intervention is based on the results of the trials with an initial CRP level > 5 mg/L [40,44,45].
Be that as it may, L-carnitine treatment does not reveal the anti-inflammatory properties in low-grade
inflammation conditions [46,47]. No alterations in serum CRP, IL-6 and IL-10 have been reported in
obese women following an eight-week supplementation of 2 g L-carnitine per day [47]. Similarly, in
our study, the elevation of plasma-free L-carnitine concentration after a 24-week supplementation
period did not affect the circulating proteins and was not accompanied by the anti-inflammatory effect.

The muscle protein synthesis and degradation rate is multifactorial and includes various signaling
pathways [48,49]. The animal studies show that supplementation of L-carnitine elevates plasma IGF-1
concentration, despite various doses consumed daily: from ~1 mg/kg body weight in sows [50],
to ~100 mg/kg body weight in rats [22]. The binding of IGF-1 to its receptor triggers the activation of the
protein synthesis pathway phosphatidylinositol 3-kinase (PI3K)/protein kinase B (Akt)/mammalian
target of rapamycin (mTOR) [51], which is up-regulated during hypertrophy and down-regulated
during muscle atrophy [52]. The IGF-1/PI3K/ Akt signaling pathway is not only capable of activating
anabolic pathways, but also of suppressing catabolic pathways, due to an inactivation of a specific
transcription factor family called forkhead box-O transcription factors (FOXO) [53]. L-carnitine
supplementation may affect both of these pathways in rat skeletal muscle [22]. Human studies show a
decrease in circulating IGF-1 with aging [14], which is in agreement with our observation. However,
L-carnitine caused a trivial attenuation in plasma IGF-1 level decline compared to the placebo.

Recent human aging studies present the increase in skeletal muscle mass and strength due
to the mTOR pathway activation, following an eight-week supplementation of L-carnitine when
combined with creatine, L-leucine and vitamin D [54]. However, these effects are not present in the
group supplemented only by the same dose of L-carnitine without any additional supplements [54].
Therefore, it cannot be ruled out that other supplements affect sarcopenia by their own properties;
creatine delays muscle atrophy and improves strength in aging [55], L-leucine increases the muscle
protein fractional synthesis rate in the elderly individuals [56], and vitamin D improves muscle strength
in people > 65 years of age [57]. A similar dose of L-carnitine was used in our study, without any
additional supplements, but for a prolonged period of time and did not significantly affect muscle
mass and function.

The quadriceps muscle strength declines in aging women in correlation to the muscle cross
sectional area [58]. Therefore, in order to obtain better relative values, we normalized total performed
work, peak torque and power per lean mass of the working leg. The longitudinal study shows losses of
11.8% per decade in women'’s knee extensor strength and 17.4% per decade in flexor strength [59]. It is
noteworthy that in men, these values showed no reduction in muscle strength parameters. The lack
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of changes in muscle strength may have been influenced by physical activity, since the group of
participants was characterized by relatively high physical activity.

5. Conclusions

L-carnitine is a popular nutritional supplement, which may be beneficial in some pathological
conditions characterized by chronic systemic inflammation and muscle wasting [60]. In the current
study, supplementation for 24 weeks did not affect either the skeletal muscle strength or circulating
markers in healthy women over 65 years of age. Positive and negative aspects of L-carnitine
supplementation need to be clarified, especially considering its metabolite trimethylamino-N-oxide,
which may be associated with the etiology of some diseases [61].
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Abstract

OBJECTIVES: To evaluate the effect of L-carnitine (LC) in
combination with leucine supplementation on muscle strength and
muscle hypertrophy in aged women participating in a resistance
exercise training (RET) program.
DESIGN/SETTING/PARTICIPANTS: Thirty-seven out of sixty
(38.3% dropout) healthy women aged 60-75 years (mean 67.6 + 0.7
years) completed the intervention in one of three groups. One of
the supplemented groups received 1 g of L-carnitine-L-tartrate in
combination with 3 g of L-leucine per day (LC+L group; n = 12), and
the second supplemented group received 4 g of L-leucine per day (L
group; n = 13). The control group (CON group; n = 12) received no
supplementation.

INTERVENTION: All three groups completed the same RET protocol
involving exercise sessions twice per week for 24 weeks.
MEASUREMENTS: Before and after the experiment, participants
performed isometric and isokinetic muscle strength testing on the
Biodex dynamometer. The cross-sectional areas of the major knee
extensors and total thigh muscles were assessed using magnetic
resonance imaging. Fasting serum levels of insulin-like growth
factor-1 (IGF-1), myostatin and decorin, and plasma levels of total
carnitine (TC) and trimethylamine-N-oxide (TMAO) levels were
measured.

RESULTS: The 24-week RET significantly increased muscle strength
and muscle volume, but the group and time interactions were not
significant for the muscle variables analyzed. Plasma total carnitine
increased only in the LC+L group (p = 0.009). LC supplementation
also caused a significant increase in plasma TMAO, which was
higher after the intervention in the LC+L group than in the L (p <
0.001), and CON (p = 0.005) groups. The intervention did not change
plasma TMAO concentration in the L (p = 0.959) and CON (p =
0.866) groups. After the intervention serum decorin level was higher
than before in both supplemented groups combined (p = 0.012), still
not significantly different to post intervention CON (p = 0.231). No
changes in serum IGF-1 and myostatin concentrations and no links
between the changes in blood markers and muscle function or muscle
volume were observed.

CONCLUSIONS: LC combined with leucine or leucine alone does not
appear to improve the effectiveness of RET.

Key words: Sarcopenia, trimethylamine-N-oxide, insulin-like growth
factor-1, myostatin, decorin, exercise training, muscle cross-sectional
area.

Received April 12,2022
Accepted for publication August 31, 2022

Introduction

ge-related changes in anabolic and catabolic

processes are associated with progressive loss of

muscle mass, strength, and function (1). Exercise
training is an intervention that can prevent or even reverse
the muscle-wasting process (2), and the greatest effect of
exercise on this process in older adults results from resistance
exercise training (RET) (3). RET-accelerated skeletal muscle
hypertrophy is controlled by hormones and growth factors (4).
Protein synthesis is induced by insulin-like growth factor-1
(IGF-1) and inhibited by myostatin. Myostatin activity is
suppressed by a small leucine-rich proteoglycan, decorin (5),
which is secreted in response to exercise (6).

RET in combination with nutritional intervention provides a
better stimulus for maintaining muscle strength and mass than
RET alone (7). Leucine is an important regulator of protein
synthesis (8). In short-term studies, leucine intake stimulates
muscle protein synthesis (9). However, longer studies of older
adults, supplemented with leucine for 3 months (10) or 6
months (11) have not confirmed the effects of supplementation
on muscle strength or mass. This discrepancy might be
attributable to the fact that the other factors, such as growth
factors and hormones, satellite cells and neuromuscular factors
may be required for the translation of acute increases in protein
synthesis into chronic increases in muscle mass (12).

Leucine has also been reported to increase insulin levels
(13), and insulin is required for the transport of L-carnitine
(LC) into muscles (14). In addition, animal studies have shown
that the metabolic pathways involved in muscle protein balance
can be upregulated by LC supplementation (15, 16), possibly
through its ability to elevate the circulating level of IGF-1, a
potential promotor of muscle protein balance (17). A recent
study reported increases in muscle mass and strength in older
adults consuming LC mixed with leucine, creatine, and vitamin
D for 8 weeks (18). Whether similar results can be obtained
with LC combined with leucine during the course of an RET
protocol remains unknown.

A crucial role in the development of muscle loss
during aging may play gut microbiota (19), also involved
in the metabolism of orally administered LC to circulating
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trimethylamine-N-oxide (TMAO) (20). In vitro studies indicate
that TMAO can increase protein synthesis (21), or modulate
myosin ATPase activity (22, 23). Interestingly, TMAO has
been shown to be taken up by human skeletal muscles (24),
and prolonged LC supplementation elevates circulating TMAO
levels in healthy aged women (25).

The main purpose of our study was to examine the effects
of the combination of LC and leucine on muscle volume and
strength in healthy aged women undertaking RET twice a
week for 24 weeks. We measured circulating IGF-1, myostatin,
decorin, and TMAO levels to identify potential confounding
factors of muscle cross-sectional area (CSA) and function
in aging. We hypothesized that LC combined with leucine
supplementation would alter peripheral factors that would be
manifested as skeletal muscle changes in older women. We also
hypothesized that an increased TMAO level induced by LC
treatment would affect the force production over time.

Materials and Methods

Ethics approval and consent to participate

The study was conducted in accordance with the Declaration
of Helsinki. The protocol was approved by the Independent
Bioethics Commission for Research at the Medical University
of Gdansk (NKBBN/354-201/2017) and was registered in the
ClinicalTrials.gov Registry (NCT03907592). All participants
were informed about the procedures, risks, and expected
outcomes before starting the experimental procedure and gave
their written informed consent for participation. Partial results
of this study have been reported previously (26).

Sample size

The sample size calculation was carried out by G*Power
3. This study was designed to detect a moderate effect size
(f = 0.3) for muscle mass, muscle strength, and physical
performance. Using the analysis of variance (ANOVA) for
repeated measures, within-between interaction, setting the
a-error to 0.05, the power to 85% and 3 groups, the minimal
sample size was estimated at 36. Considering at least 20%
dropout rate (27), a total of 60 participants were recruited for
this trial.

Participants

Participants were recruited through local advertisements
between April and June 2017. Volunteers with a chronic
disease (such as cardiovascular disease, liver or kidney disease,
gastrointestinal disorder, including stomach ulcer or erosions,
cancer, diabetes, disease of the musculoskeletal system, and
other severe chronic diseases), with metal body implants, or
who smoked were excluded. A short questionnaire was used
for the assessment of habitual physical activity. Additional
activities were converted into metabolic equivalents (METS).
Volunteers with low and moderate physical activity and without

a professional sports history were included in the study.
All included participants presented a physician’s certificate
indicating a lack of contradictions to strength training. Sixty
women aged 60-75 years (mean 67.6 = 0.7 years) were
examined at the beginning of the study protocol (Fig. 1). Height
was measured to the nearest 0.1 cm with a portable stadiometer.
Weight was measured using a bioelectrical impedance analyzer
(InBody720, InBody Co., Ltd., Seoul, Korea). Body mass index
was calculated by dividing weight (kg) by height squared (m?).
The characteristics of the subjects enrolled are shown in Table
S1.

Experimental design and study procedure

After the initial screening, participants were randomly
assigned to one of two supplemented groups, LC in
combination with leucine (LC+L group; n = 20), or leucine
alone (L group; n = 20) or control group (CON group; n =
20). Because of LC poor bioavailability, LC intake should
be combined with insulinogenic compound, and the
supplementation protocol should take about 100 days to
increase muscle carnitine content by ~ 10% (28). In our study,
leucine was used as an insulinogenic compound (13), which
could potentially improve LC transport to skeletal muscles.
Therefore, the participants were supplemented with either 1 g of
L-carnitine-L-tartrate and 3 g of leucine per day (LC+L group)
or 4 g of leucine per day (L group) for 24 weeks in a double-
blind fashion. The supplements were encapsulated in identical
gelatin capsules, and the supplement packages were coded so
that neither the investigators nor the participants were aware of
the contents until completion of the analysis. The participants
received the packages in separate portions every 2 weeks and
were instructed to consume the supplements once a day with
their main meal. Adherence to the supplementation protocol
was based on information about the unused supplements. In
parallel, the CON group participated in the RET but did not
receive the supplements.

During the week before starting the training protocol, and
the week following the last training session, all participants
performed the series of tests described below (Fig. S1).
Fasting blood samples were obtained and, after a standardized
breakfast, strength tests were performed. A magnetic resonance
imaging (MRI) scan was performed on a separate day, but no
earlier than 2 days after muscle strength testing.

RET protocol

The training sessions were held in groups of up to 12 people
twice a week in a commercial gym. Each participant attended
on Mondays and Wednesdays, or on Tuesdays and Thursdays.
Each class was conducted by professional coaches. Over the 24
weeks, each participant had participated in 48 training sessions,
each lasting 45-60 min.

The RET protocol was based on a previously described
procedure (29). Each training session started with a 10 min
warm-up on a treadmill (walking), and participants then
performed three sets of four exercises: leg press, leg extension,
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shoulder press or horizontal row, and chest press or lateral
pulldown. The leg press and leg extension were performed
at every training session, but the shoulder press and lateral
pulldown were performed only on Monday or Tuesday, and
horizontal row and chest press only on Wednesday or Thursday.
Each session ended with a 10 min cooldown on a cycle
ergometer.

A one-repetition maximum test (IRM) was performed,
according to National Strength and Conditioning Association
guidelines (30), before and then every 6 weeks of the training
protocol. In total each participant performed 1RM five times.
During the first 2 weeks, the workload was set at 65% of 1RM
for each exercise, and the exercise was performed in three sets
of 10-12 repetitions. After 2 weeks, the workload was increased
to 80% of 1RM, and each exercise was performed in three sets
of 6-8 repetitions. All three groups completed the same RET
protocol.

Skeletal muscle strength

All strength tests were performed on the Biodex System
4 Pro dynamometer (Biodex Medical Systems, Inc., Shirley,
NY, USA). Before the start of each testing session, the Biodex
was calibrated according to the manufacturer’s specifications.
Before testing, the participant performed a 5 min warm-up
at 50 W on a mechanically braked cycle ergometer (Monark,
Vansbro, Sweden). The test started with an isometric test at a
90° knee angle, followed by an isokinetic test at 60°/s for the
dominant leg. Participants were stabilized with two shoulder
straps, a waist strap, and a thigh strap. The rotational axis of
the knee was aligned with the center of the dynamometer shaft.
Adjustments were made to the length of the knee attachment
to ensure that the ankle strap was proximal to the lateral and
medial malleoli and comfortable for the participant. Gravity
correction was used for all trials. Verbal encouragement was
provided during all tests (31). Peak torque was measured by
performing maximum voluntary contractions (MVC) during
isometric knee extension. The test comprised a maximum 4 s
knee extensor isometric contraction, which was repeated three
times separated by a 20 s recovery. To assess muscle isokinetic
strength, the participant completed five repetitions at a speed of
60°/s (32). During concentric isokinetic leg extension, the total
work of the five repetitions was recorded (33).

Cross-sectional area

The dominant leg was analyzed using a 1.5 T Siemens
MAGNETOM Aera MRI scanner (Siemens, Munich, Germany)
with the body 18 and spine 32 coils and Auto Coil Select mode
on. The study protocol included, the following sequences:
T1-weighted turbo spin echo coronal (voxel 1.8 x 1.8 x 4
mm, FOV 250 x 200 mm, TE 17 ms, TR 500 ms, NSA 2), T2
space transverse (voxel 0.8 x 0.8 x 3 mm, TE 96 ms, TR 1600
ms, NSA 1.4) and T1 VIBE Dixon (voxel 0.7 x 0.7 x 2.5 mm,
TE 2.39 and 4.77 ms, TR 6.89 ms, NSA 1). The examination
covered the area from the knee joint level to the end of the
hip joint, and all sequences were performed twice and then

combined into one composite image. The Dixon sequence
comprised in-phase and out-of-phase images and reconstructed
water-only and fat-only images.

After all data collection, the 2/3 upper femur height, as
specified for measuring the maximal strength of the knee
extensors (34), was determined by an experienced radiologist.
Subsequently, the CSAs of the total thigh muscle (CSA TM)
and of vastus lateralis, vastus intermedius, and vastus medialis,
as the main knee extensors (CSA KE), were measured using
an OsiriX Life (Pixmeo SARL, Bernex, Switzerland). All
evaluations were performed by two independent investigators
who were blinded to the intervention. The interindividual
coefficient of variation of the analysis was 1.3%.

Blood collection and analysis

Fasting blood samples were taken from the antecubital vein
into BD Vacutainer® tubes (Becton, Dickinson and Company,
Franklin Lakes, NJ, USA). After collection, the samples were
centrifuged at 2000 g at 4°C for 10 min, and aliquots were
stored at -80°C for later analyses. Plasma TMAO concentration
was measured as described previously (35). For total carnitine
(TC), 5 pL of the sample (plasma, calibration points) was
transferred into a 1.5 mL test tube, then 200 pL of acetonitrile
containing the internal standard was added for protein
precipitation, and 100 pL of 1 M KOH in methanol was added
to hydrolyze acylcarnitines. The solution was incubated at 50°C
for 60 min, and 100 pl of 1 M HCI in methanol was added to
neutralize the mixture (36). Samples were centrifuged for 2 min
at 14000 rpm and injected into liquid chromatography-mass
spectrometry (LC-MS/MS) system in the Mass Spectrometry
Laboratory, Institute of Biochemistry and Biophysics, Polish
Academy of Sciences (Warsaw, Poland). Serum IGF-1,
myostatin, and decorin concentrations were measured using
commercially available enzyme immunoassay Kkits (total IGF-1,
cat. #DG100, myostatin, cat. #DGDF80, decorin cat. #DY 143
and #DY008; R&D Systems, Minneapolis, MN, USA).

Diet

Three-day food records were self-reported for two weekdays
and one weekend day at the beginning of the study. Participants
were instructed to note the amounts of food and beverages
consumed. The diet was analyzed in terms of the amount of
energy, protein, carbohydrates (CHO), and fat consumed.

Statistical analysis

Participants included in the statistical analyses completed a
minimum of 80% of the training sessions. All calculations were
performed using Statistica 13.1 software (Dell Inc., Tulsa, OK,
USA). The normality of the data distribution was established
using the Shapiro-Wilk test. Repeated-measures analysis of
variance (ANOVA) was used for normally distributed data,
and the Friedman repeated-measures ANOVA by ranks was
performed for nonnormally distributed data. The Kruskal-
Wallis ANOVA was used to compare groups at the same time
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Figure 1. Flow chart of participant recruitment and participation in the study

[ Enrollment ]

Assessed for eligibility (n= 100)

Excluded (n=40)
+ Not meeting inclusion criteria (n=34)

"] ¢ Declined to participate (n=3)
+ Other reasons (n= 3)

Randomized (n= 60)

4

(e

Allocation

v

CON group
Allocated to intervention (n= 20)

L group
Allocated to intervention (n= 20)

A4

l

LC + L group
Allocated to intervention (n= 20)

Finished 24 weeks study procedure ]

Finished study procedure
(n=12)

Discontinued intervention (n=8):

A) health problem not related to
study procedure n=6
- cerebral concussion n=1;
- high pressure problems n=1;
- varicose vein surgery n=1;
- eye problems n=1;
- back pain n=1;
- joint inflammation n=1

B) declined participation n=2

l

Finished study procedure
(n=13)

Discontinued intervention (n=7):

A) health problem not related to
study procedure n=2
- prolonged infection n=1;
- cancer diagnosed n=1;

B) declined participation n=5:
- supplementation intake n=3;
- training protocol n=1
- other n=1

v

Finished study procedure
(n=12)

Discontinued intervention (n=8):

A) health problem not related to
study procedure n= 2
- prolonged infection n=1;
- depression diagnosed n=1;

B) declined participation n=6
- supplementation intake n=4;
- training protocol n=1
- other n=1

Statistical analysis

!

Analysed (n=12)

Analysed (n=13)

Analysed (n=12)

point. Correlations between the changes in absolute values Results

from before to after the RET intervention were calculated
using Pearson and Spearman correlation tests for normally
and nonnormally distributed data, respectively. A probability
level of p < 0.05 was considered to be significant. All data are
expressed as mean + SD, unless otherwise stated.

The study protocol was completed by 37 participants (Fig.
1). Despite the high dropout (38.3%), the characteristics of the
analyzed subjects did not differ between the groups (Table 1).
The direct comparison between subjects who completed the
study protocol and those who dropout the study also indicated
no differences (Table S2).
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Table 1. Baseline characteristics and dietary composition of the participants

CON (n=12) L(m=13) LC+L (n=12) p

Age (years) 658 £2.6 679 +2.1 68.0+2.7 0.067
Weight (kg) 70.6 = 11.5 689 +13.2 730+ 142 0.743
Height (cm) 162.8 £+ 6.3 1589 +4.6 1595+5.5 0.176
BMI 26.6+39 272 +4.7 28.7+5.7 0.551
METs 26+15 31+1.1 33+x1.6 0.769
Diet

Energy (MJ/d) 65+20 6.6+09 70+18 0.742
CHO (g/kg/d) 26+13 29+10 27+12 0.743
Protein (g/kg/d) 1.0+£03 1.1+£03 1.1+03 0.852
Fat (g/kg/d) 0904 09+03 10+05 0.821

CON: control group; L: leucine supplemented group; LC+L: L-carnitine and leucine supplemented group; BMI: Body mass index; METs: Metabolic equivalents of additional daily

physical activity; CHO: carbohydrates

Table 2. Measurements of isometric and isokinetic strength and cross-sectional area in the dominant leg before and after the RET

protocol
CON (n=12) L(n=13) LC+L(n=12) p group x
time
pre post % change pre post % change pre post % change

Isometric

Peak Torque (Nm) 153 +31 159+£39 40+178 144+34 157 +51 79=+13.1 154 +30 170 £39  114+243 0.663

Isokinetic

Peak Torque (Nm) 127 £ 18 134 + 30 52+173 117 +29 127 £ 34 8.8+95 124 £ 19 135+ 20 94+124 0.814

Average power (W) 53+ 11 56+ 12 85+278 48 £ 10 57+16 195+192 51+11 6110 198+159 0.209

Total work (J) 483+91 529116 109+260 47887 512+135 6.8+164 484 + 106 557+87 17.6+199 0.509

Cross-sectional area

Thight muscles (cm?) 114 +15 116 £ 16 24+48 112 +18 114+ 18 20+37 113+13 116 +13 25+53 0.966

Vastus muscles (cm?) 383+4.7 393+52 29+87 369+83 37779 25+5.1 36657 385+58 56+70 0.567

CON: control group; L: leucine supplemented group; LC+L: L-carnitine and leucine supplemented group;- % change: percent changes between pre- and post- intervention values

Table 3. Serum biomarkers before and after the RET protocol, with calculated percent changes between pre- and post- intervention

values
CON (n=12) L(n=13) LC+L (n=12) p group x
time
pre post % change pre post % change pre post % change
IGF-1 (pg/L) 92 +28 93 +£29 1.6+17.8 83 +22 88 +28 68+199 87 +£27 92 +25 11.3+36.3 0.757
Myostatin (ng/L) 32+1.2 33+1.2 51+244 43+18 42+1.6 22+244 3416 3716 122 +275 0.619
Decorin (pg/L) 81x13 79+19 -25%155 84=+14 92+1.8 94+11.1 80x1.6 87+13 99+169 0.075

CON: control group; L: leucine supplemented group; LC+L: L-carnitine and leucine supplemented group; % change: percent changes between pre- and post- intervention values

Effect of the RET intervention on muscle strength
and CSA

RET caused significant increases in isometric peak torque
(p = 0.009), isokinetic peak torque (p < 0.001), average power
(p < 0.001), total work (p < 0.001) (Table 2). RET also had
a significant effect on muscle hypertrophy, as measured by
CSA TM (p = 0.005) and CSA KE (p = 0.006). However, the
group and time interactions were not significant for the muscle
variables analyzed (Table 2).

Changes in blood markers

TMAQO level increased only in the LC+L group (p < 0.001)
and was higher after the intervention in the LC+L group
than in the L (p < 0.001), and CON (p = 0.005) groups. The
intervention did not change plasma TMAO concentration in
the L (p = 0.959) and CON (p = 0.866) groups (Fig. 2). LC
supplementation also caused a significant increase in plasma
TC (CON 23 £+ 6.6, L 04 £ 9.1, LC+L 9.9 + 6.3 umol/L;
p = 0.009). No differences were observed in circulating
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IGF-1 (group p = 0.790, time p = 0.190, group*time p =
0.757), myostatin (group p = 0.255, time p = 0.508,
group*time p = 0.619), and decorin (group p = 0.380, time
p = 0.030, group*time p = 0.075) levels (Table 3). After the
intervention serum decorin level was higher than before in
both supplemented groups combined (p = 0.012), still not
significantly different to post intervention CON (p = 0.231).
Other parameters did not change significantly (Table S3).

Correlations between skeletal muscle parameters
and circulating markers

The elevation in plasma TC level positively correlated with
the change in plasma TMAO level (rtho = 0.595, p < 0.001;
Table S4). However, no other significant correlations between
the changes in circulating markers and muscle function or
muscle volume were noted (Table S4). In addition, the change
in muscle volume from before to after the RET did not correlate
with improvements in strength test variables (Table S4).

Figure 2. Plasma trimethylamine-N-oxide (TMAO) presented
as means (+ SD) in CON (white bars), L (gray bars), and
LC+L (black bars) groups before and after 24 weeks of the
RET

90

Plasma TMAO (uM)

*p < 0.001, compared with before the intervention in the same group; #p < 0.005,
compared between groups at the same time.

Discussion

The main findings of this study were that LC combined with
leucine or leucine alone does not improve the effectiveness of
RET; the increase in circulating TC level was associated with
the increase in TMAO level; the changes in circulating markers
did not correlate with muscle function or volume; supplemented
groups analyzed together had higher decorin levels.

LC supplementation has been proposed as a potential
promotor of muscle protein balance (37). The suggested
mechanism involves activation of the mammalian target of
rapamycin kinase (mTOR) pathway in skeletal muscle (for
review see (38)). Activation of the mTOR signaling pathway,
which is associated with increases in muscle mass and strength,
was observed after 8 weeks of supplementation with LC in

combination with leucine, creatine, and vitamin D without
additional physical activity (18). Leucine is an important
regulator of skeletal muscle anabolism (8, 39). However, long-
term studies of older adults supplemented with leucine for 6
months (11), even when combined with strength training twice
a week (40), have not produced positive effects on muscle mass
or strength. Similarly, we observed no additional increase in
muscle volume or function in the group supplemented with
leucine alone (L group) or with leucine in combination with LC
(LC+L group) after the 24 weeks of RET. Considering these
observations, it cannot be ruled out that previous effects (18)
may have been related to supplementation with creatine, which
delays muscle atrophy and improves strength during aging (41,
42), or to vitamin D, which can improve muscle strength in
people aged =65 years (43). Especially that supplementation
with a mixture containing creatine and vitamin D, among
others, for 12 weeks without additional physical activity
improved muscle strength and muscle power in healthy elderly
humans (44).

Circulating IGF-1 has been suggested as a potential
mechanism underlying the beneficial effects of LC
supplementation on skeletal muscle protein turnover
(37, 38). An elevation in circulating IGF-1 level after LC
supplementation was observed in animal (15, 17) and clinical
(45) studies. LC supplementation for 10 weeks in prefrail older
people (46), and for 24 weeks in healthy older women (47) did
not affect circulating IGF-1 levels. Despite improvements of
strength and skeletal muscle hypertrophy following RET (3)
evidence to support a role of circulating IGF-1 is inconsistent.
Increased IGF-1 level was reported in older people following 12
months (48) and 8 months (49) of RET. By contrast, no change
in serum IGF-1 was found in older people after 6 months
of RET (50, 51), even in those supplemented with 20.7 g of
protein (3 g leucine, >10 g of essential amino acids), 9.3 g of
CHO, 3 g of fat, and vitamins and minerals (51). Similarly, in
our study, RET alone and RET with supplementation did not
change blood IGF-1 levels. In addition, we observed no effect
of LC on thigh muscle volume following 24 weeks of RET
combined with leucine supplementation. Correspondingly,
a higher LC dose combined with an insulinogenic beverage
(44.4 g CHO, 13.8 g protein) and moderate-intensity cycling
over 25 weeks did not affect lean body mass in older men (52).
By contrast, 2 g of LC per day for 6 months increased fat-
free mass in centenarians (53). The contradictory results may
be related to the age of the participants. Accelerated skeletal
muscle mass loss is observed in humans aged >80 years, and is
strongly associated with a decrease in serum IGF-1 level (54).
Therefore, LC supplementation does not appear to affect fasting
serum IGF-1 level in people aged <80 years (46, 47) but may be
effective in centenarians. Importantly, in longitudinal studies,
older people may not ingest sufficient protein (55) or energy
(56). Although energy intake and dietary composition did not
differ between groups in our study, a protein intake ~1.0g/kg/
day may limit the extent of adaptation to RET (57).

Myostatin is a negative regulator of skeletal muscle growth
(58) and may be downregulated by decorin (5). Increased
muscle decorin expression correlates with improvement in
leg press performance (6). Acute resistance exercise elevates
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plasma decorin at the end of the session, although 120 min
after the end of exercise it returns to baseline level (6) and
resting plasma decorin level is not affected by 5 weeks exercise
intervention (59). Similarly, in our study, decorin level did
not change after 24 weeks of RET in the CON group but
increased significantly in both supplemented groups. However,
we found no associations between the differences in circulating
decorin levels and changes in muscle volume and function,
and no effects of RET or supplementation on myostatin levels.
The lack of association between exercise performance and
circulating mediators may indicate that exercise increases
muscle strength by predominately locally derived mediators
rather than circulating factors (60).

The recent meta-analysis of 37 randomized controlled trails
indicated that LC supplementation might affect body weight
and composition, with a dose of 2 g LC per day providing the
maximum effect in adults (61). In fact, LC supplementation
(2g/day) in combination with a resistance training program (4
days/week) applied to healthy men (age range 18-40 years),
for 9 weeks caused statistically significant improvements in
bench and leg presses. There were no differences between the
supplemented and placebo groups, but the number of repetitions
and lifting volume increased in the LC group compared to
baseline values (62). In the present study, the applied daily
LC dose was lower than previously reporting enhancement
in muscle strength of healthy humans (18, 62), but the
total amount of LC consumed was higher due to prolonged
period of supplementation. Importantly, LC needs insulin for
transportation into muscle (14). Muscle carnitine level increases
only when LC is coingested with a large amount of CHO
to induce an insulin response (63), and the supplementation
protocol should take minimum 100 days (28). Leucine has
been reported to increase insulin level (13), and we assumed
that 24 weeks of LC supplementation in combination with
leucine could improve LC transport into muscle. The increase
in insulin levels in our study may have been low compared
with a previous study on carnitine supplementation with
CHO to induce release of insulin (63). Indeed, the same
supplementation protocol did not change skeletal muscle TC
level in young participants (unpublished), suggesting that
muscle TC was not affected also in the present study.

Prolonged LC treatment elevates fasting plasma TMAO
level (25), and TMAO can modulate myosin ATPase activity
(22, 23). We hypothesized that LC supplementation would
affect muscle strength by increasing circulating TMAO level
and modifying ATPase activity. Erickson et al. (64) recently
reported a correlation between fasting TMAO level and aerobic
capacity in older sedentary adults with obesity. However, we
did not observe any significant associations between plasma
TMAO level and muscle function parameters. Erickson
and colleagues (64) also reported that 12 weeks of exercise
training combined with a hypocaloric diet induced a percentage
reduction (but not in the absolute level) in fasting TMAO
concentration. The similar fasting TMAOQO levels in the CON
and L groups after 24 weeks of RET in the present study
suggest a minimal role of exercise in the reduction in plasma
TMAO concentration. Nutritional intervention seems to be
more important factor for modifying plasma TMAO level. The

correlation observed between the increases in plasma TC and
TMAO concentrations may be because LC is a substrate for
TMAO production (20).

In light of current findings, it should be noted that LC
combined with leucine or leucine alone supplementation does
not improve the effectiveness of RET in healthy aged women,
at least in studied doses. In addition, LC supplementation
elevates plasma TMAO level. Studies have shown that TMAO
is a risk factor for the development of noncommunicable
diseases, but whether it affects the health status of people
without any chronic diseases is widely discussed (65-67), and
needs further research.

Our study has several limitations. First, we did not evaluate
the markers in skeletal muscle. Second, the high dropout and
small sample size may have limited the statistical power and the
ability to identify differences between groups. Third, CON was
not provided a placebo supplement, and was involved only in
the training protocol, which made this study partially blinded.
Finally, self-reported data were used to monitor dietary intake
only once. Given the increase in physical activity levels by the
participants, the energy intake may have also increased, which
could have resulted in changes in the dietary macronutrient
composition.

Conclusions

LC combined with leucine or leucine alone supplementation
does not improve the efficacy of RET in healthy aged women.
Leucine supplementation elevated circulating decorin level, but
this increase was not associated with serum myostatin level.
LC supplementation increased plasma TMAO level. There are
no links between changes in circulating markers and muscle
function or volume. Further research using combined nutritional
and exercise interventions, as well as the creation of targeted
recommendations for elderly populations, would be important
for personalized medicine.
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Abstract

metabolic modifications.

Atrogin-1, Trimethylamine-N-oxide

Background: L-carnitine (LC) is used as a supplement by recreationally-active, competitive and highly trained
athletes. This systematic review aims to evaluate the effect of prolonged LC supplementation on metabolism and

Methods: A literature search was conducted in the MEDLINE (via PubMed) and Web of Science databases from the
inception up February 2020. Eligibility criteria included studies on healthy human subjects, treated for at least 12
weeks with LC administered orally, with no drugs or any other multi-ingredient supplements co-ingestion.

Results: The initial search retrieved 1024 articles, and a total of 11 studies were finally included after applying
inclusion and exclusion criteria. All the selected studies were conducted with healthy human subjects, with
supplemented dose ranging from 1 g to 4 g per day for either 12 or 24 weeks. LC supplementation, in combination
with carbohydrates (CHO) effectively elevated total carnitine content in skeletal muscle. Twenty-four-weeks of LC
supplementation did not affect muscle strength in healthy aged women, but significantly increased muscle mass,
improved physical effort tolerance and cognitive function in centenarians. LC supplementation was also noted to
induce an increase of fasting plasma trimethylamine-N-oxide (TMAO) levels, which was not associated with
modification of determined inflammatory nor oxidative stress markers.

Conclusion: Prolonged LC supplementation in specific conditions may affect physical performance. On the other hand,
LC supplementation elevates fasting plasma TMAO, compound supposed to be pro-atherogenic. Therefore, additional
studies focusing on long-term supplementation and its longitudinal effect on the cardiovascular system are needed.

Keywords: Insulin-like growth factor-1, Protein kinase B, Mammalian target of rapamycin, Forkhead box O, MuRF-1,

Background

The main function of L-carnitine (LC) is the transport of
long-chain fatty acids into the mitochondrial matrix for
their conversion in energy, via [-oxidation process [1].
Moreover, LC by the reaction with acetyl-CoA and main-
taining the acetyl-CoA/CoA ratio in the cell regulates
pyruvate dehydrogenase activity [2]. LC also plays an im-
portant role in the regulation of metabolic pathways in-
volved in skeletal muscle protein balance: proteolysis and
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protein synthesis [3]. Furthermore, LC acts as anti-oxidant
and anti-inflammatory compound [3]; thus, it may attenu-
ate the exercise-induced muscle damage.

The opinion that LC supplementation does not change
metabolism is based mostly on short-term supplementa-
tion protocols [4]. Recent studies demonstrate that pro-
longed supplementation, especially in combination with
carbohydrates (CHO), may increase muscle total carni-
tine (TC) content in skeletal muscle [5-7]. Therefore,
LC supplementation in specific conditions may affect
physical performance. On the other hand, LC has been
proposed as the red meat nutrient responsible for ath-
erosclerosis promotion [8]. As a potential link between
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red meat consumption and the increasing risk of cardio-
vascular disease, trimethylamine-N-oxide (TMAO) has
been indicated [8]. Since LC is still used by the athletes
[9, 10], the aim of this systematic review is to evaluate
the effect of prolonged LC supplementation on metabol-
ism/metabolic changes in healthy human subjects.

Methods

Eligibility criteria

The PICOS strategy was defined as follows: “P” (partici-
pants) human subjects, “I” (interventions) oral LC treat-
ment, “C” (comparisons) between supplementation and
placebo, supplementation and control, or pre- and post-
supplementation, “O” (outcomes) muscle variables, and
“S” (study design) randomized controlled trials, non-
randomized controlled trials, non-randomized non-
controlled trials.

Studies with the following criteria were excluded: de-
scribed in languages other than English, articles without
full-text availability, reviews and case reports. Subse-
quently, the following eligibility criteria were applied: a)
healthy human subjects; b) supplementation at least for
12 weeks; ¢) oral LC administration; d) no drugs co-
ingestion; e) no multi-ingredients supplementation.

Information sources and search

The literature was explored using the MEDLINE (via
PubMed) and Web of Science databases, including all ar-
ticles published from the inception up February 2020.
The search was conducted using the terms: “carnitine
supplementation” or “carnitine treatment” in combin-
ation with “exercise”, “training”, “athletic performance”,
“muscle strength”, “muscle fatigue”, “muscle damage”,
“muscle recovery”, “muscle synthesis” or “proteolysis”.
Study selection

Firstly, studies were assessed by title verification between
databases (duplicates were removed). The second assess-
ment performed by abstracts analysis, excluded studies
in a language other than English, studies with lack of full
text, reviews, case reports, animal studies and in-vitro
studies. The last step was performed by analysis of full
manuscripts based on the described above eligibility
criteria.

Data collection process

The following information was compiled for each study:
authors, year of publication, type of study, length of sup-
plementation, a dose of supplementation and main ef-
fect. Lastly, the thematic analysis was carried out, to
synthesize and interpret all the data that appeared from
the included publications. The process of selecting pa-
pers, data collection as well as the quality assessment
was performed independently by two authors (A.S.,
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G.R.), and all disagreements were resolved by the discus-
sion with the third author (R.O).

Results

Study selection

By the above-described search strategy, 1295 publica-
tions were identified. After the first selection, adjusted
by duplicates, persisted 1024 articles. Of these, 794 were
excluded after abstracts screening and identified articles
in languages other than English, lack of full text or being
review articles, case reports, animal or in-vitro studies.
The full texts of 230 articles were screened by eligibility
criteria. Finally, to the qualitative analysis were accepted
11 studies performed on healthy human subjects, treated
for at least 12 weeks with LC administered orally, with
no drugs or any other multi-ingredient supplements co-
ingestion (Fig. 1).

Description of the included studies

Table 1 provides details and results of the 11 studies
reviewed. Selected studies were published between 2002
and 2020. In the selected studies, participants were sup-
plemented in a dose ranging from 1g to 4,5g per day
for either 12 or 24 weeks, mostly by L-carnitine-L-tar-
trate (LCLT). In three studies, supplementations were
combined with carbohydrates (CHO) [5-7], and in one
with L-leucine [18].

Muscle carnitine content was not affected following 12
weeks of LC supplementation alone [11, 12]. On the
other hand, LC supplementation in combination with
CHO effectively elevated muscle TC after 12 [6] and 24
weeks [5]. Moreover, 12 weeks of supplementation alone
[13], or in combination with CHO [6] promote the
expression of the genes related to fatty acids and
carnitine metabolism.

Twenty-four-weeks of LC supplementation alone did
not affect muscle strength in healthy aged women [15],
but significantly increased muscle mass, improved phys-
ical effort tolerance and cognitive function in centenar-
ians [14].

In two studied groups of healthy aged woman, LC sup-
plementation alone [16, 17], or in combination with L-
leucine [18], induced an increase of fasting plasma
TMAO levels. However, higher TMAO was not associ-
ated with determined inflammatory [16] nor oxidative
stress [17] markers. Moreover, despite elevated TMAO,
LC supplementation together with resistance training in-
duced positive changes in mitochondrial DNA methyla-
tion of platelets [18].

Discussion

The present findings have been debated in the six separ-
ate paragraphs, and for a better picture of LC supple-
mentation, other studies were also disputed.
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820 of records identified
through PubMed

475 of records identified
through Web of Science

l

l

| 1024 of records after duplicates removed |

794 of records excluded

230 of full-text articles
assessed for eligibility

| 1024 of records screened |—"

articles in languages other than English (n= 69)
lack of full text (n = 63)

reviews (n=330)

case reports (n = 19)

animal studies (n=301)

in vitro studies (n = 12)

219 of full-text articles excluded
supplementation period less than 12 weeks (n=152)
co-ingestion of drugs (n=27)
intravenous administration (n=10)
human studies on diseased subjects (n=28)
multi-ingredients supplementation (n=2)

11 of studies included in
qualitative synthesis

Fig. 1 Flowchart on the search and selection of articles included in the review

“Fat burner”

It has been assumed that LC supplementation, by in-
creasing muscle carnitine content, optimizes fat oxida-
tion and consequently reduces its availability for storage
[19]. Nevertheless, the belief that carnitine is a slimming
agent has been negated in the middle of 90s [20]. Direct
measurements of carnitine in skeletal muscles failed to
show any elevation in the muscle carnitine concentration
following 14 days of 4 g/day [21], or 6 g/day [22] LC in-
gestion. These findings implied that LC supplementation
was not able to increase fat oxidation and improve exer-
cise performance by the proposed mechanism. Indeed,
many original investigations, summarized in later review
[4], indicated that LC supplementation lasting up to 4
weeks, neither increase fat oxidation nor improve per-
formance during prolonged exercises.

Since LC concentration in skeletal muscles is higher
than that of blood plasma, active uptake of carnitine
must take place [23]. Stephens et al. [24] noted that 5h
steady-state hypercarnitinemia (~ 10-fold elevation of
plasma carnitine) induced by the intravenous LC infu-
sion does not affect skeletal muscle TC content. On the
other hand, similar intervention in combination with
controlled hyperinsulinemia (~ 150mIU/L) elevates TC
in skeletal muscle by ~15% [24, 25]. Moreover, higher
serum insulin maintained by the consumption of simple
sugars resulted in augmented LC retention in healthy
human subjects supplemented by LC for 2 weeks [26].
Based on these results, Authors suggested that oral in-
gestion of LC, combined with CHO for activation carni-
tine transport into the muscles, should take ~ 100 days
to increase muscle carnitine content by ~ 10% [26]. This

assumption has been confirmed in later studies [5-7].
These carefully conducted studies clearly showed that
prolonged procedure (for =12 weeks) of a daily LC and
CHO ingestion induced a raise of skeletal muscle TC
levels [5-7], affecting exercise metabolism [5], improving
performance [5] and energy expenditure [6], without al-
tering body composition [6]. The lack of body fat stores
loss may be explained by the 18% increase in body fat
mass associated with CHO supplementation alone, noted
in the control group [6].

Nevertheless, 12 weeks of LC supplementation 2 g/day
applied without CHO, elevated muscle TC only in vege-
tarian but not in omnivores [12]. Neither exercise me-
tabolism nor muscle metabolites were modified by
augmented TC in vegetarian [12].

Skeletal muscle protein balance regulation

Skeletal muscle mass depends on the rates of protein
synthesis and degradation. Elevated protein synthesis
and attenuated proteolysis are observed during muscle
hypertrophy. Both of these processes are mainly regu-
lated by the signaling pathway: insulin-like growth
factor-1 (IGF-1) — phosphoinositide-3-kinase (PI3K) —
protein kinase B (Akt) — mammalian target of rapamycin
(mTOR). The activation of mTOR leads to phosphoryl-
ation and activation of S6 kinases (S6Ks) and hyperpho-
sphorylation of 4E-binding proteins (4E-BPs), resulting
in the acceleration of protein synthesis. At the same
time, Akt phosphorylates and inactivates forkhead box
O (FoxQ), thereby inhibit the responsible for proteolysis
ubiquitin ligases: muscle-specific RING finger-1 (MuRF-
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Table 1 Summary and results of the studies reviewed examining the LC supplementation

Studies Participants characteristics Study design Supplementation dose and period Main effect

01

[16]

171

Moderately trained male
subjects (n=7)
age 23-25

Male vegetarians (n=16)
and omnivores (C) (n=38)
age 18-40

Middle aged untrained male
subjects

Sn=12Pn=12)

age not reported

(both groups involved in
endurance training; 3x/
week)

Non-vegetarian, male
recreational athletes
Sn=6Pn=6)

age 28+2(S); 25+ 2 (P)

Non-smoking, non-
vegetarian recreational
athletes
Sn=7,Pn=7)

age 26+ 2

Healthy, non-vegetarian, un-
trained males
Sn=7,Pn=7)

age 23+2

(both groups involved in
HIIT; 3x/week)

Centenarians
Sn=27,Pn=27)
age 100-106

Healthy women
Sn=11;Pn=9)
age 65-70

Healthy women
Sn=11;,Pn=9
age 65-70

Healthy women
(Sn=11,Pn=9
age 65-70

Healthy aged women
Sn=12Pn=13Cn=12)
age 67 +3

(all groups involved in
resistance training 3x/week)

NRNC

NRC

RC

RC

RC

RC

RC

RC

RC

RC

RC

4g LC/day
for 3 months

2 g LCLT /day
for 12 weeks

2g LCLT /day
for 12 weeks

2g LCLT +80g CHO /day
for 12 weeks

2g LCLT +80g CHO /day
for 24 weeks

2259 LCLT +80g CHO /day
for 24 weeks

2g LC/day
for 24 weeks

1.5 g LCLT /day
for 24 weeks

159 LCLT /day
for 24 weeks

159 LCLT /day
for 24 weeks

1g LCLT + 3 g L-leucine/day
for 24 weeks

Increase of TC plasma concentration after the
supplementation;

No change in muscle TC concentration, mitochondrial
enzymes activity, physical performance and muscle fiber
composition

Increase of TC plasma concentration after the
supplementation and muscle TC concentration only in
vegetarians;

No change in physical performance and muscle
metabolism either in omnivores or vegetarians.

Increase of TC plasma concentration after the
supplementation;

Plasma triacylglycerols and free fatty acids not affected
by training or supplementation;

Training resulted in an increase in the mRNA expression
of genes coding proteins involved in long chain fatty
acid transport in white blood cells, LC supplementation
enhanced the effect on gene expression

Increase in muscle TC concentration after LC
supplementation;

Upregulation of seventy-three genes relating to fuel me-
tabolism in LC vs. control;

Higher exercise energy expenditure after LC
supplementation;

No change in carnitine palmitolytransferase 1 activity;
Body mass and whole-body fat mass increased in control,
but did not change in LC supplemented

Increase in muscle TC concentration after LC
supplementation;

Lower muscle glycogen utilization during low intensity
exercise, lower lactate production during high intensity
exercise, higher work output during a 30 min ‘all-out’
exercise performance test in LC supplemented group;

Muscle TC concentration tend to increase after LC
supplementation (p = 0.06 vs. pre-supplementation);
Skeletal muscle adaptations to training not augmented
by elevated muscle carnitine availability;

Increase of TC plasma concentration after the
supplementation;

Fat mass reduction, muscle mass elevation, physical effort
tolerance and cognitive function improvement in LC
supplemented group

Increase of free carnitine plasma concentration after the
supplementation;

No changes in body composition, skeletal muscle
strength and IGF-1 after LC supplementation

Increase of plasma TMAO concentration after the
supplementation;

No changes in serum C-reactive protein, interleukin-6,
tumor necrosis factor-a, L-selectin, P-selectin, vascular cell
adhesion molecule-1, intercellular adhesion molecule-1
and lipid profile after LC supplementation

No changes in plasma GBB or serum ox-LDL, myeloperox-
idase, protein carbonyls, homocysteine, and uric acid
concentrations

Increase of plasma TMAO concentration after the
supplementation;

Increase of D-loop methylation in platelets of LC
supplemented

Groups: C control; S supplemented; P placebo; Study design: RC randomized controlled; NRC non-randomized controlled; NRNC non-randomized
non-controlled; LCLT L-carnitine-L-tartrate; HIIT high-intensity interval training
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1) and muscle atrophy F-box protein (atrogin-1), (for re-
view see [27-29]).

The association between LC supplementation and the
regulation of metabolic pathways involved in muscle pro-
tein balance have been shown in several animal studies
(Fig. 2) [30-35]. Four weeks of LC supplementation in rats
increased plasma IGF-1 concentration [33]. Elevated cir-
culating IGF-1 led to an activation of the IGF-1-PI3K—
Akt signalling pathway, causing augmented mTOR phos-
phorylation and higher phospho-FoxO/total FoxO ratio in
skeletal muscle of LC supplemented rats [33]. FoxO in-
activation attenuated MURF-1 expression in quadriceps
femoris muscle of supplemented rats (compared to con-
trol) [33]. Moreover, LC administrated for 2 weeks sup-
presses atrogin-1 messenger RNA (mRNA) level in
suspended rats” hindlimb [35], and only 7 days of LC ad-
ministration downregulates MuRF-1 and atrogin-1
mRNAs reducing muscle wasting in a rat model of cancer
cachexia [32]. All these findings together might suggest
that LC supplementation protect muscle from atrophy, es-
pecially in pathophysiological conditions.

In fact, administration of acetyl-L-carnitine 3 g/day for
5 months in HIV-seropositive patients induced ten-fold
increase in serum IGF-1 concentration [36]. Conversely,
neither 3 weeks LC supplementation in healthy, recre-
ationally weight-trained men [37], nor 24 weeks LC sup-
plementation in aged women [15] did not affect
circulating IGF-1 level concentration. Various effects
might be due to different IGF-1 levels; significantly lower
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in the HIV-seropositive patients than in healthy subjects
[38]. Additionally, 8 weeks of LC supplementation in
healthy older subjects, did not change total and phos-
phorylated mTOR, S6K and 4E-BP proteins level of vas-
tus lateralis muscle [39]. It must be highlighted that rat
skeletal muscle TC increases ~50-70% following 4
weeks of LC supplementation [33, 34], whereas compar-
able elevation has never been observed in human stud-
ies, even after 24 weeks of supplementation [5, 7].

Body composition

These findings altogether suggest that prolonged LC
supplementation might affect body composition in spe-
cific conditions.

Obesity

A recent meta-analysis, summarized studies focused
on LC supplementation for a prolonged time (median
3 months) [40]. Pooled results demonstrated a signifi-
cant reduction in weight following LC supplementa-
tion, but the subgroups analysis revealed no
significant effect of LC on body weight in subjects
with body mass index (BMI) below 25 l<g/m2. There-
fore, authors suggested that LC supplementation may
be effective in obese and overweight subjects. Surpris-
ingly, intervention longer than 24 weeks showed no
significant effect on BMI [40].
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Fig. 2 The association between LC supplementation and the regulation of metabolic pathways involved in muscle protein balance. L-carnitine (LO);
insulin-like growth factor-1 (IGF-1); phosphoinositide-3-kinase (PI3K); protein kinase B (Akt); mammalian target of rapamycin (mTOR); forkhead box O (FoxO);

muscle-specific RING finger-1 (MuRF-1); muscle atrophy F-box (atrogin-1); increase (Q); decrease (Q); activation (= ); inactivation (—)
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Training

It has been assumed that a combination of LC supplemen-
tation with increased energy expenditure may positively
affect body composition. However, either with aerobic [41,
42] or resistance [43] training, LC supplementation has
not achieved successful endpoint. Six weeks of endurance
training (five times per week, 40 min on a bicycle ergom-
eter at 60% maximal oxygen uptake) together with LC
supplementation (4 g/day) does not induce a positive ef-
fect on fat metabolism in healthy male subjects (% body
fat 17.9 + 2.3 at the beginning of the study) [41]. Similarly,
lack of LC effect has been reported in obese women [42].
Eight weeks of supplementation (2 g/day) combined with
aerobic training (3 sessions a week) had no significant ef-
fects on body weight, BMI and daily dietary intake in
obese women [42].

In the recent study, LC supplementation 2 g/day has
been applied in combination with a resistance training
program (4 days/week) to healthy men (age range 18-40
y.0.), for 9 weeks [43]. Body composition, determined by
dual energy X-ray absorptiometry, indicated no signifi-
cant effect in fat mass and fat-free mass due to supple-
mentation. Moreover, LC administration did not
influence bench press results. The number of leg press
repetitions and the leg press third set lifting volume in-
creased in the LC group compared to the placebo group
[43]. Different LC effect in the limbs may be associated
with the higher rates of glycogenolysis during arm exer-
cise at the same relative intensity as leg exercise [44].

Sarcopenia

Aged people have accelerated protein catabolism, which
is associated with muscle wasting [45]. LC could increase
the amount of protein retention by inhibition of the pro-
teolytic pathway. Six months of LC supplementation
augmented fat free mass and reduced total body fat mass
in centenarians [14]. Such effect was not observed in
elder women (age range 65-70 y.0.) after a similar
period of supplementation [15]. The effectiveness of LC
supplementation may result from the age-wise distribu-
tion of sarcopenia. The prevalence of sarcopenia in-
creased steeply with age, reaching 31.6% in women and
17.4% in men older than 80 years [46]. In subjects below
70 years presarcopenia, but not sarcopenia symptoms
were noted [46].

Oxidative imbalance and muscle soreness

Muscle damage may occur during exercise, especially ec-
centric exercise. In the clearance of damaged tissues as-
sist free radicals produced by neutrophils. Therefore,
among other responses to exercise, neutrophils are re-
leased into the circulation. While neutrophil-derived re-
active oxygen species (ROS) play an important role in
breaking down damaged fragments of the muscle tissue,
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ROS produced in excess may also contribute to oxidative
stress (for review see [47, 48].

Based on the assumption that LC may provide cell
membranes protection against oxidative stress [49], it
has been hypothesized that LC supplementation would
mitigate exercise-induced muscle damage and improve
post-exercise recovery. Since plasma LC elevates follow-
ing 2 weeks of supplementation [21, 22], short protocols
of supplementation may be considered as effective in at-
tenuating post-exercise muscle soreness. The findings
indicated that 3 weeks of LC supplementation, in the
amount 2-3 g/day, effectively alleviated pain [50-53]. It
has been shown, through magnetic resonance imaging
technique that muscle disruption after strenuous exer-
cise was reduced by LC supplementation [37, 51]. This
effect was accompanied by a significant reduction in re-
leased cytosolic proteins such as myoglobin and creatine
kinase [50, 52, 53] as well as attenuation in plasma
marker of oxidative stress - malondialdehyde [51, 53,
54]. Furthermore, 9 weeks of LC supplementation in
conjunction with resistance training revealed a signifi-
cant increase of circulating total antioxidant capacity
and glutathione peroxidase activity and decrease in mal-
ondialdehyde concentration [43].

Risks of TMAO

In 1984 Rebouche et al. [55], showed that rats, orally re-
ceiving radiolabeled LC, metabolized it to y-
butyrobetaine (up to 31% of the administered dose,
present primary in feces) and TMAO (up to 23% of the
administered dose, present primary in urine). On the
contrary, these metabolites were not produced by the
rats receiving the isotope intravenously and germ-free
rats receiving the tracer orally, suggesting that orally
ingested LC is in part degraded by the gut’s microorgan-
isms [55]. Similar observations were noted in later hu-
man studies [56, 57], with the peak serum TMAO
observed within hours following oral administration of
the tracer [56]. Prolonged LC treatment elevates fasting
plasma TMAO [16-18, 58, 59]. Three months of oral
LC supplementation in healthy aged women induced
ten-fold increase of fasting plasma TMAO, and this level
remained elevated for the further 3 months of supple-
mentation [16]. Four months after cessation of LC sup-
plementation, plasma TMAO reached a pre-
supplementation concentration, which was stable for the
following 8 months [60].

In 2011 Wang et al. [61] suggested TMAO as a pro-
atherogenic factor. Since diets high in red meat have
been strongly related to heart disease and mortality [62],
LC has been proposed as the red meat nutrient respon-
sible for atherosclerosis promotion [8]. As a potential
link between red meat consumption and the increasing
risk of cardiovascular disease, TMAO has been indicated
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[8]. Numerous later studies have shown the association
between increased plasma TMAO levels with a higher
risk of cardiovascular events [63—66]. The recent meta-
analyses indicated that in patients with high TMAO
plasma level, the incidence of major adverse cardiovas-
cular events was significantly higher compared with pa-
tients with low TMAO levels [67], and that all-cause
mortality increased by 7.6% per each 10 pmol/L incre-
ment of TMAO [68].

Since red meat is particularly rich in LC [69], dietary
intervention in healthy adults, indicated a significant in-
crease in plasma and urine TMAO levels following 4
weeks of the red meat-enriched diet [70]. The rise of
plasma TMAO was on average three-fold compared with
white meat and non-meat diets [70]. Conversely, habit-
ual consumption of red, processed or white meat did not
affect plasma TMAO in German adult population [71].
Similarly, a minor increase in plasma TMAO was ob-
served following red meat and processed meat consump-
tion in European multi-center study [72].

In the previous century, the underlined function of
TMAO was the stabilization of proteins against various
environmental stress factors, including high hydrostatic
pressure [73]. TMAO was shown as widely distributed
in sea animals [74], with concentration in the tissue in-
creasing proportionally to the depth of the fishes natural
environment [75]. Consequently, fish and seafood nutri-
tional intake has a great impact on TMAO level in the
human body [76], significantly elevating also plasma
TMAO concentration [72]. Therefore, link between
plasma TMAO and the risk of cardiovascular disease [8]
seems like a paradox, since more fish in the diet reduces
this risk [77].

Not only dietary modification may affect TMAO
plasma levels. Due to TMAOQ excretion in urine [56, 57],
in chronic renal disease patients, TMAQO elimination
from the body fails, causing elevation of its plasma con-
centration [78]. Therefore, higher plasma TMAO in
humans was suggested as a marker of kidney damage
[79]. It is worthy to note that cardiovascular disease and
kidney disease are closely interrelated [80] and dimin-
ished renal function is strongly associated with morbid-
ity and mortality in heart failure patients [81]. Moreover,
decreased TMAO urine excretion is associated with high
salt dietary intake, increasing plasma TMAQO concentra-
tion [82].

The relation between TMAO and chronic disease
can be ambiguous, involving kidney function [79], dis-
turbed gut-blood barrier [83], or flavin-containing
monooxygenase 3 genotype [84]. Thus, whether
TMAO is an atherogenic factor responsible for the
development and progression of cardiovascular dis-
ease, or simply a marker of an underlined pathology,
remains unclear [85].
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Adverse effects

Carnitine preparations administered orally can occasion-
ally cause heart-burn or dyspepsia [86]. No adverse events
associated with LC administration were recorded at a dose
6 g/day for 12 months of supplementation in the patients
with acute anterior myocardial infarction [87], or at a dose
1274 g/day (range 0.3-3 g/day) and duration 348 days
(range 93-744 days) in patients with liver cirrhosis [88].
Summarizing the risk associated with LC supplementation
Hathcock and Shao [89] indicated that intakes up to 2 g/
day are safe for chronic supplementation.

Although the optimal dose of LC supplementation for
myocardial infarction is 3 g/day in terms of all-cause
mortality [90], even lower LC intake elevates fasting
plasma TMAO [16-18, 58, 59], which is ten-fold higher
than control after 3 months of supplementation [16, 17].
It is worthy to mention that Bakalov et al. [91] analyzing
European Medicine Agency database of suspected ad-
verse drug reaction, noticed 143 cases regarding LC.

Strengths and limitations

The strength of this review is a focus on the period of
LC treatment, very important aspect often missed in
many articles dealing with this supplement. To date,
only few studies have examined the effects of LC supple-
mentation for at least 12 weeks, which is, on the other
hand, the main limitation of the current review. This
limitation is also magnified by the varied design of the
studies available including different supplementation
protocols and outcome measures. There is also a high
degree of heterogeneity among participants of the ana-
lyzed studies. Therefore, the results should be taken with
caution, and more research is required before definitive
recommendations.

Conclusions

Lasting for several years opinion that LC supplementation
does not change metabolism, especially exercise metabol-
ism, is based mostly on short-term supplementation pro-
tocols. Nevertheless, LC is still used by elite [9] and sub-
elite [10] athletes. Recent studies suggest that LC supple-
mentation may elevate muscle TC content; therefore,
modify muscle fuel metabolism and performance during
the exercise. Due to insulin-mediated LC transport to the
muscle, oral administration regimen should be combined
with CHO. Because of LC poor bioavailability, it is likely
that the supplementation protocol would take at least 3
months. Shorter period of supplementation may be effect-
ive in prevention of exercise-induced muscle damage, but
not metabolic changes.

On the other hand, it is also clear that prolonged LC
supplementation elevates fasting plasma TMAO [16-18,
58, 59], compound supposed to be pro-atherogenic [61].
Therefore, additional studies focusing on long-term
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the

are

supplementation and its longitudinal effect on
TMAO metabolism and cardiovascular system
needed.
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artykutéw opublikowanych w czasopismach naukowych.
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(podpis wspotautora)



Gdansk, dnia 6.02.2023

mgr Emilia Samborowska

(tytut zawodowy, imie i nazwisko)

OSWIADCIZENIE

Jako wspdtautor  pracy pt.  ,L-Carmitine Combined with Leucine
Supplementation Does Not Improve the Effectiveness of Progressive Resistance
Training in Healthy Aged Women" odwiadczam, iz méj procentowy i merytoryczny
wkiad w przygotowanie, przeprowadzenie | opracowanie badan oraz
przedstawienie pracy w formie publikacji zgadza sie z danymi podanymi w ponizszej
tabeli:

autor wktad % Opis *

mgr Angelika Sawicka 38% A;: B, C, B, E
dr Joanna Jaworska 3% B.D

mgr inz. Beata Brzeska 3% B.D

drinz. Agnieszka Sabisz 3% B,D

mgr Emilia Samborowska 3% B, F

mgr Mariusz Radkiewicz 2% B

prof. dr hab. Edyta Szurowska 1% F

prof. dr hab. Pawet Winklewski 1% F

dr hab. Arkadiusz Szarmach 5% B,D,F

dr hab. Robert Olek 41% A.B,C,D,EF

A - przygotowanie projektu badania; B - przeprowadzenie eksperymentu; C — analiza

statystyczna; D — interpretacja wynikow; E - przygotowanie publikacji; F - pozyskanie funduszy

Jednoczesnie wyrazam zgode na przedtozenie w/w pracy przez
mgr Angelike Sawickg jako cze$C rozprawy doktorskiej] w formie spojnego

tematycznie zbioru artykutow opublikowanych w czasopismach naukowych.
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(podpis wspotautora)



Gdansk, dnia 6.02.2023

mgr Mariusz Radkiewicz

(tytut zawodowy, imie i nazwisko)

OSWIADCIZENIE

Jako wspdtautor pracy pt.  ,L-Carnitine Combined with Leucine
Supplementation Does Not Improve the Effectiveness of Progressive Resistance
Training in Healthy Aged Women" oswiadczam, iz méj procentowy i merytoryczny
wktad w przygotowanie, przeprowadzenie i opracowanie badan oroz

przedstawienie pracy w formie publikacji zgadza sie z danymi podanymi w ponizszej

tabeli:
autor wktad % Opis *
mgr Angelika Sawicka 38% A:B.C OE
dr Joanna Jaworska 3% B.D
mgr inz. Beata Brzeska 3% B,D
drinz. Agnieszka Sabisz 3% B,D
mgr Emilia Samborowska 3% B: F
mgr Mariusz Radkiewicz 2% B
prof. dr hab. Edyta Szurowska 1% F
prof. dr hab. Pawet Winklewski 1% F
dr hab. Arkadiusz Szarmach 5% B.D, F
dr hab. Robert Olek 1% #, B, & 0. B.F

A - przygotowanie projektu badania; B — przeprowadzenie eksperymentu; C — analiza

statystyczna; D - interpretacja wynikow; E - przygotowanie publikacji; F — pozyskanie funduszy
Jednoczesnie wyrazam zgode na przedtozenie w/w  pracy przez

mgr Angelike Sawicka jako czeSc rozprawy doktorskiej w formie spojnego

tematycznie zbioru artykutdw opublikowanych w czasopismach naukowych.
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Gdansk, dnia 6.02.2023

prof. dr hab. Edyta Szurowska

(tytut zawodowy, imie i nazwisko)

OSWIADCZENIE

Jako wspodtautor pracy pt.  ,L-Carnitine Combined with Leucine
Supplementation Does Not Improve the Effectiveness of Progressive Resistance
Training in Healthy Aged Women" os$wiadczam, iz méj procentowy i merytoryczny
wktad w przygotowanie, przeprowadzenie i opracowanie badan  oraz

przedstawienie pracy w formie publikacji zgadza sie z danymi podanymi w ponizsze;]

tabeli:
autor wktad % Opis *
mgr Angelika Sawicka 38% A BGC. D E
dr Joanna Jaworska 3% B.D
mgr inz. Beata Brzeska 3% B,D
drinz. Agnieszka Sabisz 3% B.D
mgr Emilia Samborowska 3% B, F
mgr Mariusz Radkiewicz 2% B
prof. dr hab. Edyta Szurowska 1% F
prof. dr hab. Pawet Winklewski 1% F
dr hab. Arkadiusz Szarmach 5% B.D.F
dr hab. Robert Olek 41% A,B,C,DEF

A - przygotowanie projektu badania; B - przeprowadzenie eksperymentu; C - analiza

statystyczna; D - interpretacja wynikéw; E - przygotowanie publikacji; F — pozyskanie funduszy

Jednoczes$nie wyrazam zgode na przedtozenie w/w  pracy przez

mgr Angelike Sawickg joko cze$¢ rozprawy doktorskiej w formie spdjnego

(podpis wspotautora)




Gdansk, dnia 5.02.2023

prof. dr hab. Pawet Winklewski

(tytut zawodowy, imig i nazwisko)

OSWIADCZENIE

Jako wspotautor pracy pt. ,L-Carnitine Combined with Leucine
Supplementation Does Not Improve the Effectiveness of Progressive Resistance
Training in Healthy Aged Women" o$wiadczam, iz mdj procentowy i merytoryczny
wktad w przygotowanie, przeprowadzenie i opracowanie badoh oraz
przedstawienie pracy w formie publikaciji zgadza sie z danymi podanymi w poniiszej
tabeli:

autor wktad % Opis *

mgr Angelika Sawicka 38% A:BC.DE
dr Joanna Jaworska 3% B,.D

mgr inz. Beata Brzeska 3% B,D

drinz Agnieszka Sabisz 3% B,D

mgr Emilia Samborowska 3% B, F

mgr Mariusz Radkiewicz 2% B

prof. dr hab. Edyta Szurowska 1% F

prof. dr hab. Pawet Winklewski 1% F

dr hab. Arkadiusz Szarmach 5% B.D. F

dr hab. Robert Olek 41% ABC B ET

A - przygotowanie projekiu badania; B - przeprowadzenie eksperymentu; C - analiza
statystyczna; D - interpretacja wynikéw; E - przygotowanie publikacii; F - pozyskanie funduszy

Jednoczes$nie wyrazam zgode na przedtozenie w/w pracy przez
mgr Angelike Sawickq jako czeé¢ rozprawy doktorskie] w formie spojnego
tematycznie zbioru artykutéw opublikowanych w czasopismach naukowych,
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Zeskanowane w CamScanner


https://digital-camscanner.onelink.me/P3GL/g26ffx3k

Gdansk, dnia 6.02.2023

dr hab. n. med. Arkadiusz Szarmach

(tytut zawodowy, imig | nazwisko)

OSWIADCIENIE

Jako wspdétautor pracy pt.  L-Carnitine Combined with Leucine
Supplementation Does Nol Improve the Effectiveness of Progressive Resistance
Training in Healthy Aged Women" oswiadczam, iz méj procentowy i merytoryczny
wktad w przygotowanie, przeprowadzenie i opracowanie badah oraz
przedstawienie pracy w formie publikacji zgadza sie z dcnyml podanymi w ponizszej
tabeli:

autor wktad % Opis *

mgr Angelika Sawicka 38% ArB. GeDE
dr Joanna Jaworska 3% B.D

magr inZz. Beata Brzeska 3% B,.D

drinz. Agnieszka Sabisz 3% B.D

mgr Emilia Samborowska 3% B, F

mgr Mariusz Radkiewicz 2% B

prof. dr hab. Edyta Szurowska 1% F

prof. dr hab. Pawet Winklewski 1% P

dr hab. Arkadiusz Szarmach 5% B.-D, F

dr hab. Robert Olek 41% AB G D.EF

A - przygotowanie projektu badania; B - przeprowadzenie eksperymentu; C - analiza

statystyczna; D - interpretacja wynikéw; E - przygotowanie publikacji; F - pozyskanie funduszy

Jednoczednie wyrazam zgode na przedtoienie w/w pracy przez
mgr Angelike Sawickq jako cze$¢ rozprawy doktorskiej w formie spdjnego

tematycznie zbioru artykutéw opublikowanych w czasopismach naukowych.
dr hab. n. med. Arkadiusz Szarmach
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Zeskanowane w CamScanner


https://digital-camscanner.onelink.me/P3GL/g26ffx3k

Gdansk dnia 6.02.2023
dr hab. Robert Olek

(tytut zawodowy, imie i nazwisko)

OSWIADCIZENIE

Jako wspdtautor  pracy  pt.  ,L-Carnitine  Combined with Leucine
Supplementation Does Not Improve the Effectiveness of Progressive Resistance
Training in Healthy Aged Women” o$wiadczam, iz mdj procentowy i merytoryczny
wktad w przygotowanie, przeprowadzenie i opracowanie badan oraz

przedstawienie pracy w formie publikacji zgadza sie z danymi podanymi w ponizszej

tabeli:
autor wktad % Opis *
mgr Angelika Sawicka 38% A.B,CD,E
dr Joanna Jaworska 3% B,D
mgr inz. Beata Brzeska 3% B,D
drinz. Agnieszka Sabisz 3% B,D
mgr Emilia Samborowska 3% B, F
mgr Mariusz Radkiewicz 2% B
prof. dr hab. Elzbieta Szurowska 1% F
prof. dr hab. Pawet Winklewski 1% F
dr hab. Arkadiusz Szarmach 5% B,D,F
dr hab. Robert Olek 41% A.B,C,DEF

A - przygotowanie projektu badania; B — przeprowadzenie eksperymentu; C — analiza

statystyczna; D — interpretacja wynikdw; E — przygotowanie publikacji; F — pozyskanie funduszy

Jednoczesnie wyrazam zgode na przedtozenie w/w pracy przez
mgr Angelike Sawickg joko cze$¢ rozprawy doktorskiej w formie spdjnego

tematycznie zbioru artykutdw opublikowanych w czasopismach naukowych.

Signed by /
Podpisano przez:

Robert Olek

Date / Data:
2023-02-06
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Gdansk, 23/02/07

Gianluca Renzi, M.A.

STATEMENT

As a co-author of the paper entitled: "The bright and the dark sides of L-
carnitine supplementation: a systematic review", | declare that my
confribution to the preparation, conduct and design of the study and
presentation of the work in the form of a publication is: data collection and

qualitative thematic analysis of the collected materials.

At the same time, | agree to submit the paper mentioned above by
Angelika Sawicka, M.A., as part of her doctoral thesis as a thematically

coherent collection of articles published in scientific journals.

| declare that the independent and separable part of the mentioned
publication above demonstrates Angelika Sawicka, M.A.'s confribution to
developing the concept, data collection, and qualitative thematic analysis

of the collected materials.
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Gdansk dnia 6.02.2023
dr hab. Robert Olek

(tytut zawodowy, imie i nazwisko)

OSWIADCIENIE

Jako wspotautor pracy pt.: "The bright and the dark sides of L-carnitine
supplementation: a systematic review", oswiadczam, iz mdj wtasny wktad
merytoryczny w przygotowanie, przeprowadzenie i opracowanie badan oraz
przedstawienie pracy w formie publikacji to: opracowanie koncepcji, zbieranie
danych oraz jako$ciowa analiza tematyczna zebranych materiatow.

Jednoczesnie wyrazam zgode na przedtozenie w/w pracy przez
mgr Angelike Sawickg jako czesS¢ rozprawy doktorskiej w formie spdjnego
tematycznie zbioru artykutdw opublikowanych w czasopismach naukowych.

Oswiadczam, iz samodzielna i mozliwa do wyodrebnienia cze$¢ ww.
pracy wykazuje indywidualny wktad mgr Angeliki Sawickiej przy opracowaniu
koncepcji, zbieraniu danych oraz jakosciowej analizie zebranych materiatow.

Signed by /
Podpisano przez:

Robert Olek
Date / Data:

2023-02-06
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(podpis wspotautoral)
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