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“...the fact or state of not being strong” cambridge Dictionary 2015

“... a quality or feature that prevents someone or something from
being effective or useful” Merriam Webster Dictionary 2015

* Divergent causes: injury/pain or muscle fatigue or atrophy (Malavaki, Sakkas et al
JMRCM 2016)
* Either true or perceived

.

In true muscle weakness, strength is less than expected given the motor unit activation. A primary
symptom in many skeletal muscle diseases (incl. muscular dystrophy and inflammatory myopathy
Annexstad et al. 2014; Yiu and Kornberg 2015)

In perceived muscle weakness a person feels that extra effort is required to exert a given force but muscle
strength is, at least initially, normal (Holgate et al. 2011)

+ In the healthy, when related to muscle fatigue, weakness is
transitory and reversible

+ Yo ¢uololoyLkeg ouvOnkec, n aduvapio AOyw HUTKOU KOLATOU
elval mapodikn Kat avacTtpePLun
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“The inability to maintain the required or expected power
output” (Edwards 1981)

* Muscle fatigue may set in acutely during high-intensity
exercise, and it is then mainly related to increased energy
metabolism (accumulation by-products/depletion energy
substrates).

* Muscle fatigue may set in gradually during low intensity
exercise, then apart from energetic factors, hyperthermia
and dehydration play a role as well as central factors

* |tis reversible by adequate rest (i.e. recovery).
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CENTRAL FATIGUE
Upstream of anterior horn cell
CNS

PERIPHERAL FATIGUE
Downstream of anterior horn cell
PNS & Muscle
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Muscle Fatigue ‘measurement’ is model/ TASK DEPENDENT!

« Reduced strength (force) } Lpower

* Reduced velocity of contraction
— Improved tension economy

e Slower rate of relaxation

* Overall reduced muscle/ physical performance
— Projected consequences depend on importance of task.....

Ti Sev aTroTEAET PUTIOAOYIKO KANOTO; < ELNA

)Normally, Muscle Fatigue is transitory; by adequate rest it
resolves within hours

— ‘Adequate’ rest includes enough restful sleep and proper nutrition and
hydration.

* If not...and heavy physical exertion is repeated, a person may develop
exhaustion/injury/overtraining/chronic fatigue

Note: excess or early fatigue or

ADAPTATIONS .
weakness is a common symptom

in primary and secondary

myopathies as well.
E So there is continuous knowledge

FATIGUE transfer between the sport and
health research fields.
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O MUIKOG KAPOToG Uropei va avtavokAd tAR0o¢ petaBoAtkwv EH’.EGE%
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1 GAAwv SLatapaywv

Obesity,
inflammation,
ROS/RNS

Disability Hypothermia

Injury-Disease

* Sarcopenic obesity is a critical challenge.
* Oxidative stress is a ‘signature’ in muscle dysfunction

Hypokinesis -> atrophy -> early fatigue -> hypokinesis-> sarcopenia-> +fatigue

H aAAnAeniSpaon TwWV CAPKOUEPLKWV TIPWTEIVWWE EZMA
NPOKAAEL HETPAOLUN HNXOVIKA AEtTovpyia ===
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MnNXOVIKEG OXECELG
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KEI -> TA oxéon

B AplOUOC eYKAPOLWV YEDUPWVY <=> AVATTTUEN TAONG

® AUvapn ava eykapola yepupa <=> avamntuén
TAong

B PyOuog aAAnAenibpaong AM <=> taxutnta
OUOTOANG g
— Tayxutnta X Suvapun = loxug
— E€aptdrtal kot amo Tov TUTo HUOooivNng :

® Number of cross-bridges <=> force production
® Force per cross-bridge and duty ratio => force
® Rate of actomyosin interaction <=> velocity of

muscle contraction
Velocity x force = power
Depends on myosin isoform type

12
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KEI -> MA oxéon I

B AplOUOC eYKAPOLWY YEDUPWVY <=> aVATTUEN

Taong . BT

® AOvapn avd gykapota yepupa <=> avamtuén |- / E -
TAoNG rEETS
Zuvdpoun ttivng (Trtavivng) otnv avamntuén
TAONG KOTA TNV ETLUAKUVON

® Number of cross-bridges <=> force production
Force per cross-bridge and duty ratio => force
Contribution of titin in tension development
during stretch [the right descending limb of the
L-T relationship]

. . < EINA
KEI -> TUTTOG W.ivag Ry

® TUMocg uuoownq => tayuTnta
Aeuoupvtaq EYKAPOLWV yebUpwV <=>
avamntuén taonc

® AUvopn ava sykapola yédpupa <=>
avamntuén taong

B PyBuog aAAnAenidpaong AM <=>
TAXUTNTA CUCTOANG

incubation at pH 4.6
Karatzaferi 2000

— Tayutnta X duvapun = loxug AL
® Type of myosin isoform => speed of x- i.. \\\

bridge function(slower vs faster) T

= Fast muscles = fast rates of ATP consumption, B -
high contractile velocity, high force, fatigable 2|

= Slow muscle = slow rates of ATP consumption, i ﬁ\
slow contractile velocity, low force, fatigue ’*\ﬁ——ﬁ
resistant e b

Reggiani et al News Physﬁ
Sci 15: 26-33 2000




Research findings on mechanisms of muscle fatigue

EPEYNHTIKA EYPHMATA :TOYZ
MHXANIZMOYZ TOY MYIKOY KAMATOY

Entineda £épguvog
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Structural level

ATPase Kinetics

Single molecule &
molecular ensembles

Skinned / permeable
muscle fibres
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Nwg oxetiletan 0 . KAROTOG HE TOV < EXNA
METOBOALGHO;

TorukéG OANQYEC OTO ECWTEPLKO TEPLBAAAOV TOU HUOKUTTAPOU.

= Je pelétec BloPuwv mpLy Kal PETA TV AOKNON, Tapatnpnonkav
TITwon Tou pH, dtatapayég oe enineda dwodayovwy (dlaitepa
¢ PCr) kal apeon cuoXEtion tou Badpol avanAnpwong
dwodayovwv e tnv duvatdtnta emavaAnng tng anodoong o
MEYLOTNG évtaong doknong (all out sprint)

vl Muscle metabolites

Mt corert (%)

: A
Bogdanis et al 1995 Journal of Physiology v/
Nwg oxetileTon 0 L. KARATOG E TOV < EXNA
METABOAIGHO;

ToTUKEG AANAYEC OTO E0WTEPLKO TIEPLBAAAOV TOU LUOKUTTAPOU.

= YnoBeon evepyelakng ‘s€avtinong’ -

: depletion of substrates such as glycogen, high
energy phosphate compounds in the muscle fibers, and
acetylcholine in the terminal motor nerve branches,

= YnoBeon cucowpPEUONC LETOPOALKWY TTAPAYOVIWV-
: accumulation of
metabolites, such as lactate (? ), H+, Pi or electrolytes
liberated from the muscles during activity.

EEBOA 2022
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Yno0eon evepyelaknic ‘e€avtAnong’ et
FFA Glu
Myosin ATPase A
Ca++ ATPase
Na+-K+ ATPase
Pyruvate Cr
+ATP +ATP

Y\

OX-PHOS LACTATE

app +pPi+En | Need %[ATP] — |Supply | oz>o +H

AMP “failure of excitation or of activation

may predominate over failure %f the
—> IMP —> INOSINE energy supply” Edwards 1981
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* Pre, post and 1,5 min post 25s ‘wingate’ type sprint (all-out effort)

Exercize Time () 1.5 min of passive
rest not enough for
full recovery of
phospagens in type Il
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Karatzaferi et al (2001a) Pfl Arch
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MUTKAG ivag

» After only 10s ‘wingate’ type sprint
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Mean post-exercise [PCr] as % of resting calues

Mean [ATP] and [IMP] immediately post 10 s ‘sprint’ (AILP<0.01 vs rest)
cycling as % of resting levels. SD values were (+) 0.3,
22, 6 and 7 % for fibre types I, IIA, ITAx and IIXa

respectively.

Karatzaferi et al (2001b)

[Freeze dried, single muscle fibre HPLC analysis] Exp Physiol 21
A 4 A = EINA
KAwvika evpnpata AT

* Disturbed ‘energy-rich’ phosphagen levels have been

observed

—In acutely ill — linked to hypoxia (Bergstrom et al 1076 Crit
Care Med)

— In hypothyroid patients (Khushu et al 2010 Magn Res Imag)
* And other patient groups

—In chronic renal (Johansen et al 2005 Am J Physiol,)
* Resting levels similar to CON, markedly lower post exercise PCr levels

* Poor recovery of force correlates with lower oxidative potential &
slower recovery of phosphagens

22

EEBOA 2022
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O KUKAOG TNG eyKApoLag yedpupog

7 0rATP
ORDERED RELAXED STATE
ADP v
Piv
MYOSIN FILAMENT TV
<> <
) ISv
ATP AVDROLYSIS ADP.Pj ADP Pj
1 2 3 D
ACTIN FILAMENT - ATI \/
QO o0 MLC~P v
ATP
BINDING # #
MYOSIN LIGHT CHAIN
DOMAIN WORK
MY OSIN CATALYTIC 3 ADP 5 ADP.Pi 4
DOMAIN [PCI‘] 23
ADP
RELEASE R ERagTE

Karatzaferi et al Pflugers Archives 2001

Karatzaferi et al AmJ Physiol Cell Physiol. 2003

Karatzaferi et al Biophys J 2004

Karatzaferi et al Am J Physiol Regul Integr Comp Physiol 2008
Karatzaferi et al Am J Physiol Cell Physiol. 2017

= ELITA
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*lsometric tension, P, is reduced
by

400

30°C

- Pi (Y40-75% at 20 mM Cooke et al
1988, Tesi et al 2000, at 30 mM
Karatzaferi et al 2004 )

-H* (~L40-60%) (Karatzaferi et al 2003),
however the effect is less at more

physiological temperatures (skinned
fibres -Pate et al 1995, Coupland et al 2001
intact fibres -Westerblad et al 1997)

Isometric tension (mMN/mm?2)

the relative effects of product . ] ) ) )
accumulation on force would be less log [Pi] M

at high physiological temperatures Karatzaferi et al, 2004 Biophys J. 2004
Oct;87(4):2532-44

24
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% Fatigue metabolites
\/ interactions

*Velocity of contraction,
Vmax (L/s) is reduced by
H+(~25%) — but effect

= But if ‘fatigue conditions’ are
imitated (30mM Pi, pH6.2, RLC~P,
at 30°C) they synergistically
reduce Vmax by >:10%

reduced in high T (intact fibres - .
Westerblad et al 1997). : ¢ pHe2, 30

N @30¢

o 30

3 22
*Seems unchanged by [Pi] ERG7 > X
(low T, skinned fibres Myburgh & Cooke T opHe2, |, '*f("
1997, low and high T Debold et al 2004) Pt N I m"“;

TENSION (% Isometric)

Karatzaferi et al 2008 Am J Physiol Reg Int
Comp Physiol -

Fig. 5. Power produced by the fibers under the 8 different

conditions explored at 30 °C, shown as a function of the load ?-‘Em%go%
on the fiber e ]
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N
0/ \ ]
E /4
£ ,’ \
£ I
2wl s s g
[+ 4 / \
z ' \
° o A\
o ) 55% \ \
50 == \ i

I oom s \

L 70% \ \\

J b \
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TENSION kN/m?
Karatzaferi, C. et al. Am J Physiol Regul Integr Comp Physiol 294: R948-R955 2008;

doi:10.1152/ajpregu.00541.2007
AJP - Tsite;
and Conparativt Physiaiogy |

Copyright ©2008 American Physiological Society
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* In ESRD patients (vs counterparts) A
— No diff in resting values of intramuscular metabolites 3 TTITT
11
— Fatigue was significantly greater in ESRD compared to control gzs iTTILLIlL§%$;
. 20 11
— PCr reductions were larger fﬁ ﬂﬁ d ﬁﬁﬁ !
. . LI1) ad
— P; & diprotonated P; increased more 10 Hin;uingggu%ﬂﬂg
o a
— pH was reduced rapidly after the 6" min of sf ¢
submaximal exercise 0 , : ,
idati ; ’ Time (min) .
— Oxidative potential was lower
. B
— PCr recovery was 20% slower after exercise 1
Aw o g 14 ﬂ
w0 _12
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Ll HE L
g aad H wae® " oo 09090
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R T e oz e " 0 5 1 15
Time (min) ~ Time (min)
Johansen, Doyle, Sakkas, Kent Braun , AJP, 2005

Assodialions between (he accumulation of ot 1 ho exacerbated musee algue e aduts
metabolites and fatigability (reductions in power) 9
during dynamic knee extensions
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= Sundberg et al 2019
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0 20 40 60 80 100 The Journal of Physiology, Volume: 597, Issue: 19, Pages: 4865-4866, First published: 08 August 2019,
Power {%Reduction) DOI: (10.1113/JP278369)
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O MUTKOG KAMOTOG EXEL TTOAL- < EXTIA

TLOLPOLYOVTLKH atloAoyia

H Statapoyn twv eMMESWY TWV QWOEAYOVWY OVIXVEVETOL WG
KOLOTOYOVOG TIOPAYOVTOC O€ ekoUOLa €VTovh GOoKnaon (o€ LYLELG) KAl o€
TaOOAOYLKEG KATAOTACELG OE NPEULIA KOL LETA-0OKNOLOKA (o€ aoBeveic)
H enidpaon Kapatoyovwy mapayovtwy 6Tov KUKAO TNG EYKAPOLOG
védupog mpokalel peTproun enidpacn ota UNXOVIKA/AELTOUPYLKA
XOPOKTNPLOTIKA TOU OKEAETLIKOU UGG

— H oucowpeuon KapAToyovwyY mapayovtwy (6rnwg Pi, H2PO,) propet va e§nyel HepLkwg
ToV TPOWPO KApaTo 1ou Buwvouv acBeveig ue XNN aAAd Kot uyLelg nAKLwpévoL

®  Following intense exercise, fatigue is related both to energy levels disturbances
and accumulation of ‘fatigue’ metabolites which directly affect the x-bridge cycle
® Accumulation of Pi, H+, etc. can have a measurable acute effect on mechanical
output, whether in vitro or in vivo
®  Such mechanisms can partly explain the premature muscle fatigue experienced by CKD
patients, but also by otherwise healthy older people

“H2020-MSCA-
RISE-2014
GA 645648”

Muscle dysfunction in CKD

MYIKH AYZAEITOYPTIA $THN XNN

EEBOA 2022
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A{LoAGYnon AELTOUPYLKWV-HNXOLVLKWV ’ ’
XOLPOAKTNPLOTLKWYV HUIKAG Lvolg i
Single fibre mechanics assessment

* Qupalutkd povtélo mpoteAkol otadiou- using a pre-
dialysis stage uremic animal model

— KovikAog, Poitng (>95% taxeiog ouoTtoAng)- psoas muscle (>95% MyHCIIX)

— Gotloib model adapted in NZ rabbits: removal or right kidney and partial nephrectomy
of left kidney for UREM; sham operation for CON. Surgery & euthanasia protocols were
approved by the University of Thessaly ethics committee.

* Amopovwpévn Stamepatr Huikn tva / Permeabilised single
fiber mechanics

— Méylotn Loopetpikr Suvapun, TaxUtnTa cucTtoAn, Force & velocity
— EvawoBnoia oto Ca** Calcium sensitivity
— Zg OLVOKEG «NPepiag» Kat «kOmwoncy, at “rest” and “fatigue”

= Calcium

To MELPAPATIKO LOVTEAO MPOKAAEDTE

Uik atpodia ’ ’

Significantly smaller CSAs in UREM fibers by 11% (P<0.001)

8000
7000 *
6000 [
T 5000 -
=
& 2000
4]
3000
2000
1000
Control Uremic

Figure 1. Calculated cross sectional areas (CSAs) of CON and UREM
fibers. Data are presented as MEAN+SD. * Denotes significant difference
from CON value (P<0.001)

Mitrou et al J Biomechanics 2019

EEBOA 2022
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A\ H pewwpévn péyiotn woopetpikny Ovaun Sev efnyeital pévo arnéd my
o atpodia 3 ’

Loy 505
Hoep> *INUOVTLIKA PELwpEVN amdAutn SUvaun oTLG OUPALLLKES LUTKES iveg (Po),(10°C kat 30°C)
- Stoug 10°C katd -25%
- Stoug 30°C kata -40%
* INUAVTIKE MELWHEVN OXETIKA SUVOUN OTLG OUPOLULKEG MUTKES (veg (Po/CSA)
. 2toug 10°C katd -14%
. Stoug 30°C katd -28%

11% atrophy

Po (uN) Po/CSA (mN/mm?)

100¢ - * B zuo

z ©
r E 10
5 =
i E 120
£ g ow
2 s 80
=) E 6
3 = 0
20
0
1cc acc 10°¢ ac “oc 30°C 10°C 30°C
Central Uremic Central Uremic
Figure 1A. Maximum isometric force (Po) in resting Figure 1B. Maximum isometric force (Po) in resting
conditions (pH 7) at 10°C and 30°C for control and conditions (pH 7) at 10°C and 30°C for control and uremic
uremic fibers. T Denotes significant difference from fibers. T Denotes significant difference from CON values
CON values (P<0.01). (P<0.01).

Mitrou et al J Biomechanics 2019

H enidpaon tng k6nwong (pH 6.2) otnv péylotn 3 ’
LOOMETPLKA SUvapn Sev Stadopomnoleital

jece] Po (uN) . L
* Acidosis significantly reduces force

production in both CON and UREM

Absalute lspmotric Foros (uN)

* Note however that initial forces for
e UREM are lower than CON even at
Conrot Uromic rest

Po/CSA (mN/mm?)

= " S dAho meipapa, otoug 30°C kat pH6.2 oL Suo opddeg

napouciooav EMONG IAPOUOLO LELWHEVN OXETKA SUvaun.

Zn. OL OUPALULKEG (Ve eixav mavta peyaAlltepn Slaomopd

TIHWV 0TNV QVTATOKPLOH Toug o€ GApa Beppokpaciag kat

T pHE2 T pHez positive bias (Adyw Twv kpunpiwv ywa cupnepiAngn otnv
Cantral Urnimie uehétn)

Spacific Forca (mMimme)

Mitrou et al J Biomechanics 2019

EEBOA 2022
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Effect of exposure to H,0, during activation and
DTT during relaxation on isometric force

0 H202 DTT

s 1

10 4
-15 4
-20 - *
-25
-30
-35
40 -
45
50 -

% force change from baseline

Figure 1: Force values expressed as % force change from baseline
following exposure to 10 mM Hydrogen Peroxide (H202) during
activation and 10 mM Dithiothreitol (DTT) during relaxation. CON as
open bars, and UREM fibers as filled bars. “*” indicates p <0.05 from
corresponding baseline force.

Mitrou et al 2017 HIPPOKRATIA

Awotapayr otnv ofsio avTandkpLon o€ 0EELE0AVOYWYLKECG
MHETOBOAEG

===
am‘

Isometric force
(% maximal)
8

Reduced Oxidized

Cellular
redox state

Figure 4.1 Redox status and force
Reid et al.J Appl Physiol. 1993

Xpovia Statapayn tng o§eldoavaywyLkng

)

KOTAOTAONG
[ = |
=]
50 pomano -y «  InpavTkd vPnAdTEpQ EMINES QL
25 MPWTEWVIKWVY KapBovuliwv ota
T oupatptka Selyparta/ High levels of
515 . t protein carbonyls
Z w0 — Other muscle ROS indices tended to
“os present with increased (ns) levels in UREM
00 P — ° In LiO(VTLKéQI(SLOLd)OpéQ usr’aﬁo d{o’(rn Ko
mPsos uttokvnudiou kat otig U0 opddeg
m Soleus

FiGure 1: Protein carbonyl concentrations for the psoas (control:

0.596 +0.372 nmol/mg protein, 95% CI: lower-upper bound:

0.179-1.370; uremic: 1.086+0.294 nmol/mg protein 95% CI:

lower-upper bound: 0.474-1.699) and the soleus (control: 0.929 +

0.41 nmol/mg protein, 95% CI: lower-upper bound: 0.063-1.795; .
uremic: 2.52 + 0.29 nmol/mg protein, 95% CI: lower-upper bound:

1.905-3.129) in the control and uremic groups. * depicts

significant differences between the control and uremic groups; T

depicts significant differences between the psoas and soleus

muscles, p < 0.05.

Poulianiti et al 2019 Oxid Med Cell Long

— The soleus had higher levels of TBARS, PC,
GSH, CAT, and GR and lower TAC than
psoas

Agev BprnKape CUCKETION EMUMESWV
SelKTWV alpatog pe eninmeda SelkTwv
OTOV OKEAETLKO UU.

EEBOA 2022
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Metpriotpa AsLToupyLka eAAeippoTa Tou
OUPQLULKOU HUOG

* Mnyxavikr) SucAettoupyia o emnimedo HUIKNAG vag
aveéaptnta amnod tnv atpodia
—l loop. Auvaunq,lTaxurr]raq Zucro)\r]q,lEuatcenctaq
oTo AO'BEOTLO l|KaVOTﬂTG GVT(IT(OKpLGT]C otnv
ETILUAKUVON
* To amotéleopa eival €vag UG IOV TTOLPAYEL
XaUNAOTEPN HUIKA SUvapn (ko toyw)
— QKOMO KOl O€ CUVONKEG NPEULOG
* MBava attia; To€lkOTNTA + OEELOWTLKO OTPEC +...
-> UETAPOAN CUOTOATIKWY & EAACTIKWVY LOLOTATWV

CA20104 Network on evidence-based
physical activity in old age
(PhysAgeNet)

CcosE

EUROPEAN COOPERATION
IN SCIENCE AND TECHNOLOGY

Thank you!

EYXAPIZTQ! mscin Lifestyle Medicine

Emyeipnoiaxé Mpoypappa
Avérrugn AvBpamvou Auvapikos, EinA

Exmaibevon kai Aid Biou Manon  =m20K-2020
‘?ﬁ"f""‘" M T ouypppatobémen g ENdBa e i Eupumatini Evoong ———

https://www.mim.edu.gr/
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