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-X* Z SRARZLH XELHUJOsen3R A@eX QIbF Ljdko 'pierwsi wykonali
badania NADH (redukowanej formy dinukleotydu nikotyamidoadeninoweg§ad) ]\ X*\FL X
metody fluorescencyjnej (spektrofotometrii). Na podstawie dalszygddGD NROHMQL D X!
uznali, z2 RPLDU IOXRUHVFHQFML 1$'+ PR *hforfadji &-fx{i\P (UyG
PLWRFKR QHangé y Baltscheffsky 1958, Chance i Jobsis 1959, Mayevsky i Chance
2007).

'LQXNOHRW\G QLNRW\QRDPLGRDGHQLQRZ\ 1$we MHVW F
ZVI\WWNLFK NRPYUNDFK OXGIJNLHJR RUJDQL]BRXorma&: PR*H Z
utlenionej (NAD) i zredukowanej (NADH) (Dolle i wsp. 2010; White i Schenk 2012). Skutki
MHIJR QLHGRERUX PRJ E\0 EDUG]R SRZD*QH |]DOLF]D VL



QDF]\QLR Z\FrknetBbolienkch (Braidy i wsp. 2018; Rajman i wsp. 2018). NADH jest
VIQWHW\]RZDQ\ Z F\WRSOD]JPLH PLWRFKRQGULdneMe L M GU
zachodzi tylko w mitochondriach (Dolle i wsp. 2010; White i Schenk 2012). WWEDH

E GF GRQRUHP L DNFHSWR U H PtnibzR @ gykluZKReBsR (WBZANATK X F]HV
ulega redukcjiGR 1%$'+ DOH UyZQLH* Z 4D FXFKX WUDQVSRUWX H
utlenianie NADH do NAD OROHNXAD 1%$'" ELRU F XG]LDa-Z» SURGXI
WULIRVIRUDQX $73 SHaAaQL NOXF]RZ URO Z SR]J\WVNLZDQL>
(Mayevsky i Chance 2007; White i Schenk 2012). Prawdopodobnie metabolizm NAD
RGE\ZDvpodobnyVSRWe EV]I\WWNLFK NRPYUNDFK OXG]NLFK OHXI
Z WURE\ Py]JX MDN L Z Gide® 99N Bridat Midrkétke 2009; Mayevsky i
Barbiro-OLFKDHO\ GODWHJIJR MHJR PRQLWRURZDQLH PR*F

informacji o stanie organizmu.

Dotychczas wykorzystywan® HWR G\ RFHQ\ PLAVRE NR/QS FILyZ\PDJD &
LQZD]\MQHJR SRELBUDRADF S BydadNdvblvadzono in vitro, a koszty
WDNLFK EDGD E\a\ (RHbohGHIR whspV ROBU,. Mayevsky i Rogatsky 2007,
ODUtQUFtD SOWRUIDDEBWRZUHGQLD RFHQD IXQNA&ML PLW
SRPRF IOXRUHYVF H@ekdyli Rapatsky ®0Q7Mayevsky i Barbiro-Michaely
2009). Metoda ta pozwala na nieinwazyjne badanie in vivo w czasie rzeczywistym. Historia
monitorowania fluorescencji NADH w celu oceny funkcji mitochondrialve. JD ODW s
wieku (Chance i Williams 1955; Duysens i Amesz 1957; Chance i Baltscheffsky 1958;
Chance i Jobsis 195%€hance i Thorell 1959 Mayevsky i Rogatsky (2007) w swoim
SUJHJO G]JLH SU]J\WDF]DM V]HUWH podstamid- oERyNIDaykdtryed+ K~ *H
NADH X]J\WVNXMHQWRUPDFM JayZQLH R 1%$'+ JORNDOL]JRZDQ\P
QDWRPLDVW 1%$'+ |DZDUW\ Z F\WRSOD]PLH QNeHpoedlawpeD SRPLI
obserwacji zmian poziomu fluorescencji NADHPR*QD ZQLRVNRZDUO R 1IX
mitochondrialnej, z uwagi na zadani Hiéne przez NADYNADH w procesie oddychania
NRPYUNRZHJR

%DGDF]H M2t GWAQRVRZDOL VL JPLDWQAIHWERKE@RZDJIL 1
zastosowaniaZ\VLaNX [L]\F]Q HhddRwalMdp@e@ZneN informacje o kierunku tych
]JPLDQ FR Z\QLNDaR drivotloldglckhith J(Gcahrdm i wsp. 1978; Sahlin
1985; Henriksson i wsp. 1986; Katz i Sahlin 1987; White i Schenk 2A1D)OH*\ |D]J]QDF]\u
L* LOR i{est®'organizmie weDQ\P PRPHQFLH VWDaD 3UNAPHQWRZ\ X
]JPLHQLD VLod]|PHOHIFKHF]\QQLNYZ WDNLFK MDN GRVW SQR i
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2007), n(p.SRGF]DV ]DVWRVRZDQLD RNOX]ML OXEN&ZorhfdsiWwFLH LQ
GaX*V]\P F]IDVLH SXOdnidni ReBotpbzMi moduluje dietd,D *\ Z DeRiH

D NW\ZQ Rzia. IRgziom NAD maleje wraz z wiekiem (Kane i Sinclair 2018; Rajman i

wsp. 2018).

Jak wiadomo, UHQLQJ IL]\F]QWw addanrihix gzEreg adaptacji. Zmiany te
GRW\F] QLH W\ONR FD awe-szkkIstavireGoy ddddehowéelb LQ DOH UyZQL
QDU] Gyz WNDQHN NRPYUHN 2EHWMPHANMQRGH UDPUQEZR XN
QDF]\QLD MDN L QDF]J\QLD PLN20RN dmiadyQddaptacyphelHFKX RGZ V' S
UYyZQLH* Z PLWRFKRQGULD FK201%)X ¥ N ¥H QB &R LLWAFY QLD ZA/SS4\ Z D
QD JRVSRGDUN ELRFKHPLF]Q $PHQW L 9HUNHUNH
NAD" 1$'+ 21'RQQHOO L ZVS :KLWH L 6FKHQN VXJH
] XzbJL QD Z]JURVW ]DSRWU]JHERZDQLD Z WUDNFLH Z\VLANX
NAD. SRPLPR L* SRzvWDa VIHUHJ EDUG]R GRNaDGQ\FK L |DDz
QD RFHQ UyY*Q\FK DVSHNWyZ G]LD4DQLD PLWRFKRQGULYZ
temat]PLDQ J]DFKRG] F\FK Z Q lemndgd Ragczieya\ZBPFH NWyUH SRZ
Z W\P REV]DU]JH GRW\R miMdch@htiabiN RFRKIPQ.  Q L R Phiflis i
wsp. 1996; Mayevsky i Chance 2007; Mayevskyogatsky 2007; White i Schenk 2012)
5yZQLH* EDGDQLD QD WHPDW ZS4\ZX Z\VLANX L WUHQLQJX
SURZDG]RQH E\a\ Z PL Q (\hi&Ki Sthink 202 WeRndademo jednak czy
kierunek tych zmian jest taki sadd VNy U] H

W EDGDQLDFKp&taBowiond#bada ]JPLDQ\ IOXRUHVERQNFMILHLS$' +
JDFKRG] FH SRG ZSa\ZHP\ \SLRIM MG I F HakBzHeQd. Qgkorzystano
QRZDWRUVN PHWRG )ORZ OHGLDWHG 6NLQ )OXRUHVFHQF
RFHQ IXQNFML PLWRFKRQGULDOQHM ] SRILRPX .WNyU\ Z
trakcie EDGDQLD REVHWBRWKMEVEL J4&\ UyZQLH* Z WUDNFLH R

fluorescencji NADH w czasie rzeczywistym.

2. &HO EDGD

&HOHP SUDF\ E&4RL®NQUHQOWHTLY \Z Q RNADHI @ X\MRUpBY§HHQF M L
ZSA\ZHP SRMHG\QF]HJR Z\VLaN Xraz po R Bdgothiolvyns tcebifrgD w
okresie przygotowawczym (praca 3P RZ QLHLQZD]J\MQ PHaAAERGKkIn)ORZ O
JOXRUHVFHQFH X Z\WVRNRZ\WUHQRZDQ\FK VSRUWRZFyZ
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SBRVWDZLRQR QDVW SXM FH KLSRWH]\ EDGDZF]H

WA\VLAHN GR RGPRA\pzshAUFPLH Z NRPYUNDFK QDVNyUI
UyZQRZD JINAD$I przesunieVL Z NLHUX Qoxaxa 2 $3)

W efekcie treningu fizycznego w okresie przygotowawczydh|]UR QLH
fluorescencja NADH mierzona w spoczynku i po maksymalngm\Vkiu {praca

3).

3. Metody badawcze

SURFHGXU\ EDGD

%DGDQLD SURZDG]RQH E\4a\ Z ODERUDWRULXP $QDOL]\
Lekkiej Atletyki i Przygotowania Motorycznego na Akademii Wychowania Fizycznego w
Poznaniu. Wszyscy badani przechodzili przez ocenWDQX JGURZLD NWyUD NZzZD
uczestnictwa w testacko DGD QLD Z\NRQ\ZDQH E\a\ Z WRaBdratQribrA K SR UD
XWU]J\P\ZDQR VWDA4& WH P sSHQ)D @pxrtdowcRZV 8 BIHQEDGDQLD PRJO|
OHNNLH QLDGDQLH D SU]H] JRG]LQ\ SRSU]JHG]DM FH WH)
intensywnych sesjach treningowych. Testy rozpoczynanG®IPLDUYyZ DQWURSRPHWL
oraz od EDGDQLD FL QLHQLD W WQLF]JHJROMNOZM3]|(@OM®SRPRF X
Japonia) 1DVW SQLH Z\NRQ\ZDQR SLHUZV]\ SRPLDU IOXRUH"
XU] GIJHQLD $QJLR([SHUWKol$j@uIIRGD @D ZzayRk@Q\ZzDa WHVW Z\VL
RGPRZ\ QD ELH*QL PHFKDQ PH$§&®, H\idmcy). ZakdrMK®MR Wobierano
krew z opuszka palc&Z FHOX R]QDF]HQ lczany W spoétgyhkn i R Orthuty po
]DNR FIJHQWK3¥W HRWVDX FLH SR ]DNR F]JHQLX Z\WLANX SRQRZQL
oraz fluorescenciNADH. 3BURWRNya EDGDQLD E\da ]JJRGQ\ ] '"H&hODUDFM
SUJHSURZDG]JHQLH zZ\GDabD .RPLVMD %LRHW\F]QD SU]J\ 8QLZ
GHF\][MD QU ] GQLD SD(G]JLHUQLND :V]\VF\ V!
badaniach dobrowolnié |RVWDOL SRLQIRUPR®GIDOQ LA PR*OLQRFKLQD N
etapie.

Pomiar fluorescencji NADH

Badanie fluorescencji NADH przeprowadzor®U ]\ X*WUIXG]JHQLD $QJLR([S}
$QJLRQLFEPoIske)) @PGDQD E\4D LQWHQV\ZQR it IOXRUHVFHQFM



N Wy UéhaMktevgtyczna dIBADH Z RGSRZLHG]L QD DNW\ZDFM ZLDW:¢
fali 340 nm. (Mayevsky i Chance 2007; Mayevsky i Barbiro-Michaely 2009; Mayevsky
wsp. 2011). Fluorescencja odnotowywana podczas pomiaru poédaiy ZQLH ] NRPyUH?!
QDVNYUND i ws@ D2ADB). WykorzW W\ZDQH GR EDGBNngiog¥der6]HQLH
GRNRQXMH FL JAHM UHM HpNowWiahb spliczyndowegd @Xmink R Grakciz vV
RNOX]ML W WQLRJHM SR SUJ\ZUYFHQLX NU *HQLD Z NR F]\
Z\ZR4DQLD FDANRZLWHM Rdan¥hM lw mankieie BlighidmahorgdirjiH

E G FHIJR F] FL Myskiahd®LDQLHQLH R PP+J Z\*V]H RG
FL QddHu@ckzowego badanego zawodnika.

3U]JHG ND*G\P EDGDQLHP )06) SUJHSURZDG]RQR SRPLI
SRPRF FL QLHQLRPLHU]D 2PURQ 0O 2PURQ -DSRQLD 3I
$QJLR([SHUW $QJLRQLFD ayG( 3ROVND Z\NRQDQ\ E\a G
WHVWHP Z\WLANRZ\P RUD] = PLQXW\ SR MHJR ]DNR F]HQLX

THVW Z\VLANRZ\

7THVW Z\VLANRZ\ Z\NRQ\ZDQ\ E¥aejQnvd& UBDSDULCPHFPKDQLF
Cosmos Pulsar, Niemcy): FHOX PRQLWRURZDQLD SmbtdedhevwwpwhlyzZ NU
EDGDQL E\OL ZpGsomér-Po@L (Polar H6 Bluetooth Smart; Polar Electro Oy,
Finlandia) orazPDVER4& F]JRQ ]H V BétaMaRe 3BR2(CbRex Medical, Niemcy).
7THVW UR]SRF]\QDa VL RG PLOQXWRZHM UR]JJUJIBEMNHR SU GN|
1DVW SQLH SU GNR 0 Z]UD2vii/BéoB 18itd R WWHDNAQHHFR AHJR WH
QDFK\OHQLD ELH*QL E\& WWDAVUZDWBRLARPHQWX ]JJARV]HQ
wyczerpania. ParametiR GGHFKRZH DQDOL]RZDQH E\4\ |DMe®@BORRF RSL
Studio 5.1.0 Software (Cortex Biophysik, Niemcy). MDNV\PD O Q\ S REQHy WOHQ X
RNUH ODQ\ E\a Z RSD uhmhlioxXimRrzeclszH 8§ Q Riyd LNHU \ W HUQ,y Z
XVWDELOL]J]RZDaR VL SRPLPR GD®VIHJIQL AVRR WWW QRE BID * K
przynajmniej 95% przewidywanego dla danego wiekt %y aF]\QQLN Z\PLDQ\ RGGH
Z\QRVLA SU]J\QDMPQLHM 5(5 < we kiwME \*hBQazibnReOHRMNA/Q y Z
GOD P *F]\]Q7 nOID fllaskobiet (Edvardsen i wsp. 2014). Wyznaczdng ZQL H *
VIF]\WRZH ZD UNRR,)ElE N\D WsQHI R ] |DZRGQLNyYZ



SUYENL NUZL

Krew pobierano z opuszka palca dwukrottiE H]SR UHGQLR SUJHG L PLQX
Z\VLaNRZ\P 'R PLNURSUREYZNL ]D SRPRF NDSLODU\ SRELI
krwi. Pomiar poziomu mleczanu wykonanX*\ZDM F X& BiGEH Cline (EKF
Diagnostics, Wielka Brytan)a

Pomiary antropometryczne

Pomiary antropometryczneZ\VRNR U0 L P®yWongwlam&BSRPRF F\IURZHM
stacji pomiarowej (Seca 285, SECA, NiemcyVND (QLN PDV\ FLDAD prae®, REOL
SRG]LHOHQLH PDV\ FLD4D SFUIHBK)ZNDIGUDW Z\VRNR FL

4. DyskusjaioPyZLHQLH Z\QLNyZ

Publikacja 1

Flow-Mediated Skin Fluorescence method for non-invasive measurement of the NADH
at 460 nmz=a possibility to assess the mitochondrial functi@R VW S\ %LRORJLL .RPy!l
(4): 333852, 2017. IF: 0.158 , MNiSW: 20

W przedstawionej pracy UHWD 6LEUHFKW L 20JD %XJDM V ZVS

autorkami (pierwszy autor).

AngioExpert jest QRZ\P XU] G]médyetym przeznaczonym do
QLHLQZD]\MQHJR GLDJQR]JRZDQLD L PRQLWRURZDQLD ]D
metabolicznej ]PLDQ SR]JLRPX 1$'+ =H Z]JO GX QD WR Z SL
SUJ\EOIVKRRMYE L REV]DU G]LDADQLD XU] G]JHQLD $QJLR([SH!
Skin Fluorescence.

OHWRGD RSLHUD VZRMH G]LDaDQLH QD J]GROQR FL F]°
G4XJR FL, DNQWZRZDQHM SRG Z&YXED Q41D W a®a XJaR FL (
powszechnie wiadomo w mitochondriach z&GB]L RGG\FKDQLH NRIRyUNRZH
NWyUBRRKRG]L GR SURGXNFML Z\VRNRHQHUJHW\F]JQHM F]
(ATP). W procesie tym mold XaD 1%¥WOHQLDM F*"MLUBBXNXM F GR 1%’



przenosi jony wodorowal trakcie oddychaniaBN R Py U N R Z HIBRHIHX N MdVNADW L

w reakcjach glikolizy w cytoplazmie i cyklu Krebsa w macierzy mitochondrialnej, natomiast

1$'+ XWOHQ@dRAD/LZ 4D FXFKX WUDQVSRUWX HOHNWURQyYZ
mitochondrialnej. Utlenianie NADH d®NAD® zachodzi w R E H EiQIhu. W przypadku

niedoboru tlenuXWOHQLDQLH WR PR*H |DFKRG]LU ZwRbddS€@h FIRQ\P
anaerobowych, ale WGDMQR 0 W\FK SURFHVYyZ MHVW JQWDddQéeH QL*V]
1$'+ JURPDG]L VL Z RUJDQL]PLH

1$' Z\VW SXMH Z F\WRS O D pRyniHoraldl wGnitpehohtiReRly (Siein i
Imai 2012; White i Schenk 2012; Dolle i wsp. 20133 RQLHZD* EARQD M GUD NRPy
SU]JHSXV]F]IDQD GOD 1$%$' SRSU]JH] VSHFIMDXOR H1 SRIUUH W R\WWR |F
MHVW SRGREQH Inbtu¢idRAi&INAViestErdadRi@dpuszczalna dla NAD i aby
F] VWHFDNL 1$'+ PRJA\ VL XWOHQLDU L UHGXNRZDU NRQLHF
M D E & F }&3gardianowych i glicerolo-3-foforanowych NWyUH WUDQVSRUWXM
QLH]JE GQH GR ]DFKRG]J]HQLD W\FK UHDNFML :KLWH L 6FKH!
LVWQLHQLH QLHUR]SR]QDQHJR GRW\FKF]DV WUDQVSRUWH
WUDQVSRUW F] VWHF]JHN SU]JH] EAaRQ PLWRFKRQGULDOQ
ZaD FLZR FLRP PRQLWRURZDQLH DNW\ZQR FL 1%$'+ PR*H VWI
IXQNFMRQRZDQLX PLWRFKRQGULYZ

OR*OLZR FL PRQLWRURZDQLD PLWRFKRQGULjnAe MHVW
informacie 3R]ZDODM RQH QD EDGDQLH LOR FL VWUXNWXU\ L
JednakH ZL NV]JR & PHWRG Z\PDJD LQZD]\MQHJR SREUDQLD
PR*OLZR FL REVHUZRZDQLD ]PLDQ LQ YLYR $OWHUQDW\Z
1$'+ OHWRG\ RSDUWH R IOXRU\PHWUL RFHQLDM SR]JLRP 1%
GDM F LQRWAHDIRMEH]Z]JO GQHM LOR FL 3RZDODM MHGQDN
1$'+ Z RGSRZLHG]L QD Uy*QH ERG(FH L REVHUZDFWM W\FK
VSRVYE QLHLQZD]\MQ\ 2FHQD IOXRUHVFHQFML 1$'+ E\4D R
SR UH G QL HricjiRtfitetiondrialnej (Mayevsky. & KD Q F H MHGQDN*H GF
QLH EDGDQR WHM IOXRUHVFHQFML Z NRPYUNDFK VNyU\ X O)

OROHNX&D 1%$'+ MHWWodaax&8BURSRVHBGD J]GROQR U GR DE)
RNUH ORQ\P VSHNWUXP GA4XJR FL Z RGSRZLHG]L HPLWXM F
1$'+ GaXJR U IDOL DEVRUERZIMQHM ZARRR/II IDOL HMBWLWRZDQ
nm. (Chance i Baltscheffsky 1958; Zhu i wsp. 2016 D\HYVN\ L &KDQFH X]1Q
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1$'+ Z VNyUJH QDMOHSLHM RGSRZLDGDnhDNapodsRWigtRED QD R
XVWDOH SRZVWDAa\ GZD QRZRF]JHVQH XU] GIHQLD 3LHUZV
PRQLWRURZDQLH V]J]HUHJX SDUDPHWUyYZ Z W\P IOXRUHVFL!
WHUDSLL D XU] G]JHQLH ZSURzZDG]DQH MHVW GR FHZNL P
OD\HYVN\ L ZVS 'UXJLH Z\NRU]J\WWWDQH Z EDGDQLDF
$QJLRQLFD ayG( 3R Qapoktoviany pwUH]RIRMOIVANLFK QDXNRZFyZ
8PR*OLZQDQLHLQZD]\MQ RFHQ IOXRUHVFHQFML 1$'+ LQ YL
WUDNFLH EDGDQLD PHWRG )06) Z\NRU]J\WVWDQ Z XU] G]JHC
RNOX]M W WQLF]D SUJHGUDPLHQLD .DWDU]J\QVND L ZVS
NRPYUHN VNyU\ Z VIWXDFML QLHGRERUX WOHQX ,QIRUPDF
FKRUREDFK XN&ADGX NU *HQLD 7DUQZVYN DV \di@¥d&vany , VW
MHVW ] SRZLHU]JFKRZQ\FKIaZBRNRZ SNQPHWHEDFML IDO Z
maksymalnie O, PP QDWRPLDVW ZL NV]R U V\IJQDaX,I1SmREFERG]L ]
XzbJL QD WR L* VNyUD QD WHM J4d ERNR FL QLH MHVW X
SRILRPX MHVW Z FD&R FL ]DO Hot&z IV RIBQXRIG D& \ EWX \EP\KW DU/
(Dunaev i wsp. 2015).

W SUDF\ SUJHGVWDZLRQR V]HUHJ SDUDPHWUYZ ] NWyU\F
Z SYy(QLHMV]\FK SUDEDFK

Parametry mierzone (rycina a):

Bmean[u] + UH G QL D flddpelddahRgjiR G 4 X JR F Lrejestr@na podczas
spoczynky ZDUWR U ED]J]RZD IOXRUHVFHQFML 1$'+

Flmnax [u] £ PDNV\PDOQD ZDUWR G IOXRUHVFHQFML UHMI
W WQLF]J]HM SU]JHGUDPLHQLD

FRnin[u = QDMQL*V]D ZDUWR U IOXRUHVFH@HML UHMHV WL
Parametry estymowane/liczone (rycina b):

Imax [U] = maksymalny przyrost fluorescencji powiHM OLQLL ED]JRZHM S
RNOX]ML W WQLF]HM SU]H@UDFAMHSRBLBERIF)RQ\ MDNR
Rmin [ul £+ PDNV\PDOQ\ VSDGHN IOXRUHVFHQFML SRQL*
UHSHUIX]ML OLF]RQ\ MGNRFB#*QLFD SRPL G]\ %
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IRampi [U] % maksymalny zakres zmian fluorescencji podczas niedokrwienia i
reperfuzji, liczony jako sumanix i Rmin,
Clhax £ XG]LDa 1%$'+ SRZVWDaHJR Z WUDNFLH RNOX]ML GI

w obrocie podczas niedokrwienia i reperfuzji, liczony jako iloraz/IRampt

W parametrach Bean Flmax FRmin, Imax Rmin, IRampi [U] 0ZNacza jednostki umowne.

Fluorescencja [u]

Fluorescencja [u]
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Publikacja 2

The effect of exercise on the skin content of the reduced form of NAD and its response
to transient ischemia and reperfusion in highly trained athldtesntiers in Physiology 10:
600, 2019. DOI: 10.3389/fphys.2019.00600. IF: 3.201, MNiSW:100

‘\ANRU]J\VWXM F PHWRG )06) SUJHEDGDQR Z\VRNR Z\\

P *FJ\]Q L NRELHW UHSUH]JHQWXM F\FK Uy*QH G\VF\S
E\aR ELHIJDF]\ GaxXJRG\WWDQVRZ\FK WULDWKORQLVYV
ROLPSLMVNLHJIR ZLR ODU]\ IXWVDOLVWyZ RUD] VSuU
Zawodnicy byli w wieku 16+40 lat, neaOH*HOL GR .DG UQ XED WRHG RZW DMUW R Z
]DZRGDFK QD SR]JLRPLH PL G]\QDURGRZ\P :V]\VF\ |DZRGQLF
przygotowawczego& HOHP SUDF\ E\AR RNUH OHQLH JPLDQ LQWHQV\
Z VNyU]J]H SRG ZSa\ZHP SRMHG\QF]JHJR Z\VLaAaNX GR RGPR2Z\

EDGDQLDFK Z4DVQ\FK SURZDG]JRQ\FK QLHLQZD]\MQLF
IOXRUHVFHQFML 1$'+ Z\ND]JDQR *H Z\WVL4HN GR Z\FpHUSDQLI
1$'+ SU]JHVXZDM F FDa NUJ\Z REUD]XM F ]PLDQ\ IOXRUH"
ZDUWR FL =PLDQ\ WH REHMPXM ]DUYZQR Z\QLNL SRPLDU;
1$'+ MDN UyZQLH* IOXRUHVFHQFML EDGDQHM SRGF]DV QLH
SRPLDUX Z\NRQDQHJR SU]JHG Z\VLANLHP ]PLDQ\ zREHMPXM

S R]QDF]DM FHJR ED]RZ IOXRUHVFHQFM SM]HG Z\Z
S WAONR X P *F]\]Q ZVND]XM FHJR P D RR\WREOWQY Z]JURVV
um *F]\]Q g X NRELHW REUD]XM F\ PDNV\PDOQ\ VSDGHN

UHSHUIX]ML SR SUJ\ZUyFHQLX NU *HERDWDD MHWDNZWHND XM F\ ¢
PL Glhe@ FRyn F]J\OL VSDGHN IOXRUHVFHQFML ]QRUPDOL]RZD
ZDUWR FL SOIMDFPHWUYZYND]XM FHIJR QD kyi*Bkadr or&LHG]\ ),
Clmax (p<0.001), pJ]HGV W D X GDIMRQEW ,IRampr ParametriRamp REUD]XM F\ FDa
DPSOLWXG dAad Di€okReGia i reperfuzfilmex + Rmn QLH XOHJa [PLDQLHY
Z\VLaNX

3R GV XPRZXMk Fizyziy tcd Wyczerpania, modyfikuje bazowy metabolizm
1$'+ NRPyUHNordNbadany podczas niedokrwienia i reperfuiH]SR UHGQLR Sl
Z\V LaRDBXUWTRiorescencji NADH przesma VL Z NLHUXQNX Z\*V]J\FK ZI
%H]Z]JO GQD LOR i 1$'+ XOHJD SRGZ\*V]HQLX Z WUDNFLH
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SRZ\WLaANRZHM Z SRUyZQDQLX OliseMnar@ Xmiis/RaD\QMNR FH DAF K
fluorescencji NADH podczas niedbdkZLHQLD L UHSHUIXIeMRGV Z D/UWOM@NYZ | L
metabolicznych. Warunki te istotni® RG\ILNRZDQH V Z Z\QLNX UZLF]H L
SUJH] NROHMQH NLOND PLQXW SR MHJR ]DNR FJHQLX 1DVI
NRPYUNDFK VNyU\ Z Z\QLNX JPLDQ PHWDEROL]P&nIB'+ Z\ZR:
obejmuje niesam@® L QléddZSa\AyZQLH* QD LQQH NRPYyUNL L QDU] G\

Publikacja 3

The effect of a 7-week training period on changes in skin NADH fluorescence in highly
trained athletesApplied Sciences 10: 5133, 2020. IF: 2.474, MNiSW: 70

Przebadano 4IVSRUWRZFyZ Z ZLHNX RMSzyscy GdwvodnicyD iyW
FIARQNDPL .DGU\ 1DURGRZHM OXE VWDUWRZDOL Z |DZRGD
poziomie.6 SRUWRZF\ UHSUH]J]HQWRZDOL QDVW SXM FH G\VF\SOL
olimpijskim S&4\ZDQLH NP MD]GD Q DLOKRAHR FHF | \]4Dkbiet)l. H J
ELHJL GA&aXJR@aVsMdQAMRIM ELHJL PDUD W RFYY @ Hobiety),
taekwondo olimpijskie (6P * F ]\, ] Dkobieta), biegi sprinterskie (100 m, 200 m i sztafetowe
4 x 100 m) (6 P *F]\]® kobieta)) NDMDNDUVWZR P *F]{3Gobie&). VIHUPLE
%DGDQLD SU]JHSURZDG]JRQR GZXNURWQLH QlPesu SRF] W
przygotowawczego rocznego cyklu przygotbw RUD] SRG NRQLHF WHJR RN
RNUH ZnlaQint@& V\ZQR FL IOXRUHVFHQFML 1$'+ Z VNyU]H

W mierzonych parametrachz SLHUZV]\P WHUPLQLH EDGD SU]JI
tygodniowego treningu)S R U Z L F ] WvgkdAakoKwzrost w parametrze,n&n (p<0.05)
(fluorescencji bazowej), natomiast GUXJLP WHUPLQLH ED@$xyst8R U0ZLF]|
SDUDPHWU\ Z\N D }Q43<ZQALR VM (p40.05), FRin (p<0.001). Odnotowano
istotny wzrost poziomie p<0.001 we wszystkich parametrach mierzonyghh(Blmax FRmin)
EDGDQ\FK |[DUYyZQR SU]H Gv $foBudikL. GR Z Dkl Rr&rhiiem.

2GQRWRZDQR UyZQLH* JPLDQ\ SRG ZSa\ZdrBm¢@AWWRVRZD
kalkulowanych.: DUWR FL SRMDWDYDEA VSDGHN SR UZLFJ]HQLDFK Z
na poziomie p<0.001. NatomiastivU W,R« Z] U Rpbaieningu w spoczynku na poziomie
p<0.00lRUD] Z EDGDQLX SR WH FLH Z\VUaiRaramelr R Z] B RYARP LH

istotnie poZ \'V L &MbBu terminachE D QW 1 terminie na poziomie p<0.05, oraz w drugim
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terminie na poziomie p<0.001 :DUWR, FRUWBYyZQR SU]JHG L SRZ\VLaNRZH E\
drugim terminie (p<0.001)Ramp F]\OL SDUDPHWU REUD]XM F\ DPSOLWXG
QLH Uy*QLA VL SUJHG L SR Z\VLAaNX Zrehiddb @ykazane\isidthy LQy Z

ZIURVW S ]JDUYZQR Z EDGDQLX VSRFM@INgaahfetrséDN L SR
Ostatni parametr Ghkx ZVND]XM F\ Qi XGFIDO®HMRZLWH DPSOLMXG]ILH ]I
LVWRWQLH PDODA& SR Z\VLA&NXp<B.OREX1MWHZPN DQIDRXR EDYGD LF

treningowych w tym parametrze.

WynikL SRZ\*V]\FK EDGD SR UD] SLHUZV]\ REUD]XM ]PLD
NRPYUNDFK QDVNyUND X Z\WVRNR Z\WUHQRZDQ\FK VSRUWR
Z]lUyVa SR]JLRP IOXRUHVFHQFML 1%$'+ :LDGRPR *H Z Z\QLNX
adaptacji, w tym adaptacji mitochondrialnych (Drake i wsp. 2017). Ocena fluorescencji
1$'+ PR*H E\0 Z\NRU]J\WW\ZDQD GR SR UHGQLHM RFHQ\ IXQI
statusu metabolicznego (MayevskyBarbiro-Michaely 2009). Ocena fluorescencji NADH
nie daje jasnej odpowiedzi, jakie procesy metabolic® VW ZSINRPYUNDFK SR]ZD
MHGQDN REVHUZRZDU SlRo¢stehQiNADHRSAIged] B RW\W V ZAP0SP
puli NAD w odpowiedzi na zastosowany trening w okresie przygotowawczym u badanych
]DZRGQLNyZ

Okres SUJ\JRWRZDZF]\ FKDUDNWHUW]JXM@L QI Z SRI|HFXDUD!I
Z\WU]J\PDaR FLRZ\P QLH]DOH*QLH RG XSUDZLDQHM G\VF\S
VNXWNRZD& X EDGDQ\FK SU]H]nierpozidBRUMESErely KABHRWG Q L HV L
parametrach mierzonycfBmean Flnax FRmin), €O prawdopodobnie wskazuje na zmiany
adaptacyjnew PLWRFKRQGULDIPRKHVNYQLNL Z\GDM VL VSyMQH
ZFJH QLHMV]\FK EDGD Z\NRQ\ZDQ\FK QD PL QLDFK Z NW
WUHQLQJX ZJURVW SR]JLRPX ELDAHN ]ZL ]JDQ\FK ] ELRJHQH
mitochondrialnej funkcji oddechowej (Yan i wsp. 2012; Busqu&iR-U Wwesy. 2017;

Granata i wsp. 2018
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5. Whioski

3UJHSURZDG]RQH EDGDQLD SR]ZDODM QD VIRUPXARZDQLH

1.

‘\WVLAHN IL]\F]Q\ GR RGPRZ\ PRG\ILNXMH PHWDEROL]F
MDN L PLHU]JRQ\ SRGF]DV QLHGRNUZLHQLD L UHS
SUJHGUDPLHQLD SU]JHVXZDM F ED]J]RZ IOXRUHVFHQFI

ZDUWR FL

Trening w okresie przygotowawczym spow®d D a Zflubrest#icji NADHwW
grupie VS RUW RyEm@wych, badanel SUJHG L SR Z\VLaNX GR R(
PR*H V XJ MWrd3tZDIUNAD w organizmie.
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Il. DISSERTATION SUMMARY

The doctoral dissertation is based on series of studies entitled: Changes in skin NADH
fluorescence induced by exercise in highly trained athletes using Flow Mediated Skin
Fluorescence, and consists of three publication supported by project ANG/ZK/2/2016 as part
of the project from the European Union from the resources of the European Regional
Development Fund under the Smart Growth Operational Program, Grant No. POIR.01.01.01-
00-0540/15:

1. Flow-Mediated Skin Fluorescence method for non-invasive measurement of the
NADH at 460 nm +a possibility to assess the mitochondrial functiohdvances
in Cell Biology 44 (4): 33352, 2017. IF: 0.158 , MNiSW: 20

2. The effect of exercise on the skin content of the reduced form of NAD and its
response to transient ischemia and reperfusion in highly trained athletes.
Frontiers in Physiology 10: 600, 2019. IF: 3.201, MNiSW:100

3. The effect of a 7-week training period on changes in skin NADH fluorescence
in highly trained athletes Applied Sciences 10: 5133, 2020. IF: 2.474, MNiSW.
70

1. INTRODUCTION

In the middle of the 20th century Duysens and Amesz (1957) for the first time studied
NADH (reduced form of nicotinamide adenine dinucleotide) using the fluorescence method
(spectrophotometry). Other authors, based on later studies, found that the measurement of
NADH fluorescence can be a valuable source of information about the mitochondrial function
(Chance and Baltscheffsky 1958; Chance and Jobsis 1959; Mayevsky and Chance 2007).

Nicotinamide adenine dinucleotide (NAD) is a molecule present in practically all
human cells. NAD occurs in two forms, an oxidized NABnd reduced NADH (Dolle et al.
2010; White and Schenk 2012). The effect of its deficiency can be very serious, including a
number of cardiovascular and metabolic diseases (Braidy et al. 2018; Rajman et al. 2018).
NADH is synthetized in the cytosol, mitochondria and in the nucleus, but it is oxidized only
in the mitochondria (Dolle et al. 201W/hite and Schenk 2012). NAINADH as a donor and
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acceptor of hydrogen ions, takes part in Krebs cycle (where'N&\Reduced to NADH) and

in electron transport chain (where NADH is oxidized to NADThe NAD molecule taking

part in adenosine triphosphate (ATP) production, plays a key role in energy production at a
cellular level (Mayevsky and Chance 2007; White and Schenk 2012). It seems that NAD
metabolism is similar in all humans cells: leukocytes, hepatocytes, brain cells and in the skin
cells (Green 1997; Ament and Verkerke 2009; Mayevsky and Barbiro-Michaely 2009), so
monitoringit can offer a valuable source of information about the state of the human body.

So far, most methods of mitochondria study required invasive sampling with the help
of biopsy. Tests were conducted in vitro, and the cost was RPh'RQQHOO HW DO
Mayevsky and Rogatsky 20070 D UtQ UFtD ). The alternative could be indirect
evaluation of mitochondrial function using NADH fluorescence (Mayevsky and Rogatsky
2007 Mayevsky and Barbiro-Michaely 2009), a non-invasive and real-time method. The
history of NADH fluorescence monitoring started in the 50s of tHec2@tury (Chance and
Williams 1955; Duysens and Amesz 1957; Chance and Baltscheffsky 1958; Chance and
Jobsis 1959; Chance and Thorell 1959). Mayevsky and Rogatsky (2007) in their review cite a
number of papers showing that the NADH fluorescence method gives the information about
NADH localized mainly in mitochondria, but cytoplasmic NADH does not have any
important impact on the measurement results. NNBDH takes part in the process of
cellular respiration, therefore the observation of NADH fluorescence changes, could be an

indicator of a mitochondrial function.

Researchers for a long time have been interested in changes ilNNWEH balance
as a result of physical exercise, but they shared inconsistent information about the direction of
those changes, what was usually caused by methodology differences (Graham et;al. 1978
Sahlin 1985; Henriksson et al. 1986; Katz and Sahlin 1987; White and Schenk 2012). It is
important to mention that the amount of NAD in the body remains constant in the short time
frames. The NALYNADH percentage changes depend on certain factors, like oxygen
availability (Mayevsky and Chance 2007), e.g. as a result of occlusion or intensive physical
exercise. However, in the long period of time the NAD pool can change. Its amount is
modulated by diet, taken medicaments, physical activity. The NAD level decreases with age
(Kane and Sinclair 2018; Rajman et al. 2018).

It is commonly known, physical training impacts a number of adaptations in the body.
These changes affect not only the entire systems: musculoskeletal, respiratory etc., but also
organs, tissues and cells. Changes take place also in circulatory system, major blood vessels
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and microcirculation vessels as well (Green et al. 2017). The adaptation changes ke plac

also in the mitochondria (Busque8RUWpV HW DO SK\VLFDO DFWLYLW
(Ament and Verkerke 2009), including changes in NAD$'+ EDODQFH 2Y'RQQHOO
2004). White and Schenk (2012) suggest, physical training, due to increased demand of ATP
during physical exercise, stimulates an increase in the NAD pool. Even though there are a lot

of very accurate and advanced methods, which allow to evaluate various aspects of
mitochondrial function, researchers did not conduct a lot of studies focusing on the changes
occurring in mitochondria as a result of physical training. Papers mention mitochondrial
changes only in muscular cells (Phillips et al. 1996; Mayevsky and Chance 2007; Mayevsky

and Rogatsky 200AVhite and Schenk 2012). Research on physical activity and training
impact on NADH fluorescence were conducted also only in the skeletal muscles (White and
Schenk 2012). However, it is not known if the direction of these changes is the same in the

skin.

In my own research it was decided to examine NADH fluorescence changes in the
skin impacted by physical exercise and training. The novel Flow Mediated Skin Fluorescence
(FMSF) method was used, which enables an indirect evaluation of mitochondrial function at
the skin level in a completely non-invasive way. During the examination NADH fluorescence

changes are observed continuously (also during occlusion) and in real time.

2. Study Aim

The aim of this study was to evaluate the changes of NADH fluorescence in the skin,
as a result of exercise to exhaustion (paper 2) and a 7-week training period in general
preparation phase (paper 3) using a novel non-invasive Flow Mediated Skin Fluorescence

method in highly trained athletes.
The following research hypotheses were made

Exercise to exhaustion impacts NADH fluorescence level in the epidermal cells,
and the NAD/NADH balance will shift toward NADH (papers 2 and 3).
NADH fluorescence evaluated at rest and after maximal exercise will increase as

a result of training in the preparatory period (paper 3).
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3. Research Methods

Research Procedures

The study was conducted in the Human Movement Laboratory of the Department of
Athletics, Strength and Conditioning at the Poznan University of Physical Education. After
arriving at the laboratory, the health status of each participant was evaluated, what qualified to
participate in the tests. The examinations were conducted in the morning. At the laboratory
constant temperature (#1°C) was maintained. Athletes at the test day could eat only a light
EUHDNIDVW DQG K EHIRUH WHVWV WKH\ FRXOGQfW WDNH
were started with anthropometric measurements and blood pressure measurement with the use
of the blood pressure monitor Omron M3 (Omron, Japan). Then the first NADH fluorescence
PHDVXUHPHQW ZDV FRQGXFWHG XVLQJ $@Qekt PaffiSgatiswW GHY L
underwent the treadmill exercise test to exhaustion (H/P Cosmos, Pulsar, Germany). Capillary
blood samples were obtained from the fingertip from all athletes, at rest and 2 min after the
exercise test to measure the level of lactatd. 1Bin after ending the exercise test, another
blood pressure and NADH fluorescence measurements were taken. The study protocol was
compliant with the Declaration of Helsinki. The study was approved by the Ethics Committee
of the Poznan University of Medical Sciences in Poland (no. 1017/16 issued on the 5th
October 2016). All athletes participated in this study voluntarily, and they were informed

about a possibility to withdraw their consent at any time.
NADH Fluorescence measurement

NADH fluorescence measurement was conducted using AngioExpert (Angionica,
ayG( 3R ODQThe fladtestardd intensity at a wavelength of 460 nm (characteristic for
NADH) was evaluated in response to activation by the light at the wavelength 340 nm
(Mayevsky and Chance 2007; Mayevsky and Barbiro-Michaely 2009; Mayevsky et al. 2011).
The fluorescence recorded during the measurement mainly came from epidermal cells
(Dunaev et al. 2015). The used device AngioExpert continuously measures the fluorescence at
rest (2 min), during controlled ischemia (200s), and during reperfusion after restoration of
circulation in the limb (3 min). To induce a total occlusion of the brachial artery, an occlusion
cuff (which is a part of the device) was inflated up to the pressure of 50 mmHg above the

systolic blood pressure (SBP) of each athlete.
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Before every FMSF measurement blood pressure measurement using blood pressure
monitor Omron M3 (Omron, Japan) was conducted. The measurement using AngioExpert
$QJIJLRQLFD aray @&yiceavim®conducted twice, immediately before exercise test and

3 # minutes after its end

Exercise test

The exercise test was conducted on a treadmill (model 150/50 LC, H/P Cosmos
Pulsar, Germany). To monitor cardiopulmonary parameters the participants were equipped
with the heart rate monitor Polar (Polar H6 Bluetooth Smart; Polar Electro Oy, Finland) and
the mask connected to MetaMax 3B ergospirometer (Cortex Biophysik BmbH, Leipzig,
Germany). The test started with a 4 min warm-up, at the speed of 6 km/h. Next, the treadmill
speed increased progressively 2 km/h every 3 min. During the whole test the treadmill incline
was set to the constant value of 1%. The test lasted until the athlete reported exhaustion.
Respiratory parameters were analyzed using the MetaSoft Studio 5.1.0 Software (Cortex
Biophysik, Germany). Maximal oxygen uptake (M) was considered to be reached if at
least three of the following criteria were fulfilled: the oxygen uptake )\M@as stabilized
despite the further load increase, HR reached at least 95% of the age-adjusted HR, respiratory
HIFKDQJH UDWLR 5l0&d lactate concenD WLRQ ZDV DW WKfEr OHYHO
PHQ DQG IA foPvioRien (Edvardsen et al. 2014). The maximal heart ratg{HRas

defined for every athlete.
Blood Sampling

Capillary blood samples were collected from the fingertip twice, immediately before
and 2 min after the exercise test. 2f whole blood were drawn every time to a micro test
tube using a capillary. To measure the level of lactate, Biosen C-line (EKF Diagnostics, UK)

was used.
Anthropometric Measurements

The anthropometric measurements (height and body mass) were measured with a
digital measuring station (Seca 285, SECA, Germany). Body mass index (BMI) was
calculated as body weight divided by the square of body height {kg/m
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4. Results and their analysis

Publication 1

Flow-Mediated Skin Fluorescence method for non-invasive measurement of the NADH
at 460 nm = a possibility to assess the mitochondrial functié?édVANCES IN CELL
BIOLOGY 44 (4): 333852, 2017. IF: 0.158, MNiSW: 20

In the following paper Greta Sibrecht and Olga Bugaj both are highlighted authors
(first author).

AngioExpert is a new medical device intended for non-invasive diagnostics and
monitoring of microcirculation disorders and metabolic regulation (changes in NADH
fluorescence level). The mechanisms of working of AngioExpert device and Flow Mediated

Skin Fluorescence method were presented in the first publication.

The method is using NADH molecule ability to fluorescence at the wavelength 460
nm, in response to activation by the light at the wavelength 340 nm. It is commonly known,
in the mitochondria cellular respiration takes place, and as a result of this the high-energy
adenosine triphosphate (ATP) molecule is produced. In this process NAD molecule oxidizes
to NAD" and reduces to NADH, transferring hydrogen ions. During the cellular respiration
NAD" is reduced to NADH in glycolysis in the cytoplasm, and in the citric acid cycle in
mitochondrial matrix. NADH is oxidized to NADin electron transport chain, in the inner
mitochondrial membrane. NADH oxidation to NARakes place when the oxygen is present.
When there is a deficiency of oxygen, NADH oxidation to NAB possible at the limited
level during anaerobic respiration, but the efficiency of this process is much lower than

aerobic one. As a result, NADH is accumulating in the body.

NAD occurs in cytoplasm, nucleus and in the mitochondria (Stein and Imai 2012;
White and Schenk 2012; Dolle et al. 2013). Nucleus membrane is permeable for NAD
through special pores, so the concentration of NNBDH in the nucleus and in the cytosol
is similar. In contrast, mitochondrial membrane is impermeable for NAD. MW&DH
molecules need special shuttles (malate-aspartate and glycerophosphate shuttles), which
transport electrons through the mitochondrial membrane, for processes of reduction and

oxidation (White and Schenk 2012). Recent reports indicate that NAD can also pass through
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mitochondrial membrane using an unrecognized NAD (ADN) transporter (Davila et al.
2018). Therefore, monitoring NADH activity could be a valuable source of information about

mitochondrial function.

There are many methods which are applied for studying mitochondria, each of them
provides a little bit different information. They are useful to examine mitochondrial amount,
structure and density in cells. However, most of them require invasive sampling, very often
WKH\ GRQTW DOORZ WR REVAWher optirHis FK Mapifod NARH) YLYR
fluorescence. Methods using fluorimetry evaluate NADH level in arbitrary units, so they
GRQTW SURYLGH LQIRUPDWLRQ DERXW LWV DEVROXWH YDO
of NADH changes in response to different stimuli and provide observation in real time in non-
invasive way. Evaluation of NADH fluorescence since a long time has been considered a
good method to indirectly evaluate mitochondrial function (Mayevsky and Chance 2007).

However, the fluorescence has not been measured in human skin cells so far.

NADH molecule is a fluorophore, that means, it has an ability to absorb the wave at a
certain spectrum of length and, as a response, it emits a wave at another length. For NADH,
absorption wavelength is 320-380 nm, and emitted wavelength is 420-480 nm (Chance and
Baltscheffsky 1958; Zhu et al. 2015). Mayevsky and Chance (2007) proofed that the most
optimal wavelength for NADH measurement in the skin is 460 nm. Based on those facts, two
novel devices were invented. The first one, CritiView, allows to monitor a number of
parameters, including NADH fluorescence, in intensive care units. The device is placed into
WKH XUHWKUD E\ )ROH\YfV FDWKHWHU OD\HYVN\ HW DO

$QIJLRQLFD ayS8GHYROQKWG E\ 3ROLVK VFLHQWLVWY IURP a:
study. This device enables NADH fluorescence evaluation in vivo, non-invasive and in real
time. During the examination with FMSF method, used in AngioExpert device, forearm
arterial occlusion is made (Katarzynska et al. 2019). This occlusion allows to observe skin the
cells reaction, under the oxygen deficit. This kind of information could be very useful for
example in circulation diseases (Tarnawska et al. 2018). It is important, the recorded signal
comes from the most superficial skin layetthe depth of wavelength penetration achieves
maximal 0.5 mm depth. However, most of the signal comes from only 0.1 mm depth. On that
depth the skin is not supplied with blood, so the fluorescence recorded during the
measurement depends on supply of substrates and oxygen from deeper skin layer (Dunaev et
al. 2015).
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In the article a number of parameters were presented, and the most important of them

were used in later studies.
Measured parameters (Figure a):

Bmean[U] £mean fluorescence value at 460 nm, recorded during rest; mean value
of the basal NADH fluorescence,
Flmax [u] £the maximal fluorescence value recorded during forearm ischaemia,

FRmin [u] *the minimal fluorescence value recorded during reperfusion.
Calculated parameters (Figure b).

Imax [U] £ maximal increase in NADH fluorescence above the baseline during
forearm ischaemia, the difference betweepFANd Brean

Rmin [u] £maximal decrease in NADH fluorescence below the baseline during
reperfusion, the difference betweepgandFRqin,

IRampi [U] *the maximal range of the fluorescence change during ischaemia and
reperfusion, the sum ofdx and Ruin,

Clnax *the contribution of the NADH generated during occlusion to the total
amount of NADH turned over during ischaemia and reperfusion, the contribution

In parameters: Bean Flmax FRmin, Imax Rmin, IRampi @rbitrary units [u] were used.
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Publication 2

The effect of exercise on the skin content of the reduced form of NAD and its response to
transient ischemia and reperfusion in highly trained athlefesntiers in Physiology 10: 600,
2019. DOI: 10.3389/fphys.2019.00600. IF: 3.201, MNiSW:100

Using FMSF method 121 highly trained athletes (94 men and 27 women) representing
various sports disciplines were examined. 41 athletes represented long-distance running, 27

triathlon, 25 Olympic taekwondo, 9 rowing, 8 futsal, 6 sprint running, 4 fencing, and 1 tennis.
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All participants were aged between 16 and 40 years, and they were members of Polish
National Teams or participants of national and international sport competitions. All

participants were examined during the preparatory period of the annual training cycle. The
aim of the study was to examine the changes in NADH fluorescence intensity in the skin as

the response to single exercise to exhaustion.

In my own study, using non-invasive NADH fluorescence measurement in the skin, it
was shown that exercise to exhaustion modifies amount of NADH in the skin shifting up the
entire fluorescence change curve. These changes include the baseline NADH fluorescence
values, and the values recorded during ischemia and reperfusion as well. After the exercise
there was a significant increase iRegh (p<0.001), Fhax (p<0.001, only in men) showing the
maximal fluorescence increase; fR(p<0.001 in men and p<0.01 in women) showing the
maximal decrease in fluorescence after reperfusion, apd(P<0.01) showing difference
between Beanand FRy, (decrease in fluorescence normalized to the baseline). Reduction was
seen in following parameters;ak (p<0.001) (showing differences betweem,d&kland Bnear)
and Chax (p<0.001) (showing contribution ofdx in IRamp). IRampi parameter, which shows
the maximal range of the fluorescence change during ischaemia and reperfusieomiR{li),

did not change after exercise.

In conclusion, exercise until exhaustion modifies NADH metabolism (basal and
measured during ischemia and reperfusion) of skin cells. Immediately after exercise, there is a
shift of the NADH fluorescence to higher values. The absolute NADH amount increases
during post-exercise ischemia and reperfusion, compared to resting conditions. The observed
changes in the NADH amount during ischemia and reperfusion strongly depend on metabolic
conditions. These metabolic conditions are significantly modified by exercise and last for the
next few minutes after its end. The intensification of NADH fluorescence in living skin cells,
as a result of metabolic changes in NADH accompanying physical exercise extends beyond

muscles and affects other cells and organs.

Publication 3

The effect of a 7-week training period on changes in skin NADH fluorescence in highly
trained athletesApplied Sciences 10: 5133, 2020. IF: 2.474, MNiSW: 70
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Forty one highly trained athletes, aged between 18 to 35 years, took part in the study.
All athletes were members of the Polish national team or they took part in national and
international competitions. Athletes represented the following sport disciplines: triathlon at
Olympic distance (1.5 km swim, 40 km bike ride, 10 km run) (7 men, 4 women), long-
distance running (5 km, 10 km, and marathon) (6 men, 2 women), Olympic taekwondo (6
men, 1 woman), sprint (100 m, 200 m, and 4x100 m relay) (6 men, 1 woman), canoeing (3
men), and fencing (5 women). Athletes underwent the examinations twice: at the beginning of
the 7-week general preparation phase and at the end of this phase, the aim was to evaluate the

changes in NADH fluorescence in the skin.

In the measured parameters in the first phase of examination (before the 7-week
training phase), after exercise, only,g, parameter (basal fluorescence) significantly
increased (p<0.05), however in the second phase of examination all measured parameters
showed increase after exercisemel (p<0.001), Fhax (p<0.05), FRin (p<0.001). All
measured parameters (&n Flnax FRmin), measured both before and after exercise,

significantly increased at the level p<0.001 after training.

As a result of training, there were also noticed the changes in calculated parameters.
The values of Jax significantly decreased after exercise in both pre- and post-training
examinations at the level p<0.001. Howevesax lvalues were higher after than before
training, in both pre-exercise at the level p<0.001 and after treadmill test at the level p<0.01.
Rmin significantly increased after exercise compared to resting conditions in both
examinations before (at the level p<0.05) and after training (at the level p<0.001). The pre-
and post-exercise values of,Rwere higher at the second term of examination (p<0.001).
The IRsmp parameter, which shows the amplitude of the fluorescence changes, did not
significantly differ between resting and post-exercise conditions in both examinations. After
training however, its both pre- and post-exercise values were significantly higher at the level
(p<0.001). The last one, & parameter, which shows the impact @f«lin whole amplitude
of the changes (IRp), was significantly lower after than before exercise in both
examinations (p<0.001). There were no differences observed in this parameter before, when

compared after training.

The changes in NADH fluorescence in epidermal cells in highly trained athletes have
been investigated for the first time. A significant increase in NADH fluorescence after
training was shown. It is known that physical training induces a number of adaptations
including mitochondrial adaptations (Drake et al. 2017). The measurement of NADH
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fluorescence may be used to indirectly evaluate the mitochondrial function and information
about its metabolic status (Mayevsky and Barbiro-Michaely 2009). NADH fluorescence
evaluation alone does not allow us to answer the question of what particular metabolic
changes take place in the cells but lets us observe increase in the NADH fluorescence after
training, what suggests increase in NAD pool in response to the training applied during the

preparatory period in our athletes.

The preparatory period is characterized by predominance of endurance exercise,
regardless of sport discipline. In athletes examined by us, the endurance-dominant training
affected the increase in the NADH fluorescence in measured parametgss KBiax FRnin),
which can indicate the adaptation changes in skin mitochondria. Our findings seem to be
consistent with earlier studies, which were carried out using muscles. In those studies authors
observed post-training increase in the level of proteins related to mitochondrial biogenesis and
an improvement in mitochondrial respiratory function (Yan et al. 2Bli2quets& RUWpV HW DC
2017; Granata et al. 2018

5. Conclusions

The conducted research let us draw following conclusions:

1. Exercise until exhaustion modifies the skin NADH metabolism at rest, during
ischemia and reperfusion in the forearm skin cells, shifts up basal NADH

fluorescence to higher values.
2. Physical training in preparatory period results in an increase in the skin NADH

fluorescence levels in highly trained athletes, at rest and after exercise until

exhaustion, what could suggest increase in the NAD pool in the body.
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Streszczenie

&HOHP EDGD E\aR RNUH OHQLH JPLDQ IOXRUHVFHQFML
JORZ OHGLDWHG 6NLQ )OXRUHVFHQFH X Z\VRNR Z\WUHQRZD
sportowych, SRG ZS4\ZHP SRMHG\QF]J]HJR Z\VLANX GR RG/PRZ\ DU
tygodniowego WUHQLQJX VSRUWR Z”H JRD GDU W\WXRAJ\WWDQR QRZR
X U] G]Hm@dyekne AngioExpert przeznaczone do nieinwazyjnego diagnozowania i
PRQLWRURZDQLD J|DEXURHD|]PUMURNDFMOQL®PHWDERM@LF]QHM
zmian poziomu fluorescencji NADH=DaR*R Q(® me&tdda FMSFSR]ZDOD QD RFHQ
zmian fluorescencji NADHZ Z\QLNX ]D GigduRjia D W Ltakcie reperfuzji, (b)
SRMHG\QF]\ LQWHQV\ZQ\ Z\VLAHN IL]\F]Q\(c)PIHH @ LD\ QRIENXy W
WUHQLQJX IL]\F]JQHJR GRFKRG]L GR ]JPLDQ\ LQWHQV\ZQR FL
jak SR Z\VLaNX IL]J\F]Q\P

JOXRUHVFHQFMH 1$'+ RNUH ODQR Z VSR MiI@)>»poD WD N *|
Z\VL@dotmowyQD ELH*QL P HFoKRQIWREBMQR Z GZYFK WHUPLQD
QD SRF] WNX RUD] SR W\JRGQLDFK WUHQLQJX Z RNUHVLH

.UJ\zD IOXRUHVFHQFML 1%$'+ UHMHVWURZDQD ]J]DUYZQR
reperfuzji badana po wykonaniu pojedynczegdV uab odmowy X O H pi2esiQ L ML X
NLHUXQNX Z\*V]\RZK VADRNMKR RX GR ZDUWR FL UHMHVWURZCLC
5yZQLHtygodniowy WUHQLQJ Z RNUHVLH SU]J\JRWREBIZNE]\P Z\ZF
EDGDQ\FK ZiettMRhAOXRUHVFHQFML 1$'+ ]JDUYZQR SU]JHG
Z\VLANRZ\P

6XJHUXM*YH \ARPLDU IOXRUHVFHQFML 1%$'+ REWD]XMH ]
PLWRFKRQG bchnE K VN RR\G ZSRMHHEP\QF]J]HJR Z\VLANX GR RGPR
wyniku zastosowanego 7 tygodniowego treningu w okresie przygotowawczR QLHZD *
adaptacje | DFKRG] FH SRG ZSa\ZHP WUHQLQdategt Riilny]w FDaHJI
PHWDEROL]PLH VNyU\ PRJ ]DSHZQLDU 4aDWZR GRVW SQ LC
]DFKRG] F\FK Z PLWB&EKRR RUUDRBK ]P X
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Abstract

The aim of the study was to identify the changes in NADH fluorescence, measured
using Flow Mediated Skin Fluorescence method under the conditions of single exercise until
exhaustion (publication 2) and 7-week physical training (publication 3). The research was
carried out on a group of highly trained athletes representing various sport disciphees.
AngioExpert, a novel medical device for non-invasive evaluation of microcirculation
disorders and metabolic regulation by tracking changes in NADH fluorescence level, was
used. It was assumed that: FMSF method lets evaluate (a) changes in NADH fluorescence
under the influence of occlusion and during the reperfusion, (b) a single intensive exercise
changes NADH turnover, and (c) physical training result changes in fluorescence intensity

evaluated both before and after exercise.

NADH fluorescence was evaluated at rest and immediatel$ (Binutes) after
exercise to exhaustion on a treadmill. Measurements were conducted in two terms, at the

beginning and after 7-week training in the preparatory period.

The NADH fluorescence curve evaluated during ischemia and reperfusion, recorded
after exercise until exhaustion, shifted up to higher values, compared with measurement at
rest. Also 7-week training in preparatory period impacted an increase of measured parameters

of FMSF fluorescence, evaluated before and after exercise test.

It is suggested, NADH fluorescence measurement shows metabolic changes in skin
mitochondria, which take place under the influence of single exercise until exhaustion, and
also as a result of applied 7-week training in preparatory period. Adaptations occurring under
the impact of training affect the whole body, so the changes in skin metabolism could provide
easily available information about mitochondrial changes in whole body.
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FLOW-MEDIATED SKIN FLUORESCENCE METHOD
FOR NON-INVASIVE MEASUREMENT OF THE
NADH AT 460 NM —A POSSIBILITY TO ASSESS THE
MITOCHONDRIAL FUNCTION
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Summary: 1LFRWLQDPLGH DGHQLQH GLQXFOHRWLGH 1$'+ LV SUR:
PLWRFKRQGULD +RZHYHU 1$'+ XQGHRQABHVYRPIWRBFWRAQULR 1
PROHFXOHV DIWHU DFWLYDWLRQ E\ XOWUDYLROHW OLJKW VW
7KLV SKHQRPHQRQ LV XVHG WR QRQ LQYDVLYHO\ PHDVXUH PLW
DW UHVW GXULQJ WUDQVLHQW LVFKDHPLD DQG GXULQJ WKH
IOXRUHVFHQFH )06) PHWKRG 6NLQ IOXRUHVFHQFH GHULYHG |
GHUPLV DW D GHSWK Rl QR PRUH WKDQ PP 7KLV UHYLHZ VX
)06) PHWKRG VRPH Rl WKH SURSRVHG SDUDPHWHUV GHVFULEL
DQG D FRPSDULVRQ ZLWK WKH ODVHU 'RSSOHU IORZ PHWKRG P/
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VNyU\ ]DOH*Q RG SU]RGAMEHNatdtSKih Fll@stence)06) )JOXRUHVFHQ!
VNyU\ SRFKRG]L ] QDMEDUG]LHM ]JHZQ WU]JQHM GR PP ZDU
JO GRZD SRGVXPRZXMH SRGVWDZRZH ]DVDG\ PHWRG\ )06) Z\N\
DNWHU\]XM FH VSRF]\QNRZ L G\QDPLF]QLH JPLHQLDM F VL I
] RFHQ PLNURNU *HQLD VNYUQHJR SU]\ SRPRF\ ODVHURZHJF
© SUDF\ SUJHGVWDZLRQR UyZQLH* RJUDQLF]JHQLH QRZDWRUVN

64RZD NOBGEI®RZMOHRW\G QLNRW\QRDPLGRDGHQLQRZ\ IOXRUHV
UHSHUIX]MD

INTRODUCTION

$00 OLYLQJ FHOOV UHTXLUH HQHUJ\ IRU WKHLU I
ERG\ HQHUJ\ LV SURGXFHG IURP FHOOXODU QXWULH
ZKLFK DUH JUDGXDOO\ R[LGLVHG LQ D VHULHV RI UF
IHUUHG WR VSHFLDO HQHUJ\ FDUULHU PROHFXOHV V.
QLFRWLQDPLGH DGHQLQH GLQXFOHRWLGH 1$'+ :KF
SURGXFHG LQ WKH F\WRSODVP IRU H[DPSOH GXULQJ
SDWKZD\V WDNH SODFH LQ PLWRFKRQGULD )RU WKL)
SRZHU SODQWY DQG SOD\ D FUXFLDO UROH LQ FHOO;

7KH PLWRFKRQGULD DUH GRXEOH PHPEUDQHG RUJ
FRGLQJ JHQHV OLWRFKRQGULD SURGXFH $73 DQG
FHOO JURZWK GLIIHUHQWLDWLRQ SURFHVVHV DQG I
PLWRFKRQGULDO IXQFWLRQ FDQ OHDG WR PDQ\ DFXV

TABLE1 ([DPSOHV RI GLVHDVHYVY DQG FOLQLFDO FRQGLWLRQV LQ

TYPE OF DISEASES EXAMPLES
'LDEHWHYV
OHWDEROLF 2EHVLW\

%RG\ PHWDEROLF LPEDODQFHV
$P\RWURSKLF /DWHUDO 6FOHURV
+XQWLQJIJWRQYV 'LVHDVH
$O]KHLPHUYV 'LVHDVH
3DUNLQVRQYV 'LVHDVH
+HSDWLWLV &
6HSVLV DQG VHSWLF VKRFN
,VFKDHPLF KHDUW GLVHDVH
0O\RFDUGLDO LQIDUFWLRQ
+HDUW IDLOXUH
&DUGLRJHQLF VKRFN
2WKHU &DQFHU
7XEXORSDWKLHYV

IHXURORJLFDD

,QIHFWLRXYV

&DUGLRYDVFXODU




FLOW-MEDIATED SKIN FLUORESCENCE

MITOCHONDRIA

STRUCTURE OF MITOCHONDRIA

$ GRXEOH PHPEUDQH VXUURXQGV PLWRFKRQGUL
VHSDUDWHYV WKH RXWHU DQG LQQHU OD\HUV > @

FIGURE1l. 7TKH VWUXFWXUH RI WKH PLWRFKRQGULRQ

,QVLGH WKH LQQHU PHPEUDQH OLHV WKH PDWUI

@ 7KH RXWHU OD\HU LV SHUPHDEOH WR WKH PI
DFHW\O &R$ VIQWKHWDVH DQG SKRVSKRJO\FHURC
EUDQH VSDFH KDV DGHQLQH NLQDVH DQG FUHDWL
SURWRQV LQYROYHG LQ $73 SURGXFWLRQ VHH EH
PHDEOH WR PRVW PHWDEROLWHYV ILJ

W FRQWDLQV KRZHYHU D VSHFLILF SKRVSKROL
WKH UHVSLUDWRU\ FKDLQ $73 VIQWKDVH DQG WU/
VHOHFWHG PROHFXOHV LQ DQG RXW RI WKH PDWU
DFWLYH VXUIDFH LV IROGHG DQG IRUPV VHYHUDO

FUNCTION OF MITOCHONDRIA

$V PHQWLRQHG PLWRFKRQGULD DUH UHVSRQVLE(
HQHUJ\ GHULYHG IURP VHYHUDO R[LGDWLRQ SURFH
TXLUH FRQVWDQW R[\JHQ VXSSO\ GXULQJ HQHUJ\ Ul
FDUERK\GUDWHY RU NHWRQH ERGLHV 1XWULHQWYV
QDOO\ HQWHU WKH FLWULF DFLG F\FOH WKDW SURG
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FIGURE2. 7TKH SHUPHDELOLW\ RI WKH PLWRFKRQGULDO PHPEUDQH

FRPSOH[HV Rl WKH HOHFWURQ WUDQVSRUW FKDLQ
WKH LQQHU PHPEUDQH DQG WKH PDWUL[ DUH LQYRC
HQHUJ\ JUDGLHQW DFURVV WKH LQQHU PHPEUDQH 7
WKH HQHUJ\ VWRUHG LQ $73 DQG 1$'+ > @

1$'+ LV D UHGXFHG IRUP RI QLFRWLQDPLGH DGHQL
E\ VSHFLILF GHK\GURJHQDVHV FDWDO\VLQJ UHDFWL]
DQG WKH PLWRFKRQGULDO UHVSLUDWRU\ FKDLQ ER\
'XULQJ $73 SURGXFWLRQ WKURXJK WKH UHVSLUDWR
R[\JHQ PRVWO\ ZLWK WKH SDUWLFLSDWLRQ RI 1$'+
1$'+ PROHFXOHYV DUH DOVR IRUPHG LQ WKH F\WRSOT
GURJHQDVH LQ WKH R[\JHQ LQGHSHQGHQW JO\FRO\V
SODFH RQO\ LQ PLWRFKRQGULD 7R DYRLG 1%$'+ DFF
XQLTXH FURVV PHPEUDQH VKXWWOHY L H WKH PDOL
WOHV WUDQVSRUW 1$'+ IURP F\WRVRO WR PLWRFKR
LV DFWLYH RQO\ ZKHQ R[\JHQ LV DYDLODEOH DHURE
LD ZKHQ OHVV RU QR R[\JHQ LV DYDLODEOH WKH 1%
WKH SURFHVV Rl WUDQVIRUPLQJ S\UXYDWH LQWR OTC
DQG SURWBRWHW > @ $ FODVVLF H[DPSOH RI K\SRJL
LVFKDHLD 'XU L QUHMWW K BFVRIERED BHRU J D QWL V @ XK BVERY
DU H G X RWMRRERBIR Q\J HDRGX W UQ H I BRYEH O PHWDEROLVP =+
VXFRQGLWKRQMVSLUDWRU\ FKDLQ LV E\DRFAHE ¥HV
FHOOXODU SURFHVVHV LQYROYLQJ 1$'+ DQG 1%
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TABLE 2. /LVW RI SURFHW$HY DLQGZKEL'FKOUH LQYROYHG LQ FHOOXC
IXQFWLRQ > @

CYTOPLASM NUCLEUS MITOCHONDRION

t *O\FRO\WVLV JO\FHUR® UISKRRVH WUD|QVIH&L WHDFWIFRGVF\FO
VSKDWH GHK\GURJHQBGHILFDWLRQ R¥518HVSLUDWRU\ FKDL

t 3DUW RI VHFRQG PHWHIKQDMWLRQ RI|WUDRRPSABWNVRQ ,,, ,9
VI\VWHP SUHFXUVRSWRRFHVOHN ¥ %HWD R[LGDWLRQ
$'3 ULERVH PDWULI

t SLURJURQLDQ UHGXFWLRQ WR
ODFWDWH

METHODS TO STUDY MITOCHONDRIA

7KHUH DUH PDQ\ PHWKRGV ZKLFK DUH DSSOLHG IF
6RPH Rl WKHP FDQ EH XVHG IRU WKH H[DPLQDWLRQ R
GHQVLW\ LQ FHOOV 7KHVH PHWKRGV XVH PRGHUQ Ol
RU LQWHUIHUHQFH FRQWUDVW RSWLFV RSWLFDO I¢
OXWLRQ WUDQVPLVVLRQ RU VFDQQLQJ HOHFWURQ PL
VLIJQLILFDQW OLPLWDWLRQV RI WKHVH PHWKRGV DUHI
OHFWHG HLWKHU LQYDVLYHO\ RU SRVW PRUWHP XVX
RI WKHLU XVH $QRWKHU FODVV Rl PHWKRGV LV XVH
FKRQGULDO IXQFWLRQV H J WKHLU HQ]J\PDWLF DFWI
WLRQ KDQGOLQJ RI VSHFLILF LBD3/ R$J+P RO HFYXIHR [V
FRQVXPSWLRQ O0DQ\\HDUV DJR LW ZDV SRVVLEOH W
LQ YLWUR HJ VSHFWURSKRWRPHWULF DVVD\V 1Rz
VWXG\LQJ PLWRFKRQGULD LQ YLYR HLWKHU ZLWK Wi
VDPSOHV LVRODWHG PRQRQXFOHDU FHOOV IURP WK
DQG HYHQ KXPDQV ODJQHWLF UHVRQDQFH VSHFWUR
WRRO WR VWXG\ PLWRFKRQGULDO IXQFWLRQ LQ YLYF
OLYHU NLGQH\ RU KHDUW 7KLV PHWKRG PHDVXUHV
LVRWRSHW R3I DQGD ZKLFK FDQ EH ORFDOLVHG LQ Gl
VWUXFWXUHV HJ QXFOHL 6LQFH WKHVH PHWKRGYV
FLILF OLPLWDWLRQV VRPH UHTXLUH LQYDVLYH VSHF
RU WRROV RU DUH WLPH FRQVXPLQJ $ GLIIHUHQW D
LV WKURXJK PROHFXODU VWXGLHV IRFXVLQJ GLUF
JHQRPH PW'1$ HJ E\ VWXG\LQJ PW'1$ SRLQW P>
1$ GHOHWLRQV DSSO\LQJ BRXWKHUQ DQG 1RUWKH
VHTXHQFLQJ 6RPH RWKHU PROHFXODU PHWKRGYV
LQ WKH QXFOHDU JHQRPH HQFRGLQJ SURWHLQV F
SURWHLQV :HVWHUQ EORWWLQJ DQG SURWHRPLF
DQG XVXDOO\ RQO\ DYDLODEOH WR UHVHDUFK FHQ



G
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PLWRFKRQGULDO IXQFWLRQ LQ YLYR HQWLUHO\ L¢

VWXG\LQJ VNLQ
UHYLHZ ZLOO

TABLE 3. ([DPSOHV RI

JHQHV RU SURWHLQV

IOXRUHVFHQFH FKDUDFWHULVWLF
IRFXV RQ VXFK D PHWKRG

GLITHUHQW PHWKRGV IRU WKH H[DPLQDWLR

CLASS OF
METHOD

METHOD NAME

PRINCIPLE OF
OPERATION

COMMENTS

Mitochondrial
structure

+LJK UHVRO

WURQ PLFURHR

HOHFWURQ
> @

it

DWRPLF UHV

WVRAZRI MK\ GHWDLOV U
LRRDURIN@ VDPSOH SUHSE
ZMWNRH FRQVXPLQJ DFFH!
HVRRORVIHQWRLHQWLILF FF
RIODSWDRQYH LQYDVLYH |

Enzyme
activity

6SHFWURSK
HQJ\PHV DV

AR S B by veooo wivvs
DV>p HT VLYH LQYDVLYH |

LYLW\

3 056 RI PLW
GULDO FLWU
> @

EDVHG RQ P
REKRRQDQFH

LFSDFA5% F\ERM
ZLWK UHVSLU

D SYRWLEHY DQ LQVLIKW L
FHKRQGRINPR IXQFWLRQ \
QGWXPLQJ DFTXLVLWLRQ
DWRBURKBMEQELOLW\ H[S!
\ QRQ LQYDVLYH LQ YL

Respiratory
chain

%LROXPLQ
PHDVXUHPH
SURGXFWL

\LQJ
RGXF

LW LV SRVVLEOH WR PHI
WHPH OO WWB WRPSOH RI LVR
WWREOKRQGULD WKDQ LQ V

UHVSLURPHWQMXDNKMB S

3RODURJUD
XUHPHQW R

FRQVXPSWIL

DFWLYLW
H

Y
SKV\éK YHO
g@g\é?gw

VWUDV

RI R[\JHQ
WLPHWKRRQVXPLQJ VPDOC
VBSEPBQKFVLEKBDISY H

N HV

3 056 RI Pl

HG RQ P

r D
WRFKRQGUL E%
FRQVXPSVVLRg A éﬁ%PFH vV

SURGXFWL

RQ >

D JQHPAMFHG FOLQLFDO DS
SBRWURMFRERGXFLELOLW
VLYH QRQ LQYDVLYH L

SRVLWURQ
WRPRJUDSK

> @

TBEBYARRY 57

RUJDQV

EURDG FOLQLFDO DSSO
Qy@@@@&%f\LQ RQFROR
H HPHQW LV QRW
FOLQLFDO SUDFWLFH H
QRQ LQYDVLYH LQ YL
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CLASS OF
METHOD

METHOD NAME

PRINCIPLE OF
OPERATION

COMMENTS

Mitochondrial
genome

JHQHWLF W

HVAM{D®5 6 H@UH
FKDLQ GXH W

VHDUFKLQJ IRUWHYWIBDE\IURP D EORRG
GLVRUGHUV D

IIRDWL WRPIRFHQWUHYV IF
VBXKWDWRERQV H[SHQVLYH
R LQERMDYWYHEQHVYV LQ YL

GLVRUGHUYV

Nuclear
genome

JHQHWLF W

VHDUFKLQJ |
'1$ GHIHFWYV

H%b\‘)ﬂ FKR
SKRVSKRU\O
UHVSLUDWR

J Ul
HODWHG

RU QXFOHDU

FOHALWWBIG IURP D EORRG
D8 @LVRRBH EMQWUHV IR
RORWDWG RN YH[SHQVLYH
DWLR®YDYGYHQHVV LQ YL
U\ FKDLQ

Proteins

(OHFWURSK
‘"HVWHUQ EO

A

KLIJKO\ VSHFLILF DQG VF

PHWKRG GHWHUPLQH S

L WREKRDIGWLRQ GLITHUH

HR U VIDRFPOWKHFHOOV WL

U\WIKPH GRQVXPLQJ IUHT:

DUWHIDFWYV H[SHQVLYH
LQ YLWUR

OROHFXODU

LPPXQRIOXR

> @

VbE W\
e,

LGDWLYH SKR

WR YLVXDOLVH
LDOWPIHWPY XH VDPSOH LV Q
LMPSHQMLRH LQYDVLYH |
VSKRU\ODWLRQ

)5$3 I10OXRU
UHFRYHU\ D
WREOHDFK

HGEHOEHQW PD
IWKIRRSKRJ ZKL
| PHPEU® QH LV

YAY, PSOH LV Q
g H%ﬁ qggy]WKH NLQ
H E LQ OLYLQJ Ft

foRa LQYDVLYH LC

NADH
fluorescence
spectroscopy

&ULWLOLHZ
> @

VSHFWURVFR
g@FKRQGUL[
We¥vxH EORR
R[\JHQDWLR(

UHIOHFWD

SFHRDWAXUHY SDUDPHWHUYV
DOWR'WLVVXH YLDELOLW\
GFORILEIDARNREHQDULRYV (
Q. WYWHVXNH) UHDO WLPH FI
QFH YLYR

JORZ OHGLD
YOXRUHVFH(
$QJLR([SH
> @

WHG 6NLQ
DFH,)06)
U F TOXRUHY

OLPLWHG WR WKH HSLG
HDV\ DFFHVVLEOH HDV\
F%@%y QRQ LQYDVLYH U

PLF FKDQJHV LQ 1$%
GXH WR LVFKDHPLD DQG

VLRQ FKHDS LQ YLYF
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NADH AS A MARKER OF MITOCHONDRIAL FUNCTION

,Q WKH TV RI WKH WK FHQWXU\ :DUEXUJ GLVF
XOWUDYLROHW OLJKW VWDUWYVY HPLWWLQJ IOXRUH
GHWDLOHG VWXGLHV IRXQG RXW WKDW 1$'+ DEVR
UDQJH RI QP DQG HPLWV DXWRIOXRUHVFHQF
SHDUV WKDW HPLVVLRQ RI IOXRUHVFHQW OLJKW L
> @ 7KLV SKHQRPHQRQ KDV EHHQ XVHG WR TX
VROXWLRQV DV ZHOO DV LQ FHOO DQG WLVVXH VDF
1$'+ LV WKH PRVW VXEVWDQWLDO FRPSRQHQW UH\
LQ WKH KXPDQ VNLQ DQG LW HVWLPDWHY WKH VN

,Q YLWUR VWXGLHV RQ FHOOXODU UHGR[ VWDW!
YLYR DQLPDO H[SHULPHQWYV GDWH WR > @
WLSKRWRQ PLFURVFRSH WR PRQLWRU 1$'+ IOXRUF
'XULQJ DUWHULDO RFFOXVLRQ WKH\ REVHUYHG D
D KXPDQ NHUDWLQRF\WH OD\LQJ FORVH WR VWUD
IOXRUHVFHQFH ZDV FRQQHFWHG ZLWK D GHFUHDVI

1RW VR ORQJ DJR OD\HYVN\ HW DO > @ GH)
&ULWLO9LHZ IRU PRQLWRULQJ SDWLHQWYV LQ LQWHC
VXUJHU\ 9HU\ UHFHQWO\ $QJLRQLFD D 3ROLVK FR
FDOOHG WKH $QJLR([SHUW IRU )ORZ OHGLDWHG 6NL
PHDVXUHV IRUHDUP VNLQ 1$'+ IOXRUHVFHQFH FKDQ
DQG SRVW LVFKDHPLF UHSHUIXVLRQ > @ L H DIWF

7KH $QJLR([SHUW GHYLFH DFWOY.D KW \D WND F ZY ¥
RI QP DQG PHDVXUHV WKH IOXRUHVFHQFH DW D
DQ H[DPSOH RI VNLQ 1$'+ IOXRUHVFHQFH UHFRUGH
LQJ VHFRQG LVFKDHPLD HYRNHG E\ DUWHULDO
EUDFKLDO FXIl IROORZHG E\ LQVWDQW FXIl GHIOL
SDUDPHWHUYV GHVFULELQJ G\QDPLF FKDQJHV LQ 1°
DQG UHSHUIXVLRQ DUH SUHVHQWHG LQ ILIJXUHYV

J)LJIXUH VKRZV DQ H[DPSOH RI WKH VNLQ IOXRUH!
LQJ VHFRQG LVFKDHPLD IROORZHG E\ UHSHUIXVL
7KH IOXRUHVFHQFH LQFUHDVHV JUDGXDOO\ GXULQ.
ZLWKLQ WKH ILUVW IHZ VHFRQGV RI UHSHUIXVLRQ [
O\ 7KHUH DUH DSSDUHQW RVFLOODWLRQV RI WKLV
,QWHUHVWLQJO\ WKHVH RVFLOODWLRQV FRPSOHW!
SDQHO D VKRZV WKH RULJLQDO UHFRUGLQJ LQ WKH
VDPH UHFRUGLQJ ZLWK HDFK VDPSOH RI WKH FRUUFL
PHDQ YDOXH RI EDVHOLQH &RQVHTXHQWO\ WKH RU
FKDQJH DUH SUHVHUYHG EXW DOO YDOXHV RVFLOOI
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FIGURE3. $Q H[DPSOH RI W\SLFDO HSLGHUPDO IOXRUHVFHQFH DW
IRUHDUP RI D \HDU ROG KHDOWK\ PDQ GXULQJ UHVW LQ D VH
PLD DQG WKHQ IROORZLQJ UHSHUIXVLRQ 3DQHO D VKRZV IOXR!
E WKH VDPH VLIQDO QRUPDOLVHG WR WKH PHDQ YDOXH RI EDV
LVFKDHPLD $IWHU WKH UHVWLQJ UHFRUGLQJ WKHUH LV D JUD

ZLWK D VXEVHTXHQW GURS DW WKH WLPH RI UHSHUIXVLRQ 21 C
DQG GXULQJ UHSHUIXVLRQ
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FIGURE4. 7TKH VDPH VLJQDO DV LQ )LIJXUH ZLWK D IRFXV RQ WKH
QHO D VKRZV WKH WKUHH EDVLE SR/ QW LAK MFKHDWLH /DVD UWHI Q
IRU WKH FRPSXWDWLRQ RI RWKHU SDUDPHWHUV VKRZQ LQ SDQI
E VKRZV WKUHH GHULYRWS PR GREDPHWHUV L H
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FIGURES5. 7KH VDPH VLJQDO DV LQ )LIJXUH ZLWK D IRFXV RQ WK
3DQHO D VKRZV WKH WKUHH DUH,D VLS AKIDMPE ORSHW IOV ERQH B |
3DQHO E SUHVHQWYV WKH SRVLWLRQLQJ RI WKB @G DG S8 NRUH
5,0DQG WKHLU,UHODWLRQ WR %
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TABLE 4. 3DUDPHWHUV XVHG WR TXDQWLI\ DQG GHVFULEH YDULR:
VNLQ IOXRUHVFHQFH VLIQDO GXULQJ UHVW LVFKDHPLD DQG U

PARAMETER

DEFINITION

PROPOSED
INTERPRETATION

FORMULA

t[s]

'XUDWLR
LVFKDHP

PH RI

i

DUWHULDO RFF
IODWLRQ Rl WKH EUD
UHVVXUH RFFOXGL

Al

QJ E

te [S]

7KH OHQJW
UHSHUIXVL
RG LQFOXG

DQDO\VL

VK RI WKH
| RTQK IS\H WL P H
HERQVWKKRXOG EH

IRU PHWKRI®DRIQRYLE B® 2HDQ

L G H QSNVIRAVDBFRIOVK W

tg [s]

7KH OHQJW
UHVWLQJ SH
HG LQ WKH

RU PHWKRI®DRQRYLEB® 2HHDQ

L GH SNIRADBFRIOVK W

Bnean [U]

OHDQ IOXR
DW QP U
GXULQJ UH
EDVHOLQH

Wl

WKH EDO

sact s ARG

PBA

HIRUH LVFKD

Fl . U]

7KH PD[LH
IOXRUHVFH
LQFUHDVH
WKH EDVHQ
FRQWUROO
LVFKDHP

*DO

L\JNH RI WKH PDIKADKLJRMRWHIND XRU

QJ LVFK
JWK

R

IRUHD

D HFAHLEF R | YID @ % H FG& XIURL
LVFKDHPLR,RERYH %

u]

max[

7KH GLIIHU
WZHHQDQG,

GH[ RI PD[LP
T FRQWHQW I
LVFKDHPLD

LD
%q&f?*l

DO LQFUHDVH
W WEKHEH®D.G R

FR [u]

min [

7KH PLQLPD
FHQFH WKD
EHORZ WKH
GXULQJ UH

O IOXRUHV

WS PHIDUHOMHR T WKH PLRT 5(11
EDFHQERIGXULQJ UHSH %%

SHUIXVLRQ

LA

RZ %

u]

min [

7KH GLIIHU
WZHHQRR G, )

$Q LQGH[ Rl WKH UD
'+ FROQWHQW GXH
Hw%H§HLHJKW[NWH
DQG R[\IJHQ VXSSO\
IRUHDUP GXULQJ

SLG UHGXFWLRQ LQ W
WR LWV R[LGDWLRQ
U WHEgH BRRRG IORZ
UHVWRUDWLRQ WR Wk
UHSHUIXVLRQ

IRampl [u]

7KH PD[LPD
RI WKH 10X
FKDQJH G
LVFKDHPL
UHSHUIX

GQDRQGH [ RI WKH SR

WHQWLDOO\ PD[LPDO

RMRRFQQFR 1$'+ WKDW LV JHQHUDWHG

XGXPLQJ LVFKDHPLD
DTXGI®@WO\ R[LGLVHG
LRQ UHSHUIXVLRQ

DQG, WKHQ VXEVH
WR 1$' GXULQJ

7KH FRQWU
’PD[WR)P’S%

$Q LQGH[ HVWLPDW
FRQWULEXWLRQ RI W
GXULQJ LVFKDHPLD

LQJ WKH UHODWLYH
KH 1$'+ JHQHUDWLRQ
WR WKH WRWDO DPRX

LEXWERQVRKIUQHG RYHU GXULQJ LVFK
DHPLD DQG UHSHHIAFVYRY! &57s°

WR FRPSDUH KRZ SU
HITHFWV RI GLIIHUH
LVFKDHPLD DQG U

RSRUWLRQDO DUH WK
OW LQWHUYHQWLRQV
HSHUIXVLRQ




FLOW-MEDIATED SKIN FLUORESCENCE

PARAMETER

DEFINITION

PROPOSED
INTERPRETATION

FORMULA

B,uc [Us]

7KH DUHD

WKHRUHWLEF

OLQH FRQV
Y DO XHY, RR

D VSHFLILF

FRO GHSHQ
WLRQ H J

XQGHU
DO KRUL]JRQWDO
WEX EW E B[ RWVKIW H VW
WORDG RI 1$'+ ZKLFK
SURMWFR ZLWK 1$' D
GHQW GXUD

VHFRQG

$ SURGXFW RI WKH \
RI HDFK TOXRUHVFH
VPPWOIN WG WEBWH®X
RV WRHNKFHEDA.F UHF
WHUHVW YV GLYLGHG |
WKH VDPSOLQJ UDWEFE
IOXRUHVFHQFH VLJC

Laue [us]

7KH DUHD
WKH FXUY
IOXRUHVFH

GXULQJ LVF

D VSHFLILF
VHFRQG
LV DERYH W
OHYHO

XQGHU
H RI WKH

QNKDW HV

Q ,_I\:b
g L@ﬁ%‘ééﬂ%{t

KH EDVHOLQH

$ SURGXFW RI WKH \
RI WKH GLIIHUHQFHV
IOXRUHVFHQFH EHW.
WH.D DRV M B PYRIOHH DRFX %
1 IRQ A $VK A REWIDGMR Q
DWSEIXULIGF) UNFRDE PQ|

V GLYLGHG E\ WK
VDPSOLQJ UDWH RI
IOXRUHVFHQFH VLJC

R, us]

7KH DUHD E
EDVHOLQH
WKH
VLIQDO GXU
IXVLRQ RI
OHQJWK DV
FHHGLQJ L
H J

loxmﬁa%

VHFRQG

HWZHHQ WKH

WKDM/HVW
GXFWLRQ
HOLQH Y

=% Dmvg%é)SGGV VVWKKHHQ E

$ SURGXFW RI WKH \
RI WKH GLIIHUHQFHV
LIFDDX\R H ¥ WWFHIHD IDHF FEHPVX
%RPRE ARGW NQWSO
DD ® B VWEXUG R U DI ISRIQ
1V SIGKIDI 0P \UbIF RRGH. Q\
DVHOWLGHYLGHG E\ Wk
VDPSOLQJ UDWH RI
IOXRUHVFHQFH VLJC

IRtot

AUC [us]

7KH WRWDO

XQGHU WK

FHQFH FXLU
WKH LVFKDH

UHSHUIX

[RIWKH W
UDWHG G X
Q VXEVHTX
ULQJ UHSH

UH
b

RWDO DPRXQW R
ULQJ LVEKDHPLD
HQWse*\ RPLGLVHG WR
UIXVLRQ

Cl

AUC [I

7KH FRQWU
RI W,KHVR

SWRW

WULEXWLRQ RI WKH
GXULQJ LVFKDHPLD

bR QG UHSHUI
XVHIXO IRU HVWL
HIIHFWV RI GLIIHUH
RQ LVFKDHPLD DQG
SURSRUWLRQDO RU
VLWLYH WR UDQGRP

N

$Q LQGH[ VKRZLQJ WKH UHODWLYH FRQ

1$'+ DFFXPXODWHG
WR WKH WRWDO DPRX

XUQHG RYHU GXULQJ LVEK

XVLRQ, 7K%&@%&
PDWLGY 7 U WK
QW LQWHUYHQWLRQV
UHSHUIXVLRQ DUH
OQRW DQG LW LV OHV\
HITHFWV WKDQ &,

u]

mean [

7KH DYHUD
RI WKH 10X

GXULQJ LV

JH FKDQJH

FKDHPLD

R$BVIFRI®HFHRI WKH PHDQ 1$'+
DERYH WKH ED¥HBDH GXULQJ

L VF K D3P L

Rmean [u]

7KH DYHU
UHGXFWLR

IOXRUHVFH

WKH EDVHQO

UHSHUIX

DJH

Fat

LQH

| WKH PH
?}ULQJUH

DQ 1$'+ UHGXF

SHUI X8 L

LRQ
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PROPOSED
PARAMETER| DEFINITION NTERBRETATION FORMULA
7KH KDOIWLPH RI WKH
| g |'OXRUHVFHQF$QLOFGHDFHDVXULQJ WKH WLPH UH
w2 IURP EDVHOLQHWUR /MR UHDEK WKH KDOI RI
PD[LPXP
GH[ RI WKH PD[LPDO LVFK
, QRUPDOLVﬁ@
ni PO HPLD UHODWHG LQFUHDYH Bl 18" +
PHoo UHODWLYH WR|%
SR, LQEH[ Rl WKH UDSLG UHSHUIXVLRQ UH
5 QRUPDOL&D \% \@ ,
R, ] 2afSl B\WHG UHGXFWLRQ|LQ 1554 BHODWLYH W
i O/QHDO
$ QRUPDOLVHGLURHY RH %
WR_ g | 5-QRUPDOLWKE WRWHQWLDOO\ PD[L DO%PPRXQW RI
amp Roo 1$'+ WXUQHG RYHU GXULQISLRAEKDHPLD
DQG UHSHUIXVILRQ
P.DOLVHGL ORHY RH %
nl . [ soa Q(VRUPDOL\%PQQQ&J{IHRODWLYH DFFXPXQRWERQ RI 18"+
Yas FROQWHQW GXULQU LVFKDHPLD
. QRUPDO%@EEU@&%OLV@&GLWGHWRH MoK H
R, [l sa O DWEYH UHGXFWLRQ §0Q, 13+ FRQWHQW
Yas GXULQJ UHSHUIXVLRQ
$ QRUPDOLVHGL &HW RH WK H
nRtot, | SWRVERUPDQNGIBWLYH FKDQJIH LQ g@l&%ﬁﬁWDo 18+
auc WR,% | FRQWHQW WXUQHG RYH’ B2 LVFKDHI
DQG UHSHUIXVLRQ
RUPDOL\/?F%JF?MPDOLVM%WGHNPRH %
nl ] vw&g K DWLYH PHDQ LQEYHBYH RI 18"+
Bruoo GXULQJ LVFKDHPLD
UV\%OLVJ-,L@_W(RHWIRH-I VoK H
nR_] SWD@RUPDOEgH§Jh YH PHDQ UHGXFB)LRB,LQ 18"+

O/QHDQ

GXULQJ UHSHUI

XVLRQ

Ny,

W

$Q LQGH[ VKRZLQJ Z

KDW SURSRUWLRQ

QRUPDOLRHGB/MHR IWFKDHPLD GXUDW/J R@LV UHTXLU

WR DFKLHYH, WKH

KDOI RI’,

PENETRATION OF THE FLUORESCENCE IN FMSF

7R EHWWHU XQGHUVWDQG ZKDW LV PHDVXUHG I
OHQJWK VRPH LQIRUPDWLRQ DERXW WKH VNLQ LV
7KH HSLGHUPLY LV WKH RXWHUPRVW OD\HU RI

UHSUHVHQW WKH F\FOH RI

DQ HS

LGHUPDO FHOOYV
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WKH HSLGHUPLV LV D EDVDO RU JHUPLQDO VWUDW
DOO VNLQ FHOOV ORFDOLVHG WKHUH DUH SUROLI
FRPH D FRPSRXQG RI VSLQRXV VWUDWXP ZKHUH \
QH[W OHYHO LV JUDQXODU ZKHUH NHUDWLQRF\WH
PRVW VXSHUILFLDO OD\HU LV WKH FRUQLILHG VWL
H[WHUQDO IDFWRUV DQG LQMXU\ DQG FRQVLVWV |

7KH HSLGHUPLVY KDV QR GLUHFW EORRG VXSSO\
VPDOO DUWHULHY YHLQV DQG FDSLOODULHV FDQ
PHWDEROLWHY DQG PRVW RI WKH R[\JHQ DUH GH
IURP GHUPDO PLFURFLUFXODWLRQ ,W LV DOVR VS
PLV FDQ XVH VRPH RI WKH R[\VJHQ GLIIXVLQJ GLUHI

'KHUHDV SHQHWUDWLRQ RI WKH H[FLWHG XOWU
RQO\ XS WR PP LW LV VXJIJHVWHG WKDW RYHU
IURP WKH GHSWK EHORZ PP ILJ > @ ,W P

QP DULVHV IURP 1$'+ IURP WKH FHOOV EXLOGLQ
OD\HU ZKLFK DV PHQWLRQHG DERYH JHWV QXW!I
> @ 7KHUHIRUH VNLQ 1$'+ IOXRUHVFHQFH UHS
FURFLUFXODWLRQ > @ DQG GLIIXVLRQ RI WKH RJ\.
1$'+ PHWDEROLVP

FIGURE6. 7TKH OD\HUV Rl WKH HSLGHUPLV ZLWK WKH GHSWK Rl XO
1$'+ WR HPLW IOXRUHVFHQFH OLJKW 21 QRWH ZKHUHDV WKH ¢
VFHQFH FRPHV IURP WKH RXWHUPRVW OD\HU RI WKH GHSWK R
FDSLOODU\ YHVVHOV DQG DOO FHOOV ZKLFK DUH OLYLQJ WKH
R[\JHQ IURP WKH GHHSHU VWUDWD
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FIGURE7. 6LPXOWDQHRXV UHFRUGLQJV RI WKH EORRG IORZ LQ WK
JORZ PHWKRG DQG FHOO 1$%$'+ DPRXQW E\ WKH IOXRUHVFHQFH D
PHDVXUHG E\ WKH /DVHU 'RSSOHU 3HUIXVLRQ ORQLWRU 3HUL)C
GHYLFH PDGH DYDLODEOH FRXUWHV\ RI 3URI 'RURWD =R]XOLQV|
OHGLFLQH DQG 'LDEHWRORJ\ RI 8QLYHUVLW\ 6FKRRO RI OHGLFDC
RUHVFHQFH ZDV PHDVXUHG E\ WKH $QJLRH[SHUW GHYLFH $QJLR
VLIQDOV DUH VKRZQ DIWHU QRUPDOLVDWLRQ RI HDFK VLJQDO VI
WKH ODVW VHFRQGV RI WKH UHVW LQ VXSLQH SRVLWLRQ %R
SODFHG DW WKH VDPH WLPH RQ WKH VDPH IRUHDP DW D GLVWD
WKHUH LV D VKRUW ODVWLQJ K\SHUDHPLD LQ WKH HDUO\ SKDVH
WR WKH EDVHOLQH OHYHO WKH IOXRUHVFHQFH VLIQDO QHHGV |

JLIXUKRZV VIQFKURQLVHG DQG VLPXOWDQHRXYV
PLFURFLUFXODWRU\ IORZ ZLWK WKH XVH Rl WKH OI
SHUVRQ %RWK VHQVRUV ZHUH SODFHG RQ WKH VD
RQH DQRWKHU W LV SUHFLVHO\ YLVLEOH WKDW ¢
GHQ GURS LQ PLFURFLUFXODWRU\ IORZ ZKLFK LV [
IOXRUHVFHQFH DQG 1$'+ 'XULQJ UHSHUIXVLRQ
LV UHVWRUHG WKHUH LV D PDVVLYH LQFUHDVH L
LQJ K\SHUDHPLD DFFRPSDQLHG E\ D GUDPDWLF UH
:KHUHDV WKH PLFURFLUFEXODWRU\ IORZ UHFRYHU\
VHFRQGV RI UHSHUIXVLRQ WKH WLPH QHHGHG IRL
WR LWV EDVHOLQH YDOXH LV PXFK ORQJHU ,W V¥
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G\QDPLF FKDQJHV Rl 1%$'+ ZKLFK DUH SDUWLDOO\
PLFURFLUFXODWLRQ +RZHYHU LW LV HYLGHQW W
WULEXWH WR WKLV SURFHVV W LV DOVR ZRUWK
)06) VLIQDO VKRZV VRPH VORZ RVFLOODWLRQV D\
IUHTXHQF\ EHWZHHQ DQG +] 7KHVH RVFLO
DUH PXFK VWURQJHU DQG UHJXODU GXULQJ UHSHL
DSSHDU GXULQJ LVFKDHPLD

METHOD LIMITATIONS

7KH )06) SDWWHUQ LV QRW D FRQVWDQW LQGLY
IHUHQW SHRSOH DQG LW DOVR GLIIHUV LQ WKH \
$OWKRXJK WKH PHWKRG KDV VHYHUDO KLJKO\ GHP
XQLTXH FRPSOHWH QRQ LQYDVLYHQHVV LQ YLYR
WLRQ RI WKH G\QDPLF FKDQJHV LQ 1$'+ LW DOVR

'XH WR WKH FRQVWUXFWLRQ RI WKH $QJLR([SHL
RQO\ RQ WKH IRUHDUP VNLQ ZLWK VXEMHFWV VLW
IOXRUHVFHQW OLJKW DW QP ZKLFK KDV YHU\ VK
LQ 1$'+ RQO\ LQ FHOOV ZKLFK DUH QR GHHSHU WKI
FRUUHFWO\ SHUIRUP WKH VWXG\ HDFK SDUWLFLSE
VHYHUDO PLQXWHV XVXDOO\ PLQXWHV 3UREDE
WLUH H[DPLQDWLRQ LV WKH PRVW GHPDQGLQJ WD
ROGHU RQHV ,Q FDVH WKH\ GR QRW RSWLPDOO\ F
DUP RU IRUHDUP PRYHPHQWY PD\ SURGXFH VHYHU
\HW LI WKHUH DUH QR PRYHPHQWY IRU XQNQRZQ L
UHVFHQFH VLJQDO GXULQJ LVFKDHPLD LV UHFRUG!
QR VLJQLILFDQW FKDQJH RU D GHFUHDVH RI WKH |
FDO SDWWHUQV DUH UHSHDWHGO\ IRXQG LQ WKH V
VXJIJHVWV WKDW RXU XQGHUVWDQGLQJ RI WKH PHF
BNLQ IOXRUHVFHQFH YDULHV DPRQJ GLIIHUHQW S
SLJPHQWDWLRQ )RU WKLV UHDVRQ WKH SUHIHUDI
WKH XVH RI UHDGLQJY QRUPDOLVHG WR LQGLYLG X
RI IOXRUHVFHQFH )LQDOO\ WKH SURSRVHG SDUD
IHDWXUHV RI )06) PDLQO\ IRFXV RQ WKH VWDWLF
DSSHDUV WKDW WKHUH LV D ORW RI LQWHUHVWLQ.
WKH IOXRUHVFHQFH LQFUHDVH GXULQJ LVFKDHPLC
$QRWKHU H[FLWLQJ IHDWXUH UHTXLULQJ IXUWKHL
DQG LQWHQVLW\ RI RVFLOODWLRQ RI IOXRUHVFHQ
HUIXVLRQ +RZHYHU LW LV LPSRUWDQW WR XQGH
PHWKRG ZKLFK LV VWLOO XQGHU GHYHORSPHQW
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CONLUCIONS

,Q VXPPDU\ PLWRFKRQGULD DUH HVVHQWLDO RUJ
PDQ\ GLITHUHQW IXQFWLRQV ZLWK HQHUJ\ SURGXF!
DUH PDQ\ PHWKRGV WR H[DPLQH WKHLU VWUXFWXU!
IOXRUHVFHQFH LV D YHU\ UHFHQW GHYHORSPHQW .
DSSHDU WR EH XVHIXO LQ WKH UHVHDUFK RQ PLWR
VNLQ ‘H DUH KRZHYHU DZDUH WKDW XQGHUVWDOQG
FOLQLFDO XWLOLW\ RI WKLY PHWKRG UHTXLUH IXUV
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Reduced nicotinamide adenine dinucleotide (NADH) is synthesized in the cellular
nucleus, cytoplasm and mitochondria but oxidized into NAS almost exclusively in
mitochondria. Activation of human skin by the 340 nm ultraviolet light triggers natural
uorescence at the light length of 460 nm, which intensity is proportional to the skin
NADH content. This phenomenon is used by the Flow Mediated Skin Fluorescence
(FMSF) which measures changes in the skin NADH content during transient ischemia
and reperfusion. We examined the effects of exercise to exhaustion on the skin changes
of NADH in response to 200 s forearm ischemia and reperfusion in 121 highly trained
athletes (94 men and 27 women, long-distance running, triathlon, taekwondo, rowing,
futsal, sprint running, fencing, and tennis). We found that exercise until exhaustion
changes the skin content of NADH, modi es NADH turnover at rest, during ischemia
and reperfusion in the most super cial living skin cells. Compared to the pre-exercise,
there were signi cant increases in: mean uorescence recorded during rest as the
baseline value Bmean) @ < 0.001), the maximal uorescence that increased above
the baseline during controlled forearm ischemia (f5hx) @ < 0.001, only in men), the
minimal uorescence after decreasing below the baseline during reperfusion (FR)
(p < 0.001 men; p < 0.01 women) and the difference betweemBmean and FRyin (Rmin)

(p < 0.01), and reductions in the difference between Kax and Bmean (Imax) @ < 0.001)
and Imax/IRampl ratio (Chax) @ < 0.001) after the incremental exercise test. There
was no statistical difference between pre- and post-exercise the maximal range of the
uorescence change during ischemia and reperfusion (IRpi): In conclusion, exercise
to exhaustion modi es the skin NADH content at rest, during ischemia and reperfusion
as well as the magnitude of changes in the NADH caused by ischemia and reperfusion.
Our ndings suggest that metabolic changes in the skin NADH accompanying exercise
extend beyond muscles and affect other cells and organs.

Keywords: NADH, FMSF, incremental exercise test, athletes, mitochondrion
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INTRODUCTION aging processes. Sirtuins are located in cell nucleus (SIRT1,
6 — 7), cytoplasm (SIRT1 — 2) and mitochondrium (SIRT 3 —
Nicotinamide adenine dinucleotide (NAD) is a cellular coenzymb). Depending on the location, they support such processes
present in practically all living cells. The two forms of NAD,as angiogenesis stimulation or protection against vascular
an oxidized NAD¥, and reduced NADH can be found in endothelial dysfunction and ischemia-reperfusion damagee
the cell cytosol, nucleus and mitochondridle et al., 2010 and Sinclair, 20108 The intake of NALD® precursors can
White and Schenk, 20)2Both are crucial in the transfer of positively a ect cognition function, improve the function of
electrons between dierent molecules in reactions catalyzegscular endothelium, act cardioprotective or improve insulin
by oxidoreductasesV(ayevsky and Chance, 2000One of the sensitivity and fat free acids oxidatioR§jman et al., 2038
primary functions of the NALY/NADH coenzymes is their Initially, studies on the relationship between NADH and
involvement in energy production, which mostly takes places iphysical activity were performed with the use of biopsy samples
mitochondria. Therefore, the measurement of these coenzynfesm working animal muscle GChance and Connelly, 1957
is used as a marker of the mitochondrial activitygyevsky and Edington, 1970Edington and McCa erty, 1973Duboc et al.,
Chance, 2007 NADC/NADH are involved in several steps 0f 1989 and in humans Graham et al., 197&ahlin, 1985Katz
the citric acid cycle, the transfer of energy and protons betweemd Sahlin, 1987Sahlin et al., 19§Graham and Saltin, 1939
this cycle and oxidative phosphorylation, and the production dgimilarly, NADH in skin cells was rst studied in animal
adenosine triphosphate (ATP) which is the most essential energlgin samples KHappajohn et al., 1972Palero et al., 20)1
particle Mayevsky and Chance, 2Q0¥hite and Schenk, 20}2 and then in humans Nlayevsky and Barbiro-Michaely, 2009
NAD has an important function in redox reactions and alsdalu et al., 2013
serves as a cofactor for many enzymes such as mitochondrialMetabolic changes accompanying intensive physical activity,
sirtuins and NAD glycohydrolase®(lle et al., 20183 e.g., reduction in pH due to an increase in lactate production
The nuclear membrane is permeable for NARnd NADH  (and thus H), modify homeostasis of the whole body, its cells,
through special pores, so the concentration of NAADH is  and organelles, including mitochondrigG(een, 1997 Ament
comparable between the nucleus and cytosohife and Schenk, and Verkerke, 200%ane, 201}t It has been shown that high-
201). Recent reports indicate that NAD can also penetratiatensity exercise modi es the NABYNADH balance {Vhite
the mitochondrium using an unrecognized NAD (or NADH) and Schenk, 20)20xygen is critical for proper mitochondrial
transporter Davila et al., 201)3 energy production. Therefore, a reduction in oxygen content
While NADH is produced in the nucleus, cytosol, andduring hypoxia/anoxia observed in the course of ischemia slows
mitochondria, it is oxidized to NA mainly within the down or even stops mitochondrial function, the oxidation of
mitochondrial electron transport chain\\(hite and Schenk, NADH to NADC and thus the generation of ATP particles
201). It is assumed that mitochondrial NABYNADH (Mayevsky and Rogatsky, 2007The restoration of oxygen
metabolism is similar in all living human cells, e.g.delivery during reperfusion may recover this process. It is
circulating leucocytes, myocytes, liver, brain or skin cellspknown, however, whether the alterations in the NADADH
and comparably a ected by blood ow, oxygen and nutrientbalance during ischemia and reperfusion may be aected by
delivery, as well as inner and external factors or changingetabolic changes induced by intensive exercise.

conditions, such as physical activityGieen, 1997 Ament To explore this problem, we applied the Flow Mediated
and Verkerke, 20Q9Mayevsky and Barbiro-Michaely, 2009 Skin Fluorescence (FMSF) method which measures the 460 nm
White and Schenk, 20)2 uorescence of NADH in the skin at rest, during controlled

It should be noted that the total NAD pool in the bodyischemiaand reperfusio®(otrowski et al., 2006 This method is
is not constant over a longer time. It is a ected by physicabased on an optical property of NADH which absorbs light waves
activity, diet, and NAD boosters. In addition, NAD pool decreaseis the range of 320 — 380 nm and then emits back the uorescent
with aging, as does the sirtuins (NAD-dependent deacetylasdéight at a longer length of 420 — 480 nriviyevsky and Rogatsky,
activity that controls almost all cell function&#ne and Sinclair, 2007. The intensity of this uorescence is proportional to the
2018; Rajman et al., 20)L8The e ects of depleted NAD pool amount of generated NADH. Therefore, changes in uorescence
may be serious and include several cardiovascular and metabali@ speci c light range are monitored to measure the amount
disorders Braidy et al., 201L,8Rajman et al., 20)8NAD pool of NADH in solutions, cells, tissues, and organs (e.g., brain,
can be reduced due to various factors, e.g., DNA damadieer or skin) (Mayevsky and Rogatsky, 200The FMSF is
free radicals or excessive ultraviolet radiation. This results & uorescence-based method used for the quanti cation of
higher activation of poly (ADP-ribose) polymerase (PARP) anbdIADH in a completely non-invasive way and in real time.
increased NABS turnover and depletion. A chronic immune We hypothesize that intensive exercise to exhaustion in uences
activation and intensi ed production of in ammatory cytokines the contents of NADH in skin epidermal cells, and shifts the
can also occur, leading to increased activity of CD38 protein [RADC/NADH balance toward NADH. Therefore, in this study,
catalyst in cyclic metabolism of ADP-ribose and nicotinic acidve aimed to examine the continuous changes in mitochondrial
adenine dinucleotide phosphate (NAADP)] and, back again, tdADH content at rest, during the controlled 200 s forearm
adecrease in NAB levels Braidy et al., 201)3 ischemia and the following reperfusion before and immediately

By contrast, an increased activity of NARlependent sirtuins after exercise to exhaustion in healthy athletes. Additionally, we
(1 7)hasseveral health bene ts related to deceleration of certaanalyzed the e ects of exercise to exhaustion on the NADH
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skin content at rest, during ischemia and reperfusion separatedyxamination performed, including brachial blood pressure with
for men and women. the use of the blood pressure monitor Omron M3 (Omron, Japan)
in the seated position. Blood pressure was measured twice, at rest
before the cardiopulmonary exercise test (CPET) and 2 — 3 min

MATERIALS AND METHODS after its completion. The following blood pressure parameters
were collected for further analysis: systolic blood pressure (SBP),
Ethics Statement diastolic blood pressure (DBP), and pulse pressure (PP).

The study was designed and performed in agreement with the The majority of participants underwent the treadmill CPET
Declaration of Helsinki. The study protocol and all forms werét least once previously. Nevertheless, all athletes were informed
approved by the Ethics Committee of the Poandniversity about specic requirements and potential risks related to this
of Medical Sciences in Poland (no. 1017/16 issued on the 3@ft. Each participant was asked to avoid any intensive training
October 2016). All athletes participated in this study voluntariljn the last 48 h preceding the CPET, drinking alcohol for 24 h and

and gave their informed consent. co ee or ca eine containing drinks or supplements for 12 h. On
the CPET day, participants were allowed to eat a light breakfast.
Participants Before the CPET, each participant spent 30 min in the air-

From a group of potential candidates, we excluded athletggnditioned laboratory for acclimatization to its environment.
who had recent infection or injury with accompanying cIinicaITh? temﬁerature was dkept constant within a ralnge of :kLlQ€21
signs and symptoms such as fever, cough, swelling, or part o€ the CPET and 3—4 min after its completion, the ow-

Athletes who were regularly taking any medications for chroni@ediated skin uorescence (FMSF) by the AngioExpert device

disease not limiting their physical activity (e.g., bronchodilator§*ngionika, Poland) was measured in each athiéigure 1

for asthma, antihistamines for allergy) were also excludetimmarizes the measuring procedure of FMSF.
Only athletes without any medication (except for hormonal
contraception) were included. Incremental Cardiopulmonary

In Poland, all athletes participating in competitions areExercise Testing

required to have a current health certi cate every sixmonths; theyhe incremental CPET was performed on a treadmill model
undergo regular obligatory medical assessment by a physicigsn/50 LC (plutd) with the following sizes of the running
specializing in sports medicine. Only athletes with a valid healyrface: length 1500 mm and width 500 mm, (H/P Cosmos
certi cate were enrolled. Pulsar, Germany). Before the test, all athletes were equipped with
We recruited 121 healthy highly trained athletes (94 men anglchest strap heart rate monitor (Polar H6 Bluetooth Smart; Polar
27 women) ful lling the following inclusion criteria: age in the glectro Oy, Finland) and a properly sized face mask (Cortex
range between 16 and 40 years, members of Polish Natiofgfddical, Germany) connected to the MetaMax 3B-R2 mobile
Teams in selected sports disciplines or participants of nationghiroergometry device. The CPET started at a speed of 6 km/h
and international sports competitions, training at least once a dayr the 4 min warm-up, and then the treadmill speed increased
for at least six days a week. To recruit individuals representig 2 km/h every 3 min. The treadmill's incline was set at a
di erent characteristics of regular training (aerobic, anaerobigonstant value of 1%. The CPET was stopped when the athlete
mixed), we selected athletes from the following sports disciplinggached voluntary exhaustion. After stopping the treadmill, the
long-distance runningrf = 41), triathlon (1 = 27), taekwondo athlete stood for at least 2 min during recovery and nally was
(n = 25), rowing (1 = 9), futsal (1 = 8), sprint running @ = 6), disconnected from the face mask and the Polar chest heart rate
fencing f1=4), and tennisif = 1). All participants were examined monitor. All parameters were measured continuously and then
during the preparatory period of the annual training cycle, i.eqveraged for each breath by the MetaSoft Studio 5.1.0 Software

not at the peak of their performance. (Cortex Biophysik, Germany). For this study, we used only data
] on heart rate (HR), estimated maximal heart rate according
Study Design to the formula “207- 0.7 age” Gellish et al., 20Q7and the

The study was conducted in the Human Movement Laboratorgeak or maximal oxygen consumption (\d@ax) normalized

of the Department of Athletics Strength and Conditioning, ato body mass. V@max was measured only when all of the
the Pozna University of Physical Education (Poland). Afterfollowing three criteria were fullled: V@ reached plateau
arriving at the laboratory, we evaluated the health status déspite a further increase in speed of the treadmill, HR reached at
each participant. Medical history was obtained and physickdast 95% of age-adjusted HR estimate and respiratory exchange

FIGURE 1 | The measuring procedures using the Flow Mediated Skin Fluorescence before and after the cardiopulmonary exercise test.

Frontiers in Physiology | www.frontiersin.org 3 May 2019 | Volume 10 | Article 600



Bugaj et al. NAD in Highly Trained Athletes

ratio 1.1 Edvardsen et al., 20).4In the remaining cases, sensor to prevent any transmission of external light which might
only the VO, peak value was used for the description of théteract with the sensor and uorescence measurement. Since

intensity of exercise. the uorescence is monitored and measured continuously with
the sampling rate of 25 Hz, the shown signal is a continuous
NADH Fluorescence line. Any unexpected sudden departure from this continuity

gother than caused by a controlled ischemia and reperfusion was
(Piotrowski et al., 20)6was employed to evaluate the 460 n op&dered as an artlfgct anq either not tal@n to further analysis
uorescence of the skin in response to activation by the 340 nfl mstaqtly repeated, if possible. The repetmon was aI_Iowed only
UV light (Mayevsky and Chance, 197Briedli et al., 1982 if the artifacts were present at rest, before any ischemia.
Mayevsky and Chance, 2Q0Vlayevsky and Barbiro-Michaely, o ]

2009 Mayevsky et al., 201$ibrecht et al., 20)7The wavelength Statistical Analysis

of 340 nm emitted in the FMSF method is only specic toContinuous data distribution was analyzed using the
NADH, thus no other substance in the skin can be excitedcolmogorov—Smirno test. Due to normal data distribution,
The 460 nm uorescence in response to activation takes platesults are presented as mean values and standard deviations
mainly in epidermal cellsfunaev et al., 20)5 because the (SD). The comparisons between pre- and post-exercise results
wavelength of the emitted light penetrates and is absorbed were made with the pairetttest- rst for all athletes and then

to 0.5 mm deep. The AngioExpert continuously measured ttgeparately for men and women. Ony< 0.05 was considered
460 nm uorescence from the most super cial skin cells irstatistically signi cant. All statistical analyses were made using
the forearm at rest, then during controlled ischemia triggeretfledCalc Statistical Software version 18.2.1 (MedCalc Software
by total occlusion of the brachial artery by the brachial bloo#vba, Ostend, Belgium2018).

pressure cu, and, nally, during reperfusion after de ation of

the blood pressure cu Riotrowski et al., 20%6Sibrecht et al.,

The AngioExpert device (AngioExpert, Angionica, Polan

2017 (Figure 2). RESULTS
To quantify the FMSF response, we used the following
parameterSEigUre @ (Sibrecht etal., 20:).7 Basellne Characterlstlcs

Bimean [KFU] — mean uorescence at 460 nm recorde The meqn age of_ all part.|C|par_1ts was around 23 years, their
i . . . MI, resting systolic and diastolic blood pressures were normal.
before ischemia as the baseline value; - .

. . The average peak heart rate obtained during the CPET was
Flmax [KFU] — the maximal uorescence that increased . .
. . . . “nearly 189 beats/minute, which corresponded to almost 95% of

above the baseline during controlled forearm ischemia; ; . L T X .
the estimated maximal HR indicating a very intense (maximal)

FRuin [kFU] — the m|n|_mal uoresc_enf:e after deCreas'n(‘:]exerciseTabIe 1summarizes baseline data all studied athletes.
below the baseline during reperfusion;

| max [KFU] — the di erence between Ffax andBrear Separate clinical characteristics for participating men and

Rmin [kKFU] — the di erence betweeBmeanand FRuin; women are shown iffable 2
IRampi [KFU] — the maximal range of the uorescence
change during ischemia and reperfusion; *hitp:/fwww.medcalc.org
Clmax—Imax/IRamp| ratio.

For this study, we continuously measured and recorded SKifAgLE 1| Clinical characteristics of studied athletes.
uorescence for 2 min before ischemia, then for 200 s of ischemia

and nally for 3 min during post-ischemic reperfusion. To Parameter: Mean Sb

obtain total net forearm ischemia, we used a brachial blooge years) 23:41 532
pressure cu placed on the ipsilateral arm and in ated the CU y4ining experience [years] as 3:44
to 50 mmHg of pressure above the systolic blood pressure of eagh kg/m?) 22:99 2:55
participant. Such pressure is necessary for temporal, short-lastigig a rest mmHg] 125:88 12:18
compression of the artery and complete cessation of blood OWgp 4 rest [nmHg] 72:20 7:87
to the forearm and hand below. The transient forearm ischemigb 4 rest [nmHg] 53:68 12:26
is usually obtained by this procedure in many physiological angkp after cEPT [mmHg] 14608 22:34
clinical studies, for example during testing the ow-mediateggp after cEPT [mmHg] 7842 8:21
arterial vasodilation Kiarris et al., 2010Pahkala et al., 2011 pp after CEPT [mmHg] 71:66 24:53
Bailey et al., 2037 The measurements were performed irbredicted maximal HR [beats/minute] 1961 5:32
laboratory conditions in a constant environment according t®eak HR during CPET [beats/minute] 1888 9:77
a strict procedure as described elsewhePéotfowski et al., Achieved percentage of the predicted maximal HR [%] 299 9:53
2019. To avoid any environmental interferences, during theo,max [mimin/kg] 60:61 8:03

measurement all subjects kept their studied forearm motionle - - X —
. . . Qﬁ?’ body mass index; CPET, cardiopulmonary exercise test; DBP, diastolic
In a SpeC|a| curved form with the uorescence sensor plac od pressure; HR, heart rate; PP, pulse pressure; SBP, systolic blood pressure;
at its bottom. The forearm covered completely the uorescento,max, maximal oxygen uptake.
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FIGURE 2 | Parameters describing the Flow Mediated Skin Fluorescencdmean — mean of the basal uorescence; Fhax — maximal uorescence value during
ischemia; FRyjn —the rst minimal uorescence value during reperfusionjmax — the net increase of uorescence over the baseline value during ischemia; 4Ry — the
amplitude of uorescence change during ischemia and reperfusionRy,n — the net reduction of uorescence below the baseline value.

FIGURE 3 | A sample of the FMSF measurement from a 28-year-old female athlete (triathlete) before and after exercise test until exhaustion. The rst 2 min
correspond to the time before ischemia, which is then followed by the transient 200 s ischemia (gradual increase in the uorescence) with subsequent reperfusion
(sudden drop in the uorescence). Of note, although in this gure the 290 s reperfusion is shown, for the study we used only the values recorded during the rst
180 s.
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TABLE 2 | Clinical characteristics of male and female athletes. Both in male and female athletes exercise to exhaustion cause
similar changes in the FMSF response. After the CPET there were
signi cant increases iBmnean FRnin @ndRmin, and reductions in
Parameter: Mean SD Mean SD Imax, Clmax. However, the value of Fhy increased signi cantly
only in men but not in women. In both groups, no statistical

Men Women

Age [years 2388 5:69 21:74 3:35 .
o [.y : ) di erences were found for IRy

Training experience [years] 1 2:73 7:56 1:48 . .
BMI [kg/m?] 9264 57 1:06 07 In general, these ndings on the skin uorescence at 460 nm

X ) ' ) translate to a signi cant increase in the skin NADH content
SBP at rest [mmHg] 12891 11:21 115:30 9:25 o . ! -

) , ) before and during ischemia, and the following reperfusion after

DBP at rest [mmHg] 7301 7:50 69:37 8:63 ; .

i . , . the CPET both in male and female athletes. Additionally, the
PP at rest [mmHg] 559 12:29 45:93 8:55 |ati dt isch ich l . inth ki
SBP after CEPT [mmHg] 14898 23:32 136:00 14:91 :\TAaDmed(Cqmpareh O pré-ischemic base mezllnfrease in q F't’S in
DBP after CEPT [mmHg] 7418 8:36 75:26 776 quct urtljng_ IS¢ eml? (max) was signi cantly (t))vxlter, tgr; flts
PP after CEPT [mmHg] 748 25:24 60:74 18:43 rﬁ UCC:FI>0EnT ‘g'ng repe(; usionRmin) was mr(?re su S_t?n_la afeL
Predicted maximal HR 190:28 3:98 191:78 234 (e - Lompare .to pre-exercise, the .contrl ution o t, €
[beats/minute] NADH change during ischemia to the maximal change of its
Peak HR during CPET 188:96 011 190:77 10:37  content during both ischemia and reperfusion (gk) was also
[beats/minute] reduced after the CPET. Changed ifbx, Rmin, and Clnax were
Achieved percentage of the 98:29 11:27 95:84 19:89  similar in male and female athletes.
predicted maximal HR [%)]
VO, max [ml/min/kg] 62:25 7:28 54:73 7:96

BMI, body mass index; CPET, cardiopulmonary exercise test; DBP, diastolic DISCUSSION
blood pressure; HR, heart rate; PP, pulse pressure; SBP, systolic blood pressure;

VOzmax, maximal oxygen uptake. We have found that exercise until exhaustion caused a signi cant
elevation of the 460 nm skin uorescence at baseliBgehy),
Effects of Exercise on FMSF during controlled ischemia (Rlax) and reperfusion (FRin)

Figure 3 shows an example of the typical 460 nm uorescenc(éompared to the pre-exercise values. However, the observed

at baseline, during ischemia and the following reperfusion befo[’)é)smx_erC'Se increase of the 460 nm uorescence during
and after CPET to exhaustion iIschemia (nay) was smaller than before exercise. In contrast,

Results of the comparison of the FMSF performed before arﬁ magnitude of the uorescence drop during the reperfusion

after the CPET are shown ifable 3for all athletes and iTable 4 in) was larger after exercise than before exercise. Additionally,
separately for sportsmen and sportswomen the relative contribution of the ischemia-induced increase in

In all athletes Table 3, compared to the pre-exercise rest,uo(;escenfce _to the whole cha(r;ge ":j uf(t)rescenc_e dulémg |sch:am|a
after the CPET there were signi cant increaseBiean Flmax, and reperfusion (Ghay) was reduced after exercise. Excepidy

FRyin and Ryin, and reductions inlmay, Clnax. NO statistical all descriptors of the Fl\_/ISI_: chan_ged,similarly, in male and female
di erences between pre- and post-exercise were observﬁﬁ]letes' _The lack of signi cant increase (borderlme 0.0583)
for IRampt in Flmax in women appears to be caused by a much sm_aller
size group of studied female athletes. Altogether, our ndings
suggest that exercise to exhaustion causes a signi cant increment
in the NADH content in mitochondria. However, the ischemia-
related rise in NADH is smaller whereas the reperfusion-related
oxidation of NADH is more intense after than before exercise.
Pre-exercise Post-exercise These e ects of exercise appear to be similar both in sportsmen

and sportswomen.

TABLE 3 | Comparison of the FMSF results acquired before (pre-exercise) and
after (post-exercise) the CPET till exhaustion in all studied athletes.

Parameter  Mean sP Mean sb P-value There is some balance between the reduced (NADH) and
Bmean [KFU] 40419 214:31 455:30 256:76 < 0001  oxidized (NADF) forms of NAD. Although the 460 nm skin
Fhnax [KFU] 48098 258:19 514:46 282:99 < 0:001 uorescence measures only NADH, its values also re ect
FRmin [KFU]  321:22 168:90 359:07 196:50 < 0:001 indirectly NADC as the total amount of NAD (i.e., combined
Imax [KFU] 7679 47:64 59:16 36:33 < 0:001 amount of NADH and NAIj:) seems to be rather stable at a
IRampi [KFU] 15976 94:49 155:40 95:46 0:261 relatively short period (a few minutes) necessary to perform the
Rumin [KFU] 8297 50:22 96:24 65:98 0:001 CPET. In other words, the NADH amount changes at the cost of
Climax 0:48 0:08 0:40 0:11 < 0:001 the NADC content, and vice versa.

Averaged data are presented as the mean and standard deviation (SD), and the Previous animal and human studies ShOV\.Ied that the amounts
results of the paired t-test as p-value. Biean, mean of the basal uorescence; Chax of NADH and NAD® and the NAD®/NADH ratio change during

— Imax/IRampi ratio; Finax — maximal uorescence value during ischemia; FRin = ischemia and reperfusioalero et al. (2011studied the e ects

the rst minimal uorescencg value dunng reperfusm.n;,l‘ax — the net mcr.ease of of hypoxia on NADH in mice keratinocytes. They observed that
uorescence over the baseline value during ischemia; IR, — the amplitude of .

uorescence change between ischemia and reperfusion; Rin — the net reduction NADH accumulated in the Complex I of the electron transport
of uorescence below the baseline value. chain and, in contrast to common knowledge, keratinocytes
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TABLE 4 | Comparison of the FMSF results acquired before (pre-exercise) and after (post-exercise) the CPET till exhaustion in male and female athletes.

Men Women
Parameter Pre-exercise Post-exercise P-value Pre-exercise Post-exercise P-value
Mean SD Mean SD Mean SD Mean SD

Bmean [KFU] 36606 198:17 415:34 241:96 < 0:0001 536:95 218:97 594:42 262:69 0:0003
Flnax [KFU] 43777 242:09 473:59 273:02 0:0003 631:43 260:33 656:79 275:53 0:0583
FRmin [kFU] 28941 154:65 327:37 181:78 < 0:0001 431:97 172:41 469:39 209:13 0:0026
Imax [KFU] 7171 47:21 58:24 38:70 < 0:001 94:46 45:66 62:36 26:87 0:0003
IRampi [KFU] 14836 92:69 146:21 98:57 0:5933 199:46 91:49 187:38 77:03 0:2510
Rmin [kFU] 7665 49:00 87:97 65:70 0:0028 104:99 49:06 125:02 59:49 0:0025
Clnax 0:48 0:08 0:42 0:11 < 0:0001 0:47 0:05 0:34 0:09 < 0:0001

Averaged data are presented as mean and standard deviation (SD), and the results of the paired t-test as p-valugdgn, mean of the basal uorescence; Chax, Imax/IRampi

ratio; Flnax — maximal uorescence value during ischemia; FRi, — the rst minimal uorescence value during reperfusion; hax — the net increase of uorescence over
the baseline value during ischemia; IR, — the amplitude of uorescence change between ischemia and reperfusion; &, — the net reduction of uorescence below
the baseline value.

metabolism is not only anaerobic since it strongly depends da made at the cost of higher nutrient usage and due to the
the oxygen delivery by blood in the underneath skin layBesL  accumulation of lactate.
et al. (2013)used a clinical multiphoton microscope, applied Exercise until exhaustion alters the NAINADH ratio and,
arterial occlusion to human keratinocytes and found that, duringnost probably, the rate of NADH oxidation to NA®. However,
ischemia, the NADH content increased in the cells near theéata on NAD® during exercise are sparse/fiite and Schenk,
basal layer of the skin (although not in the keratinocytes closes1). Whereas some researchers observed an exercise-induced
to the skin surface). Our study shows similar results obtainddcrease in NAIY (Chance and Connelly, 1957obsis and
in the living human skin in real time using a completely non-Stainsby, 1968 others found no change or reduction in its
invasive physiological model. Because the uorescence emit@eount Ouboc et al., 1988; White and Schenk, 20T2uboc
by skin derives only from the most super cial zone of depth uget al. (1988)reported that it is NADH that increases during
to 0.1 mm @alu et al., 2013 it means that skin cells at this exercise. Other authors noticed that untrained animals had a
depth have a vivid metabolism of NADH, and react in a dynamibigher concentration of mitochondrial NAB than trained ones
way to ischemia-triggered hypoxia and then to re-oxygenatiofdington, 197Edington and McCa erty, 197)3 Sahlin (1985)
during reperfusion. studied NADH in human muscle during short-lasting intensive
Other studies have shown that the amount of NADH and/oexercise and found that at least 95% of the cellular NADH
NADC also changes during exercis&/lfite and Schenk, 20)2 comes from mitochondria. This author also observed that NADH
Depending on the intensity, an exercise may be accompanigatreases within 2 min after exercise initiation and it remains
by an aerobic, mixed aerobic-anaerobic or purely anaerobitevated during and immediately after the exercise completion.
metabolism. During aerobic or oxygen-dependent metabolismAdditionally, 10 min is required for the NADH to return to
various nutrients are turned into energy in mitochondria. Wherbaseline level after the exercise. N&xhlin et al. (19875tudied
oxygen supplies are lower than needed, anaerobic procesS&®H in muscle samples taken after the exercise at the level
start in the cytoplasm and with time predominate over aerobiof 40, 75, and 100% of V4thax. The light exercise at the
energy production. intensity of 40% V@max was accompanied by a decrease in the
With progressing hypoxia until anoxia, the cellularNADH content. In contrast, more intense exercise at the level
metabolism switches to entirely anaerobic processes which75 and 100% Ve@max caused a signi cant increase in the
are accompanied by various changes in the intra- andADH content. Graham et al. found that the NADcontent in
extracellular milieu \(Vhite and Schenk, 20)2 The most human muscles decreased after moderate (75% givaX) and
classic consequences within the cells and between the intragh intensity (100% of V@max) exerciseGraham et al., 1978
and extracellular spaces are changes in the concentration@faham and Saltin, 19%9Stabilization of metabolic processes
HC, lactate, ammonium, adenosine, and ions such as sodiurequires some time and depends on several factors, e.g., the
potassium, calcium, magnesium, and chlorides. Many metaboéctive recoveryNlenzies et al., 20)@and the level of physical
e ects of ischemia resemble those observed during anaerolpierformance Ravier et al., 2006 Few minutes after intensive
exercise. In both conditions, when oxygen is depleted, the NADexercise is not enough for full metabolic recovery, including the
particles are partially restored from NADH in the cytosol bycomplete removal of an excess of Hr full restoration of the
reduction of pyruvate acid to lactic acid, with an accumulatiomerobic metabolism. It is plausible that one of the main limiting
of the latter as the by-productRobergs et al., 200&insterer, factors for a rapid scavenging of the accumulated NADH during
2012 Kane, 201} However, this way of energy generatiorexercise is the system of the malate-aspartate shaitleonnell
is not as e cient as NADH oxidation in the mitochondrial et al., 2004White and Schenk, 201 3atrustegui and Bak, 20115
electron transport chain during the aerobic e ort — less ATRhat transfers K from cytosol to the mitochondrial matrix
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and enables NAD oxidation and reduction. It appears that thekin might be not the same as in the muscles. With increasing
turnover rate of the mitochondrial shuttles is rather constantntensity and duration of exercise, skin blood ow becomes
or even reduced under speci c conditions, and thus some timelatively reduced as most of the blood is redirected toward
is required to transfer the excess of°Hrom cytosol into working muscles, however, immediately after the exercise, skin
mitochondria O'Donnell et al., 2004 Simultaneously, intact blood vessels dilatation takes place. Despite a sudden in ux of
NAD can penetrate the mitochondrium using a still unrecognizetlood to the skin, and connected oxygen supply, other metabolic
NAD or NADH transporter (Davila et al., 2018 We assume, processes do not allow for quick restoration of homeostasis. It is
however, that this transporter has a limited capacity. possible that during exercise to exhaustion, there is some overlap
So far, NADH metabolism has been studied either duringnd additive e ect of metabolic changes in the muscles caused
ischemia/reperfusion (hypoxia/normoxia) or in various exercisey anaerobic processes and relative skin ischemia due to some
models, mostly with the use of invasive methods. To the besbnstriction of skin arteries. Nevertheless, it is assumed that
of our knowledge, none of the studies has ever shown tmeitochondrial function is generally the same in di erent types
combined e ect of exercise and ischemia-reperfusion on NADHyf cells, and thus changes observed in the mitochondria of skin
additionally using a completely non-invasive approach focells should be, at least to some extent, similar to changes in
measurement of NADH. In our study, the absolute uorescencmitochondria of the working muscles myocytes. In our study, we
values ofBmean Flmax, and FRnin were signi cantly higher did not take into consideration the e ect of factors acting over a
after exercise than before it. This increase in uorescence miglanger period of time, such as sirtuins, PARP and CD38, because
be the net e ect of the accumulation of the pre-exercise anithe measurement using FMSF method was of short duration
newly produced NADH during the maximal exercise, particularhand, consequently, the total NAD pool remained unchanged.
during the anaerobic part of the e ort. The additional potentialWe also did not investigate the e ect of exercise training on
explanation is that the altered post-exercise metabolic conditiookange in NADH, but only the response to a single exercise bout
slowed the function of the MAS and also other shuttleqtest until exhaustion).
transporting H° to electron transport chain. The MAS activity ~ Limitations of the study must be recognized. To study the
can also be attenuated and even stopped by an increase?of CNADH metabolism we used the continuous measurement of
concentration in the cytoplasniDonnell et al., 2004Contreras the auto uorescence by skin cells activated by the ultraviolet
and Satrustegui, 200Satristegui and Bak, 20 he., acommon light. The application of the 460 nm uorescence as a way of
consequence of an anaerobic e ort. measuring NADH has been known for years. The group of
Post-exercise reduction of thgax below the pre-exercise levelMayevsky made a series of seminal studies on the practical use
is an interesting nding. Thel nax corresponds to the amount of measuring the NADH content in skin cells or super cial
of NADH that is directly generated during skin ischemia. Wecells of other organsiMayevsky and Chance, 2Q0Mayevsky
speculate that an excess of Hind electrons generated duringet al., 201)Lin humans. The FMSF method is further, although
the anaerobic part of the exercise saturated a substantial partvefy specic, development of this approach, which has been
the NADC and turned it into NADH (an increase 0Bmeanand proposed byPiotrowski et al. (2016)In the FMSF method,
Flmax). However, since the total amount of NAD in the formthe 460 nm skin uorescence is not only measured at rest
of NADH and NADC is more or less constant in the cells inbut also during a dynamic metabolic challenge caused by the
a short time frame, then less NADparticles become availabletransient and controlled ischemia, and the following reperfusion.
for the reduction to NADH during the post-exercise ischemia. A potential limitation is also a heterogenic group of athletes. All
might also be possible that there are some intracellular protectioé them are elite athletes at the national or international level
mechanisms preventing an endless intracellular accumulatioepresenting di erent sports and adapted to di erent training
of NADH as in our model of addictive e ects of exercise andypes: endurance, speed, strength, speed-power, etc. However, we
ischemia. At the same time, an increase off, value suggests used the identical CPET test with the same goal — to stop it
that in the early phase of post-exercise reperfusion more NADE&fter exhaustion which is very individual and subjective. In this
is oxidized to NALF or some mechanisms promoting moreway, we were able to collect a wide range of M@x, resting
rapid regeneration of NAB are activated. Further, it appearsand peak values of heart rate in healthy and physically active
that after exercise the limitation of the NADH increase duringpeople. Next, our study was somewhat more exploratory than
ischemia and the enhancement of the NADH oxidation to NAD explanatory. We had a single and simple aim — to see whether
during reperfusion are comparable to those observed at restaximal exercise-induced alterations in cell metabolism may
It shows that the responses of the NAINADH to ischemia in uence the NADH metabolism of skin cells during ischemia
and reperfusion are set at the speci c individual range di erenaind reperfusion. We were more interested in the combined e ect
for each person. Additionally, it suggests that there is a relatie¢ both provocations. Our data show some relevant alterations in
resistance of cells to produce an unlimited amount of NADHhe NADH during both processes and suggest that non-invasive
during such a dramatic metabolic challenge as maximal exerci$8VISF method and the model of skin cells can be applied in the
Since the 460 nm uorescence of the skin increases aftetudies on physical exercise. It should also be mentioned that
exercise, it is the NADH that raises during and after maximadne of the limitations of the 460 nm uorescence method is skin
exercise. However, we measured the skin and not musdelor of studied athletes. Although our participants came from
NADH metabolism. Due to a signi cant contribution of skin in the Caucasian ethnic group, there were signi cant di erences in
thermoregulation, it is plausible that the NADH changes in thekin coloration which, even in the same person, can be modi ed
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for example by sunbathing or tattooing. To limit these e ectsto study with the FMSF method. Similarly, any intervention

we used paired statistical tests to compare the same parametisigned to change the total amount of NAD content might be
before and after exercise, and in this way, each person vessily studied with this method. We are, however, aware, that
compared with himself or herself. No measurement of NADHhese consequences are only some speculations as we have not
in the blood appears to be yet another limitation of our studytested them. Therefore they require future studies.

However, NADH is mainly present intracellularly, and it is

an unstable and highly reactant particl8ifghal and Zhang,

20069. Moreover, NADH is degraded to nicotinamide by the CONCLUSION

extracellular NAD(P) nucleosidasermfinson, 1980 'Reilly and o ) ) ]
Niven, 200}. Nicotinamide is a nal end-product of degradation This is the rst study which non-invasively evaluated the NADH

of NADH and NADC but also NADPH and NADE. so Skin content in human super cial skin cells in highly trained

measurement of its changes is not specic for NADH on|y_athletes. Until now methods used to evaluate NADH level, and

There is also another technical problem — during complet@‘erefore mitochondrial function, were not easily accessible.

brachial artery occlusion used for the controlled ischemia, thefd€t@bolic changes, elicited by exercise to exhaustion, modify the
is no blood ow what makes a collection of blood sampleék'” NADH metabolism at rest, during ischemia and reperfusion
impossible. The blood can be sampled only before ischeniiythe most super cial living skin cells. Immediately after exercise,
and during the post-ischemic reperfusion but, as we show tfigere is a shift of the baseline uorescence of NADH in the skin
NADH concentration decreases within a couple of seconds aftgf!lS toward higher values. The absolute NADH amountincreases
the restoration of the blood ow, i.e., before the blood mighfluring post-exercise ischemia and reperfusion, compared to
be even sampled. Nevertheless, we believe that studying fReling condition. However, compared to resting conditions,
NADH concentration in the blood before and after ischemia af€ relative rise in the NADH is signi cantly lower during

di erent conditions like rest and post-exercise deserves furthéfchemia, whereas the relative reduction in the NADH during

exploration. Although all studied participants were elite athlete EPerfusion increases. These changes in the NADH metabolism

this group was quite heterogenic and representing di ererfuring i_schemia and rep(_arf_usiqn before and after exercise to
sorts of sports. However, we did not nd any signi Cantexhaus'uon appear to be ;lmllarln male and female athletes..

di erences between the included sports disciplines and obtained '"€ observed alterations in the NADH amount and its
results. Since the number of athletes representing di erent spoff@lance with NALY during ischemia and reperfusion are strongly
disciplines varied from 1 to 41, we cannot exclude that thef@@Pendent on metabolic conditions, which are signi cantly
are some potential di erences, which might be revealed if larg8f0di €d by exercise to exhaustion, and last for the next few
groups of athletes were studied. Finally, we have not measuf@itutes after it. The intensi cation of NADH uorescence in
the skin NADF content as this form of NAD does not emit the 'Ving skin cells suggests that metabolic changes in NADH
uorescent light at the length of 460 nm. Any conclusions orficcompanying exercise extend beyond muscles and a ect other
NADC come from the assumption that the total amount of NADCE!IS and organs.

in its reduced (NADH) and oxidized (NAB) forms is rather

stable over short time. If so, then any change in the NADH i

at the cost of NAIY and vice versa. In consequence, althougETHICS STATEMENT
NADC was not measured, some conclusions on its changes MA¥s study was carried out
be drawn from studying the alterations of the NADH content.

in accordance with the
recommendations of the Ethics Committee of the Pazna

Per i r Practical Apblication University of Medical Sciences in Poland with written informed
erspectives o acucal Applications consent from all subjects. All subjects gave written informed

There are some instant potential consequences of Opfnsent in accordance with the Declaration of Helsinki. The
ndings. First, the exercise-induced changes in NADH re ech, 00| was approved by the Ethics Committee of the Pézna

mitochondrial function and a signicant part of energy ypnjyersity of Medical Sciences in Poland (no. 1017/16 issued on
metabolism — these aspects are of great importance in the spa{s sih October 20186).

physiology. Second, it is highly probable that the observed post-

exercise changes in the skin NADH content re ect metabolic

alterations in the myocytes, and, if so, we assume that the FMARJ THOR CONTRIBUTIONS

might be used as a non-invasive and emnvivo approximate
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Abstract: The study aimed to evaluate the changes of nicotinamide adenine dinucleotide (NADH)
uorescence in the reduced form in the super cial skin layer, resulting from a 7-week training period in
highly trained competitive athletes ( n = 41). The newly, non-invasive ow mediated skin uorescence
(FMSF) method was implemented to indirectly evaluate the mitochondrial activity by NADH
uorescence. The FMSF measurements were taken before and after an exercise treadmill test until
exhaustion. We found that athletes showed higher post-training values in basal NADH uorescence
(pre-exercise: 41% increase; post-exercise: 49% increase). Maximum NADH uorescence was also
higher after training both pre- (42% increase) and post-exercise (47% increase). Similar changes have
been revealed before and after exercise for minimal NADH uorescence (before exercise: 39% increase;
after exercise: 47% increase). In conclusion, physical training results in an increase in the skin NADH
uorescence levels at rest and after exercise in athletes.

Keywords: nicotinamide adenine dinucleotide; training; athletes; mitochondrion

1. Introduction

Skin microcirculatory functionand e ciency of blood supply to the skin can impact mitochondrial
activity and the changes of nicotinamide adenine dinucleotide (NADH) uorescence in the reduced
form [ 1]. Mitochondrial function can be indirectly evaluated by NADH uorescence [ 1] that has been
measured in animals [2,3] and humans [ 1,4] at rest and under various conditions (e.g., ischemia and
temperature changes). Bugaj et al. p] were the rst to describe the time course of NADH changes
in the skin in athletes at rest and after exercise. In their study, a new method of evaluating NADH
uorescence— ow mediated skin uorescence (FMSF)—was utilized. The FMSF method is based
on the ability of NADH to auto uorescence. The uorescence measured using the FMSF method
re ects the dynamics of invivo changes in NADH levels in most super cial layers of the skin[ 5-7].
Bugaj et al. [5] have shown that exercise to exhaustion induces changes in skin NADH uorescence,
in other words, the values recorded after exercise were higher than those before exercise (increase in:
basal NADH fluorescence 13%, maximal NADH fluorescence 7% and minim al NADH fluorescence 12%).

Nicotinamide adenine dinucleotide (NAD) is synthesized in the cytosol, mitochondria, and nucleus.
This molecule is active in the cytoplasm during glycolysis and in the mitochondria during oxidative
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phosphorylation when adenosine-5 -triphosphate (ATP) is produced [ 8]. NAD occurs in two forms:
oxidized NAD * and reduced NADH. NAD takes part in many biological reactions including electron
transport. The reduction of NAD * to NADH occurs almost exclusively in the mitochondria at the nal
stage of cellular respiration [ 9,10].

In the human body, there is a pool of NAD that takes reduced (NAD *) and oxidized (NADH)
forms, transforming into each other [ 8]. Importantly, the NAD pool is only constant for relatively short
periods [8,11]. In the long term, the NAD amount changes depending on several factors such as age,
diet, physical activity, medicaments, boosters, time of the day, etc. [ 11]. NAD * metabolism is complex
and includes many NAD *-consuming pathways as well as de novo and salvage pathways [ ].

Mayevsky and Barbiro-Michaely [ 1] have claimed that the monitoring of the NADH level in
tissue provides important information about the mitochondrial metabolic state (energy production,
amount of intracellular oxygen). In addition, changes in the NAD */NADH ratio re ect cellular
respiration processes in mitochondria, thus indirectly represent their function [ 1,5]. Studies on changes
in NADH in response to physical exercise were performed on animal and human skeletal muscle
samples, but not in the skin [ 8,9,12]. Early reports including animals did not provide a clear answer
as to how NADH levels were modi ed by exercise [ 13,14]. Subsequent human research had shown
that intensive exercise, unlike light exercise, shifted the NAD */NADH balance toward NADH [ 8,15)].
Only Koltai et al. [ 16] have examined the in uence of endurance training on changes in NAD * level in
rat muscles and showed that training resulted in an increase in NAD * biosynthesis.

Studies on skeletal muscle mitochondria are valuable, but usually invasive due to the use of the
biopsy technique [ 17,18] and expensive if transmission electron microscopy is used [ 19]. However, it has
been suggested that physical exercise brings bene cial changes not only in skeletal muscle mitochondria,
but also in skin mitochondria [ 20]. It has been demonstrated that physical exercise results in several
bene cial mitochondrial adaptations [ 19,21-25]. Various changes were extensively studied in skeletal
muscle mitochondria [ 19,21,25-27], while only one study dealt with the changes in the skin [ 20].
However, we do not know whether training only a  ects muscle mitochondria, or the adaptations also
take place in skin mitochondria that are easily accessible to study because they lie super cially.

To the best of our knowledge, there is a lack of studies describing the e ect of physical training
on changes in NADH uorescence in the skin. The novel, noninvasive, and cheap ow mediated
skin uorescence method can be a source of valuable information about the mitochondrial activity.
Therefore, the study aimed to evaluate the changes in NADH uorescence in the super cial skin layer
resulting from a 7-week training period in highly trained competitive athletes. We hypothesize that
physical training results in an increase in the NADH uorescence levels in athletes.

2. Materials and Methods

2.1. Subjects

Forty-one highly trained athletes (28 men, 13 women), ages ranging from 18 to 35 years,
participated in the study. They were members of the Polish national team or athletes taking part in
national and international competitions. They represented the following sport disciplines: triathlon
(Olympic distance: 1.5 km swim, 40 km bike ride, 10 km run) (seven men, four women); long-distance
running (5 km, 10 km, and marathon) (six men, two women); Olympic taekwondo (six men, one woman);
sprint (100 m, 200 m, and 4 100 m relay) (six men, one woman); canoeing (three men); and fencing
(ve women). Before starting the study, each participant was informed about the aim and procedures,
potential risks, and the possibility to withdraw at any time without giving any reason. All athletes gave
their written consent to participate in the examinations and ful lled a questionnaire on their health
status and potential contraindications. All athletes had valid health certi cates issued by a physician
who specialized in sports medicine, thus were eligible for training and competition. Exclusion criteria
were illness symptoms, injuries, and taking drugs (temporarily or chronically). Only the data of those
athletes who were present at both examinations was analyzed. The study was conducted in accordance



Appl. Sci.202Q 10, 5133 30f11

with the Declaration of Helsinki. The Ethics Committee of the Poznan University of Medical Sciences
in Poland approved the study protocol (approval no. 1017 /16 issued on 5 October 2016).

2.2. Training Characteristics

All participants attended training sessions at least six times a week. During the whole 7-week
period under study (general preparation phase of the one-year cycle), the athletes had on average
57 training sessions of a total duration of 71.2 h. The average duration of a single session was 84 min.

2.3. Study Design

The study was conducted in the Human Movement Laboratory of the Department of Athletics,
Strength and Conditioning at the Poznan University of Physical Education (Poznah, Poland).
Athletes arrived at the laboratory in the morning. During all measurements, the constant temperature
was maintained (20-21 C) by an air conditioning system. On the day of the examination, the participants
could only eat a light breakfast. It was also recommended for them to avoid co ee or tea for 12 h,
alcohol for 24 h, and hard exercise for 48 h before each examination. After arriving, athletes changed
into their lightweight sports clothing (without watches and wristbands potentially a ecting blood ow)
and acclimatized to the laboratory conditions for at least 30 min. During this time, they completed the
required questionnaires, and height and weight measurements were performed.

Athletes underwent the examinations twice: at the beginning of the general preparation phase
and after seven weeks, at the end of this phase. Each time, the same procedure was applied: (1) initial
resting blood pressure measurement; (2) resting NADH uorescence measurement; (3) blood draw,
(4) incremental exercise test; (5) second blood draw; (6) post-exercise blood pressure measurement;
and (7) post-exercise NADH uorescence measurement (3 min after the end of the test).

2.4. Incremental Exercise Test

The exercise test was conducted on the HP Cosmos treadmill (h/p/cosmos sports & medical
GmbH, Nussdorf — Traunstein, Germany). All participants were familiar with the treadmill test because
they regularly (2-3 times a year) participated in similar tests. The purpose of this examination was to
assess maximal oxygen uptake (VO,max) and peak heart rate (HR).

Respiratory gases were collected and analyzed using the MetaMax 3B ergospirometer
(Cortex Biophysik BmbH, Leipzig, Germany) and the MetaSoft Studio 5.1.0 software (Cortex Biophysik
BmbH, Leipzig, Germany). The exercise protocol started with a 4-min warm-up at the treadmill speed
of 6 km/h. Then, the treadmill accelerated by 2 km/h every 3 min. The treadmill inclination was 1%
throughout the whole test. The test terminated if the athlete signaled his /her voluntary exhaustion
by raising one hand. Maximal oxygen uptake was considered to be reached if the oxygen uptake
(VO») was stabilized despite the further increase in treadmill speed. All participants were highly
trained, so during the test, all of them reached a plateau in VO , uptake. We also checked three
additional conditions to con rm reached maximal oxygen uptake: (i) HR reached at least 95% of
the age-adjusted HR; (ii) cuto blood lactate concentration 9 mmol/L for man and 7 mmol/L for
women; and (iii) respiratory exchange ratiowas 1.1 [28]. Heart rate was measured using the Polar H6
Bluetooth Smart monitor (Polar Electro Oy, Kempele, Finland) attached to a chest strap.

2.5. Lactic Acid Measurements

Capillary blood samples were obtained from the ngertip at rest and 2 min after the exercise
test. Atotal of 20 L of whole blood was drawn to a micro test tube using a capillary. Biosen C-line
(EKF Diagnostics, Cardi , UK) was used to measure the level of lactate.
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2.6. Anthropometric Measure

Anthropometric measurements were performed according to s tandardized procedures. Body mass
(kg) and height (cm) were measured with a digital measuring s tation Seca 285 (SECA, Hamburg, Germany).
Body mass index (BMI) was calculated as body weight divided b y height squared (kg/m?2).

2.7. Nicotinamide Adenine Dinucleotide Fluorescence

NADH fluorescence was measured using the AngioExpert devic e (Angionica, adz, Poland, 2016)
based on the ow mediated skin uorescence (FMSF) method. FMSF enables recording of the changes
in NADH uorescence as a function of time in response to ischemia and reperfusion in forearm
skin cells. During the measurement, AngioExpert emits light at the wavelength of 460 nm [ 6,7].
NADH molecules have auto uorescence capability at a wavelength of 460 nm [ 9]. The changes in
uorescence intensity observed during the examination are produced in the most super cial skin cells
(epidermis) [ 6,29], which is due to very shallow skin penetration by excitation light at the wavelength of
340 nm. About 90% of the recorded signal comes from the skin depth up to 0.5 mm. The activated skin
region is not directly supplied with blood, but is supplied with oxygen by deeper blood vessels[ 6,7,29].

During the examination, each participant sat on a chair with his /her arm resting on the measuring
device. Immediately before examination, systolic (SBP) and diastolic (DBP) blood pressure was
measured using the Omron 3 (Omron, Kyoto, Japan) device. At the start of the FMSF examination,
basal uorescence was registered for 2 min. Then, an occlusion cu was in ated up to the pressure of
50 mmHg above the SBP for 200 s. After this time, blood ow in the forearm was restored (cu  de ated)
and the changes in NAD uorescence were recorded for a further 3min [ 7].

The following parameters related to NAD uorescence were measured or calculated (Figure 1):

Bmnean—Basal uorescence at the wavelength of 460 nm, recorded at rest at the beginning of
the measurement;

Flmax—The maximal increase in uorescence above the baseline observed during forearm ischemia;
FRmin—The maximal drop in uorescence below the baseline observed during reperfusion;
Imax—The relative increase in uorescence = the di erence between kax and Bmean;

Rmin—The relative drop in uorescence = the di erence between Bpean and FRmean;
IRampi—The maximal range of changes in uorescence = the sum of Ry, and Imax; and
Clmax—The relative (percentage) contribution of I max t0 IRampi [7]-

Figure 1. Parameters describing the Flow Mediated Skin Fluorescence. Bnean—Mean value of the basal
uorescence; Flmax—Maximal uorescence during ischemia; FR ,j,—The rst minimal uorescence
value during reperfusion; | max—The netincrease in uorescence over the baseline during ischemia;
IRampi—The amplitude of uorescence change during ischemia and reperfusion; R min—The net
reduction in uorescence below the baseline. Reprinted from Bugaj et al. [ 5].
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The second measurement was made according to the same methodology, 3 min after the end of
the treadmill test. A sample measurement of the NADH uorescence from a 23-year-old male sprinter

before and after training was shown in Figure 2.

Figure 2. A sample Flow Mediated Skin Fluorescence measurement in a 23-year-old male sprinter.
Changes in nicotinamide adenine dinucleotide uorescence are shown before and after 7-weeks of
training, at rest, and after cardiopulmonary exercise test until exhaustion. The rst 2 min serve

to determine the baseline uorescence level. This was followed by a 200-s ischemia (increase in

uorescence) and a 290-s reperfusion (decrease in uorescence).
3. Results

3.1. Basic Characteristics
The resting DBP, SBP, and BMI were within normal ranges. Other descriptive characteristics are
presented in Table 1.

Table 1. Basic characteristics of the studied athletes.

Parameter Before Training After Training
Age (years) 224 4
Training experience 8 23
(years)
Height (cm) 1781 7.3 178.1 7.3
Weight (kg) 69.1 10.3 69 10.3
BMI (kg/m?) 216 23 216 2.3
SBRest (MMHQ) 127.6 143 119.3 10.8 ***
DBPrest (MMHg) 69.9 7.3 729 9.3*
SBRxyerc (MMHQ) 148 183 139.2 16.3*
DBPexerc (MMHg) 745 8.1 78.2 8.1*
VO,max (mL/min/kg) 58.8 8.6 59.5 8.6
HR peak (beatsmin) 191.7 8 1919 8.9
LA rest (mmol/L) 1.2 05 1.0 0.3*
LA max (mmol/L) 9.9 15 10.2 1.9

Averaged data are presented as mean standard deviation (SD), and results of the t-test for dependent samples,
*p<0.05 *p<0.01, **p < 0.001 signi cantly di erent pre-training. BMI body mass index; SBP systolic blood
pressure; DBP diastolic blood pressure; rest before cardiopulmonary exercise test; exerc after cardiopulmonary

exercise test; VOmax (mL/min/kg) maximal oxygen uptake; HR pea peak heart rate; LAest resting lactate

concentration; LA max maximal lactate concentration.
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3.2. Measured Parameters

The values of the measured parameters are shown in Figure 3. At the rst examination (before the
training period), only B mean Signi cantly increased between the pre- (410.8) and post-exercise (449.3)
measurements. At the second examination (after the training period), the values of all measured
parameters signi cantly increased between resting and post-exercise condition. B mean increased
from 579.5 to 671.9, 16%; Fhax increased from 685.8 to 742.4, 8% and FR;, from 459.1 to 520, 13%.
All measured parameters (both resting and post-exercise) signi cantly increased between the rst and
second examination.

Figure 3. Measured parameters. Flow Mediated Skin Fluorescence parameters in athletes (N= 41) in
two examinations, before and after the cardiopulmonary exercise test until exhaustion. B mean—Changes
in the mean value of the basal uorescence; Flmax—Changes in maximal uorescence during ischemia;
FRmin—Changes in the rst minimal uorescence value during reperfusion. Values are means (SD).
Atwo-way analysis of variance (relation between exercise and training), post-hoc Sche e test, signi cant
di erences between pre- and post-exercise: **p < 0.001, **p < 0.01, *p < 0.05; signi cantdi erences
between before and after training * p< 0.001,2 p< 0.01,8 p< 0.05.

3.3. Calculated Parameters

The values of the calculated parameters are presented in Figure 4. Imax Signi cantly decreased
after exercise in both pre- (from 72.6 to 53.9, 26% decrease) and post-training (from 106.3 to 70.6,
34% decrease) examinations. hax values were higher after than before training pre- (from 72.6 to 106.3,
46% increase) and post-exercise (from 53.9 to 70.6, 31% increase).

Rmin significantly increased after exercise compared to resting conditions in both examinations before
(from 80.3 to 94.7, 18% increase) and after training (from 120.4 to 151.9, 26% increase). The pre- and
post-exercise values of Ry, were higher after than before training (pre-exercise 50% and post-exercise 60%).

The IRampi parameter did not significantly differ between resting and ~ post-exercise conditions in both
examinations. Its pre- and post-exercise values were significantly higher after than before the training
period (pre-exercise from 152.9 to 226.7, 48% increase; pasexercise from 148.6 to 222.4, 50% increase).
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The values of Clynax were signi cantly lower after than before exercise in both examinations
(before training decreased from 0.5 to 0.4; after training decreased from 0.5 to 0.3). There were no
di erences observed before when compared to after training.

Figure 4. Calculated parameters. Flow Mediated Skin Fluorescence parameters in athletes (N= 41) in
two examinations, before and after the cardiopulmonary exercise test. | max—Changes in the netincrease
in uorescence over the baseline during ischemia; IR amp—Changes in the amplitude of uorescence
change during ischemia and reperfusion; R i —Changes in the net reduction in uorescence below
the baseline; Clnax — Changes in Inax/IRampl ratio. Values are means (SD). A two-way analysis of
variance (relation between exercise and training), post-hoc Sche e test, signi cantdi erences between
pre- and post-exercise: ***p < 0.001, **p < 0.01, *p < 0.05; signi cant di erences between before and
after training #p < 0.001,2 p< 0.01,% p< 0.05.

4. Discussion

In this study, for the rst time, the changes in NADH uorescence in epidermal cells have been
investigated in highly trained athletes before and after a training period. The main and novel nding
is a signi cant increase in NADH uorescence after training.

4.1. The Eect of Training

In our study, an increase in NADH uorescence after a 7-week training period in highly trained
athletes was observed. It is widely known that physical training induces several adaptations
including mitochondrial adaptations [ 22]. The measurement of NADH uorescence may be used
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to indirectly evaluate the mitochondrial function and information about its metabolic status [  1,5].
However, the changes in NADH uorescence alone do not allow us to answer the question of
what particular metabolic changes took place. It is known that NAD * and NADH are in balance
(i.e., the more NAD *, the less NADH and vice versa [ 8]). Therefore, the higher post-training NADH
uorescence shown in our study may indicate increased NAD turnover.

Our participants represented di  erent sport disciplines, but the study was only conducted in the
general preparation period of the annual training cycle. The main goal of this period, regardless of
sports discipline, was the development of endurance capacity. VO ,max did not change after training
in our athletes, which is in line with other reports [ 30,31] that also did not observe such changes in
highly trained athletes in an annual training cycle. However, we assume that the changes occurred at
the cellular respiration level. The endurance-dominant training in all athletes signi cantlya  ected the
increase in the NADH uorescence, which can be re ected by the changes in mitochondrial functions
as shown in measured NADH parameters (B mean, Flmax, FRmin)- The post-training increase in Bmean,
Flmax, and FRnin suggests a training-induced increase in the total NAD pool. However, there is a lack
of research on training-induced changes in skin mitochondria. We can only compare our ndings
with those obtained from muscle mitochondria. To the best of our knowledge, the only research
on training-related changes in NAD levels was performed on rat muscles. It has been found that
NAD levels increased in response to endurance training [ 16]. There is a lack of studies on NAD
changes in trained humans. The training-related changes in mitochondria have been widely described
in human muscles [19,21,22,25,32]. The training-related changes in the mitochondria are probably
connected with the improvement in mitochondrial biogenesis and the removal of dysfunctional
mitochondria [ 21,22,25,32]. After training, an increase was observed in the levels of proteins related to
mitochondrial biogenesis [ 21,25] and an improvement in mitochondrial respiratory function [ 19]. Itis
suggested that the pro le of the mitochondrial changes depends on training intensity and volume.
Training volume seems to a ect mitochondrial content, whereas training intensity is correlated with the
improvement in mitochondrial respiration[ 19]. It must be remembered that exercise does not necessarily
imply exactly the same metabolic changes in muscle and skin mitochondria. However, intense physical
activity a ects mitochondrial activity and induces an increase in NADH uorescence, which we have
shown in our previous study [ 5]. Therefore, the observed increase in NADH uorescence after 7-weeks
of training may indirectly indicate adaptive changes in skin mitochondria.

4.2. Exercise Response

In our recent paper [ 5], we showed that a single bout of exercise until exhaustion induced a
signi cant increase in skin NADH uorescence. The results of this study are in line with our previous
observations. We found that the | nax parameter, related to uorescence intensity, decreased after
exercise and that the Ry, parameter increased after exercise. The likely explanation is that with
limited aerobic metabolism, NADH is accumulated and the NAD * amount decreases because anaerobic
metabolism does not allow for restoring NAD * from NADHtoasu cient extent [33-35].

However, some authors [ 36] suggest that the decrease in NADH uorescence intensity during
reperfusion not only shows the change in mitochondrial function, but also in microcirculatory and
endothelial functions related to the e  ciency of blood supply to the skin. Both the skin blood vessels'
thermoregulatory [ 37-39] and endothelial [ 40] functions improved after training. Our study supports
this view and suggests improvements in exercise tolerance based on NADH uorescence measurement.

4.3. Practical Application

The FMSF method might be useful to evaluate metabolic adaptations related to mitochondrial
function and /or microcirculatory function as the e ect of training (training e  ciency). This might also
be used to observe the recovery after exercise when returning to the resting NADH values.
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5. Conclusions

Athletes showed signi cant changes in NADH uorescence in skin cells after a 7-week training
period. We found that they achieved higher post-training values in basal NADH uorescence (B mean)
(pre-exercise 41% increase and post-exercise 49% increase). Additionally, the maximal increase
in uorescence during occlusion (FI nax) and the maximal drop in uorescence after reperfusion
(FRmin) were higher at rest and post-exercise after training (FI max 42% at rest, and 47% post-exercise,
FRmin (39% at rest, and 47% post-exercise). In conclusion, physical training results in an increase in the
skin NADH uorescence levels at rest and after exercise in highly trained athletes. We suggest that the
measurements can re ect the training-induced changes in the metabolic status of the skin mitochondria.
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