
 

Akademia Wychowania Fizycznego im. Eugeniusza Piaseckiego 
w Poznaniu 

 

 

mgr Olga Maria Bugaj 

 

Rozprawa doktorska 
 
 

 Zmiany fluorescencji �1�$�'�+���Z���V�N�y�U�]�H���S�R�G���Z�S�á�\�Z�H�P���Z�\�V�L�á�N�X��
fizycznego �X���Z�\�V�R�N�R�Z�\�W�U�H�Q�R�Z�D�Q�\�F�K���V�S�R�U�W�R�Z�F�y�Z badane �P�H�W�R�G����

Flow Mediated Skin Fluorescence 
 
 

 
 

 
 
 

 
 

Promotor: 
 

�S�U�R�I�����$�:�)���G�U���K�D�E�����-�D�F�H�N���=�L�H�O�L���V�N�L 
 
 

 
�3�R�]�Q�D��������20 

 



2 
 

Poznan University of Physical Education 
 

 

Olga Maria Bugaj MSc 

 

 

Doctoral dissertation 
 
Changes in skin NADH fluorescence induced by exercise in highly 

trained athletes using Flow Mediated Skin Fluorescence 
 
 

 
 

 
 
 

 
 
 

Supervisor: 
 

Assoc. Prof.  �-�D�F�H�N���=�L�H�O�L���V�N�L 
 
 
 

�3�R�]�Q�D��������20 
 



3 
 

�6�S�L�V���7�U�H���F�L 

I.  �$�X�W�R�U�H�I�H�U�D�W�«�«�«�«�«�«�«�«�«�«�«�«�������«�«�«�«�« str. 4 

II.   �'�L�V�V�H�U�W�D�W�L�R�Q���V�X�P�P�D�U�\�«�«�«�«�«�«�«�«�«�«�«�������«������ str. 17 

III.   �3�L���P�L�H�Q�Q�L�F�W�Z�R �����5�H�I�H�U�H�Q�F�H�V�«�«�«�«�����«�«�«������............ str. 29 

IV.   �6�W�U�H�V�]�F�]�H�Q�L�H�������$�E�V�W�U�D�F�W�«�«�«�«�«�«�«�������«�«�«�«�«���� str. 33 

V.  �=�D�á���F�]�Q�L�N�L�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�� str. 35 

 

 �� �2���Z�L�D�G�F�]�H�Q�L�D���Z�V�S�y�á�D�X�W�R�U�y�Z 

�� Publikacja nr 1 �S�W���� �Ä�)�O�R�Z-Mediated Skin Fluorescence 

method for non-invasive measurement of the NADH at 

460 nm �± a possibility to assess the mitochondrial 

�I�X�Q�F�W�L�R�Q�´ 

�� Publikacja nr 2 �S�W���� �Ä�7�K�H�� �H�I�I�H�F�W�� �R�I�� �H�[�H�U�F�L�V�H�� �R�Q�� �W�K�H�� �V�N�L�Q��

content of the reduced form of NAD and its response to 

transient ischemia and reperfusion in highly trained 

�D�W�K�O�H�W�H�V�´ 

�� Publikacja nr 3 �S�W�����ÄThe effect of a 7-week training period 

on changes in skin NADH fluorescence in highly trained 

�D�W�K�O�H�W�H�V�´ 

 

 

 

 

 

 

 

 



4 
 

I. AUTOREFERAT �:���-�	�=�<�.�8���3�2�/�6�.�,�0 

�3�R�G�V�W�D�Z���� �U�R�]�S�U�D�Z�\�� �G�R�N�W�R�U�V�N�L�H�M�� �M�H�V�W�� �F�\�N�O�� �S�X�E�O�L�N�D�F�M�L�� �S�R�G�� �Z�V�S�y�O�Q�\�P�� �W�\�W�X�á�H�P�� Zmiany 

�I�O�X�R�U�H�V�F�H�Q�F�M�L�� �1�$�'�+�� �Z�� �V�N�y�U�]�H�� �S�R�G�� �Z�S�á�\�Z�H�P�� �Z�\�V�L�á�N�X�� �I�L�]�\�F�]�Q�H�J�R�� �X�� �Z�\�V�R�N�R�Z�\�W�U�H�Q�R�Z�D�Q�\�F�K��

�V�S�R�U�W�R�Z�F�y�Z���E�D�G�D�Q�H���P�H�W�R�G�����)�O�R�Z Mediated Skin Fluorescence, �Z���N�W�y�U�H�J�R���V�N�á�D�G���Z�F�K�R�G�]����trzy 

�S�X�E�O�L�N�D�F�M�H�� �S�U�]�\�J�R�W�R�Z�D�Q�H�� �Q�D�� �S�R�G�V�W�D�Z�L�H�� �E�D�G�D���� �Z�\�N�R�Q�D�Q�\�F�K�� �Z��ramach projektu naukowego 

nr ANG/ZK/2/2016 �E�
�G���F�H�J�R�� �F�]�
���F�L���� �S�U�R�M�H�N�W�X��POIR.01.01.01-00-0540/15 finansowanego z 

Programu Operacyjnego Inteligent�Q�\�� �5�R�]�Z�y�M�� ��������-���������� �Z�V�S�y�á�I�L�Q�D�Q�V�R�Z�D�Q�H�J�R�� �]�H�� ���U�R�G�N�y�Z��

Europejskiego Funduszu Rozwoju Regionalnego: 

1. Flow-Mediated Skin Fluorescence method for non-invasive measurement of the 

NADH at 460 nm �± a possibility to assess the mitochondrial function. �3�R�V�W�
�S�\��

�%�L�R�O�R�J�L�L���.�R�P�y�U�N�L����4 (4): 333�±352, 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. �:�V�W�
�S 

�-�X�*�� �Z�� �S�R�á�R�Z�L�H�� �X�E�L�H�J�á�H�J�R�� �V�W�X�O�H�F�L�D�� �'uysens i Amesz (1957) jako pierwsi wykonali 

badania NADH (redukowanej formy dinukleotydu nikotyamidoadeninowego) �S�U�]�\�� �X�*�\�F�L�X��

metody fluorescencyjnej (spektrofotometrii). Na podstawie dalszych �E�D�G�D���� �N�R�O�H�M�Q�L�� �D�X�W�R�U�]�\��

uznali, ze p�R�P�L�D�U�� �I�O�X�R�U�H�V�F�H�Q�F�M�L�� �1�$�'�+�� �P�R�*�H�� �E�\�ü�� �F�H�Q�Q�\�P�� �(�U�y�G�á�H�P�� �Lnformacji o funkcji 

�P�L�W�R�F�K�R�Q�G�U�L�y�Z�� ��Chance i Baltscheffsky 1958, Chance i Jobsis 1959, Mayevsky i Chance 

2007). 

�'�L�Q�X�N�O�H�R�W�\�G�� �Q�L�N�R�W�\�Q�R�D�P�L�G�R�D�G�H�Q�L�Q�R�Z�\�� ���1�$�'���� �M�H�V�W�� �P�R�O�H�N�X�á���� �Z�\�V�W�
�S�X�M���F���� �Q�L�H�P�D�O��we 

�Z�V�]�\�V�W�N�L�F�K�� �N�R�P�y�U�N�D�F�K�� �O�X�G�]�N�L�H�J�R�� �R�U�J�D�Q�L�]�P�X���� �1�$�'�� �P�R�*�H�� �Z�\�V�W�
�S�R�Z�D�ü�� �Z�� �G�Z�y�Fh formach: 

utlenionej (NAD+) i zredukowanej (NADH) (Dolle i wsp. 2010; White i Schenk 2012). Skutki 

�M�H�J�R�� �Q�L�H�G�R�E�R�U�X�� �P�R�J���� �E�\�ü�� �E�D�U�G�]�R�� �S�R�Z�D�*�Q�H���� �]�D�O�L�F�]�D�� �V�L�
�� �G�R�� �Q�L�F�K�� �V�]�H�U�H�J�� �F�K�R�U�y�E�� �V�H�U�F�R�Z�R-
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�Q�D�F�]�\�Q�L�R�Z�\�F�K�����D���W�D�N�*e metabolicznych (Braidy i wsp. 2018; Rajman i wsp. 2018). NADH jest 

�V�\�Q�W�H�W�\�]�R�Z�D�Q�\�� �Z�� �F�\�W�R�S�O�D�]�P�L�H���� �P�L�W�R�F�K�R�Q�G�U�L�D�F�K�� �L�� �M���G�U�]�H�� �N�R�P�y�U�N�R�Z�\�P���� �D�O�H�� �M�H�J�R�� �X�W�Oenianie 

zachodzi tylko w mitochondriach (Dolle i wsp. 2010; White i Schenk 2012). NAD+/NADH 

�E�
�G���F�� �G�R�Q�R�U�H�P�� �L�� �D�N�F�H�S�W�R�U�H�P�� �M�R�Q�y�Z�� �Z�R�G�R�U�R�Z�\�F�K�� �X�F�]�H�Vtniczy w cyklu Krebsa (gdzie NAD+ 

ulega redukcji �G�R���1�$�'�+�������D�O�H���U�y�Z�Q�L�H�*���Z���á�D���F�X�F�K�X���W�U�D�Q�V�S�R�U�W�X���H�O�H�N�W�U�R�Q�y�Z�����J�G�]�L�H���P�D���P�L�H�M�V�F�H��

utlenianie NADH do NAD+������ �0�R�O�H�N�X�á�D�� �1�$�'�� �E�L�R�U���F�� �X�G�]�L�D�á�� �Z�� �S�U�R�G�X�N�F�M�L�� �D�G�H�Q�R�]�\�Q�R-���•-

�W�U�L�I�R�V�I�R�U�D�Q�X�� ���$�7�3������ �S�H�á�Q�L�� �N�O�X�F�]�R�Z���� �U�R�O�
�� �Z�� �S�R�]�\�V�N�L�Z�D�Q�L�X�� �H�Q�H�U�J�L�L�� �Q�D�� �S�R�]�L�R�P�L�H�� �N�R�P�y�U�N�R�Z�\�P��

(Mayevsky i Chance 2007; White i Schenk 2012). Prawdopodobnie metabolizm NAD 

�R�G�E�\�Z�D���V�L�
��w podobny �V�S�R�V�y�E we �Z�V�]�\�V�W�N�L�F�K���N�R�P�y�U�N�D�F�K���O�X�G�]�N�L�F�K�����O�H�X�N�R�F�\�W�D�F�K�����N�R�P�y�U�N�D�F�K��

�Z���W�U�R�E�\�����P�y�]�J�X���M�D�N���L���Z���N�R�P�y�U�N�D�F�K���V�N�y�U�\����Green 1997; Ament i Verkerke 2009; Mayevsky i 

Barbiro-�0�L�F�K�D�H�O�\�� �������������� �G�O�D�W�H�J�R�� �M�H�J�R�� �P�R�Q�L�W�R�U�R�Z�D�Q�L�H�� �P�R�*�H�� �E�\�ü�� �(�U�y�G�á�H�P�� �Z�L�H�O�X�� �F�H�Q�Q�\�F�K��

informacji o stanie organizmu. 

Dotychczas wykorzystywane �P�H�W�R�G�\�� �R�F�H�Q�\�� �P�L�W�R�F�K�R�Q�G�U�L�y�Z �Z�� �Z�L�
�N�V�]�R���F�L�� �Z�\�P�D�J�D�á�\��

�L�Q�Z�D�]�\�M�Q�H�J�R�� �S�R�E�L�H�U�D�Q�L�D�� �S�U�y�E�H�N �]�D�� �S�R�P�R�F���� �E�L�R�S�V�M�L. Badania prowadzono in vitro, a koszty 

�W�D�N�L�F�K�� �E�D�G�D���� �E�\�á�\�� �E�D�U�G�]�R�� �Z�\�V�R�N�L�H��(�2�¶�'onnell i wsp. 2004; Mayevsky i Rogatsky 2007; 

�0�D�U�t�Q-�*�D�U�F�t�D�� �������������� �$�O�W�H�U�Q�D�W�\�Z�� �P�R�*�H�� �E�\�ü �S�R���U�H�G�Q�L�D�� �R�F�H�Q�D�� �I�X�Q�N�F�M�L�� �P�L�W�R�F�K�R�Q�G�U�L�D�O�Q�Hj za 

�S�R�P�R�F���� �I�O�X�R�U�H�V�F�H�Q�F�M�L�� �1�$�'�+�� ���0ayevsky i Rogatsky 2007; Mayevsky i Barbiro-Michaely 

2009). Metoda ta pozwala na nieinwazyjne badanie in vivo w czasie rzeczywistym. Historia 

monitorowania fluorescencji NADH w celu oceny funkcji mitochondrialnej �V�L�
�J�D���O�D�W���¶�������;�;��

wieku (Chance i Williams 1955; Duysens i Amesz 1957; Chance i Baltscheffsky 1958; 

Chance i Jobsis 1959; Chance i Thorell 1959). Mayevsky i Rogatsky (2007) w swoim 

�S�U�]�H�J�O���G�]�L�H�� �S�U�]�\�W�D�F�]�D�M���� �V�]�H�U�H�J�� �S�U�D�F�� �Z�V�N�D�N�X�M���F�\�F�K���� �*�H��na podstawie oceny fluorymetrycznej 

NADH �X�]�\�V�N�X�M�H�� �V�L�
 �L�Q�I�R�U�P�D�F�M�
�� �J�á�y�Z�Q�L�H�� �R�� �1�$�'�+�� �]�O�R�N�D�O�L�]�R�Z�D�Q�\�P�� �Z�� �P�L�W�R�F�K�R�Q�G�U�L�D�F�K����

�Q�D�W�R�P�L�D�V�W���1�$�'�+���]�D�Z�D�U�W�\���Z���F�\�W�R�S�O�D�]�P�L�H���Q�L�H���P�D���Q�D���S�R�P�L�D�U���L�V�W�R�W�Q�H�J�R���Z�S�á�\�Z�X����Na podstawie 

obserwacji zmian poziomu fluorescencji NADH �P�R�*�Q�D�� �Z�Q�L�R�V�N�R�Z�D�ü�� �R�� �I�X�Q�N�F�M�L��

mitochondrialnej, z uwagi na zadanie �S�H�ánione przez NAD+/NADH w procesie oddychania 

�N�R�P�y�U�N�R�Z�H�J�R���� 

�%�D�G�D�F�]�H���M�X�*���G�D�Z�Q�R��za�L�Q�W�H�U�H�V�R�Z�D�O�L���V�L�
�� �]�P�L�D�Q�D�P�L���U�y�Z�Q�R�Z�D�J�L���1�$�'+/NADH w efekcie 

zastosowania �Z�\�V�L�á�N�X�� �I�L�]�\�F�]�Q�H�J�R���� �M�H�G�Q�D�N��podawali sprzeczne informacje o kierunku tych 

�]�P�L�D�Q���� �F�R�� �Z�\�Q�L�N�D�á�R�� �Q�D�M�F�]�
���F�L�H�M�� �]�� �U�y�*nic metodologicznych (Graham i wsp. 1978; Sahlin 

1985; Henriksson i wsp. 1986; Katz i Sahlin 1987; White i Schenk 2012). �1�D�O�H�*�\���]�D�]�Q�D�F�]�\�ü����

�L�*���L�O�R���ü���1�$�' jest w organizmie w �G�D�Q�\�P���P�R�P�H�Q�F�L�H���V�W�D�á�D�����3�U�R�F�H�Q�W�R�Z�\���X�G�]�L�D�á���1�$�'+/NADH 

�]�P�L�H�Q�L�D���V�L�
���]�D�O�H�*�Q�L�H od �S�H�Z�Q�\�F�K���F�]�\�Q�Q�L�N�y�Z�����W�D�N�L�F�K���M�D�N���G�R�V�W�
�S�Q�R���ü���W�O�H�Q�X�����0�D�\�H�Y�V�N�\���L���&�K�D�Q�F�H��
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2007), np. �S�R�G�F�]�D�V�� �]�D�V�W�R�V�R�Z�D�Q�L�D�� �R�N�O�X�]�M�L�� �O�X�E�� �Z�� �H�I�H�N�F�L�H�� �L�Q�W�H�Q�V�\�Z�Q�\�F�K�� �ü�Z�L�F�]�H��. Natomiast w 

�G�á�X�*�V�]�\�P���F�]�D�V�L�H���S�X�O�D���1�$�'�� �P�R�*�H���V�L�
��zmienia�ü. Jego poziom moduluje dieta, �]�D�*�\�Z�D�Q�H leki, 

�D�N�W�\�Z�Q�R���ü�� �I�L�]�\czna. Poziom NAD maleje wraz z wiekiem (Kane i Sinclair 2018; Rajman i 

wsp. 2018). 

Jak wiadomo, t�U�H�Q�L�Q�J�� �I�L�]�\�F�]�Q�\�� �Z�\�Z�R�á�X�M�H��w organizmie szereg adaptacji. Zmiany te 

�G�R�W�\�F�]�����Q�L�H���W�\�O�N�R���F�D�á�\�F�K���X�N�á�D�G�y�Z�����P�L�
���Q�Lowo-szkieletowego, oddechowego �L���L�Q�������D�O�H���U�y�Z�Q�L�H�*��

�Q�D�U�]���G�y�Z���� �W�N�D�Q�H�N���� �N�R�P�y�U�H�N���� �2�E�H�M�P�X�M���� �R�Q�H�� �U�y�Z�Q�L�H�*�� �X�N�á�D�G �N�U�Z�L�R�Q�R���Q�\���� �]�D�U�y�Z�Q�R�� �J�á�y�Z�Q�H��

�Q�D�F�]�\�Q�L�D�� �M�D�N�� �L�� �Q�D�F�]�\�Q�L�D�� �P�L�N�U�R�N�U���*�H�Q�L�D�� ���*�U�H�H�Q�� �L�� �Z�V�S. 2017). Zmiany adaptacyjne �]�D�F�K�R�G�]����

�U�y�Z�Q�L�H�*���Z���P�L�W�R�F�K�R�Q�G�U�L�D�F�K�����%�X�V�T�X�H�W�V�)�&�R�U�W�p�V���L���Z�V�S. 2017)�����$�N�W�\�Z�Q�R���ü���I�L�]�\�F�]�Q�D���Z�S�á�\�Z�D���W�D�N�*�H��

�Q�D�� �J�R�V�S�R�G�D�U�N�
�� �E�L�R�F�K�H�P�L�F�]�Q���� ���$�P�H�Q�W�� �L�� �9�H�U�N�H�U�N�H�� �������������� �Z�� �W�\�P�� �Q�D�� �]�P�L�D�Q�\�� �U�y�Z�Q�R�Z�D�J�L��

NAD+���1�$�'�+�����2�¶�'�R�Q�Q�H�O�O���L���Z�V�S�������������������:�K�L�W�H���L���6�F�K�H�Q�N�����������������V�X�J�H�U�X�M�������*�H���W�U�H�Q�L�Q�J���I�L�]�\�F�]�Q�\����

�]�� �X�Z�D�J�L�� �Q�D�� �Z�]�U�R�V�W�� �]�D�S�R�W�U�]�H�E�R�Z�D�Q�L�D�� �Z�� �W�U�D�N�F�L�H�� �Z�\�V�L�á�N�X�� �Q�D�� �$�7�3���� �V�W�\�P�X�O�X�M�H�� �]�Z�L�
�N�V�]�D�Q�L�H�� �S�X�O�L��

NAD. �3�R�P�L�P�R���L�*���S�R�Z�V�W�D�á���V�]�H�U�H�J���E�D�U�G�]�R���G�R�N�á�D�G�Q�\�F�K���L���]�D�D�Z�D�Q�V�R�Z�D�Q�\�F�K���P�H�W�R�G���S�R�]�Z�D�O�D�M���F�\�F�K��

�Q�D�� �R�F�H�Q�
�� �U�y�*�Q�\�F�K�� �D�V�S�H�N�W�y�Z�� �G�]�L�D�á�D�Q�L�D�� �P�L�W�R�F�K�R�Q�G�U�L�y�Z���� �W�R�� �M�H�G�Q�D�N�� �Q�L�H�Z�L�H�O�X�� �E�D�G�D�F�]�\�� �]�J�á�
�E�L�á�R��

temat �]�P�L�D�Q���]�D�F�K�R�G�]���F�\�F�K���Z���Q�L�F�K���S�R�G���Z�S�á�\�Z�H�P��treningu fizycznego�����3�U�D�F�H�����N�W�y�U�H���S�R�Z�V�W�D�á�\��

�Z�� �W�\�P�� �R�E�V�]�D�U�]�H�� �G�R�W�\�F�]���� �M�H�G�\�Q�L�H�� �]�P�L�D�Q��w mitochondriach �N�R�P�y�Uek �P�L�
���Q�L�R�Z�\�F�K�� ��Phillips i 

wsp. 1996; Mayevsky i Chance 2007; Mayevsky i Rogatsky 2007; White i Schenk 2012). 

�5�y�Z�Q�L�H�*�� �E�D�G�D�Q�L�D�� �Q�D�� �W�H�P�D�W�� �Z�S�á�\�Z�X�� �Z�\�V�L�á�N�X�� �L�� �W�U�H�Q�L�Q�J�X�� �I�L�]�\�F�]�Q�H�J�R�� �Q�D�� �I�O�X�R�U�H�V�F�H�Q�F�M�
�� �1�$�'�+��

�S�U�R�Z�D�G�]�R�Q�H���E�\�á�\���Z���P�L�
���Q�L�D�F�K���V�]�N�L�H�O�H�W�R�Z�\�F�K��(White i Schenk 2012) nie wiadomo jednak czy 

kierunek tych zmian jest taki sam �Z���V�N�y�U�]�H�� 

W �E�D�G�D�Q�L�D�F�K�� �Z�á�D�V�Q�\�F�K��postanowiono zbada�ü�� �]�P�L�D�Q�\�� �I�O�X�R�U�H�V�F�H�Q�F�M�L�� �1�$�'�+ �Z�� �V�N�y�U�]�H 

�]�D�F�K�R�G�]���F�H���S�R�G���Z�S�á�\�Z�H�P���S�R�M�H�G�\�Q�F�]�H�J�R �Z�\�V�L�á�N�X �D���W�D�N�*�H���W�U�H�Q�L�Q�J�X��fizycznego. Wykorzystano 

�Q�R�Z�D�W�R�U�V�N���� �P�H�W�R�G�
�� �)�O�R�Z�� �0�H�G�L�D�W�H�G�� �6�N�L�Q�� �)�O�X�R�U�H�V�F�H�Q�F�H�� ���)�0�6�)���� �S�R�]�Z�D�O�D�M���F���� �Q�D�� �S�R���U�H�G�Q�L����

�R�F�H�Q�
�� �I�X�Q�N�F�M�L�� �P�L�W�R�F�K�R�Q�G�U�L�D�O�Q�H�M�� �]�� �S�R�]�L�R�P�X�� �V�N�y�U�\���� �Z�� �V�S�R�V�y�E�� �F�D�á�N�R�Z�L�F�L�H�� �Q�L�H�L�Q�Z�D�]�\�M�Q�\. W 

trakcie �E�D�G�D�Q�L�D�� �R�E�V�H�U�Z�X�M�H�� �V�L�
 �Z�� �V�S�R�V�y�E�� �F�L���J�á�\�� ���U�y�Z�Q�L�H�*�� �Z�� �W�U�D�N�F�L�H�� �R�N�O�X�]�M�L���� �]�D�S�L�V�� �]�P�L�D�Q��

fluorescencji NADH w czasie rzeczywistym. 

2.   �&�H�O���E�D�G�D�� 

�&�H�O�H�P���S�U�D�F�\���E�\�á�R���R�N�U�H���O�H�Q�Le �]�P�L�D�Q���L�Q�W�H�Q�V�\�Z�Q�R���F�L���I�O�X�R�U�H�V�F�H�Q�F�M�L NADH �Z���V�N�y�U�]�H��pod 

�Z�S�á�\�Z�H�P�� �S�R�M�H�G�\�Q�F�]�H�J�R�� �Z�\�V�L�á�N�X�� �G�R�� �R�G�P�R�Z�\�� ���S�U�D�F�D�� ���� oraz po 7 tygodniowym treningu w 

okresie przygotowawczym (praca 3) �Q�R�Z���� �Q�L�H�L�Q�Z�D�]�\�M�Q���� �P�H�W�R�G���� �)�O�R�Z�� �0�H�G�Lated Skin 

�)�O�X�R�U�H�V�F�H�Q�F�H���X���Z�\�V�R�N�R�Z�\�W�U�H�Q�R�Z�D�Q�\�F�K���V�S�R�U�W�R�Z�F�y�Z. 
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�3�R�V�W�D�Z�L�R�Q�R���Q�D�V�W�
�S�X�M���F�H���K�L�S�R�W�H�]�\���E�D�G�D�Z�F�]�H���� 

�� W�\�V�L�á�H�N�� �G�R�� �R�G�P�R�Z�\�� �Z�S�á�\�Q�L�H na poziom �1�$�'�+�� �Z�� �N�R�P�y�U�N�D�F�K�� �Q�D�V�N�y�U�N�D���� �D��

�U�y�Z�Q�R�Z�D�J�D���1�$�'+/NADH przesunie �V�L�
���Z���N�L�H�U�X�Q�N�X���1�$�'�+ (praca 2 i 3). 

�� W efekcie treningu fizycznego w okresie przygotowawczym �Z�]�U�R���Q�L�H��

fluorescencja NADH mierzona w spoczynku i po maksymalnym �Z�\�V�L�áku (praca 

3). 

3.   Metody badawcze  

�3�U�R�F�H�G�X�U�\���E�D�G�D�� 

�%�D�G�D�Q�L�D�� �S�U�R�Z�D�G�]�R�Q�H�� �E�\�á�\�� �Z�� �O�D�E�R�U�D�W�R�U�L�X�P�� �$�Q�D�O�L�]�\�� �5�X�F�K�X�� �&�]�á�R�Z�L�H�N�D�� �Z�� �=�D�N�á�D�G�]�L�H��

Lekkiej Atletyki i Przygotowania Motorycznego na Akademii Wychowania Fizycznego w 

Poznaniu. Wszyscy badani przechodzili przez ocen�
�� �V�W�D�Q�X�� �]�G�U�R�Z�L�D���� �N�W�y�U�D�� �N�Z�D�O�L�I�L�N�R�Z�D�á�D�� �G�R��

uczestnictwa w testach. �%�D�G�D�Q�L�D���Z�\�N�R�Q�\�Z�D�Q�H���E�\�á�\���Z���J�R�G�]�L�Q�D�F�K���S�R�U�D�Q�Q�\�F�K����W laboratorium 

�X�W�U�]�\�P�\�Z�D�Q�R���V�W�D�á�����W�H�P�S�H�U�D�W�X�U�
���R�W�R�F�]�H�Q�L�D��������-210C).  Sportowcy �Z���G�Q�L�X���E�D�G�D�Q�L�D���P�R�J�O�L���]�M�H���ü��

�O�H�N�N�L�H�����Q�L�D�G�D�Q�L�H�����D���S�U�]�H�]���������J�R�G�]�L�Q�\���S�R�S�U�]�H�G�]�D�M���F�H���W�H�V�W���Z�\�V�L�á�N�R�Z�\���Q�L�H���P�R�J�O�L���E�U�D�ü���X�G�]�L�D�á�X���Z��

intensywnych sesjach treningowych. Testy rozpoczynano od �S�R�P�L�D�U�y�Z�� �D�Q�W�U�R�S�R�P�H�W�U�\�F�]�Q�\�F�K��

oraz od �E�D�G�D�Q�L�D�� �F�L���Q�L�H�Q�L�D�� �W�
�W�Q�L�F�]�H�J�R�� �N�U�Z�L�� �]�D�� �S�R�P�R�F���� �X�U�]���G�]�H�Q�L�D��Omron M3 (Omron, 

Japonia)���� �1�D�V�W�
�S�Q�L�H�� �Z�\�N�R�Q�\�Z�D�Q�R�� �S�L�H�U�Z�V�]�\�� �S�R�P�L�D�U�� �I�O�X�R�U�H�V�F�H�Q�F�M�L�� �1�$�'�+�� �]�D�� �S�R�P�R�F����

�X�U�]���G�]�H�Q�L�D�� �$�Q�J�L�R�(�[�S�H�U�W�� ���$�Q�J�L�R�Q�L�F�D���� �à�y�G�(������Kolejno b�D�G�D�Q�\�� �Z�\�N�R�Q�\�Z�D�á�� �W�H�V�W�� �Z�\�V�L�á�N�R�Z�\�� �G�R��

�R�G�P�R�Z�\�� �Q�D�� �E�L�H�*�Q�L�� �P�H�F�K�D�Q�L�F�]�Q�H�M�� ���+���3�� �&�R�V�P�R�V����Pulsar, Niemcy). Zawodnikom pobierano 

krew z opuszka palca �Z�� �F�H�O�X�� �R�]�Q�D�F�]�H�Q�L�D�� �V�W�
�*�H�Q�L�D�� �P�O�Hczanu w spoczynku i 2 minuty po 

�]�D�N�R���F�]�H�Q�L�X���W�H�V�W�X�� W 3�±���� �P�L�Q�X�F�L�H���S�R���]�D�N�R���F�]�H�Q�L�X���Z�\�V�L�á�N�X���S�R�Q�R�Z�Q�L�H���E�D�G�D�Q�R���F�L���Q�L�H�Q�L�H���N�U�Z�L��

oraz fluorescencj�
 NADH. �3�U�R�W�R�N�y�á���E�D�G�D�Q�L�D���E�\�á���]�J�R�G�Q�\���]���'�H�N�O�D�U�D�F�M�����+�H�O�V�L���V�N�������=�J�R�G�
���Q�D��ich 

�S�U�]�H�S�U�R�Z�D�G�]�H�Q�L�H�� �Z�\�G�D�á�D�� �.�R�P�L�V�M�D�� �%�L�R�H�W�\�F�]�Q�D�� �S�U�]�\�� �8�Q�L�Z�H�U�V�\�W�H�F�L�H�� �0�H�G�\�F�]�Q�\�P�� �Z�� �3�R�]�Q�D�Q�L�X����

�G�H�F�\�]�M�D�� �Q�U���� ���������������� �]�� �G�Q�L�D�� ���� �S�D�(�G�]�L�H�U�Q�L�N�D�� ������������ �:�V�]�\�V�F�\�� �V�S�R�U�W�R�Z�F�\�� �X�F�]�H�V�W�Q�L�F�]�\�O�L�� �Z��

badaniach dobrowolnie �L���]�R�V�W�D�O�L���S�R�L�Q�I�R�U�P�R�Z�D�Q�L���R���P�R�*�O�L�Z�R���F�L��wycof�D�Q�L�D���V�L�
���]���Q�L�F�K���Q�D���N�D�*�G�\��

etapie. 

Pomiar fluorescencji NADH 

Badanie fluorescencji NADH przeprowadzono �S�U�]�\�� �X�*�\�F�L�X �X�U�]���G�]�H�Q�L�D�� �$�Q�J�L�R�(�[�S�H�U�W 

���$�Q�J�L�R�Q�L�F�D���� �à�y�G�(, Polska). B�D�G�D�Q�D���E�\�á�D���L�Q�W�H�Q�V�\�Z�Q�R���ü�� �I�O�X�R�U�H�V�F�H�Q�F�M�L���R���G�á�X�J�R���F�L�� �I�D�O�L���������� �Q�P., 
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�N�W�y�U�D���M�H�V�W��charakterystyczna dla NADH�����Z���R�G�S�R�Z�L�H�G�]�L���Q�D���D�N�W�\�Z�D�F�M�
�����Z�L�D�W�á�H�P���8�9���R���G�á�X�J�R���F�L��

fali 340 nm. (Mayevsky i Chance 2007; Mayevsky i Barbiro-Michaely 2009; Mayevsky i 

wsp. 2011). Fluorescencja odnotowywana podczas pomiaru pochodzi�á�D �J�á�y�Z�Q�L�H�� �]�� �N�R�P�y�U�H�N��

�Q�D�V�N�y�U�N�D�� ���'�X�Q�D�H�Y��i wsp. 2015). Wykorzy�V�W�\�Z�D�Q�H�� �G�R�� �E�D�G�D���� �X�U�]���G�]�H�Q�L�H��AngioExpert 

�G�R�N�R�Q�X�M�H�� �F�L���J�á�H�M�� �U�H�M�H�V�W�U�D�F�M�L�� �V�\�J�Q�D�á�X���� �S�R�G�F�]�D�V��pomiaru spoczynkowego (2 min), w trakcie 

�R�N�O�X�]�M�L�� �W�
�W�Q�L�F�]�H�M�� ��2�����V������ �R�U�D�]�� �S�R�� �S�U�]�\�Z�U�y�F�H�Q�L�X�� �N�U���*�H�Q�L�D�� �Z�� �N�R���F�]�\�Q�L�H�� ������ �P�L�Q������ �:�� �F�H�O�X��

�Z�\�Z�R�á�D�Q�L�D�� �F�D�á�N�R�Z�L�W�H�M�� �R�N�O�X�]�M�L�� �W�
�W�Q�L�F�]�H�M�� �Z�� �S�U�]�Hdramieniu w mankiecie sfigmomanometru 

���E�
�G���F�H�J�R�� �F�]�
���F�L���� �X�U�]���G�]�H�Q�L�D����uzyskiwano �F�L���Q�L�H�Q�L�H�� �R�� ������ �P�P�+�J�� �Z�\�*�V�]�H�� �R�G�� �Z�D�U�W�R���F�L��

�F�L���Q�L�H�Q�La skurczowego badanego zawodnika. 

�3�U�]�H�G�� �N�D�*�G�\�P�� �E�D�G�D�Q�L�H�P�� �)�0�6�)�� �S�U�]�H�S�U�R�Z�D�G�]�R�Q�R�� �S�R�P�L�D�U�� �F�L���Q�L�H�Q�L�D�� �W�
�W�Q�L�F�]�H�J�R�� �]�D��

�S�R�P�R�F���� �F�L���Q�L�H�Q�L�R�P�L�H�U�]�D�� �2�P�U�R�Q�� �0���� ���2�P�U�R�Q���� �-�D�S�R�Q�L�D������ �3�R�P�L�D�U�� �]�D�� �S�R�P�R�F���� �X�U�]���G�]�H�Q�L�D��

�$�Q�J�L�R�(�[�S�H�U�W�� ���$�Q�J�L�R�Q�L�F�D���� �à�y�G�(���� �3�R�O�V�N�D���� �Z�\�N�R�Q�D�Q�\�� �E�\�á�� �G�Z�X�N�U�R�W�Q�L�H���� �E�H�]�S�R���U�H�G�Q�L�R�� �S�U�]�H�G��

�W�H�V�W�H�P���Z�\�V�L�á�N�R�Z�\�P���R�U�D�]�����±�����P�L�Q�X�W�\���S�R���M�H�J�R���]�D�N�R���F�]�H�Q�L�X���� 

�7�H�V�W���Z�\�V�L�á�N�R�Z�\ 

�7�H�V�W�� �Z�\�V�L�á�N�R�Z�\�� �Z�\�N�R�Q�\�Z�D�Q�\�� �E�\�á�� �Q�D�� �E�L�H�*�Q�L�� �P�H�F�K�D�Q�L�Fznej (model 150/50 LC, H/P 

Cosmos Pulsar, Niemcy). �:�� �F�H�O�X�� �P�R�Q�L�W�R�U�R�Z�D�Q�L�D�� �S�D�U�D�P�H�W�U�y�Z�� �N�U���*�H�Q�L�R�Zo-oddechowych 

�E�D�G�D�Q�L�� �E�\�O�L�� �Z�\�S�R�V�D�*�D�Q�L�� �Z��pulsometr Polar (Polar H6 Bluetooth Smart; Polar Electro Oy, 

Finlandia) oraz �P�D�V�N�
 �S�R�á���F�]�R�Q�����]�H���V�S�L�U�R�P�H�W�U�H�P��MetaMax 3B-R2 (Cortex Medical, Niemcy). 

�7�H�V�W���U�R�]�S�R�F�]�\�Q�D�á���V�L�
���R�G�������P�L�Q�X�W�R�Z�H�M���U�R�]�J�U�]�H�Z�N�L�����S�U�
�G�N�R���ü���S�U�]�H�V�X�Z�X���W�D���P�\���Z�\�Q�R�V�L�á�D��6 km/h. 

�1�D�V�W�
�S�Q�L�H�� �S�U�
�G�N�R���ü�� �Z�]�U�D�V�W�D�á�D�� �S�U�R�J�U�H�V�\�Z�Q�L�H�� �R��2 km/h co 3 min. �:�� �W�U�D�N�F�L�H�� �F�D�á�H�J�R�� �W�H�V�W�X�� �N���W��

�Q�D�F�K�\�O�H�Q�L�D���E�L�H�*�Q�L���E�\�á���V�W�D�á�\���L���Z�\�Q�R�V�L�á�������� �7�H�V�W���W�U�Z�D�á���G�R���P�R�P�H�Q�W�X���]�J�á�R�V�]�H�Q�L�D���S�U�]�H�]���E�D�G�D�Q�H�J�R��

wyczerpania. Parametry �R�G�G�H�F�K�R�Z�H���D�Q�D�O�L�]�R�Z�D�Q�H���E�\�á�\���]�D���S�R�P�R�F�����R�S�U�R�J�U�D�P�R�Z�D�Q�L�D��MetaSoft 

Studio 5.1.0 Software (Cortex Biophysik, Niemcy). M�D�N�V�\�P�D�O�Q�\�� �S�R�E�y�U�� �W�O�H�Q�X (VO2max) 

�R�N�U�H���O�D�Q�\�� �E�\�á���� �Z�� �R�S�D�U�F�L�X�� �R�� �V�S�H�á�Q�L�H�Q�L�H minimum trzech z �S�R�Q�L�*szych �N�U�\�W�H�U�L�y�Z: VO2 

�X�V�W�D�E�L�O�L�]�R�Z�D�á�R�� �V�L�
�� �S�R�P�L�P�R�� �G�D�O�V�]�H�J�R�� �Z�]�U�R�V�W�X�� �R�E�F�L���*�H�Q�L�D, �R�V�L���J�Q�L�
�W�R�� �W�
�W�Q�R�� �Q�D�� �S�R�]�L�R�P�L�H��

przynajmniej 95% przewidywanego dla danego wieku, w�V�S�y�á�F�]�\�Q�Q�L�N�� �Z�\�P�L�D�Q�\�� �R�G�G�H�F�K�R�Z�H�M��

�Z�\�Q�R�V�L�á���S�U�]�\�Q�D�M�P�Q�L�H�M�����5�(�5�����•�����������V�W�
�*�H�Q�L�H���P�O�H�F�]�D�Q�y�Z we krwi �E�\�á�R��na poziomie  �•9 mmol/l 

�G�O�D�� �P�
�*�F�]�\�]�Q���� �R�U�D�]�� �•7 mmol/l dla kobiet (Edvardsen i wsp. 2014). Wyznaczono �U�y�Z�Q�L�H�*��

�V�]�F�]�\�W�R�Z�H���Z�D�U�W�R���F�L���W�
�W�Q�D (HRmax) dla �N�D�*�G�H�J�R���]���]�D�Z�R�G�Q�L�N�y�Z�� 
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�3�U�y�E�N�L���N�U�Z�L 

 Krew pobierano z opuszka palca dwukrotnie �± �E�H�]�S�R���U�H�G�Q�L�R���S�U�]�H�G���L�������P�L�Q�X�W�\���S�R���W�H���F�L�H��

�Z�\�V�L�á�N�R�Z�\�P���� �'�R�� �P�L�N�U�R�S�U�R�E�y�Z�N�L�� �]�D�� �S�R�P�R�F���� �N�D�S�L�O�D�U�\�� �S�R�E�L�H�U�D�Q�R�� �N�D�*�G�R�U�D�]�R�Z�R�� ������ ���O�� �S�H�á�Q�H�M��

krwi. Pomiar poziomu mleczanu wykonano �X�*�\�Z�D�M���F�� �X�U�]���G�]�H�Q�La Biosen C-line (EKF 

Diagnostics, Wielka Brytania). 

Pomiary antropometryczne 

Pomiary antropometryczne ���Z�\�V�R�N�R���ü���L���P�D�V�
���F�L�D�á�D����wykonywano za �S�R�P�R�F�����F�\�I�U�R�Z�H�M��

stacji pomiarowej (Seca 285, SECA, Niemcy). �:�V�N�D�(�Q�L�N�� �P�D�V�\�� �F�L�D�á�D�� ���%�0�,���� �R�E�O�L�F�]�R�Q�R��przez 

�S�R�G�]�L�H�O�H�Q�L�H���P�D�V�\���F�L�D�á�D���S�U�]�H�]���N�Z�D�G�U�D�W���Z�\�V�R�N�R���F�L �F�L�D�á�D�����N�J��m2). 

4. Dyskusja i o�P�y�Z�L�H�Q�L�H���Z�\�Q�L�N�y�Z 

Publikacja 1 

Flow-Mediated Skin Fluorescence method for non-invasive measurement of the NADH 

at 460 nm �± a possibility to assess the mitochondrial function. �3�R�V�W�
�S�\�� �%�L�R�O�R�J�L�L���.�R�P�y�U�N�L��������

(4): 333�±352, 2017. IF: 0.158 , MNiSW: 20  

W przedstawionej pracy �*�U�H�W�D�� �6�L�E�U�H�F�K�W�� �L�� �2�O�J�D�� �%�X�J�D�M�� �V���� �Z�V�S�y�O�Q�L�H�� �Z�\�U�y�*�Q�L�R�Q�\�P�L��

autorkami (pierwszy autor). 

AngioExpert jest �Q�R�Z�\�P�� �X�U�]���G�]�H�Q�L�H�P medycznym przeznaczonym do 

�Q�L�H�L�Q�Z�D�]�\�M�Q�H�J�R�� �G�L�D�J�Q�R�]�R�Z�D�Q�L�D�� �L�� �P�R�Q�L�W�R�U�R�Z�D�Q�L�D�� �]�D�E�X�U�]�H���� �P�L�N�U�R�N�U���*�H�Q�L�D���� �U�H�J�X�O�D�F�M�L��

metabolicznej ���]�P�L�D�Q�� �S�R�]�L�R�P�X�� �1�$�'�+������ �=�H�� �Z�]�J�O�
�G�X�� �Q�D�� �W�R���� �Z�� �S�L�H�U�Z�V�]�H�M�� �S�X�E�O�L�N�D�F�M�L��

�S�U�]�\�E�O�L�*�R�Q�R �V�S�R�V�y�E�� �L�� �R�E�V�]�D�U�� �G�]�L�D�á�D�Q�L�D�� �X�U�]���G�]�H�Q�L�D�� �$�Q�J�L�R�(�[�S�H�U�W�� �R�U�D�]�� �P�H�W�R�G�\�� �)�O�R�Z�� �0�H�G�L�D�W�H�G��

Skin Fluorescence. 

�0�H�W�R�G�D�� �R�S�L�H�U�D�� �V�Z�R�M�H�� �G�]�L�D�á�D�Q�L�H�� �Q�D�� �]�G�R�O�Q�R���F�L�� �F�]���V�W�H�F�]�N�L�� �1�$�'�+�� �G�R�� �I�O�X�R�U�H�V�F�H�Q�F�M�L�� �R��

�G�á�X�J�R���F�L�� �������� �Q�P��, �D�N�W�\�Z�R�Z�D�Q�H�M�� �S�R�G�� �Z�S�á�\�Z�H�P�� ���Z�L�D�W�á�D �Z�]�E�X�G�]�D�Q�L�D�� �R�� �G�á�X�J�R���F�L�� �������� �Q�P�� Jak 

powszechnie wiadomo w mitochondriach zach�R�G�]�L�� �R�G�G�\�F�K�D�Q�L�H�� �N�R�P�y�U�N�R�Z�H���� �Z�� �Z�\�Qiku 

�N�W�y�U�H�J�R �G�R�F�K�R�G�]�L�� �G�R�� �S�U�R�G�X�N�F�M�L�� �Z�\�V�R�N�R�H�Q�H�U�J�H�W�\�F�]�Q�H�M�� �F�]���V�W�H�F�]�N�L�� �D�G�H�Q�R�]�\�Q�R�W�U�L�I�R�V�I�R�U�D�Q�X��

(ATP). W procesie tym mole�N�X�á�D�� �1�$�'�� �X�W�O�H�Q�L�D�M���F�� �V�L�
�� �G�R�� �1�$�'+ �L�� �U�H�G�X�N�X�M���F�� �G�R�� �1�$�'�+ 
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przenosi jony wodorowe. W trakcie oddychania �N�R�P�y�U�N�R�Z�H�J�R���1�$�'+ �U�H�G�X�N�X�M�H���V�L�
��do NADH 

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

�1�$�'�+�� �X�W�O�H�Q�L�D�� �V�L�
��do NAD+ �Z�� �á�D���F�X�F�K�X�� �W�U�D�Q�V�S�R�U�W�X�� �H�O�H�N�W�U�R�Q�y�Z���� �Q�D�� �Z�H�Z�Q�
�W�U�]�Q�H�M�� �E�á�R�Q�L�H��

mitochondrialnej. Utlenianie NADH do NAD+ zachodzi w �R�E�H�F�Q�R��ci tlenu. W przypadku 

niedoboru tlenu �X�W�O�H�Q�L�D�Q�L�H���W�R���P�R�*�H���]�D�F�K�R�G�]�L�ü���Z���R�J�U�D�Q�L�F�]�R�Q�\�P���V�W�R�S�Q�L�X���U�y�Z�Q�L�H�*��w procesach 

anaerobowych, ale w�\�G�D�M�Q�R���ü���W�\�F�K���S�U�R�F�H�V�y�Z���M�H�V�W���]�Q�D�F�]�Q�L�H���Q�L�*�V�]�D���Q�L�*���D�H�U�R�E�R�Z�\�F�K. W efekcie 

�1�$�'�+���J�U�R�P�D�G�]�L���V�L�
���Z���R�U�J�D�Q�L�]�P�L�H. 

�1�$�'�� �Z�\�V�W�
�S�X�M�H���Z�� �F�\�W�R�S�O�D�]�P�L�H���� �M���G�U�]�H���N�R�P�y�U�Nowym oraz w mitochondriach (Stein i 

Imai 2012; White i Schenk 2012; Dolle i wsp. 2013�������3�R�Q�L�H�Z�D�*���E�á�R�Q�D���M���G�U�D���N�R�P�y�U�N�R�Z�H�J�R���M�H�V�W��

�S�U�]�H�S�X�V�]�F�]�D�Q�D���G�O�D���1�$�'���S�R�S�U�]�H�]���V�S�H�F�M�D�O�Q�H���S�R�U�\�����W�R���V�W�
�*�H�Q�L�H���1�$�'+���1�$�'�+���Z���M���G�U�]�H���L���F�\�W�R�]�R�O�X��

�M�H�V�W�� �S�R�G�R�E�Q�H���� �1�D�W�R�P�L�D�V�W�� �E�á�R�Q�D��mitochondrialna jest nieprzepuszczalna dla NAD i aby 

�F�]���V�W�H�F�]�N�L���1�$D+ �L���1�$�'�+���P�R�J�á�\���V�L�
���X�W�O�H�Q�L�D�ü���L�� �U�H�G�X�N�R�Z�D�ü���N�R�Q�L�H�F�]�Q�H���M�H�V�W���G�]�L�D�á�D�Q�L�H���F�]�y�á�H�Q�H�N��

���M�D�E�á�F�]�D�Q�R�Z�R-asparaginianowych i glicerolo-3-foforanowych������ �N�W�y�U�H�� �W�U�D�Q�V�S�R�U�W�X�M���� �H�O�H�N�W�U�R�Q�\��

�Q�L�H�]�E�
�G�Q�H�� �G�R�� �]�D�F�K�R�G�]�H�Q�L�D�� �W�\�F�K�� �U�H�D�N�F�M�L�� ���:�K�L�W�H�� �L�� �6�F�K�H�Q�N�� �������������� �1�L�H�G�D�Z�Q�R�� �R�G�N�U�\�W�R�� �U�y�Z�Q�L�H�*��

�L�V�W�Q�L�H�Q�L�H�� �Q�L�H�U�R�]�S�R�]�Q�D�Q�H�J�R�� �G�R�W�\�F�K�F�]�D�V�� �W�U�D�Q�V�S�R�U�W�H�U�D�� �1�$�'�� ���O�X�E�� �1�$�'�+���� �N�W�y�U�\�� �X�P�R�*�O�L�Z�L�D��

�W�U�D�Q�V�S�R�U�W�� �F�]���V�W�H�F�]�H�N�� �S�U�]�H�]�� �E�á�R�Q�
�� �P�L�W�R�F�K�R�Q�G�U�L�D�O�Q���� ���'�D�Y�L�O�D�� �L�� �Z�V�S���� �������������� �'�]�L�
�N�L�� �W�D�N�L�P��

�Z�á�D���F�L�Z�R���F�L�R�P���P�R�Q�L�W�R�U�R�Z�D�Q�L�H���D�N�W�\�Z�Q�R���F�L���1�$�'�+���P�R�*�H���V�W�D�Q�R�Z�L�ü���F�H�Q�Q�H���(�U�y�G�á�R���L�Q�I�R�U�P�D�F�M�L���R��

�I�X�Q�N�F�M�R�Q�R�Z�D�Q�L�X���P�L�W�R�F�K�R�Q�G�U�L�y�Z�� 

�0�R�*�O�L�Z�R���F�L�� �P�R�Q�L�W�R�U�R�Z�D�Q�L�D�� �P�L�W�R�F�K�R�Q�G�U�L�y�Z�� �M�H�V�W�� �Z�L�H�O�H���� �D�� �N�D�*�G�D�� �]�� �Q�L�F�K�� �G�D�M�H��inne 

informacje�����3�R�]�Z�D�O�D�M�����R�Q�H���Q�D���E�D�G�D�Q�L�H���L�O�R���F�L�����V�W�U�X�N�W�X�U�\���L�� �J�
�V�W�R���F�L���P�L�W�R�F�K�R�Q�G�U�L�y�Z���Z���N�R�P�y�U�F�H����

Jednak�*�H�� �Z�L�
�N�V�]�R���ü�� �P�H�W�R�G�� �Z�\�P�D�J�D�� �L�Q�Z�D�]�\�M�Q�H�J�R�� �S�R�E�U�D�Q�L�D�� �S�U�y�E�H�N���� �F�]�
�V�W�R�� �Q�L�H�� �G�D�M���F��

�P�R�*�O�L�Z�R���F�L�� �R�E�V�H�U�Z�R�Z�D�Q�L�D�� �]�P�L�D�Q�� �L�Q�� �Y�L�Y�R���� �$�O�W�H�U�Q�D�W�\�Z���� �M�H�V�W�� �P�R�Q�L�W�R�U�R�Z�D�Q�L�H�� �I�O�X�R�U�H�V�F�H�Q�F�M�L��

�1�$�'�+�����0�H�W�R�G�\���R�S�D�U�W�H���R���I�O�X�R�U�\�P�H�W�U�L�
���R�F�H�Q�L�D�M�����S�R�]�L�R�P���1�$�'�+���Z���M�H�G�Q�R�V�W�N�D�F�K���X�P�R�Z�Q�\�F�K�����Q�L�H��

�G�D�M���F�� �L�Q�I�R�U�P�D�F�M�L �R�� �M�H�J�R�� �E�H�]�Z�]�J�O�
�G�Q�H�M�� �L�O�R���F�L���� �3�R�Z�D�O�D�M���� �M�H�G�Q�D�N�� �Q�D�� �R�F�H�Q�
�� �G�\�Q�D�P�L�N�L�� �S�U�]�H�P�L�D�Q��

�1�$�'�+�� �Z�� �R�G�S�R�Z�L�H�G�]�L�� �Q�D�� �U�y�*�Q�H�� �E�R�G�(�F�H�� �L�� �R�E�V�H�U�Z�D�F�M�
�� �W�\�F�K�� �]�P�L�D�Q�� �Z�� �F�]�D�V�L�H�� �U�]�H�F�]�\�Z�L�V�W�\�P w 

�V�S�R�V�y�E�� �Q�L�H�L�Q�Z�D�]�\�M�Q�\���� �2�F�H�Q�D�� �I�O�X�R�U�H�V�F�H�Q�F�M�L�� �1�$�'�+�� �E�\�á�D�� �R�G�� �G�D�Z�Q�D�� �X�Z�D�*�D�Q�D�� �]�D�� �G�R�E�U���� �P�H�W�R�G�
��

�S�R���U�H�G�Q�L�H�M�� �R�F�H�Q�\�� �Iunkcji mitochondrialnej (Mayevsky �L�� �&�K�D�Q�F�H�� �������������� �M�H�G�Q�D�N�*�H�� �G�R�� �W�H�M�� �S�R�U�\��

�Q�L�H���E�D�G�D�Q�R���W�H�M���I�O�X�R�U�H�V�F�H�Q�F�M�L���Z���N�R�P�y�U�N�D�F�K���V�N�y�U�\���X���O�X�G�]�L�� 

�0�R�O�H�N�X�á�D���1�$�'�+���M�H�V�W���I�O�X�R�U�R�I�R�U�H�P co oznacza, �*�H���S�R�V�L�D�G�D���]�G�R�O�Q�R���ü���G�R���D�E�V�R�U�E�F�M�L���I�D�O�L���R��

�R�N�U�H���O�R�Q�\�P�� �V�S�H�N�W�U�X�P�� �G�á�X�J�R���F�L���� �Z�� �R�G�S�R�Z�L�H�G�]�L�� �H�P�L�W�X�M���F�� �I�D�O�
�� �R�� �L�Q�Q�H�M�� �G�á�X�J�R���F�L���� �:�� �S�U�]�\�S�D�G�N�X��

�1�$�'�+�� �G�á�X�J�R���ü�� �I�D�O�L�� �D�E�V�R�U�E�R�Z�D�Q�H�M�� �Z�\�Q�R�V�L�� ������-380 nm.���� �D�� �G�á�X�J�R���ü�� �I�D�O�L�� �H�P�L�W�R�Z�D�Q�H�M�� ������-480 

nm. (Chance i Baltscheffsky 1958; Zhu i wsp. 2015). �0�D�\�H�Y�V�N�\�� �L�� �&�K�D�Q�F�H�� �������������� �X�]�Q�D�O�L�� �*�H��
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�1�$�'�+���Z���V�N�y�U�]�H���Q�D�M�O�H�S�L�H�M���R�G�S�R�Z�L�D�G�D���I�D�O�D���H�P�L�W�R�Z�D�Q�D���R���G�á�X�J�R���F�L�������� nm. Na podstawie tych 

�X�V�W�D�O�H���� �S�R�Z�V�W�D�á�\�� �G�Z�D�� �Q�R�Z�R�F�]�H�V�Q�H�� �X�U�]���G�]�H�Q�L�D���� �3�L�H�U�Z�V�]�H�� �]�� �Q�L�F�K���� �&�U�L�W�L�9�L�H�Z���� �S�R�]�Z�D�O�D�� �Q�D��

�P�R�Q�L�W�R�U�R�Z�D�Q�L�H�� �V�]�H�U�H�J�X�� �S�D�U�D�P�H�W�U�y�Z���� �Z�� �W�\�P�� �I�O�X�R�U�H�V�F�H�Q�F�M�
�� �1�$�'�+�� �Q�D�� �V�D�O�D�F�K�� �L�Q�W�H�Q�V�\�Z�Q�H�M��

�W�H�U�D�S�L�L���� �D�� �X�U�]���G�]�H�Q�L�H�� �Z�S�U�R�Z�D�G�]�D�Q�H�� �M�H�V�W�� �G�R�� �F�H�Z�N�L�� �P�R�F�]�R�Z�H�M�� �Z�U�D�]�� �]�� �F�H�Z�Q�L�N�L�H�P�� �)�R�O�H�\�D��

���0�D�\�H�Y�V�N�\�� �L�� �Z�V�S���� �������������� �'�U�X�J�L�H���� �Z�\�N�R�U�]�\�V�W�D�Q�H�� �Z�� �E�D�G�D�Q�L�D�F�K�� �Z�á�D�V�Q�\�F�K�� �W�R�� �$�Q�J�L�R�(�[�S�H�U�W��

���$�Q�J�L�R�Q�L�F�D���� �à�y�G�(���� �3�R�O�V�N�D������ �N�W�y�U�\�� �]�R�V�W�D�á��zaprojektowany p�U�]�H�]�� �S�R�O�V�N�L�F�K���Q�D�X�N�R�Z�F�y�Z���]�� �à�R�G�]�L����

�8�P�R�*�O�L�Z�L�D �R�Q�� �Q�L�H�L�Q�Z�D�]�\�M�Q���� �R�F�H�Q�
�� �I�O�X�R�U�H�V�F�H�Q�F�M�L�� �1�$�'�+�� �L�Q�� �Y�L�Y�R�� �Z�� �F�]�D�V�L�H�� �U�]�H�F�]�\�Z�L�V�W�\�P���� �:��

�W�U�D�N�F�L�H�� �E�D�G�D�Q�L�D�� �P�H�W�R�G���� �)�0�6�)�� �Z�\�N�R�U�]�\�V�W�D�Q���� �Z�� �X�U�]���G�]�H�Q�L�X�� �$�Q�J�L�R�(�[�S�H�U�W���� �Z�\�N�R�Q�X�M�H�� �V�L�
��

�R�N�O�X�]�M�
���W�
�W�Q�L�F�]�D���S�U�]�H�G�U�D�P�L�H�Q�L�D�����.�D�W�D�U�]�\�Q�V�N�D���L���Z�V�S�������������������F�R���S�R�]�Z�D�O�D���Q�D���R�E�V�H�U�Z�D�F�M�
���U�H�D�N�F�M�L��

�N�R�P�y�U�H�N�� �V�N�y�U�\�� �Z�� �V�\�W�X�D�F�M�L�� �Q�L�H�G�R�E�R�U�X�� �W�O�H�Q�X���� �,�Q�I�R�U�P�D�F�M�D�� �W�D�� �P�R�*�H�� �E�\�ü�� �E�D�U�G�]�R�� �S�U�]�\�G�D�W�Q�D�� �Q�S���� �Z��

�F�K�R�U�R�E�D�F�K�� �X�N�á�D�G�X�� �N�U���*�H�Q�L�D�� ���7�D�U�Q�D�Z�V�N�D�� �L�� �Z�V�S���� �������������� �,�V�W�R�W�Q�H�� �M�H�V�W to���� �*�H�� �V�\�J�Q�D�á��rejestrowany 

�M�H�V�W�� �]�� �S�R�Z�L�H�U�]�F�K�R�Z�Q�\�F�K�� �Z�D�U�V�W�Z�� �V�N�y�U�\�� �± �J�á�
�E�R�N�R���ü�� �S�H�Q�H�W�U�D�F�M�L�� �I�D�O���� ���Z�L�H�W�O�Q���� �R�V�L���J�D����

maksymalnie 0,���� �P�P���� �Q�D�W�R�P�L�D�V�W�� �Z�L�
�N�V�]�R���ü�� �V�\�J�Q�D�á�X�� �S�R�F�K�R�G�]�L�� �]�� �J�á�
�E�R�N�R���F�L�� �R�N���� ��,1 mm. Z 

�X�Z�D�J�L�� �Q�D�� �W�R���� �L�*�� �V�N�y�U�D�� �Q�D�� �W�H�M�� �J�á�
�E�R�N�R���F�L�� �Q�L�H�� �M�H�V�W�� �X�N�U�Z�L�R�Q�D���� �I�O�X�R�U�H�V�F�H�Q�F�M�D�� �]�E�L�H�U�D�Q�D�� �]�� �W�H�J�R��

�S�R�]�L�R�P�X�� �M�H�V�W�� �Z�� �F�D�á�R���F�L�� �]�D�O�H�*�Q�D�� �R�G�� �S�R�G�D�*�\�� �V�X�E�V�W�U�D�W�y�Z��oraz �W�O�H�Q�X�� �]�� �J�á�
�E�V�]�\�F�K�� �Z�D�U�V�W�Z�� �V�N�y�U�\ 

(Dunaev i wsp. 2015). 

W �S�U�D�F�\���S�U�]�H�G�V�W�D�Z�L�R�Q�R���V�]�H�U�H�J���S�D�U�D�P�H�W�U�y�Z���]���N�W�y�U�\�F�K���N�O�X�F�]�R�Z�H���]�R�V�W�D�á�\���Z�\�N�R�U�]�\�V�W�D�Q�H��

�Z���S�y�(�Q�L�H�M�V�]�\�F�K���S�U�D�F�D�F�K. 

Parametry mierzone (rycina a): 

�� Bmean [u] �± ���U�H�G�Q�L�D���Z�D�U�W�R���ü��fluorescencji �R���G�á�X�J�R���F�L�����������Q�P. rejestrowana podczas 

spoczynku; �Z�D�U�W�R���ü���E�D�]�R�Z�D���I�O�X�R�U�H�V�F�H�Q�F�M�L���1�$�'�+�� 

�� FImax [u] �± �P�D�N�V�\�P�D�O�Q�D�� �Z�D�U�W�R���ü�� �I�O�X�R�U�H�V�F�H�Q�F�M�L�� �U�H�M�H�V�W�U�R�Z�D�Q�D�� �S�R�G�F�]�D�V�� �R�N�O�X�]�M�L��

�W�
�W�Q�L�F�]�H�M���S�U�]�H�G�U�D�P�L�H�Q�L�D 

�� FRmin [u] �± �Q�D�M�Q�L�*�V�]�D���Z�D�U�W�R���ü���I�O�X�R�U�H�V�F�H�Q�F�M�L���U�H�M�H�V�W�U�R�Z�D�Q�D���S�R�G�F�]�D�V���U�H�S�H�U�Iuzji 

Parametry estymowane/liczone (rycina b): 

�� Imax [u] �± maksymalny przyrost fluorescencji powy�*�H�M�� �O�L�Q�L�L�� �E�D�]�R�Z�H�M�� �S�R�G�F�]�D�V��

�R�N�O�X�]�M�L���W�
�W�Q�L�F�]�H�M���S�U�]�H�G�U�D�P�L�H�Q�L�D�����O�L�F�]�R�Q�\���M�D�N�R �U�y�*�Q�L�F�D���S�R�P�L�
�G�]�\���)�,max i Bmean,  

�� Rmin [u] �± �P�D�N�V�\�P�D�O�Q�\�� �V�S�D�G�H�N�� �I�O�X�R�U�H�V�F�H�Q�F�M�L�� �S�R�Q�L�*�H�M�� �O�L�Q�L�L�� �E�D�]�R�Z�H�M�� �S�R�G�F�]�D�V��

�U�H�S�H�U�I�X�]�M�L�����O�L�F�]�R�Q�\���M�D�N�R���U�y�*�Q�L�F�D���S�R�P�L�
�G�]�\���%mean a FRmin, 
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�� IRampl [u] �± maksymalny zakres zmian fluorescencji podczas niedokrwienia i 

reperfuzji, liczony jako suma Imax i Rmin, 

�� CImax �± �X�G�]�L�D�á���1�$�'�+���S�R�Z�V�W�D�á�H�J�R���Z���W�U�D�N�F�L�H���R�N�O�X�]�M�L���G�R���F�D�á�H�M���L�O�R���F�L���1�$�'�+���E�
�G���F�H�M��

w obrocie podczas niedokrwienia i reperfuzji, liczony jako iloraz Imax /IRampl. 

W parametrach Bmean, FImax, FRmin, Imax, Rmin, IRampl [u] oznacza jednostki umowne. 
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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 athletes. Frontiers in Physiology 10: 

600, 2019. DOI: 10.3389/fphys.2019.00600. IF: 3.201, MNiSW:100 

�:�\�N�R�U�]�\�V�W�X�M���F�� �P�H�W�R�G�
�� �)�0�6�)�� �S�U�]�H�E�D�G�D�Q�R�� �������� �Z�\�V�R�N�R�� �Z�\�W�U�H�Q�R�Z�D�Q�\�F�K�� �V�S�R�U�W�R�Z�F�y�Z��

�������� �P�
�*�F�]�\�]�Q�� �L�� ������ �N�R�E�L�H�W���� �U�H�S�U�H�]�H�Q�W�X�M���F�\�F�K�� �U�y�*�Q�H�� �G�\�V�F�\�S�O�L�Q�\�� �V�S�R�U�W�R�Z�H���� �:���U�y�G�� �E�D�G�D�Q�\�F�K��

�E�\�á�R�� ������ �E�L�H�J�D�F�]�\�� �G�á�X�J�R�G�\�V�W�D�Q�V�R�Z�\�F�K���� ������ �W�U�L�D�W�K�O�R�Q�L�V�W�y�Z���� ������ �]�D�Z�R�G�Q�L�N�y�Z�� �W�D�H�N�Z�R�Q�G�R��

�R�O�L�P�S�L�M�V�N�L�H�J�R���� ���� �Z�L�R���O�D�U�]�\���� ���� �I�X�W�V�D�O�L�V�W�y�Z���� �R�U�D�]�� ���� �V�S�U�L�Q�W�H�U�y�Z���� ���� �V�]�H�U�P�L�H�U�]�\�� �L�� ���� �W�H�Q�L�V�L�V�W�Na. 

Zawodnicy byli w wieku 16 �± 40 lat, na�O�H�*�H�O�L�� �G�R�� �.�D�G�U�\�� �1�D�U�R�G�R�Z�H�M �O�X�E�� �W�H�*�� �V�W�D�U�W�R�Z�D�O�L�� �Z��

�]�D�Z�R�G�D�F�K���Q�D���S�R�]�L�R�P�L�H���P�L�
�G�]�\�Q�D�U�R�G�R�Z�\�P�����:�V�]�\�V�F�\���]�D�Z�R�G�Q�L�F�\���E�\�O�L���E�D�G�D�Q�L���Z���W�U�D�N�F�L�H���R�N�U�H�V�X��

przygotowawczego. �&�H�O�H�P�� �S�U�D�F�\�� �E�\�á�R�� �R�N�U�H���O�H�Q�L�H�� �]�P�L�D�Q�� �L�Q�W�H�Q�V�\�Z�Q�R���F�L�� �I�O�X�R�U�H�V�F�H�Q�F�M�L�� �1�$�'�+��

�Z���V�N�y�U�]�H���S�R�G���Z�S�á�\�Z�H�P���S�R�M�H�G�\�Q�F�]�H�J�R���Z�\�V�L�á�N�X���G�R���R�G�P�R�Z�\�� 

�:�� �E�D�G�D�Q�L�D�F�K�� �Z�á�D�V�Q�\�F�K�� �S�U�R�Z�D�G�]�R�Q�\�F�K�� �Q�L�H�L�Q�Z�D�]�\�M�Q�L�H�� �Z�� �V�N�y�U�]�H�� �]�D�� �S�R�P�R�F���� �R�F�H�Q�\��

�I�O�X�R�U�H�V�F�H�Q�F�M�L���1�$�'�+���Z�\�N�D�]�D�Q�R�����*�H���Z�\�V�L�á�H�N���G�R���Z�\�F�]�H�U�S�D�Q�L�D���S�R�Z�R�G�X�M�H���]�P�L�D�Q�
���L�O�R���F�L���V�N�y�U�Q�H�Jo 

�1�$�'�+���� �S�U�]�H�V�X�Z�D�M���F�� �F�D�á���� �N�U�]�\�Z���� �R�E�U�D�]�X�M���F���� �]�P�L�D�Q�\�� �I�O�X�R�U�H�V�F�H�Q�F�M�L�� �Z�� �N�L�H�U�X�Q�N�X�� �Z�\�*�V�]�\�F�K��

�Z�D�U�W�R���F�L���� �=�P�L�D�Q�\�� �W�H�� �R�E�H�M�P�X�M���� �]�D�U�y�Z�Q�R�� �Z�\�Q�L�N�L�� �S�R�P�L�D�U�X�� �E�D�]�R�Z�H�J�R�� �S�R�]�L�R�P�X�� �I�O�X�R�U�H�V�F�H�Q�F�M�L��

�1�$�'�+�����M�D�N���U�y�Z�Q�L�H�*���I�O�X�R�U�H�V�F�H�Q�F�M�L���E�D�G�D�Q�H�M���S�R�G�F�]�D�V���Q�L�H�G�R�N�U�Z�L�H�Q�L�D���L���U�H�S�H�U�I�X�]�M�L�����:���V�W�R�V�X�Q�N�X���G�R 

�S�R�P�L�D�U�X�� �Z�\�N�R�Q�D�Q�H�J�R�� �S�U�]�H�G�� �Z�\�V�L�á�N�L�H�P�� �]�P�L�D�Q�\�� �R�E�H�M�P�X�M���� �Z�]�U�R�V�W�� �Z�� �S�D�U�D�P�H�W�U�D�F�K���� �%mean 

���S������������������ �R�]�Q�D�F�]�D�M���F�H�J�R�� �E�D�]�R�Z���� �I�O�X�R�U�H�V�F�H�Q�F�M�
�� �S�U�]�H�G�� �Z�\�Z�R�á�D�Q�L�H�P�� �Q�L�H�G�R�N�U�Z�L�H�Q�L�D���� �)�,max 

���S�����������������W�\�O�N�R���X���P�
�*�F�]�\�]�Q�����Z�V�N�D�]�X�M���F�H�J�R���P�D�N�V�\�P�D�O�Q�\���Z�]�U�R�V�W���I�O�X�R�U�H�V�F�H�Q�F�M�L����FRmin (p<0.001 

u m�
�*�F�]�\�]�Q�� �L�� �S������������ �X�� �N�R�E�L�H�W���� �R�E�U�D�]�X�M���F�\�� �P�D�N�V�\�P�D�O�Q�\�� �V�S�D�G�H�N�� �I�O�X�R�U�H�V�F�H�Q�F�M�L�� �Z�� �W�U�D�N�F�L�H��

�U�H�S�H�U�I�X�]�M�L���S�R���S�U�]�\�Z�U�y�F�H�Q�L�X���N�U���*�H�Q�L�D�����D���W�D�N�*�H���5min ���S�������������� �� �S�D�U�D�P�H�W�U���Z�V�N�D�]�X�M���F�\�� �Q�D���U�y�*�Q�L�F�H��

�P�L�
�G�]�\���%mean a FRmin�����F�]�\�O�L���V�S�D�G�H�N���I�O�X�R�U�H�V�F�H�Q�F�M�L���]�Q�R�U�P�D�O�L�]�R�Z�D�Q�\���G�R���E�D�]�\�����2�E�Q�L�*�H�Q�L�X���X�O�H�J�á�\��

�Z�D�U�W�R���F�L�� �S�D�U�D�P�H�W�U�y�Z�� �,max (�S������������������ �Z�V�N�D�]�X�M���F�H�J�R�� �Q�D�� �U�y�*�Q�L�F�
�� �P�L�H�G�]�\�� �)�,max i Bmean, oraz 

CImax (p<0.001), p�U�]�H�G�V�W�D�Z�L�D�M���F�\ �X�G�]�L�D�á�� �,max w IRampl. Parametr IRampl �R�E�U�D�]�X�M���F�\�� �F�D�á����

�D�P�S�O�L�W�X�G�
�� �]�P�L�D�Q�� �S�R�Gczas niedokrwienia i reperfuzji (Imax + Rmin���� �Q�L�H�� �X�O�H�J�á�� �]�P�L�D�Q�L�H�� �S�R��

�Z�\�V�L�á�N�X���� 

�3�R�G�V�X�P�R�Z�X�M���F���� �Z�\�V�L�á�Hk fizyczny do wyczerpania, modyfikuje bazowy metabolizm 

�1�$�'�+�� �N�R�P�y�U�H�N�� �V�N�y�U�\, oraz badany podczas niedokrwienia i reperfuzji. �%�H�]�S�R���U�H�G�Q�L�R�� �S�R��

�Z�\�V�L�á�N�X �Z�D�U�W�R��ci fluorescencji NADH przesuwa �V�L�
�� �Z�� �N�L�H�U�X�Q�N�X�� �Z�\�*�V�]�\�F�K�� �Z�D�U�W�R���F�L����

�%�H�]�Z�]�J�O�
�G�Q�D�� �L�O�R���ü�� �1�$�'�+�� �X�O�H�J�D�� �S�R�G�Z�\�*�V�]�H�Q�L�X�� �Z�� �W�U�D�N�F�L�H�� �Q�L�H�G�R�N�U�Z�L�H�Q�L�D�� �R�U�D�]�� �U�H�S�H�U�I�X�]�M�L��
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�S�R�Z�\�V�L�á�N�R�Z�H�M���Z���S�R�U�y�Z�Q�D�Q�L�X���G�R���V�W�D�Q�X���V�S�R�F�]�\�Q�N�R�Z�H�J�R����Obserwowane zmiany w �Z�D�U�W�R���F�L�D�F�K��

fluorescencji NADH podczas niedok�U�Z�L�H�Q�L�D�� �L�� �U�H�S�H�U�I�X�]�M�L�� �V���� �V�L�O�Q�L�H�� �]�D�O�H�*ne �R�G�� �Z�D�U�X�Q�N�y�Z��

metabolicznych. Warunki te istotnie �P�R�G�\�I�L�N�R�Z�D�Q�H�� �V���� �Z�� �Z�\�Q�L�N�X�� �ü�Z�L�F�]�H���� �L�� �X�W�U�]�\�P�X�M���� �V�L�
��

�S�U�]�H�]�� �N�R�O�H�M�Q�H�� �N�L�O�N�D�� �P�L�Q�X�W�� �S�R�� �M�H�J�R�� �]�D�N�R���F�]�H�Q�L�X���� �1�D�V�L�O�H�Q�L�H�� �I�O�X�R�U�H�V�F�H�Q�F�M�L�� �1�$�'�+�� �Z�� �*�\�Z�\�F�K��

�N�R�P�y�U�N�D�F�K�� �V�N�y�U�\�� �Z�� �Z�\�Q�L�N�X�� �]�P�L�D�Q�� �P�H�W�D�E�R�O�L�]�P�X�� �1�$�'�+�� �Z�\�Z�R�á�D�Q�\�F�K�� �Z�\�V�L�á�N�L�H�P�� �I�L�]�\cznym 

obejmuje nie same �P�L�
���Q�L�H, lecz �Z�S�á�\�Z�D �U�y�Z�Q�L�H�*���Q�D���L�Q�Q�H���N�R�P�y�U�N�L���L���Q�D�U�]���G�\�� 

Publikacja 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 

Przebadano 41 �V�S�R�U�W�R�Z�F�y�Z�� �Z�� �Z�L�H�N�X�� �R�G�� ������ �G�R�� ������ �O�D�W����Wszyscy zawodnicy byli 

�F�]�á�R�Q�N�D�P�L�� �.�D�G�U�\�� �1�D�U�R�G�R�Z�H�M���� �O�X�E�� �V�W�D�U�W�R�Z�D�O�L�� �Z�� �]�D�Z�R�G�D�F�K�� �Q�D�� �N�U�D�M�R�Z�\�P�� �L�� �P�L�
�G�]�\�Q�D�U�R�G�R�Z�\�P��

poziomie. �6�S�R�U�W�R�Z�F�\���U�H�S�U�H�]�H�Q�W�R�Z�D�O�L���Q�D�V�W�
�S�X�M���F�H���G�\�V�F�\�S�O�L�Q�\���V�S�R�U�W�R�Z�H�����W�U�L�D�W�K�O�R�Q���Q�D���G�\�V�W�D�Q�V�L�H��

olimpijskim ���S�á�\�Z�D�Q�L�H�����������N�P�����M�D�]�G�D���Q�D���U�R�Z�H�U�]�H���������N�P�����E�L�H�J 10 km) (7 �P�
�*�F�]�\�]�Q, 4 kobiety), 

�E�L�H�J�L�� �G�á�X�J�R�G�\�V�W�D�Q�V�R�Z�H (na 5 km, 10 km �L�� �E�L�H�J�L�� �P�D�U�D�W�R���V�N�L�H) (6 �P�
�*�F�]�\�]�Q, 2 kobiety), 

taekwondo olimpijskie (6 �P�
�*�F�]�\�]�Q, 1 kobieta), biegi sprinterskie (100 m, 200 m i sztafetowe 

4 x 100 m) (6 �P�
�*�F�]�\�]�Q, 1 kobieta), �N�D�M�D�N�D�U�V�W�Z�R�� ������ �P�
�*�F�]�\�]�Q���� �L�� �V�]�H�U�P�L�H�U�N�
��(5 kobiet). 

�%�D�G�D�Q�L�D�� �S�U�]�H�S�U�R�Z�D�G�]�R�Q�R�� �G�Z�X�N�U�R�W�Q�L�H���� �Q�D�� �S�R�F�]���W�N�X�� ���� �W�\�J�R�G�Q�L�R�Z�H�J�R��okresu 

przygotowawczego rocznego cyklu przygotow�D������ �R�U�D�]�� �S�R�G�� �N�R�Q�L�H�F�� �W�H�J�R�� �R�N�U�H�V�X�� �Z�� �F�H�O�X��

�R�N�U�H���O�H�Q�L�D zmian inte�Q�V�\�Z�Q�R���F�L���I�O�X�R�U�H�V�F�H�Q�F�M�L���1�$�'�+���Z���V�N�y�U�]�H. 

W mierzonych parametrach �Z�� �S�L�H�U�Z�V�]�\�P�� �W�H�U�P�L�Q�L�H�� �E�D�G�D���� ���S�U�]�H�]�� �R�N�U�H�V�H�P�� ����

tygodniowego treningu) �S�R�� �ü�Z�L�F�]�H�Q�L�D�F�K��wykazano wzrost w parametrze Bmean (p<0.05) 

(fluorescencji bazowej), natomiast �Z�� �G�U�X�J�L�P�� �W�H�U�P�L�Q�L�H�� �E�D�G�D���� �S�R�� �ü�Z�L�F�]�H�Q�L�D�F�K��wszystkie 

�S�D�U�D�P�H�W�U�\�� �Z�\�N�D�]�D�á�\���Z�]�U�R�V�W�����%mean (p<0.001) , FImax (p<0.05), FRmin (p<0.001). Odnotowano 

istotny wzrost poziomie p<0.001 we wszystkich parametrach mierzonych (Bmean, FImax, FRmin) 

�E�D�G�D�Q�\�F�K���]�D�U�y�Z�Q�R���S�U�]�H�G���M�D�N���L���S�R���Z�\�V�L�á�N�R�Z�R����w stosunk�X���G�R���Z�D�U�W�R���F�L przed treningiem. 

�2�G�Q�R�W�R�Z�D�Q�R�� �U�y�Z�Q�L�H�*�� �]�P�L�D�Q�\�� �S�R�G�� �Z�S�á�\�Z�H�P�� �]�D�V�W�R�V�R�Z�D�Q�H�J�R�� �W�U�H�Q�L�Q�J�X�� �Z�� �Sarametrach 

kalkulowanych. �:�D�U�W�R���F�L�� �S�D�U�D�P�H�W�U�X�� �,max �Z�\�N�D�]�D�á�\�� �V�S�D�G�H�N�� �S�R�� �ü�Z�L�F�]�H�Q�L�D�F�K�� �Z�� �R�E�X�� �W�H�U�P�L�Q�D�F�K��

na poziomie p<0.001. Natomiast w�D�U�W�R���ü Imax �Z�]�U�R�V�á�D��po treningu w spoczynku na poziomie 

p<0.001 �R�U�D�]�� �Z�� �E�D�G�D�Q�L�X�� �S�R�� �W�H���F�L�H�� �Z�\�V�L�á�N�R�Z�\�P�� �Q�D�� �S�R�]�L�R�P�L�H�� �S��������1. Parametr Rmin �Z�]�U�y�V�á��

istotnie po �Z�\�V�L�á�N�X w obu terminach �E�D�G�D����(w 1 terminie na poziomie p<0.05, oraz w drugim 
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terminie na poziomie p<0.001�������:�D�U�W�R���F�L���5min �]�D�U�y�Z�Q�R���S�U�]�H�G���L���S�R�Z�\�V�L�á�N�R�Z�H���E�\�á�\���Z�\�*�V�]�H���Z��

drugim terminie (p<0.001). IRampl �F�]�\�O�L�� �S�D�U�D�P�H�W�U�� �R�E�U�D�]�X�M���F�\�� �D�P�S�O�L�W�X�G�
�� �]�P�L�D�Q�� �I�O�X�R�U�H�V�F�H�Q�F�M�L��

�Q�L�H���U�y�*�Q�L�á���V�L�
���S�U�]�H�G���L���S�R���Z�\�V�L�á�N�X���Z���*�D�G�Q�\�P���]���W�H�U�P�L�Q�y�Z�����-�H�G�Q�D�N���S�R��treningu wykazano istotny 

�Z�]�U�R�V�W�����S�����������������]�D�U�y�Z�Q�R���Z���E�D�G�D�Q�L�X���V�S�R�F�]�\�Q�N�R�Z�\�P���M�D�N���L���S�R�Z�\�V�L�á�N�R�Z�\�P w tym parametrze. 

Ostatni parametr CImax �Z�V�N�D�]�X�M���F�\�� �Q�D�� �X�G�]�L�D�á�� �,max �Z�� �F�D�á�N�R�Z�L�W�H�� �D�P�S�O�L�W�X�G�]�L�H�� �]�P�L�D�Q�� ���,�5ampl) 

�L�V�W�R�W�Q�L�H�� �P�D�O�D�á�� �S�R�� �Z�\�V�L�á�N�X�� �Z�� �R�E�X�� �W�H�U�P�L�Q�D�F�K�� �E�D�G�D���� ��p<0.0���������� �1�L�H�� �Z�\�N�D�]�D�Q�R�� �U�y�*�Q�L�F�� �S�R��

treningowych w tym parametrze. 

Wynik�L�� �S�R�Z�\�*�V�]�\�F�K�� �E�D�G�D���� �S�R�� �U�D�]�� �S�L�H�U�Z�V�]�\�� �R�E�U�D�]�X�M���� �]�P�L�D�Q�\�� �I�O�X�R�U�H�V�F�H�Q�F�M�L�� �1�$�'�+�� �Z��

�N�R�P�y�U�N�D�F�K�� �Q�D�V�N�y�U�N�D�� �X�� �Z�\�V�R�N�R�� �Z�\�W�U�H�Q�R�Z�D�Q�\�F�K�� �V�S�R�U�W�R�Z�F�y�Z���� �:�\�N�D�]�D�Q�R���� �*�H�� �S�R�� �W�U�H�Q�L�Q�J�X��

�Z�]�U�y�V�á�� �S�R�]�L�R�P�� �I�O�X�R�U�H�V�F�H�Q�F�M�L�� �1�$�'�+���� �:�L�D�G�R�P�R���� �*�H�� �Z�� �Z�\�Q�L�N�X�� �W�U�H�Q�L�Q�J�X�� �G�R�F�K�R�G�]�L�� �G�R�� �V�]�H�U�H�J�X��

adaptacji, w tym adaptacji mitochondrialnych (Drake i wsp. 2017). Ocena fluorescencji 

�1�$�'�+�� �P�R�*�H�� �E�\�ü�� �Z�\�N�R�U�]�\�V�W�\�Z�D�Q�D�� �G�R�� �S�R���U�H�G�Q�L�H�M�� �R�F�H�Q�\�� �I�X�Q�N�F�M�L�� �P�L�W�R�F�K�R�Q�G�U�L�D�O�Q�H�M�� �M�D�N�� �L�� �L�F�K��

statusu metabolicznego (Mayevsky i  Barbiro-Michaely 2009). Ocena fluorescencji NADH 

nie daje jasnej odpowiedzi, jakie procesy metaboliczne �Q�D�V�W���S�L�á�\ �Z�� �N�R�P�y�U�N�D�F�K���� �S�R�]�Z�D�O�D��

�M�H�G�Q�D�N���R�E�V�H�U�Z�R�Z�D�ü���S�R�W�U�H�Q�L�Q�J�R�Z�\���Z�]�U�R�V�W��fluorescencji NADH, sugeruj���F���W�\�P���V�D�P�\�P wzrost 

puli NAD w odpowiedzi na zastosowany trening w okresie przygotowawczym u badanych 

�]�D�Z�R�G�Q�L�N�y�Z.  

Okres �S�U�]�\�J�R�W�R�Z�D�Z�F�]�\�� �F�K�D�U�D�N�W�H�U�\�]�X�M�H�� �V�L�
�� �S�U�]�H�Z�D�J�� �W�U�H�Q�L�Q�J�y�Z�� �R�� �F�K�D�U�D�N�W�H�U�]�H��

�Z�\�W�U�]�\�P�D�á�R���F�L�R�Z�\�P���� �Q�L�H�]�D�O�H�*�Q�L�H�� �R�G�� �X�S�U�D�Z�L�D�Q�H�M�� �G�\�V�F�\�S�O�L�Q�\�� �V�S�R�U�W�X���� �7�D�N�L�� �U�R�G�]�D�M�� �W�U�H�Q�L�Q�J�X��

�V�N�X�W�N�R�Z�D�á���X���E�D�G�D�Q�\�F�K���S�U�]�H�]���Q�D�V���V�S�R�U�W�R�Z�F�y�Z���S�R�G�Q�L�H�V�L�Hniem poziomu fluorescencji NADH w 

parametrach mierzonych (Bmean, FImax, FRmin), co prawdopodobnie wskazuje na zmiany 

adaptacyjne w �P�L�W�R�F�K�R�Q�G�U�L�D�F�K�� �V�N�y�U�\. �1�D�V�]�H�� �Z�\�Q�L�N�L�� �Z�\�G�D�M���� �V�L�
�� �V�S�y�M�Q�H�� �]�� �Z�\�Q�L�N�D�P�L��

�Z�F�]�H���Q�L�H�M�V�]�\�F�K�� �E�D�G�D���� �Z�\�N�R�Q�\�Z�D�Q�\�F�K�� �Q�D�� �P�L�
���Q�L�D�F�K���� �Z�� �N�W�y�U�\�F�K�� �D�X�W�R�U�]�\�� �R�E�V�H�U�Z�R�Z�D�O�L�� �S�R��

�W�U�H�Q�L�Q�J�X�� �Z�]�U�R�V�W�� �S�R�]�L�R�P�X�� �E�L�D�á�H�N�� �]�Z�L���]�D�Q�\�F�K�� �]�� �E�L�R�J�H�Q�H�]���� �P�L�W�R�F�K�R�Q�G�U�L�D�O�Q������ �R�U�D�]�� �S�R�S�U�D�Z�
��

mitochondrialnej funkcji oddechowej (Yan i wsp. 2012; Busquets-�&�R�U�W�p�V i wsp. 2017; 

Granata i wsp. 2018).  

 

 

 



16 
 

5. Wnioski  

�3�U�]�H�S�U�R�Z�D�G�]�R�Q�H���E�D�G�D�Q�L�D���S�R�]�Z�D�O�D�M�����Q�D���V�I�R�U�P�X�á�R�Z�D�Q�L�H���Q�D�V�W�
�S�X�M���F�\�F�K���Z�Q�L�R�V�N�y�Z�� 

1. �:�\�V�L�á�H�N�� �I�L�]�\�F�]�Q�\�� �G�R�� �R�G�P�R�Z�\�� �P�R�G�\�I�L�N�X�M�H�� �P�H�W�D�E�R�O�L�]�P�� �1�$�'�+�� �]�D�U�y�Z�Q�R�� �E�D�]�R�Z�\����

�M�D�N�� �L�� �P�L�H�U�]�R�Q�\�� �S�R�G�F�]�D�V�� �Q�L�H�G�R�N�U�Z�L�H�Q�L�D�� �L�� �U�H�S�H�U�I�X�]�M�L�� �Z�� �N�R�P�y�U�N�D�F�K�� �V�N�y�U�\��

�S�U�]�H�G�U�D�P�L�H�Q�L�D���� �S�U�]�H�V�X�Z�D�M���F�� �E�D�]�R�Z���� �I�O�X�R�U�H�V�F�H�Q�F�M�
�� �1�$�'�+�� �Z�� �N�L�H�U�X�Q�N�X�� �Z�\�*�V�]�\�F�K��

�Z�D�U�W�R���F�L�� 

2. Trening w okresie przygotowawczym spowod�R�Z�D�á���Z�]�U�R�V�W��fluorescencji NADH w 

grupie �V�S�R�U�W�R�Z�F�y�Z��wyczynowych, badane�M�� �S�U�]�H�G�� �L�� �S�R�� �Z�\�V�L�á�N�X�� �G�R�� �R�G�P�R�Z�\���� �F�R��

�P�R�*�H���V�X�J�H�U�R�Z�D�ü wzrost puli NAD w organizmie. 
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II.  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 function. Advances 

in Cell Biology 44 (4): 333�±352, 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 NAD+, and 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. 2010; White and Schenk 2012). NAD+/NADH as a donor and 
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acceptor of hydrogen ions, takes part in Krebs cycle (where NAD+ is reduced to NADH) and 

in electron transport chain (where NADH is oxidized to NAD+). The 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  

monitoring it 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 high (�2�¶�'�R�Q�Q�H�O�O�� �H�W�� �D�O���� ��������; 

Mayevsky and Rogatsky 2007; �0�D�U�t�Q-�*�D�U�F�t�D�� ��������). 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 the 20th century (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. NAD+/NADH 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 in NAD+/NADH 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 NAD+/NADH 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 take place 

also in the mitochondria (Busquets-�&�R�U�W�p�V���H�W���D�O�������������������3�K�\�V�L�F�D�O���D�F�W�L�Y�L�W�\���L�P�S�D�F�W�V���E�L�R�F�K�H�P�L�V�W�U�\��

(Ament and Verkerke 2009), including changes in NAD+���1�$�'�+�� �E�D�O�D�Q�F�H�� ���2�¶�'�R�Q�Q�H�O�O�� �H�W�� �D�O����

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 2007; White 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 (19�±210C) was maintained. Athletes at the test day could eat only a light 

�E�U�H�D�N�I�D�V�W�����D�Q�G���������K���E�H�I�R�U�H���W�H�V�W�V���W�K�H�\���F�R�X�O�G�Q�¶�W���W�D�N�H���S�D�U�W���L�Q���L�Q�W�H�Q�V�L�Y�H���H�[�H�U�F�L�V�H���V�H�V�V�L�R�Q�����7�K�H���W�H�V�W�V��

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 

�P�H�D�V�X�U�H�P�H�Q�W�� �Z�D�V�� �F�R�Q�G�X�F�W�H�G�� �X�V�L�Q�J�� �$�Q�J�L�R�(�[�S�H�U�W�� �G�H�Y�L�F�H�� ���à�y�G�(���� �3�R�O�D�Q�G��, next participants 

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 lactate. 3�±4 min 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, 

�à�y�G�(�����3�R�O�D�Q�G�����G�H�Y�L�F�H�� The fluorescence 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 

���$�Q�J�L�R�Q�L�F�D�����à�y�G�(�����3�R�Oand) device was conducted twice, immediately before exercise test and 

3�±4 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 (VO2max) was considered to be reached if at 

least three of the following criteria were fulfilled: the oxygen uptake (VO2) was stabilized 

despite the further load increase, HR reached at least 95% of the age-adjusted HR, respiratory 

�H�[�F�K�D�Q�J�H�� �U�D�W�L�R�� ���5�(�5���� �Z�D�V�� �•�� ���������� �Elood lactate concentr�D�W�L�R�Q�� �Z�D�V�� �D�W�� �W�K�H�� �O�H�Y�H�O�� �•���� �P�P�R�O���O for 

�P�H�Q���D�Q�G�����•�����P�P�Rl/l  for women (Edvardsen et al. 2014). The maximal heart rate (HRmax) was 

defined for every athlete. 

Blood Sampling 

 Capillary blood samples were collected from the fingertip twice, immediately before 

and 2 min after the exercise test. 20 ��l of 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/m2). 
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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 function. ADVANCES IN CELL 

BIOLOGY 44 (4): 333�±352, 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 NAD+ in electron transport chain, in the inner 

mitochondrial membrane. NADH oxidation to NAD+ takes place when the oxygen is present. 

When there is a deficiency of oxygen, NADH oxidation to NAD+ is 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 NAD+/NADH in the nucleus and in the cytosol 

is similar. In contrast, mitochondrial membrane is impermeable for NAD. NAD+/NADH 

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 (or NADH) 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 

�W�K�H�\�� �G�R�Q�¶�W�� �D�O�O�R�Z�� �W�R�� �R�E�V�H�U�Y�H�� �W�K�H�� �F�K�D�Q�J�H�V�� �L�Q�� �Y�L�Y�R�� Another option is to monitor NADH 

fluorescence. Methods using fluorimetry evaluate NADH level in arbitrary units, so they 

�G�R�Q�¶�W���S�U�R�Y�L�G�H���L�Q�I�R�U�P�D�W�L�R�Q���D�E�R�X�W���L�W�V���D�E�V�R�O�X�W�H���Y�D�O�X�H�����+�R�Z�H�Y�H�U�����W�K�H�\���D�O�O�R�Z���W�R���H�Y�D�O�X�D�W�H���G�\�Q�D�P�L�F�V��

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 

�W�K�H�� �X�U�H�W�K�U�D�� �E�\�� �)�R�O�H�\�¶�V�� �F�D�W�K�H�W�H�U�� ���0�D�\�H�Y�V�N�\�� �H�W�� �D�O���� �������������� �7�K�H�� �V�H�F�R�Q�G�� �R�Q�H���� �$�Q�J�L�R�(�[�S�H�U�W��

���$�Q�J�L�R�Q�L�F�D���� �à�y�G�(���� �3�R�O�D�Q�G�� �± �G�H�V�L�J�Q�H�G�� �E�\�� �3�R�O�L�V�K�� �V�F�L�H�Q�W�L�V�W�V�� �I�U�R�P�� �à�y�G�(���� �Z�D�V�� �X�V�H�G�� �L�Q�� �P�\�� �R�Z�Q��

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 layers �± the 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, 

�� FImax [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 between FImax and Bmean, 

�� Rmin [u] �± maximal decrease in NADH fluorescence below the baseline during 

reperfusion, the difference between Bmean and FRmin, 

�� IRampl [u] �± the maximal range of the fluorescence change during ischaemia and 

reperfusion, the sum of Imax and Rmin, 

�� CImax �± the contribution of the NADH generated during occlusion to the total 

amount of NADH turned over during ischaemia and reperfusion, the contribution 

of Imax in IRampl. 

In parameters: Bmean, FImax, FRmin, Imax, Rmin, IRampl arbitrary 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 athletes. Frontiers 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 in Bmean (p<0.001), FImax (p<0.001, only in men) showing the 

maximal fluorescence increase; FRmin (p<0.001 in men and p<0.01 in women) showing the 

maximal decrease in fluorescence after reperfusion, and Rmin (p<0.01) showing difference 

between Bmean and FRmin (decrease in fluorescence normalized to the baseline). Reduction was 

seen in following parameters: Imax (p<0.001) (showing differences between FImax and Bmean) 

and CImax (p<0.001) (showing contribution of Imax in IRampl). IRampl parameter, which shows 

the maximal range of the fluorescence change during ischaemia and reperfusion (Imax + Rmin), 

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 athletes. Applied 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 Bmean parameter (basal fluorescence) significantly 

increased (p<0.05), however in the second phase of examination all measured parameters 

showed increase after exercise: Bmean (p<0.001), FImax (p<0.05), FRmin (p<0.001). All 

measured parameters (Bmean, FImax, 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 Imax significantly decreased after exercise in both pre- and post-training 

examinations at the level p<0.001. However, Imax values 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 Rmin were higher at the second term of examination (p<0.001). 

The IRampl 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, CImax parameter, which shows the impact of Imax in whole amplitude 

of the changes (IRampl), 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 parameters (Bmean, FImax, FRmin), 

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. 2012; Busquets-�&�R�U�W�p�V���H�W���D�O����

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 

�&�H�O�H�P���E�D�G�D���� �E�\�á�R���R�N�U�H���O�H�Q�L�H���]�P�L�D�Q���I�O�X�R�U�H�V�F�H�Q�F�M�L���1�$�'�+���E�D�G�D�Q�H�M���]�D�� �S�R�P�R�F���� �P�H�W�R�G�\��

�)�O�R�Z���0�H�G�L�D�W�H�G���6�N�L�Q���)�O�X�R�U�H�V�F�H�Q�F�H���X���Z�\�V�R�N�R���Z�\�W�U�H�Q�R�Z�D�Q�\�F�K���V�S�R�U�W�R�Z�F�y�Z���U�y�*�Q�\�F�K���G�\�V�F�\�S�O�L�Q��

sportowych, �S�R�G�� �Z�S�á�\�Z�H�P�� �S�R�M�H�G�\�Q�F�]�H�J�R�� �Z�\�V�L�á�N�X�� �G�R�� �R�G�P�R�Z�\�� ���D�U�W�\�N�X�á�� ������ �R�U�D�]�� �Z�� �Z�\�Q�L�N�X��7 

tygodniowego �W�U�H�Q�L�Q�J�X�� �V�S�R�U�W�R�Z�H�J�R�� ���D�U�W�\�N�X�á�� ������ �'�R�� �E�D�G�D���� �Z�\�N�R�U�]�\�V�W�D�Q�R�� �Q�R�Z�R�� �S�R�Z�V�W�D�á�H��

�X�U�]���G�]�H�Q�L�H��medyczne AngioExpert przeznaczone do nieinwazyjnego diagnozowania i 

�P�R�Q�L�W�R�U�R�Z�D�Q�L�D�� �]�D�E�X�U�]�H���� �P�L�N�U�R�N�U���*�H�Q�L�D �R�U�D�]�� �U�H�J�X�O�D�F�M�L�� �P�H�W�D�E�R�O�L�F�]�Q�H�M�� �S�R�S�U�]�H�]�� �R�N�U�H���Oenie 

zmian poziomu fluorescencji NADH. �=�D�á�R�*�R�Q�R���� �*�H����(a) metoda FMSF �S�R�]�Z�D�O�D�� �Q�D�� �R�F�H�Q�
��

zmian fluorescencji NADH �Z�� �Z�\�Q�L�N�X�� �]�D�G�]�L�D�á�D�Q�L�D��okluzji i w trakcie reperfuzji, (b) 

�S�R�M�H�G�\�Q�F�]�\�� �L�Q�W�H�Q�V�\�Z�Q�\�� �Z�\�V�L�á�H�N�� �I�L�]�\�F�]�Q�\�� �]�P�L�H�Q�L�D�� �R�E�U�y�W�� �1�$�'�+���� �D�� �W�D�N�*�H��(c) �*�H�� �Z�� �Z�\�Q�L�N�X��

�W�U�H�Q�L�Q�J�X���I�L�]�\�F�]�Q�H�J�R���G�R�F�K�R�G�]�L���G�R���]�P�L�D�Q�\���L�Q�W�H�Q�V�\�Z�Q�R���F�L���I�O�X�R�U�H�V�F�H�Q�F�M�L���E�D�G�D�Q�H�M���]�D�U�y�Z�Q�R���S�U�]�H�G���L��

jak �S�R���Z�\�V�L�á�N�X���I�L�]�\�F�]�Q�\�P���� 

�)�O�X�R�U�H�V�F�H�Q�F�M�H�� �1�$�'�+�� �R�N�U�H���O�D�Q�R�� �Z�� �V�S�R�F�]�\�Q�N�X�� �D�� �W�D�N�*�H�� �E�H�]�S�R���U�H�G�Q�L�R�� �����±4 minuty) po 

�Z�\�V�L�á�N�X��do odmowy �Q�D���E�L�H�*�Q�L���P�H�F�K�D�Q�L�F�]�Q�H�M. Pomiary �Z�\�N�R�Q�D�Q�R���Z���G�Z�y�F�K���W�H�U�P�L�Q�D�F�K���E�D�G�D������

�Q�D���S�R�F�]���W�N�X���R�U�D�]���S�R�������W�\�J�R�G�Q�L�D�F�K���W�U�H�Q�L�Q�J�X���Z���R�N�U�H�V�L�H���S�U�]�\�J�R�W�R�Z�D�Z�F�]�\�P. 

�.�U�]�\�Z�D�� �I�O�X�R�U�H�V�F�H�Q�F�M�L�� �1�$�'�+���� �U�H�M�H�V�W�U�R�Z�D�Q�D�� �]�D�U�y�Z�Q�R�� �Z�� �F�]�D�V�L�H�� �Q�L�H�G�R�N�U�Z�L�H�Q�L�D�� �M�D�N�� �L��

reperfuzji badana po wykonaniu pojedynczego �Z�\�V�L�á�Nu do odmowy �X�O�H�J�D�á�D��przesu�Q�L�
�F�L�X w 

�N�L�H�U�X�Q�N�X�� �Z�\�*�V�]�\�F�K�� �Z�D�U�W�R���F�L �Z�� �V�W�R�V�X�Q�N�X�� �G�R�� �Z�D�U�W�R���F�L�� �U�H�M�H�V�W�U�R�Z�D�Q�\�F�K�� �S�U�]�H�G�� �Z�\�V�L�á�N�L�H�P. 

�5�y�Z�Q�L�H�*�� �� tygodniowy �W�U�H�Q�L�Q�J�� �Z�� �R�N�U�H�V�L�H�� �S�U�]�\�J�R�W�R�Z�D�Z�F�]�\�P�� �Z�\�Z�R�á�\�Z�D�á��podniesienie 

�E�D�G�D�Q�\�F�K�� �Z�D�U�W�R���F�L��mierzonych �I�O�X�R�U�H�V�F�H�Q�F�M�L�� �1�$�'�+�� �]�D�U�y�Z�Q�R�� �S�U�]�H�G�� �M�D�N�� �L�� �S�R�� �W�H���F�L�H��

�Z�\�V�L�á�N�R�Z�\�P�� 

�6�X�J�H�U�X�M�H�� �V�L�
�� �*�H�� �S�R�P�L�D�U�� �I�O�X�R�U�H�V�F�H�Q�F�M�L�� �1�$�'�+�� �R�E�U�D�]�X�M�H�� �]�P�L�D�Q�\�� �P�H�W�D�E�R�O�L�F�]�Q�H��w 

�P�L�W�R�F�K�R�Q�G�U�L�D�F�K���V�N�y�U�\��zacho�G�]���F�H���S�R�G���Z�S�á�\�Z�H�P �S�R�M�H�G�\�Q�F�]�H�J�R���Z�\�V�L�á�N�X���G�R���R�G�P�R�Z�\���D���W�D�N�*�H���Z��

wyniku zastosowanego 7 tygodniowego treningu w okresie przygotowawczym���� �3�R�Q�L�H�Z�D�*��

adaptacje �]�D�F�K�R�G�]���F�H�� �S�R�G�� �Z�S�á�\�Z�H�P�� �W�U�H�Q�L�Q�J�X�� �G�R�W�\�F�]���� �F�D�á�H�J�R�� �F�L�D�á�D����dlatego zmiany w 

�P�H�W�D�E�R�O�L�]�P�L�H�� �V�N�y�U�\�� �P�R�J���� �]�D�S�H�Z�Q�L�D�ü�� �á�D�W�Z�R�� �G�R�V�W�
�S�Q���� �L�Q�I�R�U�P�D�F�M�
�� �R�� �X�R�J�y�O�Q�L�R�Q�\�F�K�� �]�P�L�D�Q�D�F�K��

�]�D�F�K�R�G�]���F�\�F�K���Z���P�L�W�R�F�K�R�Q�G�U�L�D�F�K �F�D�á�H�J�R���R�U�J�D�Q�L�]�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 disciplines. The 

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 immediately (3�±4 minutes) 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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�7�K�H���P�L�W�R�F�K�R�Q�G�U�L�D���D�U�H���G�R�X�E�O�H���P�H�P�E�U�D�Q�H�G���R�U�J�D�Q�H�O�O�H�V���W�K�D�W���S�R�V�V�H�V�V���W�K�H�L�U���'�1�$���H�Q��
�F�R�G�L�Q�J���������J�H�Q�H�V�����0�L�W�R�F�K�R�Q�G�U�L�D���S�U�R�G�X�F�H���$�7�3���D�Q�G���1�$�'�+�����W�K�H�\���D�U�H���D�O�V�R���L�Q�Y�R�O�Y�H�G���L�Q��
�F�H�O�O���J�U�R�Z�W�K���� �G�L�I�I�H�U�H�Q�W�L�D�W�L�R�Q���S�U�R�F�H�V�V�H�V���D�Q�G���I�L�Q�D�O�O�\�� �F�H�O�O�X�O�D�U���G�H�D�W�K���>�����@���� �,�P�S�D�L�U�P�H�Q�W���R�I��
�P�L�W�R�F�K�R�Q�G�U�L�D�O���I�X�Q�F�W�L�R�Q���F�D�Q���O�H�D�G���W�R���P�D�Q�\���D�F�X�W�H���R�U���F�K�U�R�Q�L�F���G�L�V�H�D�V�H�V�����W�D�E������������

TABLE 1 �����(�[�D�P�S�O�H�V���R�I���G�L�V�H�D�V�H�V���D�Q�G���F�O�L�Q�L�F�D�O���F�R�Q�G�L�W�L�R�Q�V���L�Q���Z�K�L�F�K���P�L�W�R�F�K�R�Q�G�U�L�D���D�U�H���G�L�U�H�F�W�O�\���L�Q�Y�R�O�Y�H�G��

TYPE OF DISEASES EXAMPLES

�0�H�W�D�E�R�O�L�F
�'�L�D�E�H�W�H�V
�2�E�H�V�L�W�\

�%�R�G�\���P�H�W�D�E�R�O�L�F���L�P�E�D�O�D�Q�F�H�V

�1�H�X�U�R�O�R�J�L�F�D�O

�$�P�\�R�W�U�R�S�K�L�F���/�D�W�H�U�D�O���6�F�O�H�U�R�V�L�V
�+�X�Q�W�L�Q�J�W�R�Q�¶�V���'�L�V�H�D�V�H
�$�O�]�K�H�L�P�H�U�¶�V���'�L�V�H�D�V�H
�3�D�U�N�L�Q�V�R�Q�¶�V���'�L�V�H�D�V�H

�,�Q�I�H�F�W�L�R�X�V
�+�H�S�D�W�L�W�L�V���&

�6�H�S�V�L�V���D�Q�G���V�H�S�W�L�F���V�K�R�F�N

�&�D�U�G�L�R�Y�D�V�F�X�O�D�U

�,�V�F�K�D�H�P�L�F���K�H�D�U�W���G�L�V�H�D�V�H
�0�\�R�F�D�U�G�L�D�O���L�Q�I�D�U�F�W�L�R�Q

�+�H�D�U�W���I�D�L�O�X�U�H
�&�D�U�G�L�R�J�H�Q�L�F���V�K�R�F�N

�2�W�K�H�U �&�D�Q�F�H�U
�7�X�E�X�O�R�S�D�W�K�L�H�V



FLOW-MEDIATED SKIN FLUORESCENCE ������

MITOCHONDRIA

STRUCTURE OF MITOCHONDRIA

�$���G�R�X�E�O�H�� �P�H�P�E�U�D�Q�H�� �V�X�U�U�R�X�Q�G�V�� �P�L�W�R�F�K�R�Q�G�U�L�D���� �D�Q�G�� �W�K�H�� �L�Q�W�H�U�P�H�P�E�U�D�Q�H�� �V�S�D�F�H��
�V�H�S�D�U�D�W�H�V���W�K�H���R�X�W�H�U���D�Q�G���L�Q�Q�H�U���O�D�\�H�U�V���>�����@�������I�L�J����������

FIGURE 1. �7�K�H���V�W�U�X�F�W�X�U�H���R�I���W�K�H���P�L�W�R�F�K�R�Q�G�U�L�R�Q

�,�Q�V�L�G�H���W�K�H���L�Q�Q�H�U���P�H�P�E�U�D�Q�H�����O�L�H�V���W�K�H���P�D�W�U�L�[���D�Q�G���W�K�H���P�L�W�R�F�K�R�Q�G�U�L�D�O���J�H�Q�R�P�H���>��������
�����@���� �7�K�H�� �R�X�W�H�U�� �O�D�\�H�U�� �L�V�� �S�H�U�P�H�D�E�O�H�� �W�R�� �W�K�H�� �P�D�M�R�U�L�W�\�� �R�I�� �P�H�W�D�E�R�O�L�W�H�V���� �D�Q�G�� �F�R�Q�W�D�L�Q�V��
�D�F�H�W�\�O���&�R�$�� �V�\�Q�W�K�H�W�D�V�H�� �D�Q�G�� �S�K�R�V�S�K�R�J�O�\�F�H�U�R�O�� �D�F�H�W�\�O�W�U�D�Q�V�I�H�U�D�V�H���� �7�K�H�� �L�Q�W�H�U�P�H�P��
�E�U�D�Q�H���V�S�D�F�H���K�D�V���D�G�H�Q�L�Q�H���N�L�Q�D�V�H���D�Q�G���F�U�H�D�W�L�Q�H���N�L�Q�D�V�H�����D�Q�G���L�W���L�V���H�V�V�H�Q�W�L�D�O���I�R�U���V�W�R�U�L�Q�J��
�S�U�R�W�R�Q�V���L�Q�Y�R�O�Y�H�G���L�Q���$�7�3���S�U�R�G�X�F�W�L�R�Q�����V�H�H���E�H�O�R�Z�������7�K�H���L�Q�Q�H�U���P�H�P�E�U�D�Q�H���L�V���L�P�S�H�U��
�P�H�D�E�O�H���W�R���P�R�V�W���P�H�W�D�E�R�O�L�W�H�V�����I�L�J������������

�,�W���F�R�Q�W�D�L�Q�V�����K�R�Z�H�Y�H�U�����D���V�S�H�F�L�I�L�F���S�K�R�V�S�K�R�O�L�S�L�G���±���F�D�O�O�H�G���F�D�U�G�L�R�O�L�S�L�Q�����H�Q�]�\�P�H�V���R�I��
�W�K�H���U�H�V�S�L�U�D�W�R�U�\���F�K�D�L�Q�����$�7�3���V�\�Q�W�K�D�V�H���D�Q�G���W�U�D�Q�V�P�H�P�E�U�D�Q�H���V�K�X�W�W�O�H�V���I�R�U���W�U�D�Q�V�S�R�U�W�L�Q�J��
�V�H�O�H�F�W�H�G���P�R�O�H�F�X�O�H�V���L�Q���D�Q�G���R�X�W���R�I���W�K�H���P�D�W�U�L�[�����7�K�H���L�Q�Q�H�U���P�H�P�E�U�D�Q�H�����W�R���L�Q�F�U�H�D�V�H���L�W�V��
�D�F�W�L�Y�H���V�X�U�I�D�F�H�����L�V���I�R�O�G�H�G���D�Q�G���I�R�U�P�V���V�H�Y�H�U�D�O���V�P�D�O�O�H�U���I�R�O�G�V���F�D�O�O�H�G���F�U�L�V�W�D�H���>�����@����

FUNCTION OF MITOCHONDRIA

�$�V�� �P�H�Q�W�L�R�Q�H�G���� �P�L�W�R�F�K�R�Q�G�U�L�D�� �D�U�H�� �U�H�V�S�R�Q�V�L�E�O�H�� �I�R�U�� �J�H�Q�H�U�D�W�L�Q�J�� �P�R�V�W�� �R�I�� �W�K�H�� �F�H�O�O�¶�V��
�H�Q�H�U�J�\�� �G�H�U�L�Y�H�G�� �I�U�R�P�� �V�H�Y�H�U�D�O�� �R�[�L�G�D�W�L�R�Q�� �S�U�R�F�H�V�V�H�V���� �,�Q�� �J�H�Q�H�U�D�O���� �W�K�H�V�H�� �S�U�R�F�H�V�V�H�V�� �U�H��
�T�X�L�U�H�� �F�R�Q�V�W�D�Q�W�� �R�[�\�J�H�Q�� �V�X�S�S�O�\�� �G�X�U�L�Q�J�� �H�Q�H�U�J�\�� �U�H�W�U�L�H�Y�D�O�� �I�U�R�P�� �D�P�L�Q�R�� �D�Q�G�� �I�D�W�W�\�� �D�F�L�G�V����
�F�D�U�E�R�K�\�G�U�D�W�H�V�� �R�U�� �N�H�W�R�Q�H�� �E�R�G�L�H�V���� �1�X�W�U�L�H�Q�W�V�� �D�U�H�� �P�H�W�D�E�R�O�L�V�H�G�� �W�R�� �V�X�E�V�W�U�D�W�H�V�� �Z�K�L�F�K�� �I�L��
�Q�D�O�O�\�� �H�Q�W�H�U�� �W�K�H�� �F�L�W�U�L�F�� �D�F�L�G�� �F�\�F�O�H�� �W�K�D�W�� �S�U�R�G�X�F�H�V�� �H�O�H�F�W�U�R�Q�V�� �W�U�D�Y�H�O�O�L�Q�J�� �D�O�R�Q�J�� �W�K�H�� �S�U�R�W�H�L�Q��



������ G. SIBRECHT ET AL.

�F�R�P�S�O�H�[�H�V���R�I���W�K�H���H�O�H�F�W�U�R�Q���W�U�D�Q�V�S�R�U�W���F�K�D�L�Q�����7�K�H���P�L�W�R�F�K�R�Q�G�U�L�D�O���L�Q�W�U�D�P�H�P�E�U�D�Q�H���V�S�D�F�H����
�W�K�H�� �L�Q�Q�H�U�� �P�H�P�E�U�D�Q�H�� �D�Q�G�� �W�K�H�� �P�D�W�U�L�[�� �D�U�H�� �L�Q�Y�R�O�Y�H�G�� �L�Q�� �R�[�L�G�D�W�L�R�Q�� �Z�K�L�F�K�� �J�H�Q�H�U�D�W�H�V�� �W�K�H��
�H�Q�H�U�J�\���J�U�D�G�L�H�Q�W���D�F�U�R�V�V���W�K�H���L�Q�Q�H�U���P�H�P�E�U�D�Q�H�����7�K�L�V���J�U�D�G�L�H�Q�W���L�V���I�L�Q�D�O�O�\���W�U�D�Q�V�I�R�U�P�H�G���L�Q�W�R��
�W�K�H���H�Q�H�U�J�\���V�W�R�U�H�G���L�Q���$�7�3���D�Q�G���1�$�'�+���>���������@��

�1�$�'�+���L�V���D���U�H�G�X�F�H�G���I�R�U�P���R�I���Q�L�F�R�W�L�Q�D�P�L�G�H���D�G�H�Q�L�Q�H���G�L�Q�X�F�O�H�R�W�L�G�H�����1�$�'�������S�U�R�G�X�F�H�G��
�E�\�� �V�S�H�F�L�I�L�F�� �G�H�K�\�G�U�R�J�H�Q�D�V�H�V�� �F�D�W�D�O�\�V�L�Q�J�� �U�H�D�F�W�L�R�Q�V�� �R�I�� �J�O�\�F�R�O�\�V�L�V���� �W�K�H�� �F�L�W�U�L�F�� �D�F�L�G�� �F�\�F�O�H����
�D�Q�G���W�K�H���P�L�W�R�F�K�R�Q�G�U�L�D�O���U�H�V�S�L�U�D�W�R�U�\���F�K�D�L�Q���E�R�W�K���L�Q���W�K�H���F�\�W�R�S�O�D�V�P���D�Q�G���L�Q���P�L�W�R�F�K�R�Q�G�U�L�D����
�'�X�U�L�Q�J�� �$�7�3�� �S�U�R�G�X�F�W�L�R�Q�� �W�K�U�R�X�J�K�� �W�K�H�� �U�H�V�S�L�U�D�W�R�U�\�� �F�K�D�L�Q���� �H�O�H�F�W�U�R�Q�V�� �D�U�H�� �W�U�D�Q�V�I�H�U�U�H�G�� �W�R��
�R�[�\�J�H�Q���P�R�V�W�O�\���Z�L�W�K���W�K�H���S�D�U�W�L�F�L�S�D�W�L�R�Q���R�I���1�$�'�+�����1�R�W�H�Z�R�U�W�K�\���� �D�O�W�K�R�X�J�K���V�R�P�H���R�I���W�K�H��
�1�$�'�+���P�R�O�H�F�X�O�H�V���D�U�H���D�O�V�R���I�R�U�P�H�G���L�Q���W�K�H���F�\�W�R�S�O�D�V�P�����Y�L�D���J�O�\�F�H�U�R�O�������S�K�R�V�S�K�D�W�H���G�H�K�\��
�G�U�R�J�H�Q�D�V�H�� �L�Q�� �W�K�H�� �R�[�\�J�H�Q���L�Q�G�H�S�H�Q�G�H�Q�W�� �J�O�\�F�R�O�\�V�L�V������ �W�K�H�� �R�[�\�J�H�Q�D�W�L�R�Q�� �R�I�� �1�$�'�+�� �W�D�N�H�V��
�S�O�D�F�H�� �R�Q�O�\�� �L�Q�� �P�L�W�R�F�K�R�Q�G�U�L�D���� �7�R�� �D�Y�R�L�G�� �1�$�'�+�� �D�F�F�X�P�X�O�D�W�L�R�Q�� �L�Q�� �W�K�H�� �F�\�W�R�S�O�D�V�P���� �W�Z�R��
�X�Q�L�T�X�H���F�U�R�V�V���P�H�P�E�U�D�Q�H���V�K�X�W�W�O�H�V�����L���H�����W�K�H���P�D�O�D�W�H���D�V�S�D�U�W�D�W�H���D�Q�G���J�O�\�F�H�U�R�S�K�R�V�S�K�D�W�H���V�K�X�W��
�W�O�H�V�����W�U�D�Q�V�S�R�U�W���1�$�'�+���I�U�R�P���F�\�W�R�V�R�O���W�R���P�L�W�R�F�K�R�Q�G�U�L�D�����I�L�J�������������7�K�L�V���W�U�D�Q�V�S�R�U�W�����K�R�Z�H�Y�H�U����
�L�V���D�F�W�L�Y�H���R�Q�O�\���Z�K�H�Q���R�[�\�J�H�Q���L�V���D�Y�D�L�O�D�E�O�H�����D�H�U�R�E�L�F���F�R�Q�G�L�W�L�R�Q�V�������'�X�U�L�Q�J���K�\�S�R�[�L�D���R�U���D�Q�R�[��
�L�D�����Z�K�H�Q���O�H�V�V���R�U���Q�R���R�[�\�J�H�Q���L�V���D�Y�D�L�O�D�E�O�H�����W�K�H���1�$�'�����P�R�O�H�F�X�O�H�V���D�U�H���U�H�J�H�Q�H�U�D�W�H�G���W�K�U�R�X�J�K��
�W�K�H���S�U�R�F�H�V�V���R�I���W�U�D�Q�V�I�R�U�P�L�Q�J���S�\�U�X�Y�D�W�H���L�Q�W�R���O�D�F�W�D�W�H���±���D�V���D���U�H�V�X�O�W�����W�K�H���D�P�R�X�Q�W���R�I���O�D�F�W�D�W�H��
�D�Q�G�� �S�U�R�W�R�Q�V�� ���++���� �U�L�V�H�V�� �>�����@�����$���F�O�D�V�V�L�F�� �H�[�D�P�S�O�H�� �R�I�� �K�\�S�R�[�L�D�� �D�Q�G���R�U�� �D�Q�R�[�L�D�� �L�V�� �F�H�O�O�X�O�D�U��
�L�V�F�K�D�H�L�D�����'�X�U�L�Q�J���L�V�F�K�D�H�P�L�D�����D���U�H�V�W�U�L�F�W�L�R�Q���L�Q���E�O�R�R�G���V�X�S�S�O�\���W�R���R�U�J�D�Q�V���D�Q�G���W�L�V�V�X�H�V���O�H�D�G�V���W�R��
�D���U�H�G�X�F�W�L�R�Q���R�U���V�W�R�S�S�L�Q�J���R�I���R�[�\�J�H�Q���D�Q�G���Q�X�W�U�L�H�Q�W�V���Q�H�H�G�H�G���I�R�U���F�H�O�O�X�O�D�U���P�H�W�D�E�R�O�L�V�P���±���L�Q��
�V�X�F�K���F�R�Q�G�L�W�L�R�Q�V���W�K�H���U�H�V�S�L�U�D�W�R�U�\�� �F�K�D�L�Q���L�V���E�O�R�F�N�H�G���>������ ������ �������� �����@�����7�D�E�O�H���� �V�X�P�P�D�U�L�V�H�V��
�F�H�O�O�X�O�D�U���S�U�R�F�H�V�V�H�V���L�Q�Y�R�O�Y�L�Q�J���1�$�'�+���D�Q�G���1�$�'����

FIGURE 2. �7�K�H���S�H�U�P�H�D�E�L�O�L�W�\���R�I���W�K�H���P�L�W�R�F�K�R�Q�G�U�L�D�O���P�H�P�E�U�D�Q�H�V���D�Q�G���W�U�D�Q�V�S�R�U�W�L�Q�J���V�K�X�W�W�O�H



FLOW-MEDIATED SKIN FLUORESCENCE ������

TABLE 2. �/�L�V�W�� �R�I�� �S�U�R�F�H�V�V�H�V�� �L�Q�� �Z�K�L�F�K �1�$�'�+�� �D�Q�G�� �1�$�'���� �D�U�H�� �L�Q�Y�R�O�Y�H�G�� �L�Q�� �F�H�O�O�X�O�D�U�� �P�H�W�D�E�R�O�L�V�P�� �D�Q�G��
�I�X�Q�F�W�L�R�Q���>���@

CYTOPLASM NUCLEUS MITOCHONDRION

�‡�� �*�O�\�F�R�O�\�V�L�V�����J�O�\�F�H�U�R�O�������S�K�R��
�V�S�K�D�W�H���G�H�K�\�G�U�R�J�H�Q�D�V�H��

�‡�� �3�D�U�W���R�I���V�H�F�R�Q�G���P�H�V�V�H�Q�J�H�U��
�V�\�V�W�H�P�����S�U�H�F�X�U�V�R�U���R�I���F�\�F�O�L�F��
�$�'�3���U�L�E�R�V�H��

�‡�� �3�L�U�R�J�U�R�Q�L�D�Q���U�H�G�X�F�W�L�R�Q���W�R��
�O�D�F�W�D�W�H��

�‡�� �$�'�3���U�L�E�R�V�H���W�U�D�Q�V�I�H�U���U�H�D�F�W�L�R�Q�V��
�‡�� �0�R�G�L�I�L�F�D�W�L�R�Q���R�I���5�1�$
�‡�� �5�H�J�X�O�D�W�L�R�Q���R�I���W�U�D�Q�V�F�U�L�S�W�L�R�Q��

�S�U�R�F�H�V�V�H�V

�‡�� �&�L�W�U�L�F���D�F�L�G���F�\�F�O�H��
�‡�� �5�H�V�S�L�U�D�W�R�U�\���F�K�D�L�Q��

���F�R�P�S�O�H�[�H�V���,�����,�,�,�����,�9��
�‡�� �%�H�W�D���R�[�L�G�D�W�L�R�Q��

���P�D�W�U�L�[��

METHODS TO STUDY MITOCHONDRIA

�7�K�H�U�H�� �D�U�H�� �P�D�Q�\�� �P�H�W�K�R�G�V�� �Z�K�L�F�K�� �D�U�H�� �D�S�S�O�L�H�G�� �I�R�U�� �V�W�X�G�\�L�Q�J�� �P�L�W�R�F�K�R�Q�G�U�L�D�� ���W�D�E���� ��������
�6�R�P�H���R�I���W�K�H�P���F�D�Q���E�H���X�V�H�G���I�R�U���W�K�H���H�[�D�P�L�Q�D�W�L�R�Q���R�I���P�L�W�R�F�K�R�Q�G�U�L�D�O���Q�X�P�E�H�U�����V�W�U�X�F�W�X�U�H���D�Q�G��
�G�H�Q�V�L�W�\���L�Q���F�H�O�O�V�����7�K�H�V�H���P�H�W�K�R�G�V���X�V�H���P�R�G�H�U�Q���O�L�J�K�W���P�L�F�U�R�V�F�R�S�H�V���E�D�V�H�G���R�Q���S�K�D�V�H���F�R�Q�W�U�D�V�W��
�R�U���L�Q�W�H�U�I�H�U�H�Q�F�H���F�R�Q�W�U�D�V�W���R�S�W�L�F�V�����R�S�W�L�F�D�O�����I�O�X�R�U�H�V�F�H�Q�F�H���R�S�W�L�F�D�O���P�L�F�U�R�V�F�R�S�H�V�����K�L�J�K���U�H�V�R��
�O�X�W�L�R�Q���W�U�D�Q�V�P�L�V�V�L�R�Q���R�U���V�F�D�Q�Q�L�Q�J���H�O�H�F�W�U�R�Q���P�L�F�U�R�V�F�R�S�H�V���D�Q�G���H�O�H�F�W�U�R�Q���W�R�P�R�J�U�D�S�K�\�����7�K�U�H�H��
�V�L�J�Q�L�I�L�F�D�Q�W���O�L�P�L�W�D�W�L�R�Q�V���R�I���W�K�H�V�H���P�H�W�K�R�G�V���D�U�H���W�K�H���Q�H�H�G���W�R���X�V�H���F�H�O�O���R�U���W�L�V�V�X�H���V�D�P�S�O�H�V���F�R�O��
�O�H�F�W�H�G���H�L�W�K�H�U���L�Q�Y�D�V�L�Y�H�O�\���R�U���S�R�V�W���P�R�U�W�H�P�����X�V�X�D�O�O�\���H�O�D�E�R�U�D�W�H���S�U�H�S�D�U�D�W�L�R�Q�V�����D�Q�G���K�L�J�K���F�R�V�W�V��
�R�I���W�K�H�L�U���X�V�H�����$�Q�R�W�K�H�U���F�O�D�V�V���R�I���P�H�W�K�R�G�V���L�V���X�V�H�G���I�R�U���W�K�H���H�[�D�P�L�Q�D�W�L�R�Q���R�I���G�L�I�I�H�U�H�Q�W���P�L�W�R��
�F�K�R�Q�G�U�L�D�O���I�X�Q�F�W�L�R�Q�V�����H���J�����W�K�H�L�U���H�Q�]�\�P�D�W�L�F���D�F�W�L�Y�L�W�\���U�H�O�D�W�H�G���W�R���W�K�H���U�H�V�S�L�U�D�W�R�U�\���F�K�D�L�Q���I�X�Q�F��
�W�L�R�Q�����K�D�Q�G�O�L�Q�J���R�I���V�S�H�F�L�I�L�F���L�R�Q�V���R�U���P�R�O�H�F�X�O�H�V���V�X�F�K���D�V���&�D���������$�7�3�����1�$�'�+���R�U���H�Y�H�Q���R�[�\�J�H�Q��
�F�R�Q�V�X�P�S�W�L�R�Q�����0�D�Q�\���\�H�D�U�V���D�J�R�����L�W���Z�D�V���S�R�V�V�L�E�O�H���W�R���H�P�S�O�R�\���P�R�V�W���R�I���W�K�H�V�H���P�H�W�K�R�G�V���R�Q�O�\��
�L�Q���Y�L�W�U�R�����H���J�����V�S�H�F�W�U�R�S�K�R�W�R�P�H�W�U�L�F���D�V�V�D�\�V�������1�R�Z�D�G�D�\�V�����K�R�Z�H�Y�H�U�����Q�H�Z�H�U���P�H�W�K�R�G�V���D�O�O�R�Z��
�V�W�X�G�\�L�Q�J���P�L�W�R�F�K�R�Q�G�U�L�D���L�Q���Y�L�Y�R���H�L�W�K�H�U���Z�L�W�K���W�K�H���X�V�H���R�I���V�R�P�H���F�H�O�O���V�D�P�S�O�H�V�����H���J�����E�L�R�S�V�\��
�V�D�P�S�O�H�V�����L�V�R�O�D�W�H�G���P�R�Q�R�Q�X�F�O�H�D�U���F�H�O�O�V���I�U�R�P���W�K�H���F�L�U�F�X�O�D�W�L�Q�J���E�O�R�R�G�����R�U���L�Q���O�L�Y�L�Q�J���D�Q�L�P�D�O�V��
�D�Q�G���H�Y�H�Q���K�X�P�D�Q�V�����0�D�J�Q�H�W�L�F���U�H�V�R�Q�D�Q�F�H���V�S�H�F�W�U�R�V�F�R�S�\���L�V���D�Q���H�[�D�P�S�O�H���R�I���D���V�R�S�K�L�V�W�L�F�D�W�H�G��
�W�R�R�O���W�R���V�W�X�G�\���P�L�W�R�F�K�R�Q�G�U�L�D�O���I�X�Q�F�W�L�R�Q���L�Q���Y�L�Y�R���L�Q���Y�D�U�L�R�X�V���W�L�V�V�X�H�V���D�Q�G���R�U�J�D�Q�V�����I�R�U���L�Q�V�W�D�Q�F�H����
�O�L�Y�H�U�����N�L�G�Q�H�\���R�U���K�H�D�U�W�����7�K�L�V���P�H�W�K�R�G���P�H�D�V�X�U�H�V���P�D�J�Q�H�W�L�F���U�H�V�R�Q�D�Q�F�H���V�L�J�Q�D�O�V���R�I���V�S�H�F�L�I�L�F��
�L�V�R�W�R�S�H�V�� �R�I�������&�������+���������3�� �D�Q�G�������1�D�� �Z�K�L�F�K�� �F�D�Q�� �E�H�� �O�R�F�D�O�L�V�H�G�� �L�Q�� �G�L�I�I�H�U�H�Q�W�� �P�L�W�R�F�K�R�Q�G�U�L�D�O��
�V�W�U�X�F�W�X�U�H�V�����H���J�����Q�X�F�O�H�L�����6�L�Q�F�H���W�K�H�V�H���P�H�W�K�R�G�V���D�U�H���Y�H�U�\���G�L�V�W�L�Q�F�W�����H�D�F�K���R�I���W�K�H�P���K�D�Y�H���V�S�H��
�F�L�I�L�F���O�L�P�L�W�D�W�L�R�Q�V�����V�R�P�H���U�H�T�X�L�U�H���L�Q�Y�D�V�L�Y�H���V�S�H�F�L�P�H�Q���F�R�O�O�H�F�W�L�R�Q�����R�W�K�H�U���H�[�S�H�Q�V�L�Y�H���U�H�D�J�H�Q�W�V��
�R�U�� �W�R�R�O�V�� �R�U�� �D�U�H�� �W�L�P�H���F�R�Q�V�X�P�L�Q�J�����$���G�L�I�I�H�U�H�Q�W�� �D�S�S�U�R�D�F�K�� �W�R�� �P�L�W�R�F�K�R�Q�G�U�L�D�O�� �H�[�D�P�L�Q�D�W�L�R�Q��
�L�V�� �W�K�U�R�X�J�K�� �P�R�O�H�F�X�O�D�U�� �V�W�X�G�L�H�V�� �I�R�F�X�V�L�Q�J�� �G�L�U�H�F�W�O�\�� �R�Q�� �W�K�H�� �D�Q�D�O�\�V�L�V�� �R�I�� �P�L�W�R�F�K�R�Q�G�U�L�D�O��
�J�H�Q�R�P�H�����P�W�'�1�$�������H���J�����E�\���V�W�X�G�\�L�Q�J���P�W�'�1�$���S�R�L�Q�W���P�X�W�D�W�L�R�Q�V���R�U���O�D�U�J�H���V�F�D�O�H���P�W�'��
�1�$���G�H�O�H�W�L�R�Q�V�����D�S�S�O�\�L�Q�J���6�R�X�W�K�H�U�Q���D�Q�G���1�R�U�W�K�H�U�Q���E�O�R�W�W�L�Q�J�����D�Q�G���H�Y�H�Q���Q�H�[�W���J�H�Q�H�U�D�W�L�R�Q��
�V�H�T�X�H�Q�F�L�Q�J���� �6�R�P�H�� �R�W�K�H�U�� �P�R�O�H�F�X�O�D�U�� �P�H�W�K�R�G�V�� �I�R�F�X�V�� �R�Q�� �W�K�H�� �H�[�D�P�L�Q�D�W�L�R�Q�� �R�I�� �J�H�Q�H�V��
�L�Q�� �W�K�H�� �Q�X�F�O�H�D�U�� �J�H�Q�R�P�H�� �H�Q�F�R�G�L�Q�J�� �S�U�R�W�H�L�Q�V�� �P�R�G�L�I�\�L�Q�J�� �P�L�W�R�F�K�R�Q�G�U�L�D�O�� �I�X�Q�F�W�L�R�Q�� �R�U��
�S�U�R�W�H�L�Q�V�����:�H�V�W�H�U�Q���E�O�R�W�W�L�Q�J���� �D�Q�G���S�U�R�W�H�R�P�L�F�V���� �6�X�F�K�� �P�H�W�K�R�G�V���D�U�H���Y�H�U�\�� �R�I�W�H�Q���F�R�V�W�O�\��
�D�Q�G���X�V�X�D�O�O�\���R�Q�O�\���D�Y�D�L�O�D�E�O�H���W�R���U�H�V�H�D�U�F�K���F�H�Q�W�U�H�V�����,�W���L�V�����K�R�Z�H�Y�H�U�����S�R�V�V�L�E�O�H���W�R���H�[�D�P�L�Q�H��



������ G. SIBRECHT ET AL.

�P�L�W�R�F�K�R�Q�G�U�L�D�O���I�X�Q�F�W�L�R�Q���L�Q���Y�L�Y�R�����H�Q�W�L�U�H�O�\���L�Q���D���Q�R�Q���L�Q�Y�D�V�L�Y�H���Z�D�\�����D�Q�G���D�W���O�R�Z���F�R�V�W���E�\��
�V�W�X�G�\�L�Q�J�� �V�N�L�Q���I�O�X�R�U�H�V�F�H�Q�F�H���F�K�D�U�D�F�W�H�U�L�V�W�L�F�� �I�R�U���1�$�'�+�����7�K�H���U�H�P�D�L�Q�L�Q�J�� �S�D�U�W���R�I�� �W�K�L�V��
�U�H�Y�L�H�Z���Z�L�O�O���I�R�F�X�V���R�Q���V�X�F�K���D���P�H�W�K�R�G����

TABLE 3. �(�[�D�P�S�O�H�V���R�I���G�L�I�I�H�U�H�Q�W���P�H�W�K�R�G�V���I�R�U���W�K�H���H�[�D�P�L�Q�D�W�L�R�Q���R�I���P�L�W�R�F�K�R�Q�G�U�L�D�O���V�W�U�X�F�W�X�U�H�����I�X�Q�F�W�L�R�Q����
�J�H�Q�H�V���R�U���S�U�R�W�H�L�Q�V

CLASS OF 
METHOD

METHOD NAME
PRINCIPLE OF 

OPERATION
COMMENTS

Mitochondrial 
structure

�+�L�J�K���U�H�V�R�O�X�W�L�R�Q���H�O�H�F��
�W�U�R�Q���P�L�F�U�R�V�F�R�S�\���D�Q�G��
�H�O�H�F�W�U�R�Q���W�R�P�R�J�U�D�S�K�\��

�>�����@

���'���S�U�H�V�H�Q�W�D�W�L�R�Q���R�I���W�K�H��
�P�L�W�R�F�K�R�Q�G�U�L�R�Q�����
�F�U�\�R��
�(�7���F�R�P�E�L�Q�H�G���Z�L�W�K�����'��
�Y�L�H�Z���S�U�R�Y�L�G�H�V���F�O�R�V�H���W�R��

�D�W�R�P�L�F���U�H�V�R�O�X�W�L�R�Q

�V�K�R�Z�V���P�D�Q�\���G�H�W�D�L�O�V�����U�H�T�X�L�U�H�V��
�F�D�U�H�I�X�O���V�D�P�S�O�H���S�U�H�S�D�U�D�W�L�R�Q����
�W�L�P�H���F�R�Q�V�X�P�L�Q�J�����D�F�F�H�V�V�L�E�O�H��
�R�Q�O�\���L�Q���V�F�L�H�Q�W�L�I�L�F���F�H�Q�W�U�H�V����

�H�[�S�H�Q�V�L�Y�H�����L�Q�Y�D�V�L�Y�H�����L�Q���Y�L�W�U�R

Enzyme 
activity

�6�S�H�F�W�U�R�S�K�R�W�R�P�H�W�U�L�F��
�H�Q�]�\�P�H�V���D�V�V�D�\�V���>�����@

�0�H�D�V�X�U�H�P�H�Q�W���R�I���P�L��
�W�R�F�K�R�Q�G�U�L�D�O���H�Q�]�\�P�H�V��

�D�F�W�L�Y�L�W�\

�U�H�T�X�L�U�H�V���V�P�D�O�O���W�L�V�V�X�H���V�D�P�S�O�H����
�H�[�S�H�Q�V�L�Y�H�����L�Q�Y�D�V�L�Y�H�����L�Q���Y�L�W�U�R

�3���0�5�6���R�I���P�L�W�R�F�K�R�Q��
�G�U�L�D�O���F�L�W�U�L�F���D�F�L�G���F�\�F�O�H��

�>�����@

�E�D�V�H�G���R�Q���P�D�J�Q�H�W�L�F��
�U�H�V�R�Q�D�Q�F�H���V�S�H�F�W�U�R�V�F�R��
�S�\�����0�5�6�������E�R�X�Q�G�H�G��

�Z�L�W�K���U�H�V�S�L�U�D�W�R�U�\���F�K�D�L�Q��
�D�F�W�L�Y�L�W�\

�S�U�R�Y�L�G�H�V���D�Q���L�Q�V�L�J�K�W���L�Q�W�R���P�L�W�R��
�F�K�R�Q�G�U�L�D�O���I�X�Q�F�W�L�R�Q�����W�L�P�H���F�R�Q��

�V�X�P�L�Q�J���D�F�T�X�L�V�L�W�L�R�Q�����S�R�R�U��
�U�H�S�U�R�G�X�F�L�E�L�O�L�W�\�����H�[�S�H�Q�V�L�Y�H����

�Q�R�Q���L�Q�Y�D�V�L�Y�H�����L�Q���Y�L�Y�R

Respiratory 
chain

�%�L�R�O�X�P�L�Q�H�V�F�H�Q�W��
�P�H�D�V�X�U�H�P�H�Q�W���R�I���$�7�3��

�S�U�R�G�X�F�W�L�R�Q���>�����@

�T�X�D�Q�W�L�I�\�L�Q�J���W�K�H���U�D�W�H�V���R�I��
�$�7�3���S�U�R�G�X�F�W�L�R�Q

�L�W���L�V���S�R�V�V�L�E�O�H���W�R���P�H�D�V�X�U�H���W�K�H��
�V�P�D�O�O�H�U���V�D�P�S�O�H���R�I���L�V�R�O�D�W�H�G���P�L��
�W�R�F�K�R�Q�G�U�L�D���W�K�D�Q���L�Q���W�U�D�G�L�W�L�R�Q�D�O��
�U�H�V�S�L�U�R�P�H�W�U�\�����F�K�H�D�S�� �L�Q�Y�D�V�L�Y�H

�3�R�O�D�U�R�J�U�D�S�K�L�F���P�H�D�V��
�X�U�H�P�H�Q�W���R�I���R�[�\�J�H�Q��
�F�R�Q�V�X�P�S�W�L�R�Q���>�����@

�W�K�H���O�H�Y�H�O���R�I���R�[�\�J�H�Q��
�F�R�Q�V�X�P�S�W�L�R�Q���L�Q���W�K�H��
�S�U�H�V�H�Q�F�H���R�I���V�S�H�F�L�I�L�F��

�V�X�E�V�W�U�D�W�H�V

�W�L�P�H���F�R�Q�V�X�P�L�Q�J�����V�P�D�O�O���E�L�R�S�V�\��
�V�D�P�S�O�H�V�����F�K�H�D�S�� �L�Q�Y�D�V�L�Y�H

�3���0�5�6���R�I���P�L��
�W�R�F�K�R�Q�G�U�L�D�O���2����

�F�R�Q�V�X�P�S�W�L�R�Q���R�U���$�7�3��
�S�U�R�G�X�F�W�L�R�Q���>�����@

�E�D�V�H�G���R�Q���P�D�J�Q�H�W�L�F��
�U�H�V�R�Q�D�Q�F�H���V�S�H�F�W�U�R�V�F�R�S�\��

���0�5�6��

�O�L�P�L�W�H�G���F�O�L�Q�L�F�D�O���D�S�S�O�L�F�D�W�L�R�Q����
�S�R�R�U���U�H�S�U�R�G�X�F�L�E�L�O�L�W�\�����H�[�S�H�Q��
�V�L�Y�H���Q�R�Q���L�Q�Y�D�V�L�Y�H�����L�Q���Y�L�Y�R

�3�R�V�L�W�U�R�Q���H�P�L�V�V�L�R�Q��
�W�R�P�R�J�U�D�S�K�\�����3�(�7����

�>���@

�0�H�D�V�X�U�H�V���$�7�3���L�Q���L�Q�W�D�F�W��
�R�U�J�D�Q�V

�E�U�R�D�G���F�O�L�Q�L�F�D�O���D�S�S�O�L�F�D�W�L�R�Q����
�H�V�S�H�F�L�D�O�O�\���L�Q���R�Q�F�R�O�R�J�\�����$�7�3��
�P�H�D�V�X�U�H�P�H�Q�W���L�V���Q�R�W���X�V�H�G���L�Q��
�F�O�L�Q�L�F�D�O���S�U�D�F�W�L�F�H�����H�[�S�H�Q�V�L�Y�H����

�Q�R�Q���L�Q�Y�D�V�L�Y�H�����L�Q���Y�L�Y�R



FLOW-MEDIATED SKIN FLUORESCENCE ������

CLASS OF 
METHOD

METHOD NAME
PRINCIPLE OF 

OPERATION
COMMENTS

Mitochondrial 
genome

�J�H�Q�H�W�L�F���W�H�V�W�L�Q�J���>�����@

�V�H�D�U�F�K�L�Q�J���I�R�U���S�U�L�P�D�U�\��
�G�L�V�R�U�G�H�U�V���D�I�I�H�F�W�L�Q�J�����I�R�U��
�H�[�D�P�S�O�H�����U�H�V�S�L�U�D�W�R�U�\��
�F�K�D�L�Q���G�X�H���W�R���L�Q�K�H�U�L�W�H�G��

�G�L�V�R�U�G�H�U�V

�W�H�V�W�H�G���I�U�R�P���D���E�O�R�R�G���V�D�P�S�O�H����
�R�Q�O�\���V�R�P�H���F�H�Q�W�U�H�V�����I�R�U���U�D�U�H��

�P�X�W�D�W�L�R�Q�V�����H�[�S�H�Q�V�L�Y�H�����O�L�P�L�W�H�G��
�L�Q�Y�D�V�L�Y�H�Q�H�V�V�����L�Q���Y�L�W�U�R

Nuclear 
genome 

�J�H�Q�H�W�L�F���W�H�V�W�L�Q�J���>�����@

�V�H�D�U�F�K�L�Q�J���I�R�U���Q�X�F�O�H�D�U��
�'�1�$���G�H�I�H�F�W�V���F�D�X�V�L�Q�J��

�P�L�W�R�F�K�R�Q�G�U�L�D�O���G�L�V�R�U�G�H�U�V����
�H���J�����U�H�O�D�W�H�G���W�R���R�[�L�G�D�W�L�Y�H��

�S�K�R�V�S�K�R�U�\�O�D�W�L�R�Q���D�Q�G��
�U�H�V�S�L�U�D�W�R�U�\���F�K�D�L�Q

�W�H�V�W�H�G���I�U�R�P���D���E�O�R�R�G���V�D�P�S�O�H����
�R�Q�O�\���V�R�P�H���F�H�Q�W�U�H�V�����I�R�U���U�D�U�H��

�P�X�W�D�W�L�R�Q�V�����H�[�S�H�Q�V�L�Y�H�����O�L�P�L�W�H�G��
�L�Q�Y�D�V�L�Y�H�Q�H�V�V�����L�Q���Y�L�W�U�R

Proteins

�(�O�H�F�W�U�R�S�K�R�U�H�V�L�V���D�Q�G��
�:�H�V�W�H�U�Q���E�O�R�W�W�L�Q�J���>�����@

�D�Q�D�O�\�V�L�V���R�I���P�L�W�R�F�K�R�Q�G�U�L��
�D�O���S�U�R�W�H�L�Q�V�����H���J�����I�U�R�P���W�K�H��

�U�H�V�S�L�U�D�W�R�U�\���F�K�D�L�Q

�K�L�J�K�O�\���V�S�H�F�L�I�L�F���D�Q�G���V�H�Q�V�L�W�L�Y�H��
�P�H�W�K�R�G�����G�H�W�H�U�P�L�Q�H���S�U�R�W�H�L�Q��
�F�R�P�S�R�V�L�W�L�R�Q�����G�L�I�I�H�U�H�Q�W���N�L�Q�G��
�R�I���V�D�P�S�O�H�V�����F�H�O�O�V�����W�L�V�V�X�H�V����
�W�L�P�H���F�R�Q�V�X�P�L�Q�J�����I�U�H�T�X�H�Q�W��

�D�U�W�H�I�D�F�W�V�����H�[�S�H�Q�V�L�Y�H�����L�Q�Y�D�V�L�Y�H����
�L�Q���Y�L�W�U�R

�0�R�O�H�F�X�O�D�U���S�U�R�E�H�V���I�R�U��
�L�P�P�X�Q�R�I�O�X�R�U�H�V�F�H�Q�F�H��

�>���@

�S�R�V�V�L�E�L�O�L�W�\���W�R���Y�L�V�X�D�O�L�V�H��
�P�L�W�R�F�K�R�Q�G�U�L�D�O���P�H�P��

�E�U�D�Q�H�V�����F�D�O�F�L�X�P���I�O�X�[�����R�[��
�L�G�D�W�L�Y�H���S�K�R�V�S�K�R�U�\�O�D�W�L�R�Q

�D���W�L�V�V�X�H���V�D�P�S�O�H���L�V���Q�H�H�G�H�G����
�H�[�S�H�Q�V�L�Y�H�����L�Q�Y�D�V�L�Y�H�����L�Q���Y�L�W�U�R

�)�5�$�3�����I�O�X�R�U�H�V�F�H�Q�F�H��
�U�H�F�R�Y�H�U�\���D�I�W�H�U���S�K�R��
�W�R�E�O�H�D�F�K�L�Q�J�����>�����@

�G�L�I�I�H�U�H�Q�W���P�D�U�N�H�U�V���D�O�O�R�Z�V��
�F�K�R�R�V�L�Q�J���Z�K�L�F�K���S�U�R�W�H�L�Q��
�P�H�P�E�U�D�Q�H���L�V���H�[�D�P�L�Q�H�G

�D���W�L�V�V�X�H���V�D�P�S�O�H���L�V���Q�H�H�G�H�G����
�G�H�W�H�U�P�L�Q�L�Q�J���W�K�H���N�L�Q�H�W�L�F�V���R�I��
�G�L�I�I�X�V�L�R�Q���L�Q���O�L�Y�L�Q�J���F�H�O�O�V�����H�[��
�S�H�Q�V�L�Y�H�����L�Q�Y�D�V�L�Y�H�����L�Q���Y�L�W�U�R

NADH 
fluorescence 
spectroscopy

�&�U�L�W�L�9�L�H�Z�����&�5�9����
�>�����@

�V�S�H�F�W�U�R�V�F�R�S�\���R�I���P�L��
�W�R�F�K�R�Q�G�U�L�D�O���1�$�'�+����

�W�L�V�V�X�H���E�O�R�R�G���I�O�R�Z�����E�O�R�R�G��
�R�[�\�J�H�Q�D�W�L�R�Q�����W�L�V�V�X�H��

�U�H�I�O�H�F�W�D�Q�F�H

�P�H�D�V�X�U�H�V���S�D�U�D�P�H�W�H�U�V���U�H�O�D�W�H�G��
�W�R���W�L�V�V�X�H���Y�L�D�E�L�O�L�W�\�����X�V�H�G���L�Q��

�F�O�L�Q�L�F�D�O���V�F�H�Q�D�U�L�R�V�����Q�R�Q���L�Q�Y�D��
�V�L�Y�H�����L�Q���U�H�D�O���W�L�P�H�����F�K�H�D�S�����L�Q��

�Y�L�Y�R

�)�O�R�Z���0�H�G�L�D�W�H�G���6�N�L�Q��
�)�O�X�R�U�H�V�F�H�Q�F�H���)�0�6�)��

�$�Q�J�L�R�(�[�S�H�U�W��
�>���������������������@

�1�$�'�+���I�O�X�R�U�H�V�F�H�Q�F�H

�O�L�P�L�W�H�G���W�R���W�K�H���H�S�L�G�H�U�P�L�V����
�H�D�V�\���D�F�F�H�V�V�L�E�O�H�����H�D�V�\���W�R���W�U�D�Q�V��
�S�R�U�W�����Q�R�Q���L�Q�Y�D�V�L�Y�H�����U�H�D�O���W�L�P�H��
�G�\�Q�D�P�L�F���F�K�D�Q�J�H�V���L�Q���1�$�'�+��

�G�X�H���W�R���L�V�F�K�D�H�P�L�D���D�Q�G���U�H�S�H�U�I�X��
�V�L�R�Q�����F�K�H�D�S�����L�Q���Y�L�Y�R



������ G. SIBRECHT ET AL.

NADH AS A MARKER OF MITOCHONDRIAL FUNCTION

�,�Q���W�K�H�������¶�V���R�I���W�K�H�������W�K���F�H�Q�W�X�U�\�����:�D�U�E�X�U�J���G�L�V�F�R�Y�H�U�H�G���W�K�D�W���1�$�'�+���D�F�W�L�Y�D�W�H�G���E�\��
�X�O�W�U�D�Y�L�R�O�H�W���O�L�J�K�W���V�W�D�U�W�V���H�P�L�W�W�L�Q�J���I�O�X�R�U�H�V�F�H�Q�F�H���D�W���D���Z�D�Y�H�O�H�Q�J�W�K���R�I�����������Q�P���>�����@�����0�R�U�H��
�G�H�W�D�L�O�H�G�� �V�W�X�G�L�H�V�� �I�R�X�Q�G�� �R�X�W�� �W�K�D�W�� �1�$�'�+�� �D�E�V�R�U�E�V�� �X�O�W�U�D�Y�L�R�O�H�W�� �O�L�J�K�W�� �D�W�� �D���Z�D�Y�H�O�H�Q�J�W�K��
�U�D�Q�J�H���R�I�������������������Q�P�����D�Q�G���H�P�L�W�V���D�X�W�R�I�O�X�R�U�H�V�F�H�Q�F�H���D�W���D���O�H�Q�J�W�K���R�I�������������������Q�P�����,�W���D�S��
�S�H�D�U�V���W�K�D�W���H�P�L�V�V�L�R�Q���R�I���I�O�X�R�U�H�V�F�H�Q�W���O�L�J�K�W���L�V���V�S�H�F�L�I�L�F���R�Q�O�\���I�R�U���1�$�'�+���E�X�W���Q�R�W���1�$�'����
�>�����������@�����7�K�L�V���S�K�H�Q�R�P�H�Q�R�Q���K�D�V���E�H�H�Q���X�V�H�G���W�R���T�X�D�Q�W�L�I�\���1�$�'�+���D�P�R�X�Q�W���L�Q���G�L�I�I�H�U�H�Q�W��
�V�R�O�X�W�L�R�Q�V���D�V���Z�H�O�O���D�V���L�Q���F�H�O�O���D�Q�G���W�L�V�V�X�H���V�D�P�S�O�H�V�����0�D�\�H�Y�V�N�\���H�W���D�O�����>�����@���D�O�V�R���I�R�X�Q�G���W�K�D�W��
�1�$�'�+���L�V���W�K�H���P�R�V�W���V�X�E�V�W�D�Q�W�L�D�O���F�R�P�S�R�Q�H�Q�W���U�H�V�S�R�Q�V�L�E�O�H���I�R�U���I�O�X�R�U�H�V�F�H�Q�F�H���D�W�����������Q�P��
�L�Q���W�K�H���K�X�P�D�Q���V�N�L�Q�����D�Q�G���L�W���H�V�W�L�P�D�W�H�V���W�K�H���V�N�L�Q���U�H�G�R�[���V�W�D�W�H����

�,�Q���Y�L�W�U�R���V�W�X�G�L�H�V���R�Q���F�H�O�O�X�O�D�U���U�H�G�R�[���V�W�D�W�H���E�D�F�N���W�R�������������>���@�����Z�K�H�U�H�D�V���W�K�H���I�L�U�V�W���L�Q��
�Y�L�Y�R���D�Q�L�P�D�O���H�[�S�H�U�L�P�H�Q�W�V���G�D�W�H���W�R�������������>�����������@�����%�D�O�X���H�W���D�O�����>���@���X�V�H�G���D���F�O�L�Q�L�F�D�O���P�X�O��
�W�L�S�K�R�W�R�Q���P�L�F�U�R�V�F�R�S�H���W�R���P�R�Q�L�W�R�U���1�$�'�+���I�O�X�R�U�H�V�F�H�Q�F�H���L�Q���Y�L�Y�R���D�Q�G���Q�R�Q�L�Q�Y�D�V�L�Y�H�O�\����
�'�X�U�L�Q�J�� �D�U�W�H�U�L�D�O�� �R�F�F�O�X�V�L�R�Q���� �W�K�H�\�� �R�E�V�H�U�Y�H�G�� �D���U�H�G�X�F�W�L�R�Q�� �L�Q�� �1�$�'�+�� �I�O�X�R�U�H�V�F�H�Q�F�H�� �L�Q��
�D���K�X�P�D�Q�� �N�H�U�D�W�L�Q�R�F�\�W�H�� �O�D�\�L�Q�J�� �F�O�R�V�H�� �W�R�� �V�W�U�D�W�X�P�� �E�D�V�D�O�H���� �D�Q�G�� �W�K�H�� �F�K�D�Q�J�H�� �L�Q�� �1�$�'�+��
�I�O�X�R�U�H�V�F�H�Q�F�H���Z�D�V���F�R�Q�Q�H�F�W�H�G���Z�L�W�K���D���G�H�F�U�H�D�V�H���L�Q���R�[�\�K�H�P�R�J�O�R�E�L�Q����

�1�R�W�� �V�R�� �O�R�Q�J�� �D�J�R���� �0�D�\�H�Y�V�N�\�� �H�W�� �D�O���� �>�������� �����@�� �G�H�Y�H�O�R�S�H�G�� �D���Q�H�Z�� �G�H�Y�L�F�H���� �Q�D�P�H�G��
�&�U�L�W�L�9�L�H�Z�����I�R�U���P�R�Q�L�W�R�U�L�Q�J���S�D�W�L�H�Q�W�V���L�Q���L�Q�W�H�Q�V�L�Y�H���F�D�U�H���X�Q�L�W�V���D�Q�G���R�U���X�Q�G�H�U�J�R�L�Q�J���V�R�P�H��
�V�X�U�J�H�U�\�����9�H�U�\�� �U�H�F�H�Q�W�O�\�����$�Q�J�L�R�Q�L�F�D���� �D���3�R�O�L�V�K���F�R�P�S�D�Q�\���� �K�D�V���G�H�Y�H�O�R�S�H�G���D���Q�H�Z���G�H�Y�L�F�H��
�F�D�O�O�H�G���W�K�H���$�Q�J�L�R�(�[�S�H�U�W���I�R�U���)�O�R�Z���0�H�G�L�D�W�H�G���6�N�L�Q���)�O�X�R�U�H�V�F�H�Q�F�H�����)�0�6�)�������7�K�H���)�0�6�)��
�P�H�D�V�X�U�H�V���I�R�U�H�D�U�P���V�N�L�Q���1�$�'�+���I�O�X�R�U�H�V�F�H�Q�F�H���F�K�D�Q�J�H���L�Q���W�L�P�H���G�X�U�L�Q�J���D�U�W�H�U�L�D�O���R�F�F�O�X�V�L�R�Q��
�D�Q�G���S�R�V�W���L�V�F�K�D�H�P�L�F���U�H�S�H�U�I�X�V�L�R�Q���>�����@�����L���H�����D�I�W�H�U���U�H�V�W�R�U�L�Q�J���E�O�R�R�G���I�O�R�Z���W�R���W�K�H���I�R�U�H�D�U�P����

�7�K�H���$�Q�J�L�R�(�[�S�H�U�W���G�H�Y�L�F�H���D�F�W�L�Y�D�W�H�V���V�N�L�Q���Z�L�W�K���X�O�W�U�D�Y�L�R�O�H�W �O�L�J�K�W���D�W���D���Z�D�Y�H�O�H�Q�J�W�K��
�R�I�����������Q�P���D�Q�G���P�H�D�V�X�U�H�V���W�K�H���I�O�X�R�U�H�V�F�H�Q�F�H���D�W���D���O�H�Q�J�W�K���R�I�����������Q�P�����)�L�J�X�U�H�������V�K�R�Z�V��
�D�Q���H�[�D�P�S�O�H���R�I���V�N�L�Q���1�$�'�+���I�O�X�R�U�H�V�F�H�Q�F�H���U�H�F�R�U�G�H�G���D�W���U�H�V�W���I�R�U�������P�L�Q�X�W�H�V�����W�K�H�Q���G�X�U��
�L�Q�J�����������V�H�F�R�Q�G���L�V�F�K�D�H�P�L�D���H�Y�R�N�H�G���E�\���D�U�W�H�U�L�D�O���R�F�F�O�X�V�L�R�Q���F�D�X�V�H�G���E�\���L�Q�I�O�D�W�L�R�Q���R�I���W�K�H��
�E�U�D�F�K�L�D�O���F�X�I�I�����I�R�O�O�R�Z�H�G���E�\���L�Q�V�W�D�Q�W���F�X�I�I���G�H�I�O�D�W�L�R�Q���O�H�D�G�L�Q�J���W�R���U�H�S�H�U�I�X�V�L�R�Q�����3�U�R�S�R�V�H�G��
�S�D�U�D�P�H�W�H�U�V���G�H�V�F�U�L�E�L�Q�J���G�\�Q�D�P�L�F���F�K�D�Q�J�H�V���L�Q���1�$�'�+���I�O�X�R�U�H�V�F�H�Q�F�H���G�X�U�L�Q�J���L�V�F�K�D�H�P�L�D��
�D�Q�G���U�H�S�H�U�I�X�V�L�R�Q���D�U�H���S�U�H�V�H�Q�W�H�G���L�Q���I�L�J�X�U�H�V�������������D�Q�G���������D�Q�G���W�D�E�O�H������

�)�L�J�X�U�H�������V�K�R�Z�V���D�Q���H�[�D�P�S�O�H���R�I���W�K�H���V�N�L�Q���I�O�X�R�U�H�V�F�H�Q�F�H���V�L�J�Q�D�O���D�F�T�X�L�U�H�G���D�W���U�H�V�W�����G�X�U��
�L�Q�J�����������V�H�F�R�Q�G���L�V�F�K�D�H�P�L�D���I�R�O�O�R�Z�H�G���E�\���U�H�S�H�U�I�X�V�L�R�Q���I�U�R�P���D���K�H�D�O�W�K�\���������\�H�D�U���R�O�G���P�D�Q����
�7�K�H���I�O�X�R�U�H�V�F�H�Q�F�H���L�Q�F�U�H�D�V�H�V���J�U�D�G�X�D�O�O�\���G�X�U�L�Q�J���L�V�F�K�D�H�P�L�D���D�Q�G���W�K�H�Q���U�D�S�L�G�O�\���G�H�F�U�H�D�V�H�V��
�Z�L�W�K�L�Q���W�K�H���I�L�U�V�W���I�H�Z���V�H�F�R�Q�G�V���R�I���U�H�S�H�U�I�X�V�L�R�Q���D�Q�G���U�H�F�R�Y�H�U�V���W�R���E�D�V�H�O�L�Q�H���O�H�Y�H�O���O�H�V�V���V�W�H�H�S��
�O�\�����7�K�H�U�H���D�U�H���D�S�S�D�U�H�Q�W���R�V�F�L�O�O�D�W�L�R�Q�V���R�I���W�K�L�V���V�L�J�Q�D�O���E�R�W�K���D�W���U�H�V�W���D�Q�G���G�X�U�L�Q�J���U�H�S�H�U�I�X�V�L�R�Q����
�,�Q�W�H�U�H�V�W�L�Q�J�O�\���� �W�K�H�V�H�� �R�V�F�L�O�O�D�W�L�R�Q�V�� �F�R�P�S�O�H�W�H�O�\�� �I�D�G�H�� �D�Z�D�\�� �G�X�U�L�Q�J�� �L�V�F�K�D�H�P�L�D���� �:�K�H�U�H�D�V��
�S�D�Q�H�O���D���V�K�R�Z�V���W�K�H���R�U�L�J�L�Q�D�O���U�H�F�R�U�G�L�Q�J���L�Q���W�K�H���I�O�X�R�U�H�V�F�H�Q�F�H���X�Q�L�W�V�����X�������S�D�Q�H�O���E���V�K�R�Z�V���W�K�H��
�V�D�P�H���U�H�F�R�U�G�L�Q�J���Z�L�W�K���H�D�F�K���V�D�P�S�O�H���R�I���W�K�H���F�R�U�U�H�V�S�R�Q�G�L�Q�J���V�L�J�Q�D�O���E�X�W���Q�R�U�P�D�O�L�V�H�G���W�R���W�K�H��
�P�H�D�Q���Y�D�O�X�H���R�I���E�D�V�H�O�L�Q�H�����&�R�Q�V�H�T�X�H�Q�W�O�\�����W�K�H���R�U�L�J�L�Q�D�O���V�K�D�S�H���R�I���W�K�H���F�X�U�Y�H���D�Q�G���W�K�H���U�D�W�H���R�I��
�F�K�D�Q�J�H���D�U�H���S�U�H�V�H�U�Y�H�G���E�X�W���D�O�O���Y�D�O�X�H�V���R�V�F�L�O�O�D�W�H���D�U�R�X�Q�G��������



FLOW-MEDIATED SKIN FLUORESCENCE ������

FIGURE 3. �$�Q���H�[�D�P�S�O�H���R�I���W�\�S�L�F�D�O���H�S�L�G�H�U�P�D�O���I�O�X�R�U�H�V�F�H�Q�F�H���D�W���D���Z�D�Y�H�O�H�Q�J�W�K���R�I�����������Q�P���U�H�F�R�U�G�H�G���L�Q���W�K�H��
�I�R�U�H�D�U�P���R�I���D���������\�H�D�U���R�O�G���K�H�D�O�W�K�\���P�D�Q���G�X�U�L�Q�J���U�H�V�W���L�Q���D���V�H�D�W�H�G���S�R�V�L�W�L�R�Q�����W�K�H�Q���G�X�U�L�Q�J�����������V�H�F�R�Q�G���L�V�F�K�D�H��
�P�L�D���D�Q�G���W�K�H�Q���I�R�O�O�R�Z�L�Q�J���U�H�S�H�U�I�X�V�L�R�Q�����3�D�Q�H�O���D���V�K�R�Z�V���I�O�X�R�U�H�V�F�H�Q�F�H���L�Q���L�W�V���D�E�V�R�O�X�W�H���X�Q�L�W�V�����X�����Z�K�H�U�H�D�V���S�D�Q�H�O��
�E���W�K�H���V�D�P�H���V�L�J�Q�D�O���Q�R�U�P�D�O�L�V�H�G���W�R���W�K�H���P�H�D�Q���Y�D�O�X�H���R�I���E�D�V�H�O�L�Q�H���P�H�D�V�X�U�H�G���R�Y�H�U���D�����������V�H�F�R�Q�G���S�H�U�L�R�G���E�H�I�R�U�H��
�L�V�F�K�D�H�P�L�D�����$�I�W�H�U���W�K�H���U�H�V�W�L�Q�J���U�H�F�R�U�G�L�Q�J�����W�K�H�U�H���L�V���D���J�U�D�G�X�D�O���L�Q�F�U�H�D�V�H���R�I���W�K�H���I�O�X�R�U�H�V�F�H�Q�F�H���G�X�U�L�Q�J���L�V�F�K�D�H�P�L�D��
�Z�L�W�K���D���V�X�E�V�H�T�X�H�Q�W���G�U�R�S���D�W���W�K�H���W�L�P�H���R�I���U�H�S�H�U�I�X�V�L�R�Q�����2�I���Q�R�W�H�����D�S�S�D�U�H�Q�W���R�V�F�L�O�O�D�W�L�R�Q�V���D�U�H���S�U�H�V�H�Q�W���E�R�W�K���D�W���U�H�V�W��
�D�Q�G���G�X�U�L�Q�J���U�H�S�H�U�I�X�V�L�R�Q��



������ G. SIBRECHT ET AL.

FIGURE 4. �7�K�H���V�D�P�H���V�L�J�Q�D�O���D�V���L�Q���)�L�J�X�U�H�������Z�L�W�K���D���I�R�F�X�V���R�Q���W�K�H���L�V�F�K�D�H�P�L�D���D�Q�G���U�H�S�H�U�I�X�V�L�R�Q���S�K�D�V�H�V�����3�D��
�Q�H�O���D���V�K�R�Z�V���W�K�H���W�K�U�H�H���E�D�V�L�F���S�R�L�Q�W�V���L�Q���W�K�H���V�L�J�Q�D�O�����L���H�����W�K�H���%�P�H�D�Q�����)�,�P�D�[���D�Q�G���)�5�P�L�Q���Z�K�L�F�K���D�U�H���V�W�D�U�W�L�Q�J���S�R�L�Q�W�V��
�I�R�U���W�K�H���F�R�P�S�X�W�D�W�L�R�Q���R�I���R�W�K�H�U���S�D�U�D�P�H�W�H�U�V���V�K�R�Z�Q���L�Q���S�D�Q�H�O���E���D�Q�G���)�L�J�X�U�H���������D�Q�G���H�[�S�O�D�L�Q�H�G���L�Q���W�D�E�O�H���������3�D�Q�H�O��
�E���V�K�R�Z�V���W�K�U�H�H���G�H�U�L�Y�D�W�L�Y�H���S�D�U�D�P�H�W�H�U�V�����L���H�����,�P�D�[�����5�P�L�Q�����D�Q�G���,�5�D�P�S�O



FLOW-MEDIATED SKIN FLUORESCENCE ������

FIGURE 5. �7�K�H���V�D�P�H���V�L�J�Q�D�O���D�V���L�Q���)�L�J�X�U�H�������Z�L�W�K���D���I�R�F�X�V���R�Q���W�K�H���L�V�F�K�D�H�P�L�D���D�Q�G���U�H�S�H�U�I�X�V�L�R�Q���S�K�D�V�H�V����
�3�D�Q�H�O���D���V�K�R�Z�V���W�K�H���W�K�U�H�H���D�U�H�D�V���G�H�I�L�Q�H�G���I�R�U���W�K�H���E�D�V�H�O�L�Q�H�����%�$�8�&�������L�V�F�K�D�H�P�L�D�����,�$�8�&�������U�H�S�H�U�I�X�V�L�R�Q�����5�$�8�&������
�3�D�Q�H�O���E���S�U�H�V�H�Q�W�V���W�K�H���S�R�V�L�W�L�R�Q�L�Q�J���R�I���W�K�H���P�H�D�Q���I�O�X�R�U�H�V�F�H�Q�F�H���G�X�U�L�Q�J���L�V�F�K�D�H�P�L�D�����,�P�H�D�Q�����D�Q�G���U�H�S�H�U�I�X�V�L�R�Q��
���5�P�H�D�Q�����D�Q�G���W�K�H�L�U���U�H�O�D�W�L�R�Q���W�R���%�P�H�D�Q



������ G. SIBRECHT ET AL.

TABLE 4. �3�D�U�D�P�H�W�H�U�V���X�V�H�G���W�R���T�X�D�Q�W�L�I�\�� �D�Q�G���G�H�V�F�U�L�E�H���Y�D�U�L�R�X�V���I�H�D�W�X�U�H�V���R�I���W�K�H���I�R�U�H�D�U�P���I�O�R�Z���P�H�G�L�D�W�H�G��
�V�N�L�Q���I�O�X�R�U�H�V�F�H�Q�F�H���V�L�J�Q�D�O���G�X�U�L�Q�J���U�H�V�W�����L�V�F�K�D�H�P�L�D���D�Q�G���U�H�S�H�U�I�X�V�L�R�Q

PARAMETER DEFINITION
PROPOSED 

INTERPRETATION
FORMULA

t I [s]
�'�X�U�D�W�L�R�Q���R�I��
�L�V�F�K�D�H�P�L�D��

�7�L�P�H���R�I���D�U�W�H�U�L�D�O���R�F�F�O�X�V�L�R�Q���F�D�X�V�H�G���E�\��
�L�Q�I�O�D�W�L�R�Q���R�I���W�K�H���E�U�D�F�K�L�D�O���F�X�I�I���Z�L�W�K���W�K�H��
�S�U�H�V�V�X�U�H���R�F�F�O�X�G�L�Q�J���E�U�D�F�K�L�D�O���D�U�W�H�U�\��

�9�D�U�L�H�V���E�H�W�Z�H�H�Q��
�S�U�R�W�R�F�R�O�V��

tR [s]

�7�K�H���O�H�Q�J�W�K���R�I���W�K�H��
�U�H�S�H�U�I�X�V�L�R�Q���S�H�U�L��
�R�G���L�Q�F�O�X�G�H�G���L�Q���W�K�H��

�D�Q�D�O�\�V�L�V��

�7�K�L�V���W�L�P�H�����I�R�U���P�H�W�K�R�G�R�O�R�J�L�F�D�O���U�H�D��
�V�R�Q�V�����V�K�R�X�O�G���E�H���L�G�H�Q�W�L�F�D�O���Z�L�W�K���W�,

�9�D�U�L�H�V���E�H�W�Z�H�H�Q��
�S�U�R�W�R�F�R�O�V��

tB [s]
�7�K�H���O�H�Q�J�W�K���R�I���W�K�H��

�U�H�V�W�L�Q�J���S�H�U�L�R�G���L�Q�F�O�X�G��
�H�G���L�Q���W�K�H���D�Q�D�O�\�V�L�V��

�7�K�L�V���W�L�P�H�����I�R�U���P�H�W�K�R�G�R�O�R�J�L�F�D�O���U�H�D��
�V�R�Q�V�����V�K�R�X�O�G���E�H���L�G�H�Q�W�L�F�D�O���Z�L�W�K���W�,

�9�D�U�L�H�V���E�H�W�Z�H�H�Q��
�S�U�R�W�R�F�R�O�V��

Bmean [u]

�0�H�D�Q���I�O�X�R�U�H�V�F�H�Q�F�H��
�D�W�����������Q�P���U�H�F�R�U�G�H�G��
�G�X�U�L�Q�J���U�H�V�W���D�V���W�K�H��
�E�D�V�H�O�L�Q�H���Y�D�O�X�H��

�7�K�H���U�H�I�H�U�H�Q�F�H���V�N�L�Q���I�O�X�R�U�H�V�F�H�Q�F�H�����U�H��
�O�D�W�H�G���P�R�V�W�O�\���W�R���W�K�H���D�P�R�X�Q�W���R�I���1�$�'�+��

�E�H�L�Q�J���L�Q���W�K�H���E�D�O�D�Q�F�H���Z�L�W�K���1�$�'+��

�7�K�H���P�H�D�Q���I�O�X�R�U�H�V�F�H�Q�F�H��
�R�Y�H�U���V�S�H�F�L�I�L�F���W�L�P�H�����H���J����
���������V�H�F�R�Q�G�����U�H�F�R�U�G�H�G���D�W��
�U�H�V�W���E�H�I�R�U�H���L�V�F�K�D�H�P�L�D��

FI max [u]

�7�K�H���P�D�[�L�P�D�O��
�I�O�X�R�U�H�V�F�H�Q�F�H���W�K�D�W��
�L�Q�F�U�H�D�V�H�G���D�E�R�Y�H��

�W�K�H���E�D�V�H�O�L�Q�H���G�X�U�L�Q�J��
�F�R�Q�W�U�R�O�O�H�G���I�R�U�H�D�U�P��

�L�V�F�K�D�H�P�L�D

�$���P�H�D�V�X�U�H���R�I���W�K�H���P�D�[�L�P�D�O���I�O�X�R�U�H�V��
�F�H�Q�F�H���G�X�U�L�Q�J���L�V�F�K�D�H�P�L�D���R�I���D���V�S�H�F�L�I�L�F��

�O�H�Q�J�W�K��

�7�K�H���K�L�J�K�H�V�W���I�O�X�R�U�H�V��
�F�H�Q�F�H���Y�D�O�X�H���G�X�U�L�Q�J��

�L�V�F�K�D�H�P�L�D���D�E�R�Y�H���%�P�H�D�Q��

I max [u]
�7�K�H���G�L�I�I�H�U�H�Q�F�H���E�H��

�W�Z�H�H�Q���)�,�P�D�[���D�Q�G���%�P�H�D�Q

�$�Q���L�Q�G�H�[���R�I���P�D�[�L�P�D�O���L�Q�F�U�H�D�V�H��
�R�I���1�$�'�+���F�R�Q�W�H�Q�W���D�W���W�K�H���H�Q�G���R�I��

�L�V�F�K�D�H�P�L�D��
�)�,�P�D�[���±���%�P�H�D�Q

FRmin [u]

�7�K�H���P�L�Q�L�P�D�O���I�O�X�R�U�H�V��
�F�H�Q�F�H���W�K�D�W���G�H�F�U�H�D�V�H�V��
�E�H�O�R�Z���W�K�H���E�D�V�H�O�L�Q�H��
�G�X�U�L�Q�J���U�H�S�H�U�I�X�V�L�R�Q����

�$���P�H�D�V�X�U�H���R�I���W�K�H���P�L�Q�L�P�D�O���I�O�X�R�U�H�V��
�F�H�Q�F�H���G�X�U�L�Q�J���U�H�S�H�U�I�X�V�L�R�Q��

�7�K�H���O�R�Z�H�V�W���I�O�X�R�U�H�V�F�H�Q�F�H��
�Y�D�O�X�H���G�X�U�L�Q�J���U�H�S�H�U�I�X��

�V�L�R�Q���E�H�O�R�Z���%�P�H�D�Q��

Rmin [u]
�7�K�H���G�L�I�I�H�U�H�Q�F�H���E�H��

�W�Z�H�H�Q���%�P�H�D�Q���D�Q�G���)�5�P�L�Q

�$�Q���L�Q�G�H�[���R�I���W�K�H���U�D�S�L�G���U�H�G�X�F�W�L�R�Q���L�Q���W�K�H��
�1�$�'�+���F�R�Q�W�H�Q�W���G�X�H���W�R���L�W�V���R�[�L�G�D�W�L�R�Q��
�W�R���1�$�'�����U�L�J�K�W���D�I�W�H�U���W�K�H���E�O�R�R�G���I�O�R�Z��
�D�Q�G���R�[�\�J�H�Q���V�X�S�S�O�\���U�H�V�W�R�U�D�W�L�R�Q���W�R���W�K�H��

�I�R�U�H�D�U�P���G�X�U�L�Q�J���U�H�S�H�U�I�X�V�L�R�Q����

�%�P�H�D�Q���±���)�5�P�L�Q

IR ampl [u]

�7�K�H���P�D�[�L�P�D�O���U�D�Q�J�H��
�R�I���W�K�H���I�O�X�R�U�H�V�F�H�Q�F�H��

�F�K�D�Q�J�H���G�X�U�L�Q�J��
�L�V�F�K�D�H�P�L�D���D�Q�G��
�U�H�S�H�U�I�X�V�L�R�Q��

�$�Q���L�Q�G�H�[���R�I���W�K�H���S�R�W�H�Q�W�L�D�O�O�\���P�D�[�L�P�D�O��
�D�P�R�X�Q�W���R�I���1�$�'�+���W�K�D�W���L�V���J�H�Q�H�U�D�W�H�G��
�G�X�U�L�Q�J���L�V�F�K�D�H�P�L�D���D�Q�G���W�K�H�Q���V�X�E�V�H��
�T�X�H�Q�W�O�\���R�[�L�G�L�V�H�G���W�R���1�$�'�����G�X�U�L�Q�J��

�U�H�S�H�U�I�X�V�L�R�Q��

�,�P�D�[�������5�P�L�Q

CI max []
�7�K�H���F�R�Q�W�U�L�E�X�W�L�R�Q���R�I��

�,�P�D�[���W�R���,�5�D�P�S�O��

�$�Q���L�Q�G�H�[���H�V�W�L�P�D�W�L�Q�J���W�K�H���U�H�O�D�W�L�Y�H��
�F�R�Q�W�U�L�E�X�W�L�R�Q���R�I���W�K�H���1�$�'�+���J�H�Q�H�U�D�W�L�R�Q��
�G�X�U�L�Q�J���L�V�F�K�D�H�P�L�D���W�R���W�K�H���W�R�W�D�O���D�P�R�X�Q�W��
�R�I���1�$�'�+���W�X�U�Q�H�G���R�Y�H�U���G�X�U�L�Q�J���L�V�F�K��
�D�H�P�L�D���D�Q�G���U�H�S�H�U�I�X�V�L�R�Q�����&�,�P�D�[���K�H�O�S�V��

�W�R���F�R�P�S�D�U�H���K�R�Z���S�U�R�S�R�U�W�L�R�Q�D�O���D�U�H���W�K�H��
�H�I�I�H�F�W�V���R�I���G�L�I�I�H�U�H�Q�W���L�Q�W�H�U�Y�H�Q�W�L�R�Q�V���R�Q��

�L�V�F�K�D�H�P�L�D���D�Q�G���U�H�S�H�U�I�X�V�L�R�Q��

�,�P�D�[�������,�5�D�P�S�O



FLOW-MEDIATED SKIN FLUORESCENCE ������

PARAMETER DEFINITION
PROPOSED 

INTERPRETATION
FORMULA

BAUC [us]

�7�K�H���D�U�H�D���X�Q�G�H�U��
�W�K�H�R�U�H�W�L�F�D�O���K�R�U�L�]�R�Q�W�D�O��
�O�L�Q�H���F�R�Q�V�W�U�X�F�W�H�G���R�Y�H�U��

�Y�D�O�X�H�V���R�I���%�P�H�D�Q���I�R�U��
�D���V�S�H�F�L�I�L�F�����S�U�R�W�R��

�F�R�O���G�H�S�H�Q�G�H�Q�W���G�X�U�D��
�W�L�R�Q�����H���J�������������V�H�F�R�Q�G��

�$�Q���L�Q�G�H�[���W�K�D�W���H�V�W�L�P�D�W�H�V���W�K�H���E�D�V�H�O�L�Q�H��
�O�R�D�G���R�I���1�$�'�+���Z�K�L�F�K���L�V���L�Q���W�K�H���E�D�O��

�D�Q�F�H���Z�L�W�K���1�$�'�����D�W���U�H�V�W��

�$���S�U�R�G�X�F�W���R�I���W�K�H���V�X�P��
�R�I���H�D�F�K���I�O�X�R�U�H�V�F�H�Q�F�H��

�V�D�P�S�O�H���D�Q�G���W�K�H���G�X�U�D�W�L�R�Q��
�R�I���W�K�H���V�S�H�F�L�I�L�F���U�H�F�R�U�G�L�Q�J��
���H���J�������������V�����G�L�Y�L�G�H�G���E�\��
�W�K�H���V�D�P�S�O�L�Q�J���U�D�W�H���R�I���W�K�H��

�I�O�X�R�U�H�V�F�H�Q�F�H���V�L�J�Q�D�O��

I AUC [us]

�7�K�H���D�U�H�D���X�Q�G�H�U��
�W�K�H���F�X�U�Y�H���R�I���W�K�H��

�I�O�X�R�U�H�V�F�H�Q�F�H���V�L�J�Q�D�O��
�G�X�U�L�Q�J���L�V�F�K�D�H�P�L�D���R�I��
�D���V�S�H�F�L�I�L�F���O�H�Q�J�W�K�����H���J����
���������V�H�F�R�Q�G�����Z�K�L�F�K��

�L�V���D�E�R�Y�H���W�K�H���E�D�V�H�O�L�Q�H��
�O�H�Y�H�O��

�$�Q���L�Q�G�H�[���W�K�D�W���H�V�W�L�P�D�W�H�V���W�K�H���D�F�F�X��
�P�X�O�D�W�H�G���L�Q�F�U�H�D�V�H���R�I���1�$�'�+���F�R�Q�W�H�Q�W��

�D�E�R�Y�H���W�K�H���E�D�V�H�O�L�Q�H���G�X�U�L�Q�J���L�V�F�K�D�H�P�L�D��

�$���S�U�R�G�X�F�W���R�I���W�K�H���V�X�P��
�R�I���W�K�H���G�L�I�I�H�U�H�Q�F�H�V���L�Q���W�K�H��
�I�O�X�R�U�H�V�F�H�Q�F�H���E�H�W�Z�H�H�Q��
�H�D�F�K���V�D�P�S�O�H���D�Q�G���%�P�H�D�Q����
�D�Q�G���W�K�H���G�X�U�D�W�L�R�Q���R�I���W�K�H��
�V�S�H�F�L�I�L�F���U�H�F�R�U�G�L�Q�J�����H���J����
���������V�����G�L�Y�L�G�H�G���E�\���W�K�H��
�V�D�P�S�O�L�Q�J���U�D�W�H���R�I���W�K�H��
�I�O�X�R�U�H�V�F�H�Q�F�H���V�L�J�Q�D�O��

RAUC [us]

�7�K�H���D�U�H�D���E�H�W�Z�H�H�Q���W�K�H��
�E�D�V�H�O�L�Q�H���D�Q�G���D�E�R�Y�H��
�W�K�H���I�O�X�R�U�H�V�F�H�Q�F�H��

�V�L�J�Q�D�O���G�X�U�L�Q�J���U�H�S�H�U��
�I�X�V�L�R�Q���R�I���W�K�H���V�D�P�H��
�O�H�Q�J�W�K���D�V���W�K�H���S�U�R��

�F�H�H�G�L�Q�J���L�V�F�K�D�H�P�L�D����
�H���J�������������V�H�F�R�Q�G��

�$�Q���L�Q�G�H�[���W�K�D�W���H�V�W�L�P�D�W�H�V���W�K�H���D�F�F�X�P�X��
�O�D�W�H�G���U�H�G�X�F�W�L�R�Q���L�Q���1�$�'�+���F�R�Q�W�H�Q�W��

�E�H�O�R�Z���E�D�V�H�O�L�Q�H���Y�D�O�X�H�V���G�X�U�L�Q�J���U�H�S�H�U��
�I�X�V�L�R�Q�����D�Q�G���W�K�H�Q���J�U�D�G�X�D�O�O�\���U�H�F�R�Y�H�U�V��

�W�R�Z�D�U�G�V���W�K�H���E�D�V�H�O�L�Q�H��

�$���S�U�R�G�X�F�W���R�I���W�K�H���V�X�P��
�R�I���W�K�H���G�L�I�I�H�U�H�Q�F�H�V���L�Q���W�K�H��
�I�O�X�R�U�H�V�F�H�Q�F�H���E�H�W�Z�H�H�Q��
�%�P�H�D�Q���D�Q�G���H�D�F�K���V�D�P�S�O�H����
�D�Q�G���W�K�H���G�X�U�D�W�L�R�Q���R�I���W�K�H��
�V�S�H�F�L�I�L�F���U�H�F�R�U�G�L�Q�J�����H���J����
���������V�����G�L�Y�L�G�H�G���E�\���W�K�H��
�V�D�P�S�O�L�Q�J���U�D�W�H���R�I���W�K�H��
�I�O�X�R�U�H�V�F�H�Q�F�H���V�L�J�Q�D�O��

IRtot AUC [us]

�7�K�H���W�R�W�D�O���D�U�H�D��
�X�Q�G�H�U���W�K�H���I�O�X�R�U�H�V��
�F�H�Q�F�H���F�X�U�Y�H�V���I�R�U��

�W�K�H���L�V�F�K�D�H�P�L�D���D�Q�G��
�U�H�S�H�U�I�X�V�L�R�Q����

�$�Q���L�Q�G�H�[���R�I���W�K�H���W�R�W�D�O���D�P�R�X�Q�W���R�I��
�1�$�'�+���J�H�Q�H�U�D�W�H�G���G�X�U�L�Q�J���L�V�F�K�D�H�P�L�D��
�D�Q�G���W�K�H�Q���V�X�E�V�H�T�X�H�Q�W�O�\���R�[�L�G�L�V�H�G���W�R��

�1�$�'�����G�X�U�L�Q�J���U�H�S�H�U�I�X�V�L�R�Q��

�,�$�8�&�������5�$�8�&

CI AUC []
�7�K�H���F�R�Q�W�U�L�E�X�W�L�R�Q��
�R�I���W�K�H���,�$�8�&���W�R���W�K�H��

�,�5�W�R�W�$�8�&��

�$�Q���L�Q�G�H�[���V�K�R�Z�L�Q�J���W�K�H���U�H�O�D�W�L�Y�H���F�R�Q��
�W�U�L�E�X�W�L�R�Q���R�I���W�K�H���1�$�'�+���D�F�F�X�P�X�O�D�W�H�G��
�G�X�U�L�Q�J���L�V�F�K�D�H�P�L�D���W�R���W�K�H���W�R�W�D�O���D�P�R�X�Q�W��
�R�I���1�$�'�+���W�X�U�Q�H�G���R�Y�H�U���G�X�U�L�Q�J���L�V�F�K��
�D�H�P�L�D���D�Q�G���U�H�S�H�U�I�X�V�L�R�Q�����7�K�L�V���L�Q�G�H�[��
�L�V���X�V�H�I�X�O���I�R�U���H�V�W�L�P�D�W�L�Q�J���Z�K�H�W�K�H�U���W�K�H��

�H�I�I�H�F�W�V���R�I���G�L�I�I�H�U�H�Q�W���L�Q�W�H�U�Y�H�Q�W�L�R�Q�V��
�R�Q���L�V�F�K�D�H�P�L�D���D�Q�G���U�H�S�H�U�I�X�V�L�R�Q���D�U�H��

�S�U�R�S�R�U�W�L�R�Q�D�O���R�U���Q�R�W�����D�Q�G���L�W���L�V���O�H�V�V���V�H�Q��
�V�L�W�L�Y�H���W�R���U�D�Q�G�R�P���H�I�I�H�F�W�V���W�K�D�Q���&�,�P�D�[��

���,�$�8�&���±���%�$�8�&���������,�5�W�R�W�$�8�&

I mean [u]

�7�K�H���D�Y�H�U�D�J�H���F�K�D�Q�J�H��
�R�I���W�K�H���I�O�X�R�U�H�V�F�H�Q�F�H��
�D�E�R�Y�H���W�K�H���E�D�V�H�O�L�Q�H��
�G�X�U�L�Q�J���L�V�F�K�D�H�P�L�D��

�$�Q���L�Q�G�H�[���R�I���W�K�H���P�H�D�Q���1�$�'�+���L�Q��
�F�U�H�D�V�H���G�X�U�L�Q�J���L�V�F�K�D�H�P�L�D��

�,�$�8�&�������W�,

Rmean [u]

�7�K�H���D�Y�H�U�D�J�H��
�U�H�G�X�F�W�L�R�Q���L�Q���W�K�H��

�I�O�X�R�U�H�V�F�H�Q�F�H���E�H�O�R�Z��
�W�K�H���E�D�V�H�O�L�Q�H���G�X�U�L�Q�J��

�U�H�S�H�U�I�X�V�L�R�Q��

�$�Q���L�Q�G�H�[���R�I���W�K�H���P�H�D�Q���1�$�'�+���U�H�G�X�F��
�W�L�R�Q���G�X�U�L�Q�J���U�H�S�H�U�I�X�V�L�R�Q��

�,�$�8�&�������W�5
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PARAMETER DEFINITION
PROPOSED 

INTERPRETATION
FORMULA

I t1/2 [s]

�7�K�H���K�D�O�I�W�L�P�H���R�I���W�K�H��
�I�O�X�R�U�H�V�F�H�Q�F�H���L�Q�F�U�H�D�V�H��
�I�U�R�P���E�D�V�H�O�L�Q�H���W�R���W�K�H��

�P�D�[�L�P�X�P��

�$�Q���L�Q�G�H�[���P�H�D�V�X�U�L�Q�J���W�K�H���W�L�P�H���U�H��
�T�X�L�U�H�G���W�R���U�H�D�F�K���W�K�H���K�D�O�I���R�I���,�P�D�[��

nI max []
�,�P�D�[���Q�R�U�P�D�O�L�V�H�G���W�R��

�%�P�H�D�Q

�$�Q���L�Q�G�H�[���R�I���W�K�H���P�D�[�L�P�D�O���L�V�F�K��
�H�P�L�D���U�H�O�D�W�H�G���L�Q�F�U�H�D�V�H���R�I���1�$�'�+��

�U�H�O�D�W�L�Y�H���W�R���%�P�H�D�Q��
�,�P�D�[�������%�P�H�D�Q

nRmin []
�5�P�L�Q���Q�R�U�P�D�O�L�V�H�G���W�R��

�%�P�H�D�Q

�$�Q���L�Q�G�H�[���R�I���W�K�H���U�D�S�L�G���U�H�S�H�U�I�X�V�L�R�Q���U�H��
�O�D�W�H�G���U�H�G�X�F�W�L�R�Q���L�Q���1�$�'�+���U�H�O�D�W�L�Y�H���W�R��

�%�P�H�D�Q����
�5�P�L�Q�������%�P�H�D�Q

nIR ampl []
�,�5�D�P�S�O���Q�R�U�P�D�O�L�V�H�G���W�R��

�%�P�H�D�Q

�$���Q�R�U�P�D�O�L�V�H�G���W�R���W�K�H���%�P�H�D�Q���L�Q�G�H�[���R�I��
�W�K�H���S�R�W�H�Q�W�L�D�O�O�\���P�D�[�L�P�D�O���D�P�R�X�Q�W���R�I��

�1�$�'�+���W�X�U�Q�H�G���R�Y�H�U���G�X�U�L�Q�J���L�V�F�K�D�H�P�L�D��
�D�Q�G���U�H�S�H�U�I�X�V�L�R�Q��

�,�5�D�P�S�O�������%�P�H�D�Q

nI AUC []
�,�$�8�&���Q�R�U�P�D�O�L�V�H�G���W�R��

�%�$�8�&

�$���Q�R�U�P�D�O�L�V�H�G���W�R���W�K�H���%�$�8�&���L�Q�G�H�[���R�I��
�W�K�H���U�H�O�D�W�L�Y�H���D�F�F�X�P�X�O�D�W�L�R�Q���R�I���1�$�'�+��

�F�R�Q�W�H�Q�W���G�X�U�L�Q�J���L�V�F�K�D�H�P�L�D��
�,�$�8�&�������%�$�8�&

nRAUC []
�5�$�8�&���Q�R�U�P�D�O�L�V�H�G���W�R��

�%�$�8�&

�$���Q�R�U�P�D�O�L�V�H�G���W�R���W�K�H���%�$�8�&���L�Q�G�H�[���R�I���W�K�H��
�U�H�O�D�W�L�Y�H���U�H�G�X�F�W�L�R�Q���L�Q���1�$�'�+���F�R�Q�W�H�Q�W��

�G�X�U�L�Q�J���U�H�S�H�U�I�X�V�L�R�Q��
�5�$�8�&�������%�$�8�&

nIRtot AUC []
�,�5�W�R�W�$�8�&���Q�R�U�P�D�O�L�V�H�G��

�W�R���%�$�8�&

�$���Q�R�U�P�D�O�L�V�H�G���W�R���W�K�H���%�$�8�&���L�Q�G�H�[���R�I���W�K�H��
�U�H�O�D�W�L�Y�H���F�K�D�Q�J�H���L�Q���W�K�H���W�R�W�D�O���1�$�'�+��

�F�R�Q�W�H�Q�W���W�X�U�Q�H�G���R�Y�H�U���G�X�U�L�Q�J���L�V�F�K�D�H�P�L�D��
�D�Q�G���U�H�S�H�U�I�X�V�L�R�Q��

�,�5�W�R�W�$�8�&�������%�$�8�&

nI mean []
�,�P�H�D�Q���Q�R�U�P�D�O�L�V�H�G���W�R��

�%�P�H�D�Q

�$���Q�R�U�P�D�O�L�V�H�G���W�R���W�K�H���%�P�H�D�Q���L�Q�G�H�[���R�I��
�W�K�H���U�H�O�D�W�L�Y�H���P�H�D�Q���L�Q�F�U�H�D�V�H���R�I���1�$�'�+��

�G�X�U�L�Q�J���L�V�F�K�D�H�P�L�D��
�,�P�H�D�Q�������%�P�H�D�Q

nRmean []
�5�P�H�D�Q���Q�R�U�P�D�O�L�V�H�G���W�R��

�%�P�H�D�Q

�$���Q�R�U�P�D�O�L�V�H�G���W�R���W�K�H���%�P�H�D�Q���L�Q�G�H�[���R�I���W�K�H��
�U�H�O�D�W�L�Y�H���P�H�D�Q���U�H�G�X�F�W�L�R�Q���L�Q���1�$�'�+��

�G�X�U�L�Q�J���U�H�S�H�U�I�X�V�L�R�Q��
�5�P�H�D�Q�������%�P�H�D�Q

nI t1/2 [] �,�W���������Q�R�U�P�D�O�L�V�H�G���W�R���W�,

�$�Q���L�Q�G�H�[���V�K�R�Z�L�Q�J���Z�K�D�W���S�U�R�S�R�U�W�L�R�Q��
�R�I���W�K�H���L�V�F�K�D�H�P�L�D���G�X�U�D�W�L�R�Q���L�V���U�H�T�X�L�U�H�G��

�W�R���D�F�K�L�H�Y�H���W�K�H���K�D�O�I���R�I���,�P�D�[��
�,�W�������������W�,

PENETRATION OF THE FLUORESCENCE IN FMSF

�7�R�� �E�H�W�W�H�U�� �X�Q�G�H�U�V�W�D�Q�G�� �Z�K�D�W�� �L�V�� �P�H�D�V�X�U�H�G�� �E�\�� �W�K�H�� �V�N�L�Q�� �I�O�X�R�U�H�V�F�H�Q�F�H�� �D�W�� �������� �Q�P��
�O�H�Q�J�W�K�����V�R�P�H���L�Q�I�R�U�P�D�W�L�R�Q���D�E�R�X�W���W�K�H���V�N�L�Q���L�V���U�H�T�X�L�U�H�G�����I�L�J������������

�7�K�H�� �H�S�L�G�H�U�P�L�V�� �L�V�� �W�K�H�� �R�X�W�H�U�P�R�V�W�� �O�D�\�H�U�� �R�I�� �W�K�H�� �V�N�L�Q�� �F�R�Q�W�D�L�Q�L�Q�J�� �I�R�X�U�� �V�W�U�D�W�D�� �W�K�D�W��
�U�H�S�U�H�V�H�Q�W���W�K�H���F�\�F�O�H���R�I���D�Q���H�S�L�G�H�U�P�D�O���F�H�O�O�¶�V�����N�H�U�D�W�L�Q�R�F�\�W�H�V�����O�L�I�H�����7�K�H���G�H�H�S�H�V�W���S�D�U�W���R�I��



FLOW-MEDIATED SKIN FLUORESCENCE ������

�W�K�H���H�S�L�G�H�U�P�L�V���L�V���D���E�D�V�D�O���R�U���J�H�U�P�L�Q�D�O���V�W�U�D�W�X�P���Z�K�L�F�K���L�V���W�K�H���P�R�V�W���D�F�W�L�Y�H���R�Q�H�����1�H�D�U�O�\��
�D�O�O�� �V�N�L�Q�� �F�H�O�O�V�� �O�R�F�D�O�L�V�H�G�� �W�K�H�U�H�� �D�U�H�� �S�U�R�O�L�I�H�U�D�W�L�Q�J���� �'�X�U�L�Q�J�� �P�D�W�X�U�D�W�L�R�Q���� �V�N�L�Q�� �F�H�O�O�V�� �E�H��
�F�R�P�H���D���F�R�P�S�R�X�Q�G���R�I�� �V�S�L�Q�R�X�V���V�W�U�D�W�X�P���� �Z�K�H�U�H���W�K�H�\�� �S�U�R�G�X�F�H���O�D�P�H�O�O�D�U���E�R�G�L�H�V�����7�K�H��
�Q�H�[�W���O�H�Y�H�O���L�V���J�U�D�Q�X�O�D�U�����Z�K�H�U�H���N�H�U�D�W�L�Q�R�F�\�W�H�V���J�U�D�G�X�D�O�O�\���G�L�H���D�Q�G���O�R�V�H���W�K�H�L�U���Q�X�F�O�H�L�����7�K�H��
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jacekzielinski@wp.pl

Specialty section:
This article was submitted to

Integrative Physiology,
a section of the journal
Frontiers in Physiology

Received: 28 January 2019
Accepted: 26 April 2019
Published: 15 May 2019

Citation:
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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
Olga Bugaj 1, Jacek Zieli ński1* , Krzysztof Kusy 1, Adam Kantanista 2, Dariusz Wieli ński3

and Przemys�aw Guzik 4

1 Department of Athletics, Strength and Conditioning, Poznán University of Physical Education, Poznán, Poland,
2 Department of Sport Kinesiology, Poznán University of Physical Education, Poznán, Poland, 3 Department of Anthropology
and Biometry, Poznán University of Physical Education, Poznán, Poland, 4 Department of Cardiology-Intensive Therapy,
Poznań University of Medical Sciences, Poznán, Poland

Reduced nicotinamide adenine dinucleotide (NADH) is synthesized in the cellular
nucleus, cytoplasm and mitochondria but oxidized into NADC 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) (p < 0.001), the maximal �uorescence that increased above
the baseline during controlled forearm ischemia (FImax) (p < 0.001, only in men), the
minimal �uorescence after decreasing below the baseline during reperfusion (FRmin)
(p < 0.001 men; p < 0.01 women) and the difference betweenBmean and FRmin (Rmin)
(p < 0.01), and reductions in the difference between FImax and Bmean (Imax) (p < 0.001)
and Imax/IRampl ratio (CImax) (p < 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 (IRampl): 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

Nicotinamide adenine dinucleotide (NAD) is a cellular coenzyme
present in practically all living cells. The two forms of NAD,
an oxidized NADC , and reduced NADH can be found in
the cell cytosol, nucleus and mitochondria (Dolle et al., 2010;
White and Schenk, 2012). Both are crucial in the transfer of
electrons between di�erent molecules in reactions catalyzed
by oxidoreductases (Mayevsky and Chance, 2007). One of the
primary functions of the NADC /NADH coenzymes is their
involvement in energy production, which mostly takes places in
mitochondria. Therefore, the measurement of these coenzymes
is used as a marker of the mitochondrial activity (Mayevsky and
Chance, 2007). NADC /NADH are involved in several steps of
the citric acid cycle, the transfer of energy and protons between
this cycle and oxidative phosphorylation, and the production of
adenosine triphosphate (ATP) which is the most essential energy
particle (Mayevsky and Chance, 2007; White and Schenk, 2012).
NAD has an important function in redox reactions and also
serves as a cofactor for many enzymes such as mitochondrial
sirtuins and NAD glycohydrolases (Dolle et al., 2013).

The nuclear membrane is permeable for NADC and NADH
through special pores, so the concentration of NADC /NADH is
comparable between the nucleus and cytosol. (White and Schenk,
2012). Recent reports indicate that NAD can also penetrate
the mitochondrium using an unrecognized NAD (or NADH)
transporter (Davila et al., 2018).

While NADH is produced in the nucleus, cytosol, and
mitochondria, it is oxidized to NADC mainly within the
mitochondrial electron transport chain (White and Schenk,
2012). It is assumed that mitochondrial NADC /NADH
metabolism is similar in all living human cells, e.g.,
circulating leucocytes, myocytes, liver, brain or skin cells,
and comparably a�ected by blood �ow, oxygen and nutrient
delivery, as well as inner and external factors or changing
conditions, such as physical activity (Green, 1997; Ament
and Verkerke, 2009; Mayevsky and Barbiro-Michaely, 2009;
White and Schenk, 2012).

It should be noted that the total NAD pool in the body
is not constant over a longer time. It is a�ected by physical
activity, diet, and NAD boosters. In addition, NAD pool decreases
with aging, as does the sirtuins (NAD-dependent deacetylases)
activity that controls almost all cell functions (Kane and Sinclair,
2018; Rajman et al., 2018). The e�ects of depleted NAD pool
may be serious and include several cardiovascular and metabolic
disorders (Braidy et al., 2018, Rajman et al., 2018). NAD pool
can be reduced due to various factors, e.g., DNA damage,
free radicals or excessive ultraviolet radiation. This results in
higher activation of poly (ADP-ribose) polymerase (PARP) and
increased NADC turnover and depletion. A chronic immune
activation and intensi�ed production of in�ammatory cytokines
can also occur, leading to increased activity of CD38 protein [a
catalyst in cyclic metabolism of ADP-ribose and nicotinic acid
adenine dinucleotide phosphate (NAADP)] and, back again, to
a decrease in NADC levels (Braidy et al., 2018).

By contrast, an increased activity of NADC dependent sirtuins
(1� 7) has several health bene�ts related to deceleration of certain

aging processes. Sirtuins are located in cell nucleus (SIRT1,
6 – 7), cytoplasm (SIRT1 – 2) and mitochondrium (SIRT 3 –
5). Depending on the location, they support such processes
as angiogenesis stimulation or protection against vascular
endothelial dysfunction and ischemia-reperfusion damage (Kane
and Sinclair, 2018). The intake of NADC precursors can
positively a�ect cognition function, improve the function of
vascular endothelium, act cardioprotective or improve insulin
sensitivity and fat free acids oxidation (Rajman et al., 2018).

Initially, studies on the relationship between NADH and
physical activity were performed with the use of biopsy samples
from working animal muscle (Chance and Connelly, 1957;
Edington, 1970; Edington and McCa�erty, 1973; Duboc et al.,
1988) and in humans (Graham et al., 1978; Sahlin, 1985; Katz
and Sahlin, 1987; Sahlin et al., 1987; Graham and Saltin, 1989).
Similarly, NADH in skin cells was �rst studied in animal
skin samples (Pappajohn et al., 1972; Palero et al., 2011)
and then in humans (Mayevsky and Barbiro-Michaely, 2009;
Balu et al., 2013).

Metabolic changes accompanying intensive physical activity,
e.g., reduction in pH due to an increase in lactate production
(and thus HC), modify homeostasis of the whole body, its cells,
and organelles, including mitochondria (Green, 1997; Ament
and Verkerke, 2009; Kane, 2014). It has been shown that high-
intensity exercise modi�es the NADC /NADH balance (White
and Schenk, 2012). Oxygen is critical for proper mitochondrial
energy production. Therefore, a reduction in oxygen content
during hypoxia/anoxia observed in the course of ischemia slows
down or even stops mitochondrial function, the oxidation of
NADH to NAD C and thus the generation of ATP particles
(Mayevsky and Rogatsky, 2007). The restoration of oxygen
delivery during reperfusion may recover this process. It is
unknown, however, whether the alterations in the NADC /NADH
balance during ischemia and reperfusion may be a�ected by
metabolic changes induced by intensive exercise.

To explore this problem, we applied the Flow Mediated
Skin Fluorescence (FMSF) method which measures the 460 nm
�uorescence of NADH in the skin at rest, during controlled
ischemia and reperfusion (Piotrowski et al., 2016). This method is
based on an optical property of NADH which absorbs light waves
in the range of 320 – 380 nm and then emits back the �uorescent
light at a longer length of 420 – 480 nm (Mayevsky and Rogatsky,
2007). The intensity of this �uorescence is proportional to the
amount of generated NADH. Therefore, changes in �uorescence
at a speci�c light range are monitored to measure the amount
of NADH in solutions, cells, tissues, and organs (e.g., brain,
liver or skin) (Mayevsky and Rogatsky, 2007). The FMSF is
a �uorescence-based method used for the quanti�cation of
NADH in a completely non-invasive way and in real time.
We hypothesize that intensive exercise to exhaustion in�uences
the contents of NADH in skin epidermal cells, and shifts the
NADC /NADH balance toward NADH. Therefore, in this study,
we aimed to examine the continuous changes in mitochondrial
NADH content at rest, during the controlled 200 s forearm
ischemia and the following reperfusion before and immediately
after exercise to exhaustion in healthy athletes. Additionally, we
analyzed the e�ects of exercise to exhaustion on the NADH
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skin content at rest, during ischemia and reperfusion separately
for men and women.

MATERIALS AND METHODS

Ethics Statement
The study was designed and performed in agreement with the
Declaration of Helsinki. The study protocol and all forms were
approved by the Ethics Committee of the Poznań University
of Medical Sciences in Poland (no. 1017/16 issued on the 5th
October 2016). All athletes participated in this study voluntarily
and gave their informed consent.

Participants
From a group of potential candidates, we excluded athletes
who had recent infection or injury with accompanying clinical
signs and symptoms such as fever, cough, swelling, or pain.
Athletes who were regularly taking any medications for chronic
disease not limiting their physical activity (e.g., bronchodilators
for asthma, antihistamines for allergy) were also excluded.
Only athletes without any medication (except for hormonal
contraception) were included.

In Poland, all athletes participating in competitions are
required to have a current health certi�cate every six months; they
undergo regular obligatory medical assessment by a physician
specializing in sports medicine. Only athletes with a valid health
certi�cate were enrolled.

We recruited 121 healthy highly trained athletes (94 men and
27 women) ful�lling the following inclusion criteria: age in the
range between 16 and 40 years, members of Polish National
Teams in selected sports disciplines or participants of national
and international sports competitions, training at least once a day
for at least six days a week. To recruit individuals representing
di�erent characteristics of regular training (aerobic, anaerobic,
mixed), we selected athletes from the following sports disciplines:
long-distance running (n = 41), triathlon (n = 27), taekwondo
(n = 25), rowing (n = 9), futsal (n = 8), sprint running (n = 6),
fencing (n = 4), and tennis (n = 1). All participants were examined
during the preparatory period of the annual training cycle, i.e.,
not at the peak of their performance.

Study Design
The study was conducted in the Human Movement Laboratory
of the Department of Athletics Strength and Conditioning, at
the Poznán University of Physical Education (Poland). After
arriving at the laboratory, we evaluated the health status of
each participant. Medical history was obtained and physical

examination performed, including brachial blood pressure with
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
after its completion. The following blood pressure parameters
were collected for further analysis: systolic blood pressure (SBP),
diastolic blood pressure (DBP), and pulse pressure (PP).

The majority of participants underwent the treadmill CPET
at least once previously. Nevertheless, all athletes were informed
about speci�c requirements and potential risks related to this
test. Each participant was asked to avoid any intensive training
in the last 48 h preceding the CPET, drinking alcohol for 24 h and
co�ee or ca�eine containing drinks or supplements for 12 h. On
the CPET day, participants were allowed to eat a light breakfast.
Before the CPET, each participant spent 30 min in the air-
conditioned laboratory for acclimatization to its environment.
The temperature was kept constant within a range of 19–21� C.
Before the CPET and 3–4 min after its completion, the �ow-
mediated skin �uorescence (FMSF) by the AngioExpert device
(Angionika, Poland) was measured in each athlete.Figure 1
summarizes the measuring procedure of FMSF.

Incremental Cardiopulmonary
Exercise Testing
The incremental CPET was performed on a treadmill model
150/50 LC (plutoR
 ) with the following sizes of the running
surface: length 1500 mm and width 500 mm, (H/P Cosmos
Pulsar, Germany). Before the test, all athletes were equipped with
a chest strap heart rate monitor (Polar H6 Bluetooth Smart; Polar
Electro Oy, Finland) and a properly sized face mask (Cortex
Medical, Germany) connected to the MetaMax 3B-R2 mobile
spiroergometry device. The CPET started at a speed of 6 km/h
for the 4 min warm-up, and then the treadmill speed increased
by 2 km/h every 3 min. The treadmill's incline was set at a
constant value of 1%. The CPET was stopped when the athlete
reached voluntary exhaustion. After stopping the treadmill, the
athlete stood for at least 2 min during recovery and �nally was
disconnected from the face mask and the Polar chest heart rate
monitor. All parameters were measured continuously and then
averaged for each breath by the MetaSoft Studio 5.1.0 Software
(Cortex Biophysik, Germany). For this study, we used only data
on heart rate (HR), estimated maximal heart rate according
to the formula “207- 0.7� age” (Gellish et al., 2007) and the
peak or maximal oxygen consumption (VO2max) normalized
to body mass. VO2max was measured only when all of the
following three criteria were ful�lled: VO2 reached plateau
despite a further increase in speed of the treadmill, HR reached at
least 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., 2014). In the remaining cases,
only the VO2 peak value was used for the description of the
intensity of exercise.

NADH Fluorescence
The AngioExpert device (AngioExpert, Angionica, Poland)
(Piotrowski et al., 2016) was employed to evaluate the 460 nm
�uorescence of the skin in response to activation by the 340 nm
UV light (Mayevsky and Chance, 1973; Friedli et al., 1982;
Mayevsky and Chance, 2007; Mayevsky and Barbiro-Michaely,
2009; Mayevsky et al., 2011; Sibrecht et al., 2017). The wavelength
of 340 nm emitted in the FMSF method is only speci�c to
NADH, thus no other substance in the skin can be excited.
The 460 nm �uorescence in response to activation takes place
mainly in epidermal cells (Dunaev et al., 2015), because the
wavelength of the emitted light penetrates and is absorbed up
to 0.5 mm deep. The AngioExpert continuously measured the
460 nm �uorescence from the most super�cial skin cells in
the forearm at rest, then during controlled ischemia triggered
by total occlusion of the brachial artery by the brachial blood
pressure cu�, and, �nally, during reperfusion after de�ation of
the blood pressure cu� (Piotrowski et al., 2016; Sibrecht et al.,
2017) (Figure 2).

To quantify the FMSF response, we used the following
parameters (Figure 2) (Sibrecht et al., 2017):

� Bmean [kFU] – mean �uorescence at 460 nm recorded
before ischemia as the baseline value;

� FImax [kFU] – the maximal �uorescence that increased
above the baseline during controlled forearm ischemia;

� FRmin [kFU] – the minimal �uorescence after decreasing
below the baseline during reperfusion;

� Imax [kFU] – the di�erence between FImax andBmean;
� Rmin [kFU] – the di�erence betweenBmeanand FRmin;
� IRampl [kFU] – the maximal range of the �uorescence

change during ischemia and reperfusion;
� CImax – Imax/IRampl ratio.

For this study, we continuously measured and recorded skin
�uorescence for 2 min before ischemia, then for 200 s of ischemia
and �nally for 3 min during post-ischemic reperfusion. To
obtain total net forearm ischemia, we used a brachial blood
pressure cu� placed on the ipsilateral arm and in�ated the cu�
to 50 mmHg of pressure above the systolic blood pressure of each
participant. Such pressure is necessary for temporal, short-lasting
compression of the artery and complete cessation of blood �ow
to the forearm and hand below. The transient forearm ischemia
is usually obtained by this procedure in many physiological and
clinical studies, for example during testing the �ow-mediated
arterial vasodilation (Harris et al., 2010; Pahkala et al., 2011;
Bailey et al., 2017). The measurements were performed in
laboratory conditions in a constant environment according to
a strict procedure as described elsewhere (Piotrowski et al.,
2016). To avoid any environmental interferences, during the
measurement all subjects kept their studied forearm motionless
in a special curved form with the �uorescence sensor placed
at its bottom. The forearm covered completely the �uorescent

sensor to prevent any transmission of external light which might
interact with the sensor and �uorescence measurement. Since
the �uorescence is monitored and measured continuously with
the sampling rate of 25 Hz, the shown signal is a continuous
line. Any unexpected sudden departure from this continuity
other than caused by a controlled ischemia and reperfusion was
considered as an artifact and either not taken to further analysis
or instantly repeated, if possible. The repetition was allowed only
if the artifacts were present at rest, before any ischemia.

Statistical Analysis
Continuous data distribution was analyzed using the
Kolmogorov–Smirno� test. Due to normal data distribution,
results are presented as mean values and standard deviations
(SD). The comparisons between pre- and post-exercise results
were made with the pairedt-test- �rst for all athletes and then
separately for men and women. Onlyp < 0.05 was considered
statistically signi�cant. All statistical analyses were made using
MedCalc Statistical Software version 18.2.1 (MedCalc Software
bvba, Ostend, Belgium1; 2018).

RESULTS

Baseline Characteristics
The mean age of all participants was around 23 years, their
BMI, resting systolic and diastolic blood pressures were normal.
The average peak heart rate obtained during the CPET was
nearly 189 beats/minute, which corresponded to almost 95% of
the estimated maximal HR indicating a very intense (maximal)
exercise.Table 1summarizes baseline data all studied athletes.

Separate clinical characteristics for participating men and
women are shown inTable 2.

1http://www.medcalc.org

TABLE 1 | Clinical characteristics of studied athletes.

Parameter: Mean SD

Age [years] 23:41 5:32

Training experience [years] 8:15 3:44

BMI [kg/m2] 22:29 2:55

SBP at rest [mmHg] 125:88 12:18

DBP at rest [mmHg] 72:20 7:87

PP at rest [mmHg] 53:68 12:26

SBP after CEPT [mmHg] 146:08 22:34

DBP after CEPT [mmHg] 74:42 8:21

PP after CEPT [mmHg] 71:66 24:53

Predicted maximal HR [beats/minute] 190:61 5:32

Peak HR during CPET [beats/minute] 188:88 9:77

Achieved percentage of the predicted maximal HR [%] 99:09 9:53

VO2max [ml/min/kg] 60:61 8:03

BMI, body mass index; CPET, cardiopulmonary exercise test; DBP, diastolic
blood pressure; HR, heart rate; PP, pulse pressure; SBP, systolic blood pressure;
VO2max, maximal oxygen uptake.
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FIGURE 2 | Parameters describing the Flow Mediated Skin Fluorescence:Bmean – mean of the basal �uorescence; FImax – maximal �uorescence value during
ischemia; FRmin – the �rst minimal �uorescence value during reperfusion;Imax – the net increase of �uorescence over the baseline value during ischemia; IRampl – the
amplitude of �uorescence change during ischemia and reperfusion;Rmin – 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.

Men Women

Parameter: Mean SD Mean SD

Age [years] 23:88 5:69 21:74 3:35

Training experience [years] 7:71 2:73 7:56 1:48

BMI [kg/m2] 22:64 2:57 21:06 2:07

SBP at rest [mmHg] 128:91 11:21 115:30 9:25

DBP at rest [mmHg] 73:01 7:50 69:37 8:63

PP at rest [mmHg] 55:9 12:29 45:93 8:55

SBP after CEPT [mmHg] 148:98 23:32 136:00 14:91

DBP after CEPT [mmHg] 74:18 8:36 75:26 7:76

PP after CEPT [mmHg] 74:8 25:24 60:74 18:43

Predicted maximal HR
[beats/minute]

190:28 3:98 191:78 2:34

Peak HR during CPET
[beats/minute]

188:96 9:11 190:77 10:37

Achieved percentage of the
predicted maximal HR [%]

98:29 11:27 95:84 19:89

VO2max [ml/min/kg] 62:25 7:28 54:73 7:96

BMI, body mass index; CPET, cardiopulmonary exercise test; DBP, diastolic
blood pressure; HR, heart rate; PP, pulse pressure; SBP, systolic blood pressure;
VO2max, maximal oxygen uptake.

Effects of Exercise on FMSF
Figure 3 shows an example of the typical 460 nm �uorescence
at baseline, during ischemia and the following reperfusion before
and after CPET to exhaustion.

Results of the comparison of the FMSF performed before and
after the CPET are shown inTable 3for all athletes and inTable 4
separately for sportsmen and sportswomen.

In all athletes (Table 3), compared to the pre-exercise rest,
after the CPET there were signi�cant increases inBmean, FImax,
FRmin and Rmin, and reductions inImax, CImax. No statistical
di�erences between pre- and post-exercise were observed
for IRampl.

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

Pre-exercise Post-exercise

Parameter Mean SD Mean SD P-value

Bmean [kFU] 404:19 214:31 455:30 256:76 < 0:001

FImax [kFU] 480:98 258:19 514:46 282:99 < 0:001

FRmin [kFU] 321:22 168:90 359:07 196:50 < 0:001

Imax [kFU] 76:79 47:64 59:16 36:33 < 0:001

IRampl [kFU] 159:76 94:49 155:40 95:46 0:261

Rmin [kFU] 82:97 50:22 96:24 65:98 0:001

CImax 0:48 0:08 0:40 0:11 < 0:001

Averaged data are presented as the mean and standard deviation (SD), and the
results of the paired t-test as p-value. Bmean, mean of the basal �uorescence; CImax

– Imax/IRampl ratio; FImax – maximal �uorescence value during ischemia; FRmin –
the �rst minimal �uorescence value during reperfusion; Imax – the net increase of
�uorescence over the baseline value during ischemia; IRampl – the amplitude of
�uorescence change between ischemia and reperfusion; Rmin – the net reduction
of �uorescence below the baseline value.

Both in male and female athletes exercise to exhaustion cause
similar changes in the FMSF response. After the CPET there were
signi�cant increases inBmean, FRmin andRmin, and reductions in
Imax, CImax. However, the value of FImax increased signi�cantly
only in men but not in women. In both groups, no statistical
di�erences were found for IRampl.

In general, these �ndings on the skin �uorescence at 460 nm
translate to a signi�cant increase in the skin NADH content
before and during ischemia, and the following reperfusion after
the CPET both in male and female athletes. Additionally, the
relative (compared to pre-ischemic baseline) increase in the skin
NADH during ischemia (Imax) was signi�cantly lower, and its
reduction during reperfusion (Rmin) was more substantial after
the CPET. Compared to pre-exercise, the contribution of the
NADH change during ischemia to the maximal change of its
content during both ischemia and reperfusion (CImax) was also
reduced after the CPET. Changes inImax, Rmin, and CImax were
similar in male and female athletes.

DISCUSSION

We have found that exercise until exhaustion caused a signi�cant
elevation of the 460 nm skin �uorescence at baseline (Bmean),
during controlled ischemia (FImax) and reperfusion (FRmin)
compared to the pre-exercise values. However, the observed
post-exercise increase of the 460 nm �uorescence during
ischemia (Imax) was smaller than before exercise. In contrast,
the magnitude of the �uorescence drop during the reperfusion
(Rmin) was larger after exercise than before exercise. Additionally,
the relative contribution of the ischemia-induced increase in
�uorescence to the whole change in �uorescence during ischemia
and reperfusion (CImax) was reduced after exercise. Except FImax,
all descriptors of the FMSF changed, similarly, in male and female
athletes. The lack of signi�cant increase (borderlinep = 0.0583)
in FImax in women appears to be caused by a much smaller
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.
These e�ects of exercise appear to be similar both in sportsmen
and sportswomen.

There is some balance between the reduced (NADH) and
oxidized (NADC) forms of NAD. Although the 460 nm skin
�uorescence measures only NADH, its values also re�ect
indirectly NADC as the total amount of NAD (i.e., combined
amount of NADH and NADC) seems to be rather stable at a
relatively short period (a few minutes) necessary to perform the
CPET. In other words, the NADH amount changes at the cost of
the NADC content, and vice versa.

Previous animal and human studies showed that the amounts
of NADH and NADC and the NADC /NADH ratio change during
ischemia and reperfusion.Palero et al. (2011)studied the e�ects
of hypoxia on NADH in mice keratinocytes. They observed that
NADH accumulated in the complex I of the electron transport
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] 366:06 198:17 415:34 241:96 < 0:0001 536:95 218:97 594:42 262:69 0:0003

FImax [kFU] 437:77 242:09 473:59 273:02 0:0003 631:43 260:33 656:79 275:53 0:0583

FRmin [kFU] 289:41 154:65 327:37 181:78 < 0:0001 431:97 172:41 469:39 209:13 0:0026

Imax [kFU] 71:71 47:21 58:24 38:70 < 0:001 94:46 45:66 62:36 26:87 0:0003

IRampl [kFU] 148:36 92:69 146:21 98:57 0:5933 199:46 91:49 187:38 77:03 0:2510

Rmin [kFU] 76:65 49:00 87:97 65:70 0:0028 104:99 49:06 125:02 59:49 0:0025

CImax 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-value. Bmean, mean of the basal �uorescence; CImax, Imax/IRampl

ratio; FImax – maximal �uorescence value during ischemia; FRmin – the �rst minimal �uorescence value during reperfusion; Imax – the net increase of �uorescence over
the baseline value during ischemia; IRmpl – the amplitude of �uorescence change between ischemia and reperfusion; Rmin – the net reduction of �uorescence below
the baseline value.

metabolism is not only anaerobic since it strongly depends on
the oxygen delivery by blood in the underneath skin layers.Balu
et al. (2013)used a clinical multiphoton microscope, applied
arterial occlusion to human keratinocytes and found that, during
ischemia, the NADH content increased in the cells near the
basal layer of the skin (although not in the keratinocytes closest
to the skin surface). Our study shows similar results obtained
in the living human skin in real time using a completely non-
invasive physiological model. Because the �uorescence emitted
by skin derives only from the most super�cial zone of depth up
to 0.1 mm (Balu et al., 2013), it means that skin cells at this
depth have a vivid metabolism of NADH, and react in a dynamic
way to ischemia-triggered hypoxia and then to re-oxygenation
during reperfusion.

Other studies have shown that the amount of NADH and/or
NADC also changes during exercise (White and Schenk, 2012).
Depending on the intensity, an exercise may be accompanied
by an aerobic, mixed aerobic-anaerobic or purely anaerobic
metabolism. During aerobic or oxygen-dependent metabolism,
various nutrients are turned into energy in mitochondria. When
oxygen supplies are lower than needed, anaerobic processes
start in the cytoplasm and with time predominate over aerobic
energy production.

With progressing hypoxia until anoxia, the cellular
metabolism switches to entirely anaerobic processes which
are accompanied by various changes in the intra- and
extracellular milieu (White and Schenk, 2012). The most
classic consequences within the cells and between the intra-
and extracellular spaces are changes in the concentration of
HC , lactate, ammonium, adenosine, and ions such as sodium,
potassium, calcium, magnesium, and chlorides. Many metabolic
e�ects of ischemia resemble those observed during anaerobic
exercise. In both conditions, when oxygen is depleted, the NADC

particles are partially restored from NADH in the cytosol by
reduction of pyruvate acid to lactic acid, with an accumulation
of the latter as the by-product (Robergs et al., 2004; Finsterer,
2012; Kane, 2014). However, this way of energy generation
is not as e�cient as NADH oxidation in the mitochondrial
electron transport chain during the aerobic e�ort – less ATP

is made at the cost of higher nutrient usage and due to the
accumulation of lactate.

Exercise until exhaustion alters the NADC /NADH ratio and,
most probably, the rate of NADH oxidation to NADC . However,
data on NADC during exercise are sparse (White and Schenk,
2012). Whereas some researchers observed an exercise-induced
increase in NADC (Chance and Connelly, 1957; Jobsis and
Stainsby, 1968), others found no change or reduction in its
amount (Duboc et al., 1988; White and Schenk, 2012). Duboc
et al. (1988)reported that it is NADH that increases during
exercise. Other authors noticed that untrained animals had a
higher concentration of mitochondrial NADC than trained ones
(Edington, 1970; Edington and McCa�erty, 1973). Sahlin (1985)
studied NADH in human muscle during short-lasting intensive
exercise and found that at least 95% of the cellular NADH
comes from mitochondria. This author also observed that NADH
increases within 2 min after exercise initiation and it remains
elevated during and immediately after the exercise completion.
Additionally, 10 min is required for the NADH to return to
baseline level after the exercise. Next,Sahlin et al. (1987)studied
NADH in muscle samples taken after the exercise at the level
of 40, 75, and 100% of VO2max. The light exercise at the
intensity of 40% VO2max was accompanied by a decrease in the
NADH content. In contrast, more intense exercise at the level
of 75 and 100% VO2max caused a signi�cant increase in the
NADH content. Graham et al. found that the NADC content in
human muscles decreased after moderate (75% of VO2max) and
high intensity (100% of VO2max) exercise (Graham et al., 1978;
Graham and Saltin, 1989). Stabilization of metabolic processes
requires some time and depends on several factors, e.g., the
active recovery (Menzies et al., 2010) and the level of physical
performance (Ravier et al., 2006). Few minutes after intensive
exercise is not enough for full metabolic recovery, including the
complete removal of an excess of HC or full restoration of the
aerobic metabolism. It is plausible that one of the main limiting
factors for a rapid scavenging of the accumulated NADH during
exercise is the system of the malate-aspartate shuttle (O'Donnell
et al., 2004; White and Schenk, 2012; Satrústegui and Bak, 2015)
that transfers HC from cytosol to the mitochondrial matrix
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and enables NAD oxidation and reduction. It appears that the
turnover rate of the mitochondrial shuttles is rather constant,
or even reduced under speci�c conditions, and thus some time
is required to transfer the excess of HC from cytosol into
mitochondria (O'Donnell et al., 2004). Simultaneously, intact
NAD can penetrate the mitochondrium using a still unrecognized
NAD or NADH transporter (Davila et al., 2018). We assume,
however, that this transporter has a limited capacity.

So far, NADH metabolism has been studied either during
ischemia/reperfusion (hypoxia/normoxia) or in various exercise
models, mostly with the use of invasive methods. To the best
of our knowledge, none of the studies has ever shown the
combined e�ect of exercise and ischemia-reperfusion on NADH,
additionally using a completely non-invasive approach for
measurement of NADH. In our study, the absolute �uorescence
values ofBmean, FImax, and FRmin were signi�cantly higher
after exercise than before it. This increase in �uorescence might
be the net e�ect of the accumulation of the pre-exercise and
newly produced NADH during the maximal exercise, particularly
during the anaerobic part of the e�ort. The additional potential
explanation is that the altered post-exercise metabolic conditions
slowed the function of the MAS and also other shuttles,
transporting HC to electron transport chain. The MAS activity
can also be attenuated and even stopped by an increase of Ca2C

concentration in the cytoplasm (O'Donnell et al., 2004; Contreras
and Satrústegui, 2009; Satrústegui and Bak, 2015), i.e., a common
consequence of an anaerobic e�ort.

Post-exercise reduction of theImaxbelow the pre-exercise level
is an interesting �nding. TheImax corresponds to the amount
of NADH that is directly generated during skin ischemia. We
speculate that an excess of HC and electrons generated during
the anaerobic part of the exercise saturated a substantial part of
the NADC and turned it into NADH (an increase ofBmean and
FImax). However, since the total amount of NAD in the form
of NADH and NADC is more or less constant in the cells in
a short time frame, then less NADC particles become available
for the reduction to NADH during the post-exercise ischemia. It
might also be possible that there are some intracellular protective
mechanisms preventing an endless intracellular accumulation
of NADH as in our model of addictive e�ects of exercise and
ischemia. At the same time, an increase of theRmin value suggests
that in the early phase of post-exercise reperfusion more NADH
is oxidized to NADC or some mechanisms promoting more
rapid regeneration of NADC are activated. Further, it appears
that after exercise the limitation of the NADH increase during
ischemia and the enhancement of the NADH oxidation to NADC

during reperfusion are comparable to those observed at rest.
It shows that the responses of the NADC /NADH to ischemia
and reperfusion are set at the speci�c individual range di�erent
for each person. Additionally, it suggests that there is a relative
resistance of cells to produce an unlimited amount of NADH
during such a dramatic metabolic challenge as maximal exercise.

Since the 460 nm �uorescence of the skin increases after
exercise, it is the NADH that raises during and after maximal
exercise. However, we measured the skin and not muscle
NADH metabolism. Due to a signi�cant contribution of skin in
thermoregulation, it is plausible that the NADH changes in the

skin might be not the same as in the muscles. With increasing
intensity and duration of exercise, skin blood �ow becomes
relatively reduced as most of the blood is redirected toward
working muscles, however, immediately after the exercise, skin
blood vessels dilatation takes place. Despite a sudden in�ux of
blood to the skin, and connected oxygen supply, other metabolic
processes do not allow for quick restoration of homeostasis. It is
possible that during exercise to exhaustion, there is some overlap
and additive e�ect of metabolic changes in the muscles caused
by anaerobic processes and relative skin ischemia due to some
constriction of skin arteries. Nevertheless, it is assumed that
mitochondrial function is generally the same in di�erent types
of cells, and thus changes observed in the mitochondria of skin
cells should be, at least to some extent, similar to changes in
mitochondria of the working muscles myocytes. In our study, we
did not take into consideration the e�ect of factors acting over a
longer period of time, such as sirtuins, PARP and CD38, because
the measurement using FMSF method was of short duration
and, consequently, the total NAD pool remained unchanged.
We also did not investigate the e�ect of exercise training on
change in NADH, but only the response to a single exercise bout
(test until exhaustion).

Limitations of the study must be recognized. To study the
NADH metabolism we used the continuous measurement of
the auto�uorescence by skin cells activated by the ultraviolet
light. The application of the 460 nm �uorescence as a way of
measuring NADH has been known for years. The group of
Mayevsky made a series of seminal studies on the practical use
of measuring the NADH content in skin cells or super�cial
cells of other organs (Mayevsky and Chance, 2007; Mayevsky
et al., 2011) in humans. The FMSF method is further, although
very speci�c, development of this approach, which has been
proposed byPiotrowski et al. (2016). In the FMSF method,
the 460 nm skin �uorescence is not only measured at rest
but also during a dynamic metabolic challenge caused by the
transient and controlled ischemia, and the following reperfusion.
A potential limitation is also a heterogenic group of athletes. All
of them are elite athletes at the national or international level
representing di�erent sports and adapted to di�erent training
types: endurance, speed, strength, speed-power, etc. However, we
used the identical CPET test with the same goal – to stop it
after exhaustion which is very individual and subjective. In this
way, we were able to collect a wide range of VO2max, resting
and peak values of heart rate in healthy and physically active
people. Next, our study was somewhat more exploratory than
explanatory. We had a single and simple aim – to see whether
maximal exercise-induced alterations in cell metabolism may
in�uence the NADH metabolism of skin cells during ischemia
and reperfusion. We were more interested in the combined e�ect
of both provocations. Our data show some relevant alterations in
the NADH during both processes and suggest that non-invasive
FMSF method and the model of skin cells can be applied in the
studies on physical exercise. It should also be mentioned that
one of the limitations of the 460 nm �uorescence method is skin
color of studied athletes. Although our participants came from
the Caucasian ethnic group, there were signi�cant di�erences in
skin 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�ects,
we used paired statistical tests to compare the same parameters
before and after exercise, and in this way, each person was
compared with himself or herself. No measurement of NADH
in the blood appears to be yet another limitation of our study.
However, NADH is mainly present intracellularly, and it is
an unstable and highly reactant particle (Singhal and Zhang,
2006). Moreover, NADH is degraded to nicotinamide by the
extracellular NAD(P) nucleosidases (Johnson, 1984; O'Reilly and
Niven, 2003). Nicotinamide is a �nal end-product of degradation
of NADH and NADC but also NADPH and NADPC , so
measurement of its changes is not speci�c for NADH only.
There is also another technical problem – during complete
brachial artery occlusion used for the controlled ischemia, there
is no blood �ow what makes a collection of blood samples
impossible. The blood can be sampled only before ischemia
and during the post-ischemic reperfusion but, as we show, the
NADH concentration decreases within a couple of seconds after
the restoration of the blood �ow, i.e., before the blood might
be even sampled. Nevertheless, we believe that studying the
NADH concentration in the blood before and after ischemia at
di�erent conditions like rest and post-exercise deserves further
exploration. Although all studied participants were elite athletes,
this group was quite heterogenic and representing di�erent
sorts of sports. However, we did not �nd any signi�cant
di�erences between the included sports disciplines and obtained
results. Since the number of athletes representing di�erent sports
disciplines varied from 1 to 41, we cannot exclude that there
are some potential di�erences, which might be revealed if larger
groups of athletes were studied. Finally, we have not measured
the skin NADC content as this form of NAD does not emit the
�uorescent light at the length of 460 nm. Any conclusions on
NADC come from the assumption that the total amount of NAD
in its reduced (NADH) and oxidized (NADC) forms is rather
stable over short time. If so, then any change in the NADH is
at the cost of NADC and vice versa. In consequence, although
NADC was not measured, some conclusions on its changes may
be drawn from studying the alterations of the NADH content.

Perspectives or Practical Applications
There are some instant potential consequences of our
�ndings. First, the exercise-induced changes in NADH re�ect
mitochondrial function and a signi�cant part of energy
metabolism – these aspects are of great importance in the sports
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 FMSF
might be used as a non-invasive and anin vivo approximate
model of the working muscles. In this way, studying the e�ects
of training on NADH metabolism appears to be simpler and
more available now. Third, the anaerobic muscle metabolism
during exercise to exhaustion is similar to tissue hypoxia which
can be observed in di�erent clinical conditions like chronic
heart failure, cardiogenic shock, anemia, acute limb ischemia
or high mountains environment. Any pharmacological or
non-pharmacological intervention designed to improve oxygen
delivery or tissue tolerance to hypoxia might be thus easier

to study with the FMSF method. Similarly, any intervention
designed to change the total amount of NAD content might be
easily studied with this method. We are, however, aware, that
these consequences are only some speculations as we have not
tested them. Therefore they require future studies.

CONCLUSION

This is the �rst study which non-invasively evaluated the NADH
skin content in human super�cial skin cells in highly trained
athletes. Until now methods used to evaluate NADH level, and
therefore mitochondrial function, were not easily accessible.
Metabolic changes, elicited by exercise to exhaustion, modify the
skin NADH metabolism at rest, during ischemia and reperfusion
in the most super�cial living skin cells. Immediately after exercise,
there is a shift of the baseline �uorescence of NADH in the skin
cells toward higher values. The absolute NADH amount increases
during post-exercise ischemia and reperfusion, compared to
resting condition. However, compared to resting conditions,
the relative rise in the NADH is signi�cantly lower during
ischemia, whereas the relative reduction in the NADH during
reperfusion increases. These changes in the NADH metabolism
during ischemia and reperfusion before and after exercise to
exhaustion appear to be similar in male and female athletes.

The observed alterations in the NADH amount and its
balance with NADC during ischemia and reperfusion are strongly
dependent on metabolic conditions, which are signi�cantly
modi�ed by exercise to exhaustion, and last for the next few
minutes after it. The intensi�cation of NADH �uorescence in
living skin cells suggests that metabolic changes in NADH
accompanying exercise extend beyond muscles and a�ect other
cells and organs.
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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 function and 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. [5] 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 in vivo 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 0-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 [ 8].

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
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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 (Poznań, 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 H/P 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 (VO2max) 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
(VO2) 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 2 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 ratio was � 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. A total 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 /m2).

2.7. Nicotinamide Adenine Dinucleotide Fluorescence

NADH fluorescence was measured using the AngioExpert devic e (Angionica, � âdź, 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 3 min [ 7].

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

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

� FImax—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 Imax and Bmean;

� Rmin —The relative drop in �uorescence = the di � erence between Bmean and FRmean;

� IRampl —The maximal range of changes in �uorescence = the sum of Rmin and Imax; and

� CImax—The relative (percentage) contribution of I max to IRampl [7].

��

 

Figure 1. Parameters describing the Flow Mediated Skin Fluorescence. Bmean—Mean value of the basal
�uorescence; FImax—Maximal �uorescence during ischemia; FR min —The �rst minimal �uorescence
value during reperfusion; I max—The net increase in �uorescence over the baseline during ischemia;
IRampl —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) 22.4� 4 �
Training experience

(years)
8 � 2.3 �

Height (cm) 178.1 � 7.3 178.1� 7.3
Weight (kg) 69.1 � 10.3 69� 10.3
BMI (kg /m2) 21.6� 2.3 21.6� 2.3

SBPrest (mmHg) 127.6 � 14.3 119.3� 10.8 ***
DBPrest (mmHg) 69.9 � 7.3 72.9� 9.3 *
SBPexerc (mmHg) 148 � 18.3 139.2� 16.3 **
DBPexerc (mmHg) 74.5 � 8.1 78.2� 8.1 *

VO2max (mL/min /kg) 58.8 � 8.6 59.5� 8.6
HRpeak (beats/min) 191.7� 8 191.9� 8.9

LA rest (mmol /L) 1.2 � 0.5 1.0� 0.3 **
LA max (mmol /L) 9.9 � 1.5 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; VO2max (mL/min /kg)� maximal oxygen uptake; HR peak� peak heart rate; LA rest� 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%; FImax increased from 685.8 to 742.4, 8% and FRmin 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; FImax—Changes in maximal �uorescence during ischemia;
FRmin —Changes in the �rst minimal �uorescence value during reperfusion. Values are means (SD).
A two-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�cant di � erences
between before and after training # p < 0.001,z p < 0.01,§ p < 0.05.

3.3. Calculated Parameters

The values of the calculated parameters are presented in Figure4. 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. Imax 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 Rmin were higher after than before training (pre-exercise 50% and post-exercise 60%).

The IRampl 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; post-exercise from 148.6 to 222.4, 50% increase).
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The values of CImax 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. I max—Changes in the net increase
in �uorescence over the baseline during ischemia; IR ampl —Changes in the amplitude of �uorescence
change during ischemia and reperfusion; R min —Changes in the net reduction in �uorescence below
the baseline; CImax – Changes in Imax/IRampl ratio. Values are means (SD). A two-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�cant di � erences between before and
after training # p < 0.001,z 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 E� ect 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 2max 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�cantly a � 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, FImax, FRmin ). The post-training increase in Bmean,
FImax, and FRmin 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]. It is
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 I max parameter, related to �uorescence intensity, decreased after
exercise and that the Rmin 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 NADH to a su � 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 max) 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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