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�(�Q�� �U�D�L�V�R�Q�� �G�H�� �O�¶�D�X�J�P�H�Q�W�D�W�L�R�Q�� �G�H�� �O�D�� �G�H�P�D�Q�G�H�� �P�R�Q�G�L�D�O�H�� �H�Q�� �S�U�R�W�p�L�Q�H�V�� �D�Q�L�P�D�O�H�V���� �G�H�V�� �T�X�H�V�W�L�R�Q�V��

autour de leur impact sur la santŽ des consommateurs se sont largement posŽes. Dans ce 

contexte, plusieurs Žtudes scientifiques sugg•rent que l'alimentation, et en particulier les 

�U�p�J�L�P�H�V���U�L�F�K�H�V���H�Q���S�U�R�W�p�L�Q�H�V���� �M�R�X�H�U�D�L�H�Q�W���X�Q���U�{�O�H�� �P�D�M�H�X�U���G�D�Q�V���O�¶�D�S�S�D�U�L�W�L�R�Q���H�W���O�H���G�p�Y�H�O�R�S�S�H�P�H�Q�W����

de nombreuses pathologies via �Q�R�W�D�P�P�H�Q�W�� �O�¶�H�[�S�R�V�L�W�L�R�Q�� �j�� �G�L�Y�H�U�V�H�V�� �V�X�E�V�W�D�Q�F�H�V�� �F�K�L�P�L�T�X�H�V��

toxiques [1,2] dŽsignŽes sous le terme de micropolluants.  

Le transfert alimentaire des micropolluants est notamment induit par les pratiques exercŽes 

sur les productions animale et vŽgŽtale [3]. Le probl•me est critique pour les produits dŽrivŽs 

des animaux en raison de la tendance connue de ces matrices alimentaires ˆ bio-accumuler les 

contaminants toxiques tels que les micropolluants environnementaux, les mycotoxines ou les 

antibiotiques [4]. Bien que les micropolluants soient gŽnŽralement trouvŽs ˆ des niveaux de 

traces dans les produits carnŽs, ils peuvent constituer un danger pour la santŽ humaine ˆ la 

�V�X�L�W�H���G�¶�X�Q�H��exposition chronique.  

�-�X�V�T�X�¶�j�� �S�U�p�V�H�Q�W���� �O�H�V�� �V�R�O�X�W�L�R�Q�V�� �D�Q�D�O�\�W�L�T�X�H�V�� �P�L�V�H�V�� �H�Q�� �°�X�Y�U�H�� �S�R�X�U�� �D�V�V�X�U�H�U�� �O�H�� �F�R�Q�W�U�{�O�H�� �F�K�L�P�L�T�X�H��

des aliments sont le plus souvent basŽes sur les techniques classiques employŽes par les 

laboratoires nationaux de rŽfŽrence qui ciblent spŽcifiquement les micropolluants ou leurs 

rŽsidus dans les aliments et les tissus animaux [5]. Si les performances de ces mŽthodes les 

rendent parfaitement adaptŽes aux mesures ponctuelles rŽclamŽes par les autoritŽs sanitaires 

dans le cadre des plans de surveillance et de contr™le (PSPC), elles sont souvent couteuses et 

�O�R�X�U�G�H�V�� �j�� �P�H�W�W�U�H�� �H�Q�� �°�X�Y�U�H�� �H�W�� �G�H�� �F�H�� �I�D�L�W�� �L�Q�D�G�D�S�W�p�H�V�� �D�X�[�� �E�H�V�R�L�Q�V�� �H�Q�� �F�R�Q�W�U�{�O�H�V�� �G�H�� �U�R�X�W�L�Q�H��

frŽquents pour assurer plus systŽmatiquement la sŽcuritŽ chimique des aliments [6]. 

Pour pallier les contraintes des mŽthodes de rŽfŽrence, de nouvelles approches Žmergent. 

Parmi elles, des approches toxico-gŽnomiques qui consistent ˆ analyser les diffŽrents profils 

gŽnomiques [7], transcriptomiques [8], lipidomiques [9], protŽomiques [10] et 

mŽtabolomiques [11] dans les tissus et les fluides des animaux exposŽs aux micropolluants 

dans le but de rŽvŽler des marqueurs prometteurs pour tracer la contamination.  

�&�¶�H�V�W�� �Q�R�W�D�P�P�H�Q�W�� �V�X�U�� �F�H�� �Y�R�O�H�W�� �H�[�S�O�R�U�D�W�R�L�U�H�� �T�X�H�� �V�H�� �S�R�V�L�W�L�R�Q�Q�H�� �O�D�� �W�k�F�K�H�� �:�3���� �G�X�� �S�U�R�M�H�W��

pluridisciplinaire �6�2�0�(�$�7�� ���6�D�I�H�W�\�� �R�I�� �2�U�J�D�Q�L�F�� �0�H�D�W���� �G�D�Q�V�� �O�D�T�X�H�O�O�H�� �V�¶�L�Q�V�F�U�L�W�� �F�H�� �W�U�D�Y�D�L�O�� �G�H��

th•se.  

Le projet SOMEAT n¡ANR-12-ALID -0004 a pour ambition de fournir des donnŽes 

scientifiques objectives pour Žvaluer les bŽnŽfices et risques Žventuels des syst•mes de 
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production de viande biologique au regard de leurs teneurs en contaminants. Le projet donne 

Žgalement un nouvel Žclairage sur les dŽterminants socio-Žconomiques de la consommation 

de viandes biologiques et propose des approches originales pour tracer les contaminations le 

long des cha”nes de production des viandes [5] . SOMEAT est un projet combinant les 

recherches fondamentale et industrielle, qui int•gre les trois piliers de la durabilitŽ des 

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

chimie des contaminants, l'ingŽnierie des aliments, la toxicologie cellulaire et molŽculaire, 

�O�
�p�Y�D�O�X�D�W�L�R�Q���G�H�V���U�L�V�T�X�H�V�����O�¶�p�F�R�Q�R�P�L�H�����O�H�V���D�S�S�U�R�F�K�H�V���©���R�P�L�T�X�H�V���ª���H�W���O�D���F�K�L�P�L�R�P�p�W�U�L�H�� 

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

(INRA, AgroParisTech), des laboratoires nationaux de rŽfŽrence (ANSES, ONIRIS) et les 

trois principaux instituts techniques fran•ais spŽcialisŽs dans la production de viande (IFIP, 

�,�7�$�9�,�� �H�W�� �,�'�(�/�(������ �O�¶�R�E�M�H�F�W�L�I�� �G�H�� �O�D�� �W�k�F�K�H�� �:�3���� �p�W�D�L�W�� �G�H�� �G�p�Y�H�O�R�S�S�H�U�� �G�H�� �Q�R�X�Y�H�O�O�H�V�� �P�p�W�K�R�G�H�V��

basŽe�V���V�X�U���O�H���S�U�R�I�L�O�D�J�H���G�H���P�D�U�T�X�H�X�U�V���T�X�L���S�H�U�P�H�W�W�U�R�Q�W���G�H���W�U�D�F�H�U���O�¶�H�[�S�R�V�L�W�L�R�Q���G�H�V���D�Q�L�P�D�X�[�� �D�X�[��

micropolluants.  

�3�D�U�P�L�� �O�H�V�� �D�S�S�U�R�F�K�H�V�� �D�E�R�U�G�p�H�V���� �F�H�� �W�U�D�Y�D�L�O�� �G�H�� �W�K�q�V�H�� �S�U�R�S�R�V�H�� �G�¶�H�[�D�P�L�Q�H�U�� �W�R�X�W�� �S�D�U�W�L�F�X�O�L�q�U�H�P�H�Q�W��

�O�¶�L�Q�W�p�U�r�W�� �G�H�� �O�D�� �Y�R�O�D�W�R�O�R�P�L�T�X�H�� �T�X�L�� �F�R�Q�V�L�V�W�H�� �j�� �G�p�W�H�U�P�L�Q�H�U�� �G�D�Q�V�� �G�H�V�� �R�U�J�D�Q�H�V�� �R�X�� �G�H�V�� �I�O�X�L�G�H�V��

�E�L�R�O�R�J�L�T�X�H�V���G�H�V���F�R�P�S�R�V�p�V���R�U�J�D�Q�L�T�X�H�V���Y�R�O�D�W�L�O�V�����&�2�9�V������ �P�D�U�T�X�H�X�U�V���G�R�Q�W���O�¶�D�E�R�Q�G�D�Qce pourrait 

selon des travaux prŽliminaires, •tre significativement modulŽe par des affections ou des 

�F�R�Q�W�D�P�L�Q�D�W�L�R�Q�V���� �/�H�V�� �&�2�9�V�� �R�Q�W�� �I�D�L�W�� �O�¶�R�E�M�H�W�� �G�H�� �Q�R�P�E�U�H�X�[�� �W�U�D�Y�D�X�[�� �G�H�� �U�H�F�K�H�U�F�K�H�� �G�H�� �P�D�U�T�X�H�X�U�V��

prometteurs pour diagnostiquer des pathologies et notamment des cancers [11-18]. Ces 

�D�X�W�H�X�U�V�� �V�X�J�J�q�U�H�Q�W�� �T�X�¶�X�Q�H�� �H�[�S�R�V�L�W�L�R�Q�� �j�� �K�D�X�W risque, comme une exposition ˆ des 

�P�L�F�U�R�S�R�O�O�X�D�Q�W�V���� �S�U�R�Y�R�T�X�H�� �X�Q�� �V�W�U�H�V�V�� �R�[�\�G�D�W�L�I�� �D�X�� �Q�L�Y�H�D�X�� �F�H�O�O�X�O�D�L�U�H�� �H�W�� �L�Q�G�X�L�W�� �O�¶�D�F�W�L�Y�L�W�p�� �G�H��

certaines enzymes de dŽtoxification, ce qui conduit ˆ modifier le volatolome des organes de 

dŽtoxification comme le foie. Les travaux de Berge et al. (2011) confirment le potentiel 

�L�Q�I�R�U�P�D�W�L�I�� �G�X�� �Y�R�O�D�W�R�O�R�P�H�� �K�p�S�D�W�L�T�X�H�� �S�R�X�U�� �U�p�Y�p�O�H�U�� �O�¶�H�[�S�R�V�L�W�L�R�Q�� �G�¶�D�Q�L�P�D�X�[�� �G�¶�p�O�H�Y�D�J�H�� �D�X�[��

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

�P�L�F�U�R�S�R�O�O�X�D�Q�W�V���G�D�Q�V���O�¶�R�U�J�D�Q�H��[19]. 

Trois matrices biologiques �V�R�Q�W�� �F�L�E�O�p�H�V�� �S�R�X�U�� �U�H�F�K�H�U�F�K�H�U�� �G�H�V�� �&�2�9�V�� �P�D�U�T�X�H�X�U�V�� �G�¶�H�[�S�R�V�L�W�L�R�Q����

�'�¶�D�E�R�U�G���� �O�H�� �I�R�L�H�� �H�V�W�� �O�¶organe de dŽtoxification des substances toxiques, o• celles-ci 

dŽclencheraient une modulation de la composition hŽpatique en COVs [20].  

Ensuite, le plasma est le fluide de transfert qui transporte les mŽtabolites volatils gŽnŽrŽs 

notamment par les organes de dŽtoxification dans la circulation sanguine. Compte tenu de son 

caract•re moins �L�Q�Y�D�V�L�I�����O�¶�D�Q�D�O�\�V�H���G�H���P�D�U�T�X�H�X�U�V���Y�R�O�D�W�L�O�V���G�D�Q�V���O�H���V�D�Q�J���D���I�D�L�W���O�¶�R�E�M�H�W���G�H���S�O�X�V�L�H�X�U�V��

Žtudes mŽtabolomiques [21] au cours des derni•res annŽes pour rŽvŽler des pathologies 
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[22,23]�����R�X���O�¶�H�[�S�R�V�L�W�L�R�Q���D�X�[���P�L�F�U�R�S�R�O�O�X�D�Q�W�V��[9,24]. La recherche de marqueurs volatils dans le 

plasma pourrait ouvrir la voie ˆ un diagnostic moins �L�Q�Y�D�V�L�I�� �H�W�� �L�Q�� �Y�L�Y�R�� �G�H�� �O�¶�H�[�S�R�V�L�W�L�R�Q�� �D�X�[��

�P�L�F�U�R�S�R�O�O�X�D�Q�W�V���F�K�H�]���O�¶�D�Q�L�P�D�O���H�W���j���W�H�U�P�H���F�K�H�] �O�¶�K�R�P�P�H. 

Enfin, les tissus adipeux �V�R�Q�W�� �O�H�V�� �W�L�V�V�X�V�� �G�H�� �V�W�R�F�N�D�J�H�� �H�W�� �G�¶�D�F�F�X�P�X�O�D�W�L�R�Q�� �G�H�V�� �P�L�F�U�R�S�R�O�O�X�D�Q�W�V��

�G�X�U�D�Q�W�� �O�D�� �Y�L�H�� �G�H�� �O�¶�D�Q�L�P�D�O����En effet, le suivi des composŽs volatils dont certains sont les 

produits finis du mŽtabolisme des acides gras, pourrait rŽvŽler les changements 

�Y�R�O�D�W�R�O�R�P�L�T�X�H�V���J�p�Q�p�U�p�V���S�D�U���O�¶�H�[�S�R�V�L�W�L�R�Q���D�X�[���P�L�F�U�R�S�R�O�O�X�D�Q�W�V�����'�H�V���p�W�X�G�H�V���X�O�W�p�U�L�H�X�U�H�V���R�Q�W���X�W�L�O�L�V�p��

les COVs dans les tissus adipeux pour souligner des diffŽrenc�H�V���G�H���S�U�R�W�R�F�R�O�H�V���G�¶�D�O�L�P�H�Q�W�D�W�L�R�Q 

�H�W�� �G�H�� �S�U�D�W�L�T�X�H�V�� �G�¶�p�O�H�Y�D�J�H�� �F�K�H�]�� �O�H�V�� �D�Q�L�P�D�X�[��[25,26]. Ainsi, l�¶�L�G�H�Q�W�L�I�L�F�D�W�L�R�Q�� �G�H�V�� �P�D�U�T�X�H�X�U�V��

�Y�R�O�D�W�L�O�V���G�D�Q�V���F�H�V���W�L�V�V�X�V���S�H�U�P�H�W�W�U�D�L�W���G�H���V�X�L�Y�U�H���O�D���W�U�D�F�H���G�H���O�¶�Hxposition aux micropolluants dans 

les produits alimentaires. 

Pour analyser ces composŽs volatils de faibles poids molŽculaires dans ces tissus et fluides 

biologiques, la microextraction en �S�K�D�V�H���V�R�O�L�G�H�����6�3�0�(�����H�V�W���D�X�M�R�X�U�G�¶�K�X�L���O�D���P�p�W�K�R�G�H���G�H���F�K�R�L�[��

[27]. Cette technique, con•ue par Pawliszyn en 1989, est basŽe sur une prŽ-concentration des 

�&�2�9�V�� �V�X�U�� �X�Q�H�� �I�L�E�U�H�� �V�X�U�� �O�D�T�X�H�O�O�H�� �L�O�V�� �Y�L�H�Q�Q�H�Q�W�� �V�¶�D�G�V�R�U�E�H�U��[28]. Cette mŽthode prŽsente de 

�Q�R�P�E�U�H�X�[���D�Y�D�Q�W�D�J�H�V���H�Q���W�H�U�P�H�V���G�H���V�H�Q�V�L�E�L�O�L�W�p�����G�H���U�D�S�L�G�L�W�p�����G�¶�D�X�W�R�P�D�W�L�V�D�W�L�R�Q�����G�H���P�L�V�H���H�Q���°�X�Y�U�H����

�H�W���G�H���P�D�Q�L�S�X�O�D�W�L�R�Q���P�L�Q�L�P�D�O�H���G�H�V���p�F�K�D�Q�W�L�O�O�R�Q�V���D�Y�D�Q�W���O�¶�D�Q�D�O�\�V�H��[29]�����&�H�S�H�Q�G�D�Q�W�����L�O���Q�¶�H�[�L�V�W�H���S�D�V��

de procŽdure �X�Q�L�Y�H�U�V�H�O�O�H���G�¶�H�[�W�U�D�F�W�L�R�Q���S�D�U���6�3�0�(���D�G�D�S�W�p�H���j���O�¶�H�[�W�U�D�F�W�L�R�Q���G�H�V���&�2�9�V���G�D�Q�V���W�R�X�W�H�V��

�O�H�V�� �P�D�W�U�L�F�H�V�� �E�L�R�O�R�J�L�T�X�H�V���� �&�H�F�L�� �V�R�X�O�L�J�Q�H�� �O�¶�L�P�S�R�U�W�D�Q�F�H�� �G�¶�X�Q�H�� �p�W�D�S�H�� �G�¶�R�S�W�L�P�L�V�D�W�L�R�Q�� �G�H�V��

�S�D�U�D�P�q�W�U�H�V�� �T�X�L�� �S�H�X�Y�H�Q�W�� �L�Q�I�O�X�H�Q�F�H�U�� �O�¶�H�I�I�L�F�D�F�L�W�p�� �G�¶�H�[�W�U�D�F�W�L�R�Q�� �S�D�U�� �6�3�0�(�� �H�W�� �T�X�L�� �G�R�L�Y�H�Q�W�� �r�W�U�H��

dŽter�P�L�Q�p�V���V�H�O�R�Q���O�D���P�D�W�U�L�F�H���H�W���O�¶�p�W�X�G�H���P�L�V�H���H�Q���°�X�Y�U�H��[30].  

�&�R�Q�F�H�U�Q�D�Q�W�� �O�¶�D�Q�D�O�\�V�H�� �G�H�V�� �G�R�Q�Q�p�H�V���� �� �O�H�V�� �D�S�S�U�R�F�K�H�V�� �F�K�L�P�L�R�P�p�W�U�L�T�X�H�V�� �F�O�D�V�V�L�T�X�H�V�� �Q�H�� �S�H�U�P�H�W�W�H�Q�W��

pas une exploitation compl•te des donnŽes acquises en mŽtabolomique. Particuli•rement, la 

stratŽgie qui consiste ˆ utiliser une analyse de la variance pour sŽlectionner des mŽtabolites 

intŽressants avant de rŽaliser une Analyse en Composantes Principales (ACP) sur ces 

variables (parfois appelŽe ANOVA-�$�&�3�����D���p�W�p���O�D�U�J�H�P�H�Q�W���X�W�L�O�L�V�p�H�����&�H�W�W�H���P�p�W�K�R�G�H���V�¶�H�V�W���D�YŽrŽe 

performante pour traiter les diffŽrences entre un groupe contr™le et un groupe distinguŽ par 

une pathologie [15] ou une exposition ˆ certains types de micropolluants [19]. Toutefois, elle 

�Q�H�� �S�H�U�P�H�W�� �S�D�V�� �G�¶�p�W�X�G�L�H�U�� �O�H�V�� �L�Q�W�H�U�D�F�W�L�R�Q�V�� �H�Q�W�U�H�� �S�O�X�V�L�H�X�U�V�� �J�U�R�X�S�H�V�� �G�¶�p�F�K�D�Q�W�L�Olons, notamment 

indispensables pour Žvaluer la spŽcificitŽ des marqueurs mis en Žvidence. Un des grands dŽfis 

actuel est de trouver de nouvelles approches rapides et performantes pour traiter les donnŽes 

omiques. La chimiomŽtrie moderne, basŽe sur des outi�O�V�� �G�¶�D�Q�D�O�\�V�H�V�� �P�X�O�W�L�Y�D�U�L�p�H�V���� �D�� �D�L�G�p�� �D�X��

�G�p�Y�H�O�R�S�S�H�P�H�Q�W�� �G�H�� �Q�R�X�Y�H�O�O�H�V�� �P�p�W�K�R�G�H�V�� �S�H�U�W�L�Q�H�Q�W�H�V���� �/�¶�$�Q�D�O�\�V�H�� �H�Q�� �&�R�P�S�R�V�D�Q�W�H�V�� �&�R�P�P�X�Q�H�V��

(ACC) est une variante �G�H�� �O�¶�$�Q�D�O�\�V�H�� �H�Q�� �&�R�P�S�R�V�D�Q�W�H�V�� �&�R�P�P�X�Q�H�V�� �H�W�� �3�R�L�G�V�� �6�S�p�F�L�I�L�T�X�H�V��
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(Common Components and Specific Weights Analysis, ComDim) con•ue pour extraire des 

�L�Q�I�R�U�P�D�W�L�R�Q�V���j���S�D�U�W�L�U���G�¶�X�Q�H���P�D�W�U�L�F�H���X�Q�L�T�X�H���H�Q���W�U�D�L�W�D�Q�W���F�K�D�T�X�H���Y�D�U�L�D�E�O�H���S�D�U���X�Q���V�H�X�O���E�O�R�F����[31]. 

�3�O�X�V�L�H�X�U�V�� �p�W�X�G�H�V�� �R�Q�W�� �G�p�P�R�Q�W�U�p�� �O�D�� �S�H�U�I�R�U�P�D�Q�F�H�� �G�¶�$�&�&�� �S�R�X�U�� �W�U�D�L�W�H�U�� �O�H�V�� �G�R�Q�Q�p�H�V��

mŽtabolomiques [31,32].  

�'�D�Q�V�� �F�H�� �F�R�Q�W�H�[�W�H���� �X�Q�H�� �F�R�P�S�D�U�D�L�V�R�Q�� �G�H�� �O�D�� �S�H�U�I�R�U�P�D�Q�F�H�� �G�¶�$�&�&�� �S�D�U�� �U�D�S�S�R�U�W�� �D�X�[�� �P�p�W�K�R�G�H�V��

�H�[�S�O�R�U�D�W�R�L�U�H�V�� �F�O�D�V�V�L�T�X�H�P�H�Q�W�� �X�W�L�O�L�V�p�H�V���� �O�¶�$�Q�D�O�\�V�H�� �H�Q�� �&�R�P�S�R�V�D�Q�W�H�V�� �3�U�L�Q�F�L�S�D�O�H�V��(ACP) et 

�O�¶�$�Q�D�O�\�V�H�� �H�Q�� �&�R�P�S�R�V�D�Q�W�H�V�� �,�Q�G�p�S�H�Q�G�D�Q�W�H�V�� ���$�&�,���� �V�¶�D�Y�q�U�H�� �Q�p�F�H�V�V�D�L�U�H�� �S�R�X�U�� �G�p�W�H�U�P�L�Q�H�U�� �O�D��

�P�p�W�K�R�G�H���F�K�L�P�L�R�P�p�W�U�L�T�X�H���O�D���S�O�X�V���D�S�S�U�R�S�U�L�p�H���j���O�¶�H�[�S�O�R�L�W�D�W�L�R�Q���G�H�V���G�R�Q�Q�p�H�V���Y�R�O�D�W�R�O�R�P�L�T�X�H�V���� 

Pour rŽpondre aux objectifs de ce travail de th•se qui porte sur le recherche de marqueurs 

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

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

Le premier chapitre prŽsente une synth•se bibliographique articulŽe en trois axes. Le premier 

axe expose les diffŽrentes familles de micropolluants susceptibles de contaminer la chaine de 

production de la viande, et justifie plus particuli•rement le choix des micropolluants ciblŽs par 

ce travail de th•se. Le de�X�[�L�q�P�H�� �D�[�H�� �G�p�W�D�L�O�O�H�� �O�¶�L�Q�W�p�U�r�W�� �G�H�V�� �Q�R�X�Y�H�O�O�H�V�� �D�S�S�U�R�F�K�H�V��omiques 

comme alternatives aux mŽthodes classiquement employŽes par les laboratoires nationaux de 

rŽfŽrence pour contr™ler la contamination. Parmi ces approches, la volatolomique sera plus 

particuli•rement dŽveloppŽe. Le troisi•me axe expose les principaux verrous instrumentaux et 

�F�K�L�P�L�R�P�p�W�U�L�T�X�H�V���j���O�¶�D�Q�D�O�\�V�H���G�H�V���&�2�9�V���G�D�Q�V���O�H�V���P�D�W�U�L�F�H�V���E�L�R�O�R�J�L�T�X�H�V������ 

Le deuxi•me chapitre a pour objectif de proposer des dŽveloppements mŽthodologiques pour 

lever les verrous �D�Q�D�O�\�W�L�T�X�H�V���j���O�¶�D�Q�D�O�\�V�H���S�H�U�W�L�Q�H�Q�W�H���G�X���Y�R�O�D�W�R�O�R�P�H���G�H�V���W�L�V�V�X�V���D�Q�L�P�D�X�[���Y�L�V�p�V���H�W��

�X�Q�H���H�[�W�U�D�F�W�L�R�Q���G�H���O�¶�L�Q�I�R�U�P�D�W�L�R�Q���X�W�L�O�H���G�H�V���G�R�Q�Q�p�H�V���� �/�D���S�U�H�P�L�q�U�H���S�D�U�W�L�H���G�H���F�H���F�K�D�S�L�W�U�H���H�V�W���D�L�Q�V�L��

�F�R�Q�V�D�F�U�p�H�� �j�� �O�¶�D�G�D�S�W�D�W�L�R�Q�� �G�H�V�� �S�D�U�D�P�q�W�U�H�V�� �6�3�0�(�� �S�U�R�S�R�V�p�V�� �S�D�U�� �%�H�U�J�H��et al. (2011) [19] afin 

d'obtenir des extraits plus reprŽsentatifs tout en minimisant la variabilitŽ analytique et en 

�P�D�[�L�P�L�V�D�Q�W�� �O�D�� �V�H�Q�V�L�E�L�O�L�W�p�� �G�H�� �O�¶�H�[�W�U�D�F�W�L�R�Q�� �G�H�V�� �&�2�9�V�� ���D�U�W�L�F�O�H�� �������� �/�D�� �G�H�X�[�L�q�P�H�� �S�D�U�W�L�H�� �G�H�� �F�H��

chapitre porte sur le choix de stratŽgies de traitement des donnŽes volatolomiques ˆ travers 

une comparaison de trois  mŽthodes chimiomŽtriques non-supervisŽes ; Analyse en 

Composantes Principales (ACP), Analyse en Composantes IndŽpendantes (ACI) et Analyse 

en Composantes Communes (CCA), dans le but de dŽterminer la mŽthode la plus performante 

pour une exploitation maximale des donnŽes volatolomiques (article 2).  

�(�Q���V�¶�D�S�S�X�\�D�Q�W���V�X�U���F�H�V���G�p�Y�H�O�R�S�S�H�P�H�Q�W�V�����O�H���W�U�R�L�V�L�q�P�H���F�K�D�S�L�W�U�H���S�U�p�V�H�Q�W�H���O�H�V���U�p�V�X�O�W�D�W�V���G�H���O�¶�D�Q�D�O�\�V�H��

du volatolome dans le foie des animaux exposŽs et non-exposŽs aux micropolluants par 

chromatographie en phase gazeuse couplŽe ˆ la spectromŽtrie de masse afin �G�¶�L�G�H�Q�W�L�I�L�H�U�� �G�H�V��

marqueurs volatils pour diffŽrents scŽnarios rŽalistes de contamination animale (article 3). 
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�(�Q�I�L�Q���� �O�H�� �F�K�D�S�L�W�U�H�� ���� �G�p�Y�R�L�O�H�� �O�H�V�� �U�p�V�X�O�W�D�W�V�� �G�H�� �O�¶�D�Q�D�O�\�V�H prospective du volatolome dans le 

plasma et le tissu adipeux des m•mes animaux exposŽs ou non aux micropolluants (article 4).  

�/�¶�H�Q�V�H�P�E�O�H�� �G�H�V�� �U�p�V�X�O�W�D�W�V�� �H�W�� �G�H�V�� �S�H�U�V�S�H�F�W�L�Y�H�V�� �G�X�� �W�U�D�Y�D�L�O�� �V�H�U�R�Q�W�� �G�L�V�F�X�W�p�V�� �G�D�Q�V�� �O�D�� �V�H�F�W�L�R�Q��

discussion gŽnŽrale.  
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Cette synth•se bibliographique a pour objectif de comprendre les diffŽrents aspects de 

�O�¶�D�S�S�O�L�F�D�W�L�R�Q��de la volatolomique ˆ la recherche de marqueurs dans le foie, le plasma et le 

�W�L�V�V�X�� �D�G�L�S�H�X�[�� �D�I�L�Q�� �G�H�� �W�U�D�F�H�U�� �O�¶�H�[�S�R�V�L�W�L�R�Q�� �G�¶�D�Q�L�P�D�X�[�� �j�� �S�O�X�V�L�H�X�U�V�� �W�\�S�H�V�� �G�H�� �P�L�F�U�R�S�R�O�O�X�D�Q�W�V���� �/�D��

premi•re section prŽsente les principales familles de micropolluants ŽtudiŽs dans le cadre du 

�S�U�R�M�H�W���6�2�0�(�$�7���� �,�O�� �V�¶�D�J�L�W���G�H�� �V�X�E�V�W�D�Q�F�H�V�� �Fhimiques toxiques le plus souvent retrouvŽes dans 

les produits carnŽs et qui de ce fait pourraient reprŽsenter un danger pour la santŽ humaine. La 

�G�H�X�[�L�q�P�H���V�H�F�W�L�R�Q���S�U�p�V�H�Q�W�H���O�¶�L�Q�W�p�U�r�W���G�H�V���P�p�W�K�R�G�H�V���R�P�L�T�X�H�V���S�Rur tracer les contaminations des 

chaines alimentaires et �G�p�W�D�L�O�O�H�� �W�R�X�W�� �S�D�U�W�L�F�X�O�L�q�U�H�P�H�Q�W�� �O�¶�D�S�S�U�R�F�K�H�� �Y�R�O�D�W�R�O�R�P�L�T�X�H�� �S�R�X�U�� �O�D��

�U�H�F�K�H�U�F�K�H�� �G�H�� �P�D�U�T�X�H�X�U�V�� �G�¶�H�[�S�R�V�L�W�L�R�Q�� �G�¶�D�Q�L�P�D�X�[�� �j�� �G�H�V�� �P�L�F�U�R�S�R�O�O�X�D�Q�W�V����La troisi•me section 

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

traitement de ses donnŽes.  

 

I. Micropolluants  

 
Engel et al. (2015) [1] dŽtaillent les diffŽrentes classes de micropolluants ˆ risque dans une 

review intitulŽe ÇNovel approaches to improving the chemical safety of the meat chain 

towards toxicants È et publiŽe �G�D�Q�V���O�H���M�R�X�U�Q�D�O���µ�0�H�D�W���6�F�L�H�Q�F�H�¶.   

 

I.1. Principales familles de micopolluants dans la chaine de production de viande 
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I.2. Justification des micropolluants clŽs retenus dans le cadre de la th•se  

 

Dans le cadre du projet SOMEAT, une liste des principaux micropolluants ˆ risque des 

produits carnŽs ont ŽtŽ sŽlectionnŽs par les laboratoires nationaux de rŽfŽrence [3]. A partir de 

cette liste exhaustive de micropolluants frŽquemment retrouvŽs dans la chaine de production 

de la viande, huit  micropolluants appartenant ˆ diffŽrentes familles chimiques ont ŽtŽ retenus 

dans le cadre de ce travail th•se.  

Les diffŽrents micropolluants ŽtudiŽs, leurs familles et leurs formules chimiques sont listŽs 

dans le Tableau 1.  
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Micropolluants  Familles chimiques Formules chimiques 

Cadmium ElŽment mŽtallique trace 
 

PolychlorobiphŽnyles 

(PCBs) 

Contaminants 

environnementaux 

 

 

Lindane 

 

Pesticide 
 

 

DeltamŽthrine 

 

Pesticide 
 

 

Monensine 

 

Anticoccidien 

 

 

Ampicilline 

 

Antibiotique 

 

 

Fumonisine 

 

Mycotoxine 

 

 

ZŽaralŽnone 

 

Mycotoxine 

 

 

Tableau 1: Noms, familles et formules chimiques des micropolluants clŽs retenus dans le 

cadre de ce travail de th•se.  
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I.2.1. ElŽment mŽtallique trace : le cadmium 

  

Le cadmium est un mŽtal toxique, qui provient des batteries, des produits Žlectriques, des 

plastiques ou des dŽchets industriels. Il est prŽsent dans les sols, les eaux de surfaces et les 

plantes, et il est facilement mobilisŽ par des activitŽs humaines. La contamination de 

�O�¶�H�Q�Y�L�U�R�Q�Q�H�P�H�Q�W�� �S�D�U�� �O�H�� �F�D�G�P�L�X�P�� �H�V�W�� �X�Q�H�� �S�U�p�R�F�F�X�S�D�W�L�R�Q�� �L�Q�W�H�U�Q�D�W�L�R�Q�D�O�H�� �p�W�D�Q�W�� �G�R�Q�Q�p�� �O�H�� �U�L�V�T�X�H��

sanitaire couru par sa pŽnŽtration dans la chaine alimentaire [4]. Une fois absorbŽ, ce mŽtal 

�H�V�W���S�L�p�J�p���G�D�Q�V���O�H���F�R�U�S�V���H�W���V�¶�D�F�F�X�P�X�O�H���S�U�p�I�p�U�H�Q�W�L�H�O�O�H�P�H�Q�W���G�D�Q�V���O�H���U�H�L�Q���H�W���O�H���I�R�L�H��[5], une faible 

partie ingŽrŽe est excrŽtŽe via les f•ces et la bile [6]. Cet ŽlŽment mŽtallique est hŽpatotoxique, 

cardio-myopathique, et neurotoxique [4].  

De nos jours, la prŽsence des mŽtaux lourds est strictement r•glementŽe (Commission 

EuropŽenne, 2006).  La connaissance de la contamination Žventuelle des aliments par le 

�F�D�G�P�L�X�P�� �H�V�W�� �U�H�Q�I�R�U�F�p�H�� �S�D�U�� �O�¶�(�W�X�G�H�� �G�H�� �O�¶�$�O�L�P�H�Q�W�D�W�L�R�Q�� �7�R�W�D�O�H�� ���(�$�7�� ������ �T�X�L�� �D��revelŽ une 

augmentation des concentrations moyennes du cadmium pour presque tous les aliments en 

�F�R�P�S�D�U�D�L�V�R�Q�� �D�Y�H�F�� �F�H�O�O�H�V�� �R�E�W�H�Q�X�H�V�� �S�D�U�� �O�¶�(�$�7�� ������ �&�H�S�H�Q�G�D�Q�W���� �O�H�V�� �W�H�Q�H�X�U�V�� �G�H�� �O�¶�(�$�7�� ���� �V�R�Q�W�� �G�X��

�P�r�P�H�� �R�U�G�U�H�� �G�H�� �J�U�D�Q�G�H�X�U�� �T�X�H�� �O�H�V�� �S�O�D�Q�V�� �G�H�� �V�X�U�Y�H�L�O�O�D�Q�F�H�� �G�H�� �O�¶�,�Q�V�W�L�W�X�W�� �G�H�� �5�H�F�K�H�U�F�K�H�� �H�Q��

Technologies Agro-alimentaires des CŽrŽales (2000-2010) et les plans de surveillance 

communautaires pour les produits cŽrŽaliers et le chocolat. 

Par ailleurs, les mammif•res sont moins tolŽrants au cadmium que les oiseaux, ces derniers 

peuvent •tre exposŽs ˆ des doses alimentaires tr•s supŽrieures ˆ la rŽglementation fixŽe ˆ 0.5 

mg.kg-1 �G�¶�D�O�L�P�H�Q�W���S�D�U���O�H���U�q�J�O�H�P�H�Q�W�����(�&�����1�R���������������������V�D�Q�V���D�E�D�L�V�V�H�P�H�Q�W���G�H�V���S�H�U�I�R�U�P�D�Q�F�H�V���G�H��

croissance ou de ponte [5].  

 

I.2.2. Micropolluants environnementaux : les PCBs 

 

Les polychlorobiphŽnyles (PCBs) sont des polluants organiques persistants qui forment une 

famille de 209 composŽs aromatiques organochlorŽs dŽrivŽs du biphŽnyle. Ils sont synthŽtisŽs 

industriellement et chimiquement semblables aux dioxines. Il existe deux grandes familles de 

PCBs : les PCBs de type dioxines, appelŽs PCBs dioxin-like ou PCBs-DL et les PCB de type 

non dioxines, appelŽs PCBs non dioxin-like ou PCBs-NDL. Les PCBs sont des composŽs 

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

animaux [7,8]. 
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En 2013, le Centre International de Recherche sur le Cancer (CIRC) a classŽ les PCBs comme 

des cancŽrog•nes de premier groupe. Compte tenu de leur toxicitŽ et de leur accumulation 

dans les produits animaux (EFSA, 2012), les PCBs-NDL sont classŽs parmi les contaminants 

prŽoccupants. RŽcemment, les concentrations des PCBs ont ŽtŽ rŽglementŽes dans les 

aliments des animaux par le r•glement (EC) No 32/2002 ˆ un niveau maximal de 10 µg.kg-1 et 

dans les produits animaux par le r•glement (EC) 1881/2006 amendŽ par le r•glement EU No 

1259/2011 ˆ un niveau maximal de 40 µg.kg-1.  

�/�H�V�� �U�p�V�X�O�W�D�W�V�� �G�H�V�� �S�O�D�Q�V�� �G�H�� �V�X�U�Y�H�L�O�O�D�Q�F�H�� �U�p�D�O�L�V�p�V�� �S�D�U�� �O�¶�(�$�7�� ���� �R�Q�W�� �P�R�Q�W�U�p�� �X�Q�H�� �U�p�G�X�F�W�L�R�Q��

�L�P�S�R�U�W�D�Q�W�H���G�H�� �O�¶�H�[�S�R�V�L�W�L�R�Q�� �G�H�� �O�D�� �S�R�S�X�O�D�W�L�R�Q�� �I�U�D�Q�o�D�L�V�H�� �D�X�[�� �3�&�%�V�� �S�D�U�� �U�D�S�S�R�U�W�� �D�X�[�� �S�U�p�F�p�G�H�Q�W�H�V��

Žvaluations rŽalisŽes p�D�U�� �O�¶�$�J�H�Q�F�H�� �)�U�D�Q�o�D�L�V�H�� �G�H�� �6�p�F�X�U�L�W�p�� �6�D�Q�L�W�D�L�U�H�� �G�H�V�� �$�O�L�P�H�Q�W�V�� ���$�)�6�6�$����

2005b, 2007). Cette tendance est cohŽrente avec la diminution de la prŽsence des PCBs dans 

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

et nationales qui ciblent la rŽduction de la contamination par les PCBs. Cependant, une 

proportion faible mais significative (< 5%) des consommateurs prŽsente des valeurs 

�G�¶�H�[�S�R�V�L�W�L�R�Q�� �T�X�L�� �G�p�S�D�V�V�H�Q�W�� �O�H�V�� �Y�D�O�H�X�U�V�� �W�R�[�L�F�R�O�R�J�L�T�X�H�V�� �G�H�� �U�p�I�p�U�H�Q�F�H�� ���9�7�5�� ; il convient donc 

�G�H���S�R�X�U�V�X�L�Y�U�H���O�H�V���H�I�I�R�U�W�V���S�R�X�U���O�L�P�L�W�H�U���O�¶�H�[�S�R�V�L�W�L�R�Q���D�X�[���3�&�%�V���� 

 

I.2.3. Produits vŽtŽrinaires : monensine et ampicilline 

 

Dans le cadre de notre Žtude, deux produits vŽtŽrinaires ont ŽtŽ sŽlectionnŽs parmi une liste de 

75 antimicrobiens de diffŽrentes familles (pŽnicillines, cŽphalosporines, tŽtracyclines, 

macrolides, polypeptides,...) et 10 anticoccidiens (chimiques et polyŽthers) ŽtudiŽs par 

Dervilly-Pinel et al. (2017) [3]�����,�O���V�¶�D�J�L�W���G�¶�X�Q���D�Q�W�L�F�R�F�F�L�G�L�H�Q�����Oa monensine �H�W���G�¶�X�Q���D�Q�W�L�E�L�R�W�L�T�X�H����

�O�¶�D�P�S�L�F�L�O�O�L�Q�H���� 

 

Monensine. La monensine a ŽtŽ approuvŽe comme un traitement pour les coccidiens chez les 

volailles [9]. La monensine �H�V�W�� �X�Q�� �V�H�O�� �S�R�O�\�p�W�K�H�U�� �G�H�� �O�¶�D�F�L�G�H�� �P�R�Q�R�F�D�U�E�R�[�\�O�L�T�X�H���� �,�O�� �V�¶�D�J�L�W�� �G�¶�X�Q��

ionophore, une petite molŽcule fabriquŽe par un microbe ressemblant ˆ un champignon appelŽ 

�6�W�U�H�S�W�R�P�\�F�H�V���S�R�X�U���V�H���G�p�I�H�Q�G�U�H�� �F�R�Q�W�U�H���G�¶�D�X�W�U�H�V���P�L�F�U�R�E�H�V���� �S�U�L�Q�F�L�S�D�O�H�P�H�Q�W���G�H�V���E�D�F�W�p�U�L�H�V���H�W���G�H�V��

protozoaires. Les ionophores agisse�Q�W���F�R�P�P�H���p�F�K�D�Q�J�H�X�U�V���G�¶�L�R�Q�V�����V�R�G�L�X�P�����S�R�W�D�V�V�L�X�P�����F�D�O�F�L�X�P��

et hydrog•ne) entre les bactŽries et son milieu, un dŽsŽquilibre ionique est ainsi crŽŽ finissant 

par Žpuiser et tuer les bactŽries.  
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La monensine amŽliore la synth•se de l'acide propionique chez le ruminant et diminue la 

dŽgradation des protŽines, ce qui se traduit par une meilleure performance des protŽines et de 

l'Žnergie mŽtabolique [10].  

L'utilisation des anticoccidiens dans le rŽgime alimentaire des animaux est surveillŽe 

(Commission des CommunautŽs EuropŽennes, 2008) pour Žviter la contamination des 

produits animaux proposŽs aux consommateurs. La prŽsence de la monensine est rŽglementŽe 

par le r•glement (EC) No 124/2009 fixant le niveau maximal ˆ 125 mg.kg-1 dans les aliments 

et 8 µg.kg-1 dans les foies de volatilles.  

 

Ampicilline. �/�¶�D�P�S�L�F�L�O�O�L�Q�H���H�V�W���X�Q���D�Q�W�L�E�L�R�W�L�T�X�H���D�S�S�D�U�W�H�Q�D�Q�W���j���O�D���I�D�P�L�O�O�H���G�H�V���S�p�Q�L�F�L�O�O�L�Q�H�V�����H�O�O�H���H�V�W��

utilisŽe pour lutter contre les bactŽries Gram positive et Gram nŽgative chez les volailles. Par 

ailleurs, elle est largement utilisŽe pour les traitements vŽtŽrinaires prŽventifs contre les 

infections bactŽriales comme la gastro-�L�Q�W�H�V�W�L�Q�D�O�H�����O�¶�X�U�R�J�p�Q�L�W�D�O�H�����H�W���O�H�V���L�Q�I�H�F�W�L�R�Q�V���F�X�W�D�Q�p�H�V��[11]. 

L�¶�D�P�S�L�F�L�O�O�L�Q�H�� �H�V�W�� �H�P�S�O�R�\�p�H�� �S�R�X�U�� �W�U�D�L�W�H�U�� �O�H�V�� �L�Q�I�H�F�W�L�R�Q�V�� �S�U�R�Y�R�T�X�p�H�V�� �S�D�U�� �O�¶�(�V�F�K�H�U�L�F�K�L�D�� �F�R�O�L���� �O�D��

Salmonellose, et la  Klebsiella chez les poulets [12]���� �'�R�W�p�H�� �G�¶�X�Q�� �S�R�W�H�Q�W�L�H�O�� �G�¶�D�E�V�R�U�S�W�L�R�Q��

�L�Q�W�H�V�W�L�Q�D�O�H�� �H�W�� �G�¶�X�Q�H�� �U�p�V�L�V�W�D�Q�F�H�� �J�D�V�W�U�L�T�X�H�� �U�H�O�D�W�L�Y�H�P�H�Q�W�� �p�O�H�Y�p�V���� �O�¶�D�P�S�L�F�L�O�O�L�Q�H�� �H�V�W�� �O�H�� �V�H�X�O��

antibiotique qui peut •tre administrŽ dans une solution buvable pour traiter les infections 

gastro-intestinales [12]. Selon les recommandations de dosage disposŽes pour les volailles, 

une dose maximale de 10 mg.kg-1 �H�V�W���U�H�F�R�P�P�D�Q�G�p�H���D�Y�H�F���X�Q���G�p�O�D�L���G�¶�D�W�W�H�Q�W�H���G�H������ �M�R�X�U�V���D�Y�D�Q�W��

�O�¶�D�E�D�W�W�D�J�H���� 

 

I.2.4. Produits phytosanitaires : deltamŽthrine et lindane 

 

Les pesticides sont des produits utilisŽs pour le traitement des vŽgŽtaux qui peuvent 

reprŽsenter un probl•me pour la production de la viande suite ˆ leur transfert dans les tissus 

des animaux [13]. En rŽponse ˆ l'accumulation de leurs rŽsidus dans les aliments et les tissus, 

l'utilisation des pesticides a ŽtŽ fortement rŽduite et strictement rŽglementŽe (FDA, 2012).  

Selon la rŽcente Žtude publiŽe par Dervilly-Pinel et al. (2017) [3], une liste de 121 pesticides 

�V�R�Q�W���V�X�V�F�H�S�W�L�E�O�H�V���G�¶�r�W�U�H�� �S�U�p�V�H�Q�W�V���G�D�Q�V���O�D���F�K�D�L�Q�H�� �G�H���Sroduction de la viande. A partir de cette 

liste, deux pesticides, la deltamŽthrine et le lindane ont ŽtŽ sŽlectionnŽs dans le cadre de ce 

travail de th•se. 

DeltamŽthrine. La deltamŽthrine est un insecticide de la famille des pyrŽthrino•des [14]. Les 

pyrŽthrino•des synthŽtiques sont largement utilisŽs pour protŽger les cultures, ils sont connus 
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par leur photo-stabilitŽ et leur faible toxicitŽ chez les animaux.  

Initialement, la deltamŽthrine a ŽtŽ considŽrŽe comme un insecticide non toxique chez les 

mammif•res. Cependant, des effets toxiques ont ŽtŽ rŽcemment soulignŽs sur diffŽrents types 

de cellules, y compris des cellules neuronales et les thymocytes [15]���� �/�¶�X�W�L�O�L�V�D�W�L�R�Q�� �G�H�� �O�D��

deltamŽthrine est devenue strictement rŽglementŽe dans les aliments et les tissus des animaux, 

par la rŽglementation EuropŽenne (EU) No 524/2011, la limite maximale autorisŽe dans les 

aliments est fixŽe ˆ 2 mg.kg-1. 

 

Lindane. Le lindane (gamma-hexachlorocyclohexane) est un insecticide organochlorŽ utilisŽ 

�G�D�Q�V�� �O�H�V�� �W�U�D�L�W�H�P�H�Q�W�V�� �Y�p�W�p�U�L�Q�D�L�U�H�V�� �H�W�� �O�D�� �P�p�G�H�F�L�Q�H�� �S�R�X�U�� �W�U�D�L�W�H�U�� �O�¶�H�F�W�R�S�D�U�D�V�L�W�H�� �H�W�� �O�D�� �S�p�G�L�F�X�O�R�V�H����

Cette molŽcule orga�Q�R�F�K�O�R�U�p�H���H�V�W���G�¶�L�P�S�R�U�W�D�Q�F�H���F�R�Q�V�L�G�p�U�D�E�O�H���S�R�X�U���O�D���V�D�Q�W�p���S�X�E�O�L�T�X�H�����(�Q���G�p�S�L�W��

�G�H�V���U�H�V�W�U�L�F�W�L�R�Q�V���V�X�U���V�R�Q���X�W�L�O�L�V�D�W�L�R�Q�����H�O�O�H���G�H�P�H�X�U�H���S�U�p�V�H�Q�W�H���G�D�Q�V���O�¶�H�Q�Y�L�U�R�Q�Q�H�P�H�Q�W���H�W���O�H�V���S�U�R�G�X�L�W�V��

animaux [16]���� �(�Q�� �H�I�I�H�W���� �O�¶�L�Q�J�H�V�W�L�R�Q�� �G�X�� �O�L�Q�G�D�Q�H�� �H�V�W�� �O�D�� �Y�R�L�H�� �S�U�L�Q�F�L�S�D�O�H�� �T�X�L�� �H�Q�W�U�D�L�Q�H�� �V�D��

bioaccumulation dans les tissus biologiques et prŽfŽrentiellement dans le foie, le cerveau et 

les tissus adipeux [17]. Le lindane est responsable du dŽveloppement de plusieurs maladies de 

dysfonctionnements physiologiques [16] [18,19]. La limite maximale autorisŽe du lindane 

dans les aliments pour animaux est rŽgulŽe ˆ 0.2 mg.kg-1par la directive (EC) No 32/2002.  

 

I.2.5. Mycotoxines : fumonisines et zŽaralŽnone 

Les mycotoxines sont des contaminants naturels, non-anthropog•nes, produites par diverses 

esp•ces de champignons microscopiques telles que les moisissures. Leurs mŽtabolites 

poss•dent une action toxique immunosuppressive, hŽpatotoxique et neurotoxique chez les 

animaux et les humains [20]. La consommation des produits agricoles et les dŽrivŽs des 

produits animaux contaminŽs par les mycotoxines peut induire la transmission de ces 

�V�X�E�V�W�D�Q�F�H�V���F�K�H�]���O�¶�K�R�P�P�H��[21].  

 

Fumonisines (B1&B2). Les fumonisines sont principalement produites par les Fusarium 

verticillioides et les Fusarium proliferatum fungi [22]. Les fumonisines B1 et B2 sont les plus 

reprŽsentatives des fumonisines (Commision EuropŽenne, 2003) [23]. La fumonisine B1 est 

largement retrouvŽe dans les productions de ma•s (EHC, 2000). Cette mycotoxine est 

soup•onnŽe d'•tre impliquŽe dans le dŽveloppement de plusieurs types de cancers (JECFA, 

2001 ; �&�,�5�&�������������������3�D�U���D�L�O�O�H�X�U�V�����O�¶�H�[�S�R�V�L�W�L�R�Q���D�X�[���I�X�P�R�Q�L�V�L�Q�H�V���%���	�%�����D���p�W�p���P�D�U�T�X�p�H���S�D�U���X�Q�H��

toxicitŽ hŽpatique et rŽnale chez les dindes [24].  
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De nos jours, la teneur maximale tolŽrŽe pour les fumonisines (B1&B2) dans les aliments de 

volailles est fixŽe ˆ 20 mg.kg-1 par le r•glement (EC) No 576/ 2006. 

 

ZŽaralŽnone. Les champignons du genre Fusarium sont omniprŽsents dans les aliments, ils 

produisent des quantitŽs de zŽaralŽnone qui, lorsqu'elles sont ingŽrŽes ˆ faibles doses pendant 

une longue pŽriode pourraient induire des maladies [25]. La zŽaralŽnone est Žgalement un 

contaminant alimentaire largement prŽsent dans les aliments des animaux [26]. En raison des 

effets toxiques, hŽmato-toxiques, immuno-toxiques, gŽno-toxiques, et cancŽrog•nes pour 

plusieurs esp•ces vivantes, la zŽaralŽnone est considŽrŽe comme une mycotoxine de forte 

significativitŽ [27]. Par consŽquent, l'Žlimination de cette mycotoxine est un objet important 

pour la dŽsintoxication agricole. �'�¶�X�Q�� �D�X�W�U�H��c™tŽ, �O�H�V�� �U�p�V�X�O�W�D�W�V�� �G�H�� �O�¶�(�$�7�� ���� �R�Q�W�� �U�H�O�H�Y�p�� �X�Q�H��

�G�L�P�L�Q�X�W�L�R�Q�� �G�H�� �O�¶�H�[�S�R�V�L�W�L�R�Q�� �G�H�� �O�D�� �S�R�S�X�O�D�W�L�R�Q�� �j�� �O�D�� �]�p�D�U�D�O�p�Q�R�Q�H�� �S�D�U�� �U�D�S�S�R�U�W�� �D�X�[�� �U�p�V�X�O�W�D�W�V�� �G�H��

�O�¶�(�$�7�����J�U�k�F�H���j���O�D���U�p�J�X�O�D�W�L�R�Q�����(�&�����1�R�����������������������T�X�L���O�L�P�L�W�H���O�H���Q�L�Y�H�D�X���P�D�[�L�P�D�O���D�X�W�R�U�L�V�p���S�R�X�U��

cette mycotoxine dans les produits alimentaires ˆ 0.5 mg.kg-1.  

 

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

 

�'�H���Q�R�V���M�R�X�U�V�����O�H���F�R�Q�W�U�{�O�H���G�H�V���P�L�F�U�R�S�R�O�O�X�D�Q�W�V���G�D�Q�V���O�¶�D�O�L�P�H�Q�W�D�W�L�R�Q���K�X�P�D�L�Q�H���H�V�W���G�H�Y�H�Q�X���X�Q���H�Q�M�H�X��

de santŽ publique majeur [28,29]. �-�X�V�T�X�¶�j�� �S�U�p�V�H�Q�W���� �O�H�V�� �V�R�O�X�W�L�R�Q�V�� �D�Q�D�O�\�W�L�T�X�H�V �P�L�V�H�V�� �H�Q�� �°�X�Y�U�H��

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

nationaux de rŽfŽrence qui visent ˆ doser spŽcifiquement les contaminants et/ou leurs rŽsidus 

dans les aliments et/ou les tissus des animaux [30]. Ces mŽthodes de rŽfŽrence sont 

performantes et efficaces pour le contr™le ponctuel de la contamination dans le cadre des 

�S�O�D�Q�V�� �G�H�� �V�X�U�Y�H�L�O�O�D�Q�F�H�� �H�W�� �G�H�� �F�R�Q�W�U�{�O�H�� �P�L�V�� �H�Q�� �°�X�Y�U�H�� �Sar les agences de sŽcuritŽ sanitaire 

nationales (par ex. ANSES en France) et internationales (par exemple EFSA en Europe). 

�1�p�D�Q�P�R�L�Q�V�� �G�X�� �I�D�L�W�� �G�H�� �O�H�X�U�� �F�R�€�W�� �H�W�� �G�H�� �O�H�X�U�� �O�R�X�U�G�H�X�U�� �G�¶�X�W�L�O�L�V�D�W�L�R�Q���� �F�H�V�� �P�p�W�K�R�G�H�V�� �V�R�Q�W�� �V�R�X�Y�H�Q�W��

Žconomiquement inadaptŽes pour un contr™le systŽmatique de la contamination des chaines 

de production des aliments [31]. 
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II.1. Approches omiques 

 

II.1.1. Principe  

�3�R�X�U�� �S�D�O�O�L�H�U�� �O�H�V�� �F�R�Q�W�U�D�L�Q�W�H�V�� �G�H�� �F�H�V�� �P�p�W�K�R�G�H�V�� �G�¶�D�Q�D�O�\�V�H�V�� �F�O�D�V�V�L�T�X�H�V���� �X�Q�H�� �G�H�V�� �S�L�V�W�H�V�� �O�H�V�� �S�O�X�V��

sŽrieuses consistent ˆ utiliser les rŽcents progr•s des approches Ç omiques È. Celles-ci 

consistent ˆ analyser les profils gŽnomiques, transcriptomiques, protŽomiques, lipidomiques 

et mŽtabolomiques dans les tissus et les fluides des animaux exposŽs dans le but de rŽvŽler 

�G�H�V�� �P�D�U�T�X�H�X�U�V�� �G�¶�H�[�S�R�V�L�W�L�R�Q�� �D�X�[�� �V�X�E�V�W�D�Q�F�H�V�� �W�R�[�L�T�X�H�V��[32]���� �/�¶�L�G�p�H�� �G�H�� �E�D�Ve associŽe aux 

approches omiques consiste ˆ Žtudier la complexitŽ du syst•me vivant dans son ensemble, au 

moyen de mŽthodologies qui peuvent en particulier •tre utiles pour mettre en Žvidence des 

�P�D�U�T�X�H�X�U�V�� �G�H�� �S�D�W�K�R�O�R�J�L�H�V�� �R�X�� �G�¶�H�[�S�R�V�L�W�L�R�Q�� �D�X�[�� �P�L�F�U�R�S�R�O�O�X�D�Q�W�V�� �H�Q�� �P�H�W�W�D�Q�W�� �H�Q�� �°�X�Y�U�H�� �G�H��

nouvelles connaissances sur le plan mŽcanistique, ou en Žlaborant de nouveaux outils de 

toxicologies pour prŽdire et identifier des situations ˆ risques [33].  

 

Ces stratŽgies constituent une cascade comportant principalement (Figure1) : la gŽnomique 

qui consiste ˆ analyser les g•nes [34]�����O�D���W�U�D�Q�V�F�U�L�S�W�R�P�L�T�X�H���j���W�U�D�Y�H�U�V���O�¶�p�W�X�G�H���G�H���O�¶�H�[�S�U�H�V�V�L�R�Q���G�H�V��

g•nes et de leur rŽgulation [35]���� �O�D�� �S�U�R�W�p�R�P�L�T�X�H�� �S�D�U�� �O�¶�D�Q�D�O�\�V�H�� �G�H�V�� �S�U�R�W�p�L�Q�H�V [36], et la 

mŽtabolomique qui Žtudie les changements phŽnotypiques ˆ travers la rŽponse de plusieurs 

types de mŽtabolites [37]���� �/�¶�H�Q�V�H�P�E�O�H�� �G�H�� �F�H�V�� �D�S�S�U�R�F�K�H�V�� �S�H�U�P�H�W�� �G�¶�R�E�W�H�Q�L�U�� �G�H�� �Q�R�P�E�U�H�X�V�H�V��

informations sur les rŽponses cellulaires et tissulaires qui peuvent se produire dans 

�O�¶�R�U�J�D�Q�L�V�P�H���� 

 

�6�L�� �O�¶�p�Y�R�O�X�W�L�R�Q�� �G�H�� �O�D�� �J�p�Q�R�P�L�T�X�H�� �j�� �O�D�� �S�U�R�W�p�R�P�L�T�X�H�� �D�� �Q�p�F�H�V�V�L�W�p�� �T�X�H�O�T�X�H�V�� �G�L�]�D�L�Q�H�V�� �G�¶�D�Q�Q�p�H�V���� �O�H��

passage de �O�D�� �S�U�R�W�p�R�P�L�T�X�H�� �j�� �O�D�� �P�p�W�D�E�R�O�R�P�L�T�X�H�� �Q�¶�D�� �S�U�L�V�� �T�X�H�� �T�X�H�O�T�X�H�V�� �D�Q�Q�p�H�V��[38]. 

�$�X�M�R�X�U�G�¶�K�X�L���� �O�H�� �F�R�Q�F�H�S�W�� �G�H�� �O�D�� �© Big Science È est en dŽveloppement. Il repose sur la 

�J�p�Q�p�U�D�W�L�R�Q�� �G�¶�X�Q�H�� �T�X�D�Q�W�L�W�p�� �L�P�S�R�U�W�D�Q�W�H�� �G�H�� �G�L�I�I�p�U�H�Q�W�H�V�� �G�R�Q�Q�p�H�V�� �µ�R�P�L�T�X�H�V�¶�� �M�D�Pais atteinte 

auparavant ���� �X�Q�� �G�H�V�� �R�E�M�H�F�W�L�I�V�� �p�W�D�Q�W�� �G�¶�H�[�S�O�R�L�W�H�U�� �V�L�P�X�O�W�D�Q�p�P�H�Q�W�� �O�H�V�� �G�R�Q�Q�p�H�V�� �L�V�V�X�H�V�� �G�H�� �F�H�V��

�G�L�I�I�p�U�H�Q�W�H�V���D�S�S�U�R�F�K�H�V���µ�R�P�L�T�X�H�V�¶�����T�X�L���G�p�F�U�L�Y�H�Q�W���O�H�V���V�\�V�W�q�P�H�V���E�L�R�O�R�J�L�T�X�H�V���p�W�X�G�L�p�V��[38].  
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Figure 1 : La cascade '' omique '' qui illustre les rŽponses gŽnomique, transcriptomique, 

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

pathologie ou aux perturbations induites par une exposition environnementale. La 

mŽtabolomique est la voix qui traduit les changements phŽnotypiques [38]. 

 

La Ç mŽtabolomique È se focalise sur les composŽs chimiques rŽsultants des phŽnom•nes 

complexes qui ont eu lieu dans le syst•me biologique ŽtudiŽ. Le mŽtabolome est formŽ �G�¶�X�Q�H��

classe de molŽcules de faibles poids molŽculaires (< 1 000 Da) correspondant ˆ un ensemble 

�G�H�� �P�p�W�D�E�R�O�L�W�H�V�� �S�U�L�P�D�L�U�H�V�� �H�W�� �V�H�F�R�Q�G�D�L�U�H�V�� �J�p�Q�p�U�p�V�� �S�D�U�� �O�¶�R�U�J�D�Q�L�V�P�H�� �R�X�� �D�X�[�� �S�U�R�G�X�L�W�V�� �G�H��

mŽtabolisation des substances exog•nes [33]. Le mŽtabolome est reprŽsentŽ par une large 

gamme de composŽs couvrant plusieurs familles de composŽs, comme les acides aminŽes, les 

lipides, les acides organiques, les peptides, les composŽs organomŽtalliques, et les nuclŽotides 

[37].  

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

�G�D�Q�V�� �O�H�� �E�X�W�� �G�¶�D�P�p�O�L�R�U�H�U�� �O�H�� �G�L�D�J�Q�R�V�W�L�F�� �S�U�p�F�R�F�H�� �G�H�V�� �P�D�O�D�G�L�H�V�� �H�W�� �G�H�V�� �S�D�W�K�R�O�R�J�L�H�V, et pour 

�F�R�P�S�U�H�Q�G�U�H�� �O�H�X�U�V�� �P�p�F�D�Q�L�V�P�H�V�� �G�¶�D�F�W�L�R�Q [39]. Plusieurs Žtudes ont dŽmontrŽ le potentiel 

informatif de la mŽtabolomique, capable de rŽvŽler les changements induits par un stress 

�P�p�W�D�E�R�O�L�T�X�H�� �F�U�p�H�� �G�D�Q�V�� �O�¶�R�U�J�D�Q�L�V�P�H��[38,40]���� �/�H�V�� �F�R�P�S�R�V�p�V�� �G�R�Q�W���O�¶�D�E�R�Q�G�D�Q�F�H�� �H�V�W�� �P�R�G�L�I�L�p�H�� �H�Q��

rŽponse au stress mŽtabolique pourraient renseigner sur les changements subtils provoquŽs ˆ 

�X�Q���Q�L�Y�H�D�X���F�H�O�O�X�O�D�L�U�H�����H�W���Q�R�W�D�P�P�H�Q�W���W�U�D�F�H�U���O�¶�H�[�S�R�V�L�W�L�R�Q���D�X�[���F�R�Q�W�D�P�L�Q�D�Q�W�V���F�K�L�P�L�T�X�H�V��[41].  
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�$�L�Q�V�L�����O�D���P�p�W�D�E�R�O�R�P�L�T�X�H���V�¶�H�V�W���D�Y�p�U�p�H���r�W�U�H���X�Q���R�X�W�L�O���S�H�U�I�R�U�P�D�Q�W���T�X�L���S�H�X�W���U�p�Y�p�O�H�U���G�H�V���P�D�U�T�X�H�X�U�V��

susceptibles de tracer un dysfonctionnement biologique [42]���� �O�D�� �S�U�p�V�H�Q�F�H�� �G�¶�X�Q�H�� �S�D�W�K�R�O�R�J�L�H 

[43], ou la rŽponse ˆ un traitement particulier [44]�����H�W���G�¶�H�[�S�O�L�T�X�H�U���Q�R�W�D�P�P�H�Q�W��les mŽcanismes 

biochimiques impliquŽs [45].  

 

II.1.2. Profilage et empreintes mŽtabolomiques  

 

�/�¶�R�E�M�H�F�W�L�I�� �G�H�� �F�H�� �S�D�U�D�J�U�D�S�K�H�� �H�V�W�� �G�H�� �S�U�p�V�H�Q�W�H�U�� �O�H�V�� �V�W�U�D�W�p�J�L�H�V�� �D�Q�D�O�\�W�L�T�X�H�V�� �T�X�L�� �S�R�X�U�U�D�L�H�Q�W�� �r�W�U�H��

appliquŽes pour acquŽrir les donnŽes mŽtabolomiques. Actuellement, deux approches 

�F�R�P�S�O�p�P�H�Q�W�D�L�U�H�V�� �V�R�Q�W�� �X�W�L�O�L�V�p�H�V�� �S�R�X�U�� �O�¶�D�Q�D�O�\�V�H�� �G�
�X�Q�� �O�D�U�J�H�� �p�Y�H�Q�W�D�L�O�� �G�H�� �P�p�W�D�E�R�O�L�W�H�V�� �Gans les 

matrices biologiques ���� �L�O�� �V�¶�D�J�L�W�� �G�H�� �O�¶�D�Q�D�O�\�V�H�� �G�H�V�� �H�P�S�U�H�L�Q�W�H�V�� �P�p�W�D�E�R�O�L�T�X�H�V�� �H�W�� �G�X�� �S�U�R�I�L�O�D�J�H��

mŽtabolique [38] (Figure 2).  

�/�D�� �S�U�H�P�L�q�U�H�� �V�W�U�D�W�p�J�L�H�� �H�V�W�� �O�¶�D�Q�D�O�\�V�H�� �G�H�V�� �H�P�S�U�H�L�Q�W�H�V���� �'�D�Q�V�� �F�H�W�W�H�� �D�S�S�U�R�F�K�H���� �O�¶�R�E�M�H�F�W�L�I�� �Q�
�H�V�W�� �S�D�V��

�G�¶�L�G�H�Qtifier chaque mŽtabolite analysŽ, mais de comparer les mod•les ou Çles empreintesÈ de 

�O�¶�H�Q�V�H�P�E�O�H���G�H�V���P�p�W�D�E�R�O�L�W�H�V���H�Q���U�p�S�R�Q�V�H���j���X�Q�H���P�D�O�D�G�L�H���R�X���j���X�Q�H���H�[�S�R�V�L�W�L�R�Q���D�X�[���[�p�Q�R-toxiques. 

Cette approche a ŽtŽ appliquŽe pour Žtudier la rŽponse mŽtabolique dans plusieurs matrices 

biologiques, telles que l'urine, le plasma ou le sŽrum, la salive et les tissus dans le but de 

mettre en Žvidence des diffŽrences mŽtabolomiques entre des patients et des sujets sains [38].  

Dans le cas des Žtudes basŽes sur les analyses par spectromŽtrie de masse, les empreintes des 

mŽtabolites sont dŽcrites par les rapports masse/charge (m/z) et les intensitŽs correspondantes 

aux ions dŽtectŽs. Les Žchantillons peuvent •tre classŽs si les empreintes des mŽtabolites 

refl•tent des diffŽrences entre les groupes [38]. Dans cette logique, Berge et al. (2011) [46] 

ont utilisŽ les empreintes volatolomiques dans le foie et ont rŽvŽlŽ des diffŽrences entre les 

signatures volatolomiques des animaux exposŽs et non-exposŽs ˆ deux types de 

�P�L�F�U�R�S�R�O�O�X�D�Q�W�V���H�Q�Y�L�U�R�Q�Q�H�P�H�Q�W�D�X�[�����L�O���V�¶�D�J�L�W���G�H�V���+�$�3�V���H�W���G�H�V���3�%�'�(�V�����&�H�S�H�Q�G�D�Q�W�����O�¶�D�S�S�O�L�F�D�W�L�R�Q��

�G�H���F�H�W�W�H���V�W�U�D�W�p�J�L�H���Q�¶�D�E�R�X�W�L�W���S�D�V���j���O�¶�L�G�H�Q�W�L�I�L�F�Dtion des mŽtabolites responsables des diffŽrences 

entre les groupes expŽrimentaux, absolument indispensable pour la comprŽhension des 

mŽcanismes impliquŽs dans la rŽponse mŽtabolomique.  

�/�D�� �G�H�X�[�L�q�P�H�� �V�W�U�D�W�p�J�L�H�� �H�V�W�� �E�D�V�p�H�� �V�X�U�� �O�H�� �S�U�R�I�L�O�D�J�H�� �P�p�W�D�E�R�O�L�T�X�H�� �T�X�L�� �V�¶�L�QtŽresse aux mŽtabolites 

reliŽs ou non ˆ un mŽcanisme mŽtabolique spŽcifique ou une classe de composŽs. Parmi les 

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

prŽalablement sŽlectionnŽs, comme le cas des marque�X�U�V�� �G�H�� �P�D�O�D�G�L�H�V�� �R�X�� �G�¶�H�[�S�R�V�L�W�L�R�Q�� �D�X�[��
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micropolluants [17,47] ou la recherche des produits de certaines rŽactions enzymatiques [48].  

Dans la plupart des analyses des profils mŽtaboliques, une hypoth•se de travail est Žmise. 

Selon la problŽmatique de recherche, la classe de mŽtabolites est sŽlectionnŽe �S�R�X�U���O�¶�D�Q�D�Oyse 

avec des mŽthodes analytiques adaptŽes ˆ leur dŽtermination. Le rŽsultat du profilage 

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

donnŽes. En consŽquence, les donnŽes peuvent •tre utilisŽes pour construire une base de 

donnŽes qui peut •tre intŽgrŽe avec les autres donnŽes omiques ce qui aboutit ˆ une meilleure 

comprŽhension des mŽcanismes biologiques. Dans le cas des Žtudes basŽes sur les analyses 

par spectromŽtrie de masse, les profils mŽtaboliques des mŽtabolites sont dŽcrites par les 

valeurs m/z et les intensitŽs correspondantes aux ions dŽtectŽs par le syst•me �G�¶�D�Q�D�O�\�V�H. Les 

mŽtabolites sont ensuite identifiŽs et les Žchantillons peuvent •tre classŽs selon les diffŽrences 

des abondances des mŽtabolites entre les groupes [38]. 

 

Figure 2 : �6�W�U�D�W�p�J�L�H�V���G�¶�D�F�T�X�L�V�L�W�L�R�Q���G�H�V���G�R�Q�Q�p�H�V�����P�p�W�D�E�R�O�R�P�L�T�X�H�V��[38] 

 

�)�L�Q�D�O�H�P�H�Q�W�����O�¶�X�Q�H���G�H���F�H�V���G�H�X�[�� �D�S�S�U�R�F�K�H�V���D�Q�D�O�\�W�L�T�X�H�V���S�H�X�W���r�W�U�H���D�S�S�O�L�T�X�p�H���V�H�O�R�Q���O�H�V���H�[�L�J�H�Q�F�H�V��

analytiques et la problŽmatique ŽtudiŽe [49]���� �'�D�Q�V�� �O�H�� �F�D�G�U�H�� �G�H�� �F�H�� �W�U�D�Y�D�L�O�� �G�H�� �W�K�q�V�H���� �O�¶�D�Q�D�O�\�V�H��

des profils des composŽs volatils dans le foie, le plasma et les tissus adipeux est choisie dans 

le but �G�¶�L�G�H�Q�W�L�I�L�H�U���G�H�V���P�D�U�T�X�H�X�U�V���Y�R�O�D�W�L�O�V���G�H���O�¶�H�[�S�R�V�L�W�L�R�Q���G�H�V���D�Q�L�P�D�X�[���D�X�[���G�L�I�I�p�U�H�Q�W�V���W�\�S�H�V���G�H��

micropolluants.  

�'�p�Y�H�O�R�S�S�H�P�H�Q�W���G�¶�X�Q�H���O�L�V�W�H 
 de mŽthodes de quantification ˆ partir  

des analyses employŽes  
aux substances toxiques 
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II.1.3. Principales Žtapes de la stratŽgie expŽrimentale 

 

�/�D�� �V�W�U�D�W�p�J�L�H�� �H�[�S�p�U�L�P�H�Q�W�D�O�H�� �S�U�p�V�H�Q�W�p�H�� �L�F�L�� �G�p�F�U�L�W�� �O�¶�H�Q�V�H�P�E�O�H�� �G�H�V�� �p�W�D�S�H�V�� �F�O�p�V�� �T�X�L�� �D�E�R�X�W�L�W�� �j��

�O�¶�L�Gentification de marqueurs mŽtaboliques par une approche non-ciblŽe (Figure 3) :  

- ExpŽrimentation et Žchantillonnage ���� �H�O�O�H�� �F�R�Q�F�H�U�Q�H�� �O�D�� �P�L�V�H�� �H�Q�� �S�O�D�F�H�� �G�¶�X�Q��

�S�U�R�W�R�F�R�O�H���H�[�S�p�U�L�P�H�Q�W�D�O���D�G�D�S�W�p���j���O�¶�D�F�T�X�L�V�L�W�L�R�Q���G�X���P�D�W�p�U�L�H�O���E�L�R�O�R�J�L�T�X�H.  

- Extraction des mŽtabolites dans les matrices biologiques : elle consiste ˆ mettre au 

�S�R�L�Q�W�� �O�H�V�� �S�D�U�D�P�q�W�U�H�V�� �G�¶�H�[�W�U�D�F�W�L�R�Q�� �H�Q�� �I�R�Q�F�W�L�R�Q�� �G�H�� �O�D�� �Q�D�W�X�U�H�� �G�H�V�� �P�p�W�D�E�R�O�L�W�H�V�� �F�L�E�O�p�V��

dans la matrice ŽtudiŽe. 

- Inclusion de contr™les qualitŽs (QC) pour contr™ler la performance des outils 

analytiques utilisŽs et pour la correction des variations non-biologiques. 

- Utilisation de blancs pour dŽfinir le bruit du signal analysŽ.   

- �3�U�p�W�U�D�L�W�H�P�H�Q�W���G�H�V���G�R�Q�Q�p�H�V���D�Y�D�Q�W���O�¶�D�Q�D�O�\�V�H���V�W�D�W�L�V�W�L�T�X�H : application de mŽthodes de 

normalisation et de transformation des donnŽes pour Žliminer les bruits et les 

dŽrives instrumentales, et corriger les variations non-biologiques pour faire 

�V�X�E�P�H�U�J�H�U�� �O�H�V�� �G�L�I�I�p�U�H�Q�F�H�V�� �E�L�R�O�R�J�L�T�X�H�V�� �L�Q�W�p�U�H�V�V�D�Q�W�H�V�� �j�� �P�H�W�W�U�H�� �H�Q�� �°�X�Y�U�H�� �S�D�U�� �O�H��

traitement statistique appliquŽ derri•re.  

- Traitements statistiques des donnŽes par des outils adaptŽs aux objectifs de 

�O�¶�p�W�X�G�H : choix de la mŽthode de traitement statistique adaptŽe ˆ la nature des 

donnŽes mŽtabolomiques collectŽes.  

- Identification de marqueurs candidats : pour les donnŽes collectŽes par GC-MS, 

plusieurs bases de donnŽes libres existent qui permettent de comparer les spectres 

de masses et les indices de rŽtention thŽoriques et pratiques.  

- InterprŽtation biologique des mŽcanismes biochimiques responsables de la 

gŽnŽration des marqueurs. 
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Figure 3 : �'�H�V�F�U�L�S�W�L�R�Q���G�H�V���p�W�D�S�H�V���G�H���O�D���V�W�U�D�W�p�J�L�H���H�[�S�p�U�L�P�H�Q�W�D�O�H���S�R�X�U���O�¶�D�Q�D�O�\�V�H���Q�R�Q���F�L�E�O�p�H���G�X��
mŽtabolome 

 

II.1.3.1. PrŽl•vement et conservation des Žchantillons 

 

Pendant le prŽparation des Žchantillons biologiques, des considŽrations particuli•res doivent  

•tre prises en compte pour minimiser la modification ou la dŽgradation des mŽtabolites 

volatils apr•s l'Žchantillonnage en raison de l'activitŽ enzymatique restante et des processus 

d'oxydation qui peuvent avoir lieu. �/�¶�p�F�K�D�Q�W�L�O�O�R�Q�Q�D�J�H�� �H�W�� �O�H�� �V�W�R�F�N�D�J�H�� �G�H�V�� �p�F�K�D�Q�W�L�O�O�R�Q�V��

biologiques sont des ŽlŽments tr•s importants �G�X�U�D�Q�W���O�H���S�U�R�F�H�V�V�X�V���G�¶�D�Q�D�O�\�V�H�����7�R�X�W���G�¶�D�E�R�U�G�����L�O��

est essentiel que les Žchantillons biologiques soient prŽlevŽs avec le minimum de 

manipulation pour Žviter la perte des mŽtabolites. Tous les tissus et les fluides biologiques 

devraient idŽalement •tre extraits immŽdiatement apr•s le prŽl•vement de l'organisme vivant, 

�G�H�� �V�R�U�W�H�� �T�X�
�L�O�� �\�� �D�L�W�� �S�H�X�� �G�H�� �P�R�G�L�I�L�F�D�W�L�R�Q�V�� �V�X�U�� �O�H�V�� �P�p�W�D�E�R�O�L�W�H�V���� �(�Q�� �F�D�V�� �G�¶�D�Q�D�O�\�V�H�� �X�O�W�p�U�L�H�X�U�H���� �O�H�V��

tissus et les fluides doivent •tre congelŽs aussi rapidement que possible dans la glace 

carbonique ou l'azote liquide, et stockŽs dans des rŽcipients scellŽs ˆ - 80¡C. 
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II.1.3.2. PrŽparation des Žchantillons biologiques 

 

La prŽparation des Žchantillons dŽ�S�H�Q�G�� �G�H�� �O�¶�p�W�D�W�� �S�K�\�V�L�T�X�H�� �G�H�� �O�D�� �P�D�W�U�L�F�H�� �p�W�X�G�L�p�H�� ���V�R�O�L�G�H�� �R�X��

�O�L�T�X�L�G�H������ �3�R�X�U�� �O�H�V�� �P�D�W�U�L�F�H�V�� �V�R�O�L�G�H�V���� �X�Q�H�� �p�W�D�S�H�� �G�H�� �E�U�R�\�D�J�H�� �H�W�� �G�¶�K�R�P�R�J�p�Q�p�L�V�D�W�L�R�Q�� �G�R�L�W�� �r�W�U�H��

appliquŽe prŽalablement ˆ l'extraction afin de rŽduire la variabilitŽ au cours de 

�O�¶�p�F�K�D�Q�W�L�O�O�R�Q�Q�D�J�H.  

Diverses mŽthodes d'homogŽnŽisation mŽcaniques aient ŽtŽ dŽveloppŽes rŽcemment. 

Cependant, le broyage ˆ billes reste la mŽthode la plus utilisŽe pour la prŽparation des 

�p�F�K�D�Q�W�L�O�O�R�Q�V�� �V�R�O�L�G�H�V���� �/�D�� �F�R�Q�J�p�O�D�W�L�R�Q�� �G�H�V�� �p�F�K�D�Q�W�L�O�O�R�Q�V�� �j�� �O�¶�D�L�G�H�� �G�
�D�]�R�W�H�� �O�L�T�X�L�G�H�� �V�X�L�Y�L�H�� �G�
�X�Q��

broyage mŽcanique rŽalisŽ sous azote liquide demeure la mŽthode la plus efficace qui 

maintient la stabilitŽ de l'Žchantillon gr‰ce ˆ la tempŽrature basse et fournit des Žchantillons 

sous la forme de poudre finement homogŽnŽisŽe [46].  

Dans le cas des Žchantillons liquides comme le plasma, une Žtape de centrifugation de sang 

permet de sŽparer les globules rouges, le plasma et les plaquettes. Les Žchantillons doivent 

•tre manipulŽs dans la glace pour Žviter les cycles de congŽlation-dŽcongŽlation qui peuvent 

modifier les mŽtabolites. �'�¶�X�Q�H�� �P�D�Q�L�q�U�H�� �J�p�Q�p�U�D�O�H���� �L�O�� �H�V�W�� �L�P�S�R�U�W�D�Q�W�� �G�H�� �O�L�P�L�W�H�U�� �O�D�� �Y�D�U�L�D�E�L�O�L�W�p��

non-biologique avec un protocole de prŽparation des Žchantillons robuste et Žviter les pertes 

des COVs.  

 

II.1.3.3. Evaluation de la qualitŽ des donnŽes 

 

�'�D�Q�V���O�H���E�X�W���G�¶�D�V�V�X�U�H�U���O�D���I�L�D�E�L�O�L�W�p des rŽsultats statistiques et la reproductibilitŽ de la mŽthode 

�G�¶�H�[�W�U�D�F�W�L�R�Q���H�W���G�¶�D�Q�D�O�\�V�H�����O�¶�L�Q�W�p�J�U�D�W�L�R�Q���G�¶�X�Q�H���V�p�U�L�H���G�¶�p�F�K�D�Q�W�L�O�O�R�Q�V���G�H���F�R�Q�W�U�{�O�H���T�X�D�O�L�W�p�����4�&�����T�X�L��

viennent de la m•me source des Žchantillons et qui seront analysŽs dans les m•mes conditions 

est indispe�Q�V�D�E�O�H���S�R�X�U���p�Y�D�O�X�H�U���O�D���U�p�S�p�W�D�E�L�O�L�W�p���H�W���O�D���U�H�S�U�R�G�X�F�W�L�E�L�O�L�W�p���G�H���O�¶�D�Q�D�O�\�V�H���� 

Des Žchantillons QC sont utilisŽs pour Žvaluer la qualitŽ des donnŽes acquises, souvent via 

une Analyse en Composantes Principales pour identifier les valeurs aberrantes. Diverses 

mŽthodes ont ŽtŽ dŽveloppŽes pour traiter les probl•mes d'effet batch (effet de dŽrive inter-

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

�/�D�� �S�U�p�S�D�U�D�W�L�R�Q�� �G�H�V�� �4�&�� �G�¶�p�F�K�D�Q�W�L�O�O�R�Q�V�� �O�L�T�X�L�G�H�V�� �F�R�P�P�H�� �O�H�� �S�O�D�V�P�D�� �H�V�W�� �V�L�P�S�O�H�� �H�W��pourrait •tre 

efficacement menŽe par une  simple agitation d�¶�X�Q mŽlange de tous les Žchantillons.  

Cependant, dans le cas des Žchantillons solides comme la poudre de foie, la prŽparation des 

�4�&���Q�¶�H�V�W���S�D�V���I�L�D�E�O�H���F�R�P�S�W�H���W�H�Q�X���G�H�V���H�U�U�H�X�U�V���T�X�L���S�H�X�Y�H�Q�W���D�Y�R�L�U���O�L�Hu sur la pesŽe des diffŽrents 
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�p�F�K�D�Q�W�L�O�O�R�Q�V�����P�D�L�V���D�X�V�V�L���G�H���O�¶�L�Q�F�H�U�W�L�W�X�G�H���G�H���O�¶�K�R�P�R�J�p�Q�p�L�W�p���G�X���P�p�O�D�Q�J�H���T�X�L���U�H�S�U�p�V�H�Q�W�H���O�H���4�&���� 

 

II.1.3.4. DŽroulement de la session  

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

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

sensibilitŽ et de stabilitŽ des composŽs volatils dans les Žchantillons.  

Par ailleurs, des blancs peuvent •tre analysŽs entre les sŽries des Žchantillons afin �G�¶�R�E�W�H�Q�L�U���O�H��

�V�L�J�Q�D�O���G�H���I�R�Q�G���G�H���O�¶�D�Q�D�O�\�V�H���H�W���G�¶�R�E�V�H�U�Y�H�U���G�¶�p�Y�H�Q�W�X�H�Oles rŽmanences (carry over en anglais).  

�8�Q���W�U�R�L�V�L�q�P�H���S�R�L�Q�W���F�U�X�F�L�D�O���H�V�W���G�¶�D�Q�D�O�\�V�H�U���O�H�V���p�F�K�D�Q�W�L�O�O�R�Q�V���G�H���G�L�I�I�p�U�H�Q�W�H�V���V�R�X�U�F�H�V���G�D�Q�V���X�Q���R�U�G�U�H��

alŽatoire p�R�X�U���p�Y�L�W�H�U���O�¶�H�I�I�H�W���G�H���O�¶�R�U�G�U�H���G�H�V��injections. 

 

II.2. Volatolomique  

 

II.2.1. Le volatolome 

Parmi les diffŽrentes classes de mŽtabolites, les composŽs organiques volatils (COVs) sont 

des composŽs de faibles poids molŽculaires. Pour un organe ou un fluide biologique 

�O�¶�H�Q�V�H�P�E�O�H���G�H���F�H�V���&�2�9�V���I�R�U�P�H���O�H���Y�Rlatolome.  

�3�O�X�V�L�H�X�U�V�� �p�W�X�G�H�V�� �P�R�Q�W�U�H�Q�W�� �O�¶�L�Q�W�p�U�r�W�� �G�H�� �O�¶�H�[�D�P�H�Q�� �G�H�V�� �F�K�D�Q�J�H�P�H�Q�W�V�� �G�H�� �F�R�P�S�R�V�L�W�L�R�Q�� �G�X��

volatolome pour diagnostiquer plusieurs types de pathologies [40,50-54].  

Berge et al. (2011) [46] ont Žgalement dŽmontrŽ le potentiel du Ç volatolome È hŽpatique 

�S�R�X�U�� �U�p�Y�p�O�H�U�� �O�¶�H�[�S�R�V�L�W�L�R�Q�� �G�H�V�� �D�Q�L�P�D�X�[�� �D�X�[��micropolluants environnementaux via leur 

alimentation. Les COVs forment une classe de molŽcules importante, prŽsente dans diffŽrents 

fluides (expir‰t, urine, sang) et tissus biologiques (peau, foie, poumons, reins, cerveau). Le 

�W�D�X�[�� �G�
�p�P�L�V�V�L�R�Q�� �G�H�V�� �&�2�9�V�� �G�p�S�H�Q�G�� �G�X�� �V�W�D�W�X�W�� �S�K�\�V�L�R�O�R�J�L�T�X�H�� �G�H�� �O�¶�R�U�J�D�Q�L�V�P�H�� ���G�p�V�K�\�G�U�D�W�D�W�L�R�Q����

alimentation, exposition aux substances environnementales et drogues), et des conditions 

environnementales (humiditŽ, tempŽrature, oxyg•ne) [55]. Tous ces facteurs influencent 

inŽvitablement les mŽcanismes de production des COVs. 
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II.2.2. MŽcanismes biochimiques responsables des changements de composition du 

volatolome  

 
Les mŽcanismes biologiques impliquŽs dans la rŽgulation de la production des COVs ont ŽtŽ 

reportŽs dans la revue de Hakim et al. (2012) [56]���� �� �T�X�L�� �R�Q�W�� �V�X�J�J�p�U�p�� �T�X�¶�X�Q�H�� �H�[�S�R�V�L�W�L�R�Q�� �D�X�[��

substances exog•nes, provoque un stress oxydatif et active certaines enzymes de 

dŽtoxification au niveau des cellules hŽpatocytaires (Figure 4).  

 

Figure 4 : Mod•le pathophysiologique dans le foie pour expliquer les sources possibles des 
composŽs organiques volatils (COVs) comme marqueurs de pathologies ou d'exposition aux 
polluants [56]. 

 

�(�Q���F�R�Q�G�L�W�L�R�Q�V���Q�R�U�P�D�O�H�V�����O�H�V���H�V�S�q�F�H�V���U�p�D�F�W�L�Y�H�V���G�H���O�¶�R�[�\�J�q�Q�H�����5�H�D�F�W�L�Y�H���2�[�\�J�H�Q���6�S�H�F�L�H�V�����5�2�6����

�V�R�Q�W�� �S�U�R�G�X�L�W�H�V�� �G�D�Q�V�� �O�¶�R�U�J�D�Q�L�V�P�H�� �H�Q�� �I�D�L�E�O�H�V�� �T�X�D�Q�W�L�W�p�V����elles ont des effets bŽnŽfiques dans 

l'homŽostasie cellulaire et les mŽcanismes molŽculaires clŽs tels que la modulation du 

mŽtabolisme cellulaire, la signalisation cellulaire, l'inhibition ou l'activation de diffŽrents 

facteurs de transcription des g•nes, l'inhibition de la croissance bactŽrienne, l'inactivation des 

virus et la libŽration de cytokines inflammatoires [57]���� �&�H�S�H�Q�G�D�Q�W���� �H�Q�� �U�D�L�V�R�Q�� �G�¶�X�Q�H�� �V�L�W�X�D�W�L�R�Q��

de stress provoquŽe par une pathologie ou une exposition environnementale aux 

micropolluants, les niveaux de production des ROS peuvent augmenter considŽrablement ce 

qui dŽclenche un stress oxydatif marquŽ par la perte de l'Žquilibre redox.  
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Au niveau des cellules hŽpatiques, les ROS prŽsentes en concentration ŽlevŽes, sont des 

�L�Q�G�X�F�W�H�X�U�V���S�X�L�V�V�D�Q�W�V���T�X�L���F�L�E�O�H�Q�W���O�H�V���S�K�R�V�S�K�R�O�L�S�L�G�H�V�����O�H�V���S�U�R�W�p�L�Q�H�V���H�W���O�¶�$�'�1��[57]. En effet, les 

interactions des ROS avec les composantes des cellules hŽpatiques entrainent la peroxydation 

�G�H�V�� �O�L�S�L�G�H�V���� �O�¶�R�[�\�G�D�W�L�R�Q�� �G�H�V�� �S�U�R�W�p�L�Q�H�V�� �H�W�� �G�H�V�� �G�R�P�P�D�J�H�V�� �j�� �O�
�$�'�1���� �/�H�V�� �S�U�R�G�X�L�W�V�� �I�L�Q�D�X�[�� �G�H�� �F�H�V��

interactions chimiques sont gŽnŽralement des hydrocarbures [57]. 

Particuli•rement, la peroxydation des lipides est une rŽaction en cha”ne, initiŽe par 

l'Žlimination d'un atome d'hydrog•ne allylique par les ROS. Ainsi, le radical gŽnŽrŽ est 

conjuguŽ, peroxydŽ par l'oxyg•ne et subit d'autres rŽactions. Finalement, les hydrocarbures 

�V�D�W�X�U�p�V���� �W�H�O�V�� �T�X�H�� �O�
�p�W�K�D�Q�H�� �H�W�� �O�H�� �S�H�Q�W�D�Q�H���� �V�R�Q�W�� �J�p�Q�p�U�p�V�� �j�� �S�D�U�W�L�U�� �G�H�V�� �D�F�L�G�H�V�� �J�U�D�V�� �Ì�� ���� �H�W�� �Ì�� ������

respectivement. Par consŽquent, ces hydrocarbures aliphatiques sont considŽrŽs comme des 

marqueurs de la peroxydation lipidique [58]. 

Parall•lement, les organes de dŽtoxification comme le foie agissent pour mŽtaboliser 

activement les substances exog•nes comme les polluants chimiques, les mŽdicaments et les 

xŽnobiotiques par un �H�Q�V�H�P�E�O�H���G�¶�H�Q�]�\�P�H�V���G�H���G�p�W�R�[�L�I�L�F�D�W�L�R�Q���T�X�L���M�R�X�H�Q�W���X�Q���U�{�O�H���F�H�Q�W�U�D�O���S�R�X�U���O�D��

�S�U�R�W�H�F�W�L�R�Q�� �G�H�� �O�¶�R�U�J�D�Q�L�V�P�H���� �7�R�X�W�H�V�� �P�R�G�L�I�L�F�D�W�L�R�Q�V�� �G�H�� �O�H�X�U�� �U�p�J�X�O�D�W�L�R�Q���� �O�H�X�U�� �H�[�S�U�H�V�V�L�R�Q�� �H�W�� �O�H�X�U��

activitŽ peuven�W���H�Q�J�H�Q�G�U�H�U���G�H�V���F�R�Q�V�p�T�X�H�Q�F�H�V���V�X�U���O�D���U�p�S�R�Q�V�H���P�p�W�D�E�R�O�L�T�X�H���G�H���O�¶�R�U�J�D�Q�L�V�P�H [56].  

�(�Q���H�I�I�H�W�����O�H�V���P�R�O�p�F�X�O�H�V���H�[�R�J�q�Q�H�V���V�X�E�L�V�V�H�Q�W���X�Q�H���G�R�X�E�O�H���U�p�D�F�W�L�R�Q���G�H���G�p�W�R�[�L�I�L�F�D�W�L�R�Q�����'�¶�D�E�R�U�G�����O�D��

premi•re phase dite de fonctionnalisation se dŽroule au niveau des microsomes par les 

enzymes cytochrome P450. Ensuite, la deuxi•me phase fait appel aux enzymes de 

conjugaison comme les glucuro- ou glutathion-S-transfŽrases (GST) qui catalysent les 

rŽactions de conjugaison. Enfin, les enzymes transporteurs de la phase III comme la P-

glycoprotŽine ou les MRP (multidrug resistance proteins) Žliminent les dŽrivŽs des 

xŽnobiotiques via les membranes cellulaires [56] (Figure 5).  
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Figure 5 : MŽcanisme de dŽtoxification des xŽnobiotiques au niveau cellulaire. 

 

En outres, Hakim et al. (2012) [56] �R�Q�W�� �H�[�S�O�L�T�X�p�� �T�X�H�� �O�¶�D�F�W�L�Y�D�W�L�R�Q�� �G�H�� �F�H�U�W�D�L�Q�H�V�� �H�Q�]�\�P�H�V�� �G�H��

dŽtoxification comme le Cytochrome p450 (CYP 450) au cours du processus de dŽtoxification 

dŽcrit �S�U�p�F�p�G�H�P�P�H�Q�W�� �S�H�X�W�� �L�Q�G�X�L�U�H�� �O�D�� �O�L�E�p�U�D�W�L�R�Q�� �G�¶�D�O�F�R�R�O�V�� �S�U�L�P�D�L�U�H�V�� �H�W�� �V�H�F�R�Q�G�D�L�U�H�V�� �S�D�U��

hydroxylation des hydrocarbures. 

    

Alcanes �Û�Û�Û�Û�Û�Û�Û�Û�Û�Û�Û�Û�Û�Û�Û�Û�:���$�O�F�R�R�O�V 

  

A leur tour, �O�H�V���D�O�F�R�R�O�V���V�R�Q�W���P�p�W�D�E�R�O�L�V�p�V���G�D�Q�V���O�H���F�R�U�S�V���S�D�U���G�L�I�I�q�U�H�Q�W���W�\�S�H�V���G�¶�H�Q�]�\�P�H�V�����F�R�P�P�H��

les Alcools DŽshydrogŽnases (ADH) et les cytochromes P450 (CYP2E1), qui agissent 

essentiellement dans le foie en formant des aldŽhydes. Les ADH forment une classe 

�G�¶�H�Q�]�\�P�H�V�� �D�S�S�H�O�p�H oxydorŽductases qui forment des aldŽhydes et des cŽtones ˆ partir des 

alcoo�O�V���S�D�U���O�¶�L�Q�W�H�U�P�p�G�L�D�L�U�H���G�H���O�D���U�p�G�X�F�W�L�R�Q���G�H�V���Q�L�F�R�W�L�Q�D�P�L�G�H�V���D�G�p�Q�L�Q�H���G�L�Q�X�F�O�p�R�W�L�G�H�V�����1�$�'+ ˆ 

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

alcools, notamment les primaires, les secondaires, et les cycliques.  

 

 

Alcools �Û�Û�Û�Û�:�����$�O�G�p�K�\�G�H�V 

ROH + NAD+                              RCHO + NADH + H+ 

 

 

 

 

 

CYP 450 

ADH 

Exemple : CYP 450 
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Les aldŽhydes produits peuvent •tre transformŽs par les AldŽhydes dŽshydrogŽnases (ALDH) 

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

�F�D�U�E�R�[�\�O�L�T�X�H�V���� �(�Q���H�I�I�H�W���� �O�¶�D�F�W�L�Y�L�W�p���G�H���F�H�V���H�Q�]�\�P�H�V���H�V�W���P�R�G�X�O�p�H���S�D�U���O�D���S�U�p�V�H�Q�F�H���G�H���S�D�W�K�R�O�R�J�L�H��

�R�X���G�¶�H�[�S�R�V�L�W�L�R�Q���D�X�[���[�p�Q�R-toxiques [56].  

 

 

AldŽhydes �Û�Û�Û�Û�Û�:���$�F�L�G�H�V���&�D�U�E�R�[�\�O�L�T�X�H�V 

RCHO + NAD+ +H2O                           RCOOH + NADH + H+ 

 

Ainsi, �L�O���H�V�W���S�R�V�V�L�E�O�H���T�X�H���O�¶�D�F�W�L�Y�D�W�L�R�Q���G�H�V���H�Q�]�\�P�H�V���G�H���G�p�W�R�[�L�I�L�F�D�W�L�R�Q���H�Q�W�U�D�L�Q�H���O�¶�D�F�F�p�O�p�U�D�W�L�R�Q���G�X��

catabolisme des produits du stress oxydatif ˆ courte cha”ne (C3-C11), ce qui induit la 

modification des abondances des diffŽrentes familles chimiques de COVs produits [56].  

Ces premiers travaux qui expliquent les mŽcanismes impliquŽs dans les changements de 

production des diffŽrentes familles chimiques des COVs fournissent une explication de 

�O�¶�R�U�L�J�L�Q�H�� �E�L�R�F�K�L�P�L�T�X�H�� �G�H�� �P�D�U�T�X�H�X�U�V�� �Y�R�O�D�W�L�O�V�� �G�R�Q�W�� �O�H�V�� �Q�L�Y�H�D�Xx de production pourraient •tre 

perturbŽs par �O�¶�H�[�S�R�V�L�W�L�R�Q���D�X�[���P�L�F�U�R�S�R�O�O�X�D�Q�W�V������ 

 

III. Analyse du volatolome  

 

�$�I�L�Q�� �G�H�� �P�H�W�W�U�H�� �H�Q�� �S�O�D�F�H�� �X�Q�H�� �V�W�U�D�W�p�J�L�H�� �S�H�U�W�L�Q�H�Q�W�H�� �S�R�X�U�� �H�[�W�U�D�L�U�H�� �O�¶�L�Q�I�R�U�P�D�W�L�R�Q�� �X�W�L�O�H�� �G�H�V�� �&�2�9�V��

dans les Žchantillons biologiques, il est nŽcessaire �G�¶�L�G�H�Q�W�L�I�L�H�U�� �O�H�V�� �S�U�L�Q�F�L�S�D�X�[�� �Y�H�U�U�R�X�V�� �G�H��

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

�G�H�� �O�D�� �P�p�W�K�R�G�H�� �G�¶�H�[�W�U�D�F�W�L�R�Q�� �X�W�L�O�L�V�p�H�� �H�Q�� �D�P�R�Q�W�� �G�H�� �O�D�� �F�K�U�R�P�D�W�R�J�U�D�S�K�L�H�� �H�Q�� �S�K�D�V�H�� �J�D�]�H�X�V�H-

spectromŽtrie de masse. Si la SPME es�W���D�X�M�R�X�U�G�¶�K�X�L���S�O�p�E�L�V�F�L�W�p�H���S�D�U���O�¶�H�Q�V�H�P�E�O�H���G�H�V���p�W�X�G�H�V���H�Q��

�Y�R�O�D�W�R�O�R�P�L�T�X�H���� �O�H�V�� �F�R�Q�G�L�W�L�R�Q�V�� �G�H�� �V�D�� �P�L�V�H�� �H�Q�� �°�X�Y�U�H�� �V�R�Q�W�� �V�R�X�Y�H�Q�W�� �G�L�V�F�X�W�D�E�O�H�V�� �H�W�� �P�p�U�L�W�H�U�D�L�H�Q�W��

�G�¶�r�W�U�H���H�[�D�P�L�Q�p�H�V���� 

Du point de vue chimiomŽtrique, le traitement des donnŽes est gŽnŽralement rŽalisŽ de 

mani•�U�H���D�V�V�H�]�� �U�X�G�L�P�H�Q�W�D�L�U�H���H�Q���F�R�X�S�O�D�Q�W���G�H�V���W�H�F�K�Q�L�T�X�H�V���G�¶�D�Q�D�O�\�V�H���X�Q�L�Y�D�U�L�p�H�V���j�� �G�H�V���D�S�S�U�R�F�K�H�V��

�G�¶�D�Q�D�O�\�V�H�V�� �I�D�F�W�R�U�L�H�O�O�H�V�� �Q�R�Q�� �V�X�S�H�U�Y�L�V�p�H�V���� �3�O�X�V�L�H�X�U�V�� �W�U�D�Y�D�X�[�� �V�X�J�J�q�U�H�Q�W�� �T�X�H�� �O�D�� �U�H�F�K�H�U�F�K�H�� �G�H��

�P�D�U�T�X�H�X�U�V�� �S�R�X�U�U�D�L�W�� �I�R�U�W�H�P�H�Q�W�� �E�p�Q�p�I�L�F�L�H�U�� �G�H�V�� �G�p�Y�H�O�R�S�S�H�P�H�Q�W�V�� �U�p�F�H�Q�W�V�� �G�¶�D�S�S�U�R�F�K�H�V�� �P�Xlti -

tableaux.  

 

 

ALDH 



Chapitre I  : Synth•se Bibliographique  
   
 

34 
 

III.1. Microextraction sur phase solide (SPME) 

  

�/�¶�D�Q�D�O�\�V�H�� �G�H�V�� �&�2�9�V�� �G�D�Q�V�� �O�H�V�� �I�O�X�L�G�H�V�� �H�W�� �O�H�V�� �W�L�V�V�X�V�� �E�L�R�O�R�J�L�T�X�H�V�� �V�H�P�E�O�H�� �r�W�U�H�� �F�R�P�S�O�L�T�X�p�H�� �p�W�D�Q�W��

donnŽ le large Žventail des abondances et la complexitŽ des matrices. Certes, la 

chromatographie en phase gazeuse (Gas Chromatography-GC) est la mŽthode sŽparative la 

�S�O�X�V�� �X�W�L�O�L�V�p�H�� �S�R�X�U�� �O�¶�D�Q�D�O�\�V�H�� �G�H�V�� �&�2�9�V�� �G�D�Q�V�� �O�H�V�� �P�D�W�U�L�F�H�V�� �E�L�R�O�R�J�L�T�X�H�V�� �F�R�P�P�H�� �O�¶�X�U�L�Q�H��[59], le 

plasma [60]���� �O�¶�H�[�S�L�U�k�W��[61],  et le sang [62]. Par ailleurs, la combinaison de la 

chromatographie en phase gazeuse ˆ la spectromŽtrie de masse (GC-MS) est connue par son 

efficacitŽ,  sa sensibilitŽ, et sa capacitŽ ˆ fournir des donnŽes qualitatives et quantitatives sur 

la structure et les propriŽtŽs physicochimiques des mŽtabolites analysŽs [63].  

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

classe des mŽtabolites ciblŽs [38]. �/�H�� �F�K�R�L�[�� �G�
�X�Q�H�� �P�p�W�K�R�G�H�� �G�¶�H�[�W�U�D�F�W�L�R�Q�� �D�S�S�U�R�S�U�L�p�H�� �H�V�W��

�L�Q�G�L�V�S�H�Q�V�D�E�O�H���S�R�X�U���D�V�V�X�U�H�U���O�D���T�X�D�O�L�W�p���G�H���O�¶�D�Q�D�O�\�V�H���P�p�W�D�E�R�O�R�P�L�T�X�H�����/�D���P�p�W�K�R�G�H���G�H���S�U�p�S�D�U�D�W�L�R�Q��

�G�H���O�
�p�F�K�D�Q�W�L�O�O�R�Q���G�R�L�W���r�W�U�H���V�L�P�S�O�H���H�W���U�D�S�L�G�H���G�H���P�D�Q�L�q�U�H���j���S�U�R�W�p�J�H�U���O�H�V���D�Q�D�O�\�W�H�V���G�¶�L�Q�W�p�U�r�W���F�R�Q�W�U�H la 

dŽgradation et la dŽcomposition liŽes notamment ˆ la rŽactivitŽ des COVs, ˆ la chaleur ou ˆ 

�G�H�V�� �S�K�p�Q�R�P�q�Q�H�V�� �G�¶�R�[�\�G�D�W�L�R�Q���� �'�D�Q�V�� �F�H�W�W�H�� �O�R�J�L�T�X�H���� �O�H�V�� �W�H�F�K�Q�L�T�X�H�V�� �G�¶�H�[�W�U�D�F�W�L�R�Q�� �V�D�Q�V�� �V�R�O�Y�D�Q�W��

�U�H�V�W�H�Q�W���O�H�V���S�O�X�V���I�D�Y�R�U�D�E�O�H�V���S�R�X�U���O�¶�D�Q�D�O�\�V�H���G�H�V���F�R�P�S�R�V�p�V���Y�R�O�D�W�L�O�V��[38].  

�$�X�M�R�X�U�G�¶�K�X�L���� �O�D�� �P�L�F�U�R-extraction en phase solide (SPME) est certainement la mŽthode 

privilŽgiŽe en analyse volatolomique [64]. Cette technique, con•ue par Pawliszyn en 1989 

[65], est basŽe sur une prŽ-�F�R�Q�F�H�Q�W�U�D�W�L�R�Q���G�H�V���&�2�9�V���V�X�U���X�Q�H���I�L�E�U�H�� �I�D�E�U�L�T�X�p�H���j�� �E�D�V�H���G�¶�X�Q���I�L�O�P��

�H�Q���V�L�O�L�F�H���T�X�L���F�R�Q�V�W�L�W�X�H���O�D���S�K�D�V�H���V�W�D�W�L�R�Q�Q�D�L�U�H���V�X�U���O�D�T�X�H�O�O�H���O�H�V���&�2�9�V���Y�L�H�Q�Q�H�Q�W���V�¶�D�G�Vorber [66,67]. 

�/�D���6�3�0�(���D���p�W�p���D�S�S�O�L�T�X�p�H���G�D�Q�V���S�O�X�V�L�H�X�U�V���G�R�P�D�L�Q�H�V���F�R�P�P�H���P�p�W�K�R�G�H���G�¶�H�[�W�U�D�F�W�L�R�Q���H�W���G�¶�D�Q�D�O�\�V�H��

des Žchantillons environnementaux [68] [69], des aliments [63,70,71], des flaveurs et ar™mes 

[72,73], des produits pharmaceutiques [74,75]  et des matrices biologiques [54,76,77]. Cette 

mŽthode prŽsente de nombreux avantages en termes de sensibilitŽ, de rapiditŽ, 

�G�¶�D�X�W�R�P�D�W�L�V�D�W�L�R�Q���� �G�H�� �P�L�V�H�� �H�Q�� �°�X�Y�U�H���� �H�W�� �G�H�� �P�D�Q�L�S�X�O�D�W�L�R�Q�� �P�L�Q�L�P�D�O�H�� �G�H�V�� �p�F�K�D�Q�W�L�O�O�R�Q�V�� �D�Y�D�Q�W��

�O�¶�D�Q�D�O�\�V�H�����F�H���T�X�L���O�L�P�L�W�H���O�H�V���D�U�W�p�I�D�F�W�V��[65,78,79].  

La SPME est principalement utilisŽe en mode �G�¶�L�P�P�H�U�V�L�R�Q���G�L�U�H�F�W�H�����'�L�U�H�F�W���,�P�P�H�U�V�L�R�Q�����'�,�����R�X��

en mode espace de t•te dynamique (Dynamic Headspace, HS). En mode DI, la fibre SPME 

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

les mŽtabolites polaires ˆ  poids molŽculaires ŽlevŽs peuvent •tre aussi capturŽs, leur 

adsorption conduit ˆ des rŽactions de dŽcomposition dans l'injecteur et ˆ la formation 

d'artefacts. Ainsi, de nouveaux rev•tements plus solides que les polym•res SPME 
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�F�R�P�P�H�U�F�L�D�O�L�V�p�V���V�R�Q�W���H�Q���F�R�X�U�V���G�H���F�R�Q�F�H�S�W�L�R�Q���G�D�Q�V���O�H���E�X�W���G�¶�D�P�p�O�L�R�U�H�U���O�D���F�R�P�S�D�W�L�E�L�O�L�W�p���G�H���O�D���'�,-

�6�3�0�(�� �j�� �O�¶�H�[�W�U�D�F�W�L�R�Q�� �G�H�V�� �P�D�W�U�L�F�H�V�� �E�L�R�O�R�J�L�T�X�H�V�� �F�R�P�S�O�H�[�H�V���� �(�Q�� �P�R�G�H�� �+�6-SPME, la quantitŽ 

�G�¶�D�Q�D�O�\�W�H�V�� �H�[�W�U�D�L�W�H�� �V�X�U�� �O�D�� �I�L�E�U�H�� �G�p�S�H�Q�G�� �G�H�� �O�¶�p�T�X�L�O�L�E�U�H�� �H�Q�W�U�H�� �O�¶�p�F�K�D�Q�W�L�O�O�R�Q���� �S�K�D�V�H�� �J�D�]�H�X�V�H�� �H�W�� �O�D��

phase gazeuse/ fibre [80]. Seuls les composŽs volatils extraits dans la phase gazeuse viennent 

�V�¶�D�G�V�R�U�E�H�U�� �V�X�U�� �O�H�� �I�L�O�P�� �G�H�� �O�D�� �I�L�E�U�H�� �F�H�� �T�X�L�� �U�H�Q�G�� �F�H�� �P�R�G�H�� �D�G�D�S�W�p�� �j�� �O�¶�H�[�W�U�D�F�W�L�R�Q�� �G�H�V�� �&�2�9�V�� �G�D�Q�V��

�O�¶�H�[�S�L�U�k�W���� �O�H�V���S�O�D�Q�W�H�V���� �O�H�V���L�Q�V�H�F�W�H�V���� �O�H�V���P�L�F�U�R�R�U�J�D�Q�L�V�P�H�V���� �O�H�V���W�L�V�V�X�V���G�H�V���D�Q�L�P�D�X�[���� �H�W���O�H�V���I�O�X�L�Ges 

biologiques [81]�����(�Y�L�G�H�P�P�H�Q�W�����R�Q���F�R�Q�V�W�D�W�H���T�X�H���O�H���P�R�G�H���G�¶�H�[�W�U�D�F�W�L�R�Q���H�Q���H�V�S�D�F�H���G�H���W�r�W�H���H�V�W���W�U�q�V��

avantageux dans le cas des matrices biologiques Žtant donnŽ que la fibre ne rentre pas en 

contact direct avec la matrice ce qui la prot•ge contre les interfŽrences avec les 

macromolŽcules de la matrice [80]. �&�H�S�H�Q�G�D�Q�W���� �L�O�� �Q�¶�H�[�L�V�W�H�� �S�D�V�� �G�H�� �S�U�R�F�p�G�X�U�H�� �X�Q�L�Y�H�U�V�H�O�O�H��

�G�¶�H�[�W�U�D�F�W�L�R�Q���S�D�U���6�3�0�(���D�G�D�S�W�p�H���j���O�¶�H�[�W�U�D�F�W�L�R�Q���G�H�V���&�2�9�V���G�D�Q�V���W�R�X�W�H�V���O�H�V���P�D�W�U�L�F�H�V���E�L�R�O�R�J�L�T�X�H�V����

�&�H�F�L���V�R�X�O�L�J�Q�H���O�¶�L�P�S�R�U�W�D�Q�F�H���G�¶�X�Q�H���p�W�D�S�H���G�¶�R�S�W�L�P�L�V�D�W�L�R�Q���G�H�V���S�D�U�D�P�q�W�U�H�V���T�X�L���S�H�X�Y�H�Q�W���L�Q�I�O�X�H�Q�F�H�U��

�O�¶�H�I�I�L�F�D�F�L�W�p�� �G�¶�H�[�W�U�D�F�W�L�R�Q�� �S�D�U�� �6�3�0�(��[82] et qui doivent •tre dŽterminŽs selon la matrice et 

�O�¶�p�W�X�G�H���P�L�V�H���H�Q���°�X�Y�U�H�� 

La comprŽhension des principes fondamentaux du fonctionnement de la SPME a progressŽ 

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

�G�¶�D�S�S�O�L�F�D�W�L�R�Q�� �G�H�� �F�H�W�W�H�� �W�H�F�K�Q�L�T�X�H�� �G�¶�H�[�W�U�D�F�W�L�R�Q�� Ainsi, il est important de comprendre les 

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

un protocole  appropriŽ.  

 

III. 1.1. Principe Thermodynamique 

 

�7�\�S�L�T�X�H�P�H�Q�W���� �O�H�� �S�U�R�F�H�V�V�X�V�� �G�¶�H�[�W�U�D�F�W�L�R�Q�� �S�D�U�� �6�3�0�(�� �Q�¶�H�V�W�� �F�R�Q�V�L�GŽrŽ complet que lorsque les 

�F�R�Q�F�H�Q�W�U�D�W�L�R�Q�V���G�H�V���D�Q�D�O�\�W�H�V���G�D�Q�V���O�D���P�D�W�U�L�F�H���H�W���V�X�U���O�H���I�L�O�P���G�H���O�D���I�L�E�U�H���D�W�W�H�L�J�Q�H�Q�W���O�¶�p�T�X�L�O�L�E�U�H�����/�D��

�T�X�D�Q�W�L�W�p���G�¶�D�Q�D�O�\�W�H���H�[�W�U�D�L�W�H���j���O�¶�p�T�X�L�O�L�E�U�H���H�V�W���G�p�F�U�L�W�H���S�D�U���O�¶�p�T�X�D�W�L�R�Q�������� 

 

�•�‡L �:
�O�d�q���Z�q���Z�d

�O�d�q���Z�d�>�Z�q��
) C0   Equation (1) 

 

C0 �H�V�W�� �O�D�� �F�R�Q�F�H�Q�W�U�D�W�L�R�Q�� �L�Q�L�W�L�D�O�H�� �G�H�V�� �D�Q�D�O�\�W�H�V�� �G�D�Q�V�� �O�¶�p�F�K�D�Q�W�L�O�O�R�Q ; Vs et Vf sont les volumes de 

�O�¶�p�F�K�D�Q�W�L�O�O�R�Q���H�W�� �G�H�� �O�D�� �I�L�E�U�H���� �U�H�V�S�H�F�W�L�Y�H�P�H�Q�W���� �.fs est le coefficient de distribution des analytes entre la 

fibre et la matrice. 

 

Cette Žquation montre que la quantitŽ des analytes extraite sur la fibre (ne) est linŽairement 
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proportionnelle ˆ la concentration des analytes dans la matrice (C0�����F�H���T�X�L���F�R�Q�I�L�U�P�H���O�¶�D�V�S�H�F�W��

�T�X�D�Q�W�L�W�D�W�L�I���G�H���O�¶�H�[�W�U�D�F�W�L�R�Q���S�D�U�����6�3�0�(���� 

 

�'�D�Q�V�� �O�H�� �F�D�V�� �R�•�� �O�H�� �Y�R�O�X�P�H�� �G�H�� �O�¶�p�F�K�D�Q�W�L�O�O�R�Q�� �H�V�W�� �W�U�q�V�� �p�O�H�Y�p���� �9s>> KfsVf �H�W�� �O�¶�p�T�X�D�W�L�R�Q�� ���� �S�H�X�W�� �V�H��

simplifier comme suit :  

�•�‡ = Kfs Vf C0   Equation (2) 

 

�$�L�Q�V�L���� �O�H�V�� �T�X�D�Q�W�L�W�p�V�� �G�¶�D�Q�D�O�\�W�H�V�� �H�[�W�U�D�L�W�H�V�� �V�R�Q�W�� �L�Q�G�p�S�H�Q�G�D�Q�W�H�V�� �G�X�� �Y�R�O�X�P�H�� �G�H�� �O�¶�p�F�K�D�Q�W�L�O�O�R�Q�� �H�W��

dŽpendent uniquement de leurs concentrations initiales dans la matrice extraite [2].  

�3�D�U�� �D�L�O�O�H�X�U�V���� �O�H�V�� �F�R�Q�V�W�D�Q�W�H�V�� �G�H�� �G�L�V�W�U�L�E�X�W�L�R�Q�� �H�Q�W�U�H�� �P�D�W�U�L�F�H���� �S�K�D�V�H�� �G�p�S�H�Q�G�H�Q�W�� �G�¶�Xne variŽtŽ de 

param•tres expŽrimentales comme la tempŽrature, la pression et la composition de la matrice.  

�(�Q�� �H�I�I�H�W���� �V�L�� �O�D�� �W�H�P�S�p�U�D�W�X�U�H�� �G�H�� �O�¶�p�F�K�D�Q�W�L�O�O�R�Q�� �H�W�� �F�H�O�O�H�� �G�H�� �O�D�� �I�L�E�U�H�� �F�K�D�Q�J�H�Q�W�� �G�H�� �70 ˆ T,  les 

constantes de distribution changent et se dŽcrivent par l�¶�p�T�X�D�W�L�R�Q���V�X�L�Y�D�Q�W�H (Žquation 3):  

 

Kfs = K0  exp �>F��
���ñ�Á

�Ë
���@

�5

�Í
F

�5

�Í �4
�A���?   Equation (3) 

 

K0 est la constante de distribution ˆ la tempŽrature T0 �����û�+���H�V�W���O�¶�H�Q�W�K�D�O�S�L�H���G�H���O�¶�D�Q�D�O�\�W�H���T�X�D�Q�G���L�O���S�D�V�V�H��

de la matrice vers la fibre ; R est la constante du gaz.  

 

Lorsque la valeur de Kfs est supŽrieure ˆ 1, l'analyte poss•de une Žnergie potentielle plus 

�I�D�L�E�O�H�� �V�X�U�� �O�D�� �I�L�E�U�H�� �T�X�H�� �G�D�Q�V�� �O�
�p�F�K�D�Q�W�L�O�O�R�Q�� �D�X�� �G�p�E�X�W���G�H�� �O�¶�H�[�W�U�D�F�W�L�R�Q���� �(�Q�� �H�I�I�H�W���� �O�D�� �U�p�S�D�U�W�L�W�L�R�Q�� �G�H�V��

analytes sur la fibre est un processus exothermique ce qui signifie que la valeur �� ��  est 

supŽrieure ˆ 0 et l'ŽlŽvation de la tempŽrature diminuera la valeur de Kfs (Žquivalent ˆ un 

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

 

III. 1.2. Principe CinŽtique  

 

La cinŽtique du processus d'extraction par �6�3�0�(�� �G�p�W�H�U�P�L�Q�H���O�D���Y�L�W�H�V�V�H���G�¶extraction. En effet, 

la thŽorie cinŽtique identifie le taux d'extraction et indique des stratŽgies pour augmenter la 

�Y�L�W�H�V�V�H�� �G�¶�H�[�W�U�D�F�W�L�R�Q���� �/�H�� �S�U�R�F�H�V�V�X�V�� �G�
�H�[�W�U�D�F�W�L�R�Q�� �S�D�U�� �6�3�0�(�� �V�X�L�W�� �J�p�Q�p�U�D�O�H�P�H�Q�W�� �O�H�� �S�U�R�I�L�O�� �L�O�O�X�V�W�U�p��

sur  figure 6 qui montre une augmentation ra�S�L�G�H���G�H���O�D���T�X�D�Q�W�L�W�p���G�¶�D�Q�D�O�\�W�H���D�G�V�R�U�E�p�H���V�X�U���O�D���I�L�E�U�H��

�L�P�P�p�G�L�D�W�H�P�H�Q�W���D�S�U�q�V���O�H���F�R�Q�W�D�F�W���G�H���O�D���I�L�E�U�H���D�Y�H�F���O�
�p�F�K�D�Q�W�L�O�O�R�Q�����O�H���G�p�E�L�W���G�L�P�L�Q�X�H���H�Q�V�X�L�W�H���M�X�V�T�X�¶�j��

�D�W�W�H�L�Q�G�U�H���O�¶�p�T�X�L�O�L�E�U�H�������� 
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Figure 6 : �3�U�R�I�L�O���W�\�S�L�T�X�H���G�X���W�H�P�S�V���G�¶�H�[�W�U�D�F�W�L�R�Q���G�H�V���F�R�P�S�R�V�p�V���Y�R�O�D�W�L�O�V���S�D�U���6�3�0�(�����&�R�S�L�p���G�H��
�O�¶�D�U�W�L�F�O�H�����2�X�\�D�Q�J��et al. (2011) [2]. 

 

�/�¶�H�[�W�U�D�F�W�L�R�Q �H�V�W���X�Q���S�U�R�F�H�V�V�X�V���F�L�Q�p�W�L�T�X�H���H�W���O�¶�D�E�V�R�U�S�W�L�R�Q���G�H�V���D�Q�D�O�\�W�H�V���G�H�P�H�X�U�H���O�L�Q�p�D�L�U�H���O�R�U�V�T�X�H��

le temps d'Žchantillonnage est infŽrieur ˆ t50. Comme le temps requis pour atteindre l'Žquilibre 

�H�V�W�� �L�Q�I�L�Q�L�P�H�Q�W���O�R�Q�J���� �O�H�� �W�H�P�S�V�� �G�
�p�T�X�L�O�L�E�U�H�� �H�V�W�� �V�X�S�S�R�V�p�� �D�W�W�H�L�Q�W���O�R�U�V�T�X�H�� �������� �G�H�� �O�D�� �T�X�D�Q�W�L�W�p�� �G�¶�X�Q��

analyte est extraite de la matrice.  

�3�R�X�U�� �F�R�P�S�U�H�Q�G�U�H�� �O�D�� �F�L�Q�p�W�L�T�X�H�� �G�X�� �S�U�R�F�H�V�V�X�V�� �G�¶�H�[�W�U�D�F�W�L�R�Q�� �S�D�U�� �6�3�0�(���� �O�H�� �P�R�G�q�O�H Prandtl 

boundary Layer peut ŽtŽ utilisŽ pour simplifier les Žquations correspondantes. En effet, ce 

�P�R�G�q�O�H���V�X�S�S�R�V�H���O�¶�H�[�L�V�W�H�Q�F�H���G�¶�X�Q�H���F�R�X�F�K�H���I�L�Q�H���G�H���O�L�D�L�V�R�Q���D�X�W�R�X�U���G�H���O�D���I�L�E�U�H���Sour un fluide sans 

agitation. Les mouvements du fluide augmentent graduellement quand la distance par rapport 

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

�G�D�Q�V���O�¶�p�F�K�D�Q�W�L�O�O�R�Q�����/�¶�p�S�D�L�V�V�H�X�U de cette couche limite est dŽterminŽe par la viscositŽ du fluide 

et les conditions d'agitation du syst•me [2].  

Lorsque le taux d'extraction est dŽterminŽ par la diffusion des analytes sur cette couche autour 

�G�H���O�D���I�L�E�U�H�����O�H���W�H�P�S�V���Q�p�F�H�V�V�D�L�U�H���S�R�X�U���T�X�H���O�¶�p�T�X�L�O�L�E�U�H���V�R�L�W���D�W�W�H�L�Q�W���S�H�X�W���r�W�U�H���H�V�W�L�P�p���S�D�U���O�
�p�T�X�D�W�L�R�Q��

suivante (Žquation 4):  

�P�AL �P�{�w�¨ L �uH 
�”���O�d�q���:�Õ�?�Ô�;

�½�æ
    Equation (4) 

 

�A est �O�¶�p�S�D�L�V�V�H�X�U���G�H���O�D���O�L�D�L�V�R�Q���D�X�W�R�X�U���G�X���I�L�O�P���G�H���O�D���I�L�E�U�H�������E-�D�����H�V�W���O�¶�p�S�D�L�V�V�H�X�U���G�X���I�L�O�P���G�H���O�D���I�L�E�U�H�����'�V��est 

le coefficient de diffusion des analytes dans �O�¶�H�D�X ; Kfs est le coefficient de distribution des analytes 

entre la matrice et la fibre. 
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La sensibilitŽ �G�H���O�D���W�H�F�K�Q�L�T�X�H���S�H�X�W���r�W�U�H���D�S�S�U�R�X�Y�p�H���S�D�U���O�¶�D�X�J�P�H�Q�W�D�W�L�R�Q���G�H���O�¶�p�S�D�L�V�V�H�X�U���G�H���O�D���I�L�E�U�H����

�&�H�S�H�Q�G�D�Q�W���� �X�Q�H�� �D�X�J�P�H�Q�W�D�W�L�R�Q�� �V�L�J�Q�L�I�L�F�D�W�L�Y�H�� �G�X�� �W�H�P�S�V�� �G�¶�H�[�W�U�D�F�W�L�R�Q�� �D�X�U�D�� �O�L�H�X����Ainsi, la 

�G�L�P�L�Q�X�W�L�R�Q�� �G�H�� �O�¶Žpaisseur de la fibre entraine �O�¶�D�F�F�p�O�p�U�D�W�L�R�Q�� �G�X�� �S�U�R�F�H�V�V�X�V�� �G�¶�H�[�W�U�D�F�W�L�R�Q�� �H�W��

rŽsulte ˆ un temp�V���G�¶�p�T�X�L�O�L�E�U�H���S�O�X�V���F�R�X�U�W���� 

�(�Q���P�R�G�H���H�V�S�D�F�H���G�H���W�r�W�H�����O�H�V���D�Q�D�O�\�W�H�V���Y�R�O�D�W�L�O�V���G�R�L�Y�H�Q�W���r�W�U�H���G�L�I�I�X�V�p�V���G�H���O�D���P�D�W�U�L�F�H���Y�H�U�V���O�¶�H�V�S�D�F�H��

de t•te avant �G�¶atteindre la fibre. Par consŽquent, le transfert de masse global des analytes sur 

la fibre est gŽnŽralement limitŽ par le taux de transfert de masse des composŽs entre la 

matrice �H�W���O�¶espace de t•te. Les composŽs volatils sont prŽsents en fortes concentrations dans 

�O�¶�H�V�S�D�F�H���G�H���W�r�W�H���H�W���V�R�Q�W���G�R�Q�F���S�O�X�V���U�D�S�L�G�H�P�H�Q�W extraits que les composŽs semi-volatils.  

Par ailleurs, la tempŽrature a un effet significatif sur la cinŽtique du processus en dŽterminant 

la pression de vapeur des analytes. Par ailleurs, la valeur de Kfs �G�L�P�L�Q�X�H���D�Y�H�F���O�¶�D�X�J�P�H�Q�W�D�W�L�R�Q��

de la tempŽrature. Par consŽquent, l�D�� �V�H�Q�V�L�E�L�O�L�W�p�� �G�H�� �O�D�� �P�p�W�K�R�G�H�� �G�L�P�L�Q�X�H�� �j�� �O�¶�p�T�X�L�O�L�E�H���� �(�W�D�Q�W��

donnŽ que les coefficients de diffusion augmentent �H�Q�� �F�D�V�� �G�¶�X�Q�H�� �I�D�L�E�O�H�� �Y�L�V�F�R�F�L�W�p, 

�O�¶�D�X�J�P�H�Q�W�D�W�L�R�Q�� �G�H�� �O�D�� �W�p�P�S�p�U�D�W�X�U�H�� �H�Q�W�U�D�L�Q�H��ainsi une extraction rapide (Žquation 4), mais une 

faible sensibilitŽ de la mŽthode [80].  

De m•me, le temps d'Žquilibre des composŽs volatil�V�� �H�V�W�� �S�O�X�V�� �F�R�X�U�W�� �H�Q�� �F�D�V�� �G�¶�H�[�W�U�D�F�W�L�R�Q�� �H�Q��

�H�V�S�D�F�H�� �G�H�� �W�r�W�H�� �T�X�H�� �S�D�U�� �L�P�P�H�U�V�L�R�Q�� �G�L�U�H�F�W�H�� �V�R�X�V�� �G�H�V�� �F�R�Q�G�L�W�L�R�Q�V�� �G�¶�D�J�L�W�D�W�L�R�Q�� �V�L�P�L�O�D�L�U�H�V���� �&�H��

rŽsultat peut •tre expliquŽ par deux facteurs: (i) une partie de l'analyte se trouve au prŽalable 

dans l'espace de t•te avant l'extraction, et (ii) les coefficients de diffusion dans la phase 

�J�D�]�H�X�V�H���V�R�Q�W���W�\�S�L�T�X�H�P�H�Q�W���G�H���O�¶�R�U�G�U�H������-5 fois plus ŽlevŽs que ceux dans les milieux liquides 

[2]. 

�/�D���F�L�Q�p�W�L�T�X�H���G�¶�D�G�V�R�U�S�W�L�R�Q���G�H�V���D�Q�D�O�\�W�H�V���G�H���O�D���P�D�W�U�L�F�H���Y�H�U�V���O�H���I�L�O�P���G�H���O�D���I�L�E�U�H���S�H�X�W���r�W�U�H���G�p�F�U�L�W�H��

�S�D�U���O�¶�p�T�X�D�W�L�R�Q���V�X�L�Y�D�Q�W�H�����p�T�X�D�W�L�R�Q������ :  

 

n= [1- exp (-at)] ne = [1- exp (-at)] ! �:
�O�d�q�Z�q�Z�d

�O�d�q���>�Z�q��
) C0   Equation (5) 

 

�Q���H�V�W���O�D���T�X�D�Q�W�L�W�p���G�¶�D�Q�D�O�\�W�H���H�[�W�U�D�L�W�H���j���X�Q���W�H�P�S�V���W�����Q�H���O�D���T�X�D�Q�W�L�W�p���G�¶�D�Q�D�O�\�W�H���H�[�W�U�D�L�W�H���j���O�¶�p�T�X�L�O�L�E�U�H�����D���H�V�W���X�Q��

dŽbit constant qui dŽpend des volumes de la phase �G�¶�H�[�W�U�D�F�W�L�R�Q���H�W���G�H���O�¶�p�F�K�D�Q�W�L�O�O�R�Q�����G�H�V���F�R�H�I�I�L�F�L�H�Q�W�V��de 

transfert de masse, des coefficients de distribution et de la sur�I�D�F�H���G�H���O�D���S�K�D�V�H���G�¶�H�[�W�U�D�F�W�L�R�Q���� 

 

�(�Q�� �H�I�I�H�W���� �T�X�D�Q�G�� �O�H�� �W�H�P�S�V�� �G�¶�H�[�W�U�D�F�W�L�R�Q�� �H�V�W�� �H�[�W�U�r�P�H�P�H�Q�W���O�R�Q�J�� �S�R�X�U���T�X�H�� �O�¶�p�T�X�L�O�L�E�U�H�� �V�R�L�W���D�W�W�H�L�Q�W����

�O�¶�p�T�X�D�W�L�R�Q�� ���� �V�H�� �V�L�P�S�O�L�I�L�H�� �j�� �O�¶�p�T�X�D�W�L�R�Q�� ������ �F�H�� �T�X�L�� �S�U�R�X�Y�H�� �T�X�H�� �O�H�� �P�R�G�q�O�H�� �G�\�Q�D�P�L�T�X�H�� �S�H�X�W�� �r�W�U�H��

�D�S�S�O�L�T�X�p���S�R�X�U���O�H���U�p�J�L�P�H���F�L�Q�p�W�L�T�X�H���H�W���O�H���U�p�J�L�P�H���j���O�¶�p�T�X�L�O�L�E�U�H�����)�L�J�X�U�H��������   
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III. 1.3. Calibration de la SPME  

 

La SPME est une technique d'extraction non exhaustive aux cours de laquelle seule une faible 

proportion de l'analyte est extraite de la matrice. Par consŽquent, une mŽthode de calibration 

appropriŽe est indispensable po�X�U�� �D�V�V�X�U�H�U�� �O�¶�D�V�S�H�F�W�� �T�X�D�Q�W�L�W�D�W�L�I�� �G�H�� �O�¶�H�[�W�U�D�F�W�L�R�Q���� �3�D�U�P�L�� �O�H�V��

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

matrices biologiques, on cite la calibration ˆ l'Žquilibre et la calibration cinŽtique (Figure 7).  

La mŽthode d'extraction ˆ l'Žquilibre est une mŽthode de quantification largement utilisŽe au 

cours de laquelle les quantitŽs d'analytes extraites sont proportionnelles aux concentrations 

dans la matrice, et sont indŽpendantes du volume de l'Žchantillon.  Par consŽquent, les 

concentrations des analytes peuvent •tre facilement dŽterminŽes ˆ partir des quantitŽs 

�H�[�W�U�D�L�W�H�V���V�X�U���O�D���I�L�E�U�H���j���O�¶�p�T�X�L�O�L�E�U�H��[2].   
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  Figure 7 : PropriŽtŽs des mŽthodes de calibration par SPME : 
 �O�D���P�p�W�K�R�G�H���G�H���F�D�O�L�E�U�D�W�L�R�Q���j���O�¶�p�T�X�L�O�L�E�U�H���Y�H�U�V�X�V���O�D���F�D�O�L�E�U�D�W�L�R�Q���F�L�Q�p�W�L�T�X�H [2] 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

 

 

SŽlection de la mŽthode de calibration 

Equilibre 

CinŽtique 

Plus sensible que les mŽthodes cinŽtiques  

Bonne prŽcision  

ProcŽdure simple  

�/�H���W�H�P�S�V���G�¶�H�[�W�U�D�F�W�L�R�Q���Q�¶�H�V�W���S�D�V���F�U�X�F�L�D�O�� 

Effets de dŽplacement possible  

�8�W�L�O�L�V�p�H���V�L���O�H���W�H�P�S�V���G�¶�p�T�X�L�O�L�E�U�H���H�V�W���W�U�q�V���O�R�Q�J�� 

�8�W�L�O�L�V�p�H���V�L���O�D���F�R�P�S�R�V�L�W�L�R�Q���G�H���P�D�W�U�L�F�H���H�W���O�H�V���F�R�Q�G�L�W�L�R�Q�V���G�¶�D�J�L�W�D�W�L�R�Q���V�R�Q�W���L�Q�F�R�Q�Q�X�H�V�� 

�8�Q���W�H�P�S�V���G�¶�H�[�W�U�D�F�W�L�R�Q���S�U�p�F�L�V���H�V�W���G�H�P�D�Q�G�p�� 

�'�L�P�L�Q�X�H���O�D���V�H�Q�V�L�W�L�Y�L�W�p���G�H���O�¶�H�[�W�U�D�F�W�L�R�Q 

�)�D�L�E�O�H���S�U�p�F�L�V�L�R�Q���T�X�L���G�p�S�H�Q�G���G�H���O�D���P�p�W�K�R�G�H���G�¶�H�[�W�U�D�F�W�L�R�Q���F�K�R�L�V�L�H�� 

�8�W�L�O�L�V�p�H���V�L���O�H���W�H�P�S�V���G�¶�p�T�X�L�O�L�E�U�H���H�V�W���V�X�I�I�L�V�D�P�P�H�Q�W���F�R�X�U�W���S�R�X�U���O�¶�p�W�X�G�H���H�Q���T�X�H�V�W�L�R�Q�� 

�1�p�F�H�V�V�L�W�H���X�Q�H���S�U�R�F�p�G�X�U�H���G�¶�R�S�W�L�P�L�V�D�W�L�R�Q���F�R�P�S�O�L�T�X�p�H�� 
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III. 2. Verrous analytique pour �O�¶�H�[�W�U�D�F�W�L�R�Q���G�X���Y�R�O�D�W�R�O�R�P�H���S�D�U���6�3�0�( 

 

�&�R�P�S�W�H�� �W�H�Q�X�� �G�H�V�� �D�V�S�H�F�W�V�� �W�K�H�U�P�R�G�\�Q�D�P�L�T�X�H�V�� �H�W�� �F�L�Q�p�W�L�T�X�H�V�� �G�H�� �O�¶�H�[�W�U�D�F�W�L�R�Q�� �S�D�U�� �6�3�0�(���� �G�H��

�Q�R�P�E�U�H�X�[�� �S�D�U�D�P�q�W�U�H�V�� �S�R�U�W�D�Q�W�� �V�X�U�� �O�¶�H�[�W�U�D�F�W�L�R�Q�� �H�W�� �O�D�� �S�U�p�S�D�U�D�W�L�R�Q�� �G�H�� �O�¶�p�F�K�D�Q�W�L�O�O�R�Q�� �G�R�L�Y�H�Q�W�� �r�W�U�H��

adaptŽs pour une extraction efficace des composŽs volatils dans les matrices biologiques 

ŽtudiŽes.  

 

III. 2���������&�R�Q�G�L�W�L�R�Q�V���G�¶�H�[�W�U�D�F�W�L�R�Q�� 

 

�/�H�V�� �G�H�X�[�� �S�U�L�Q�F�L�S�D�X�[�� �S�D�U�D�P�q�W�U�H�V�� �T�X�L�� �S�H�X�Y�H�Q�W�� �L�Q�I�O�X�H�Q�F�H�U�� �O�D�� �U�L�F�K�H�V�V�H�� �G�H�� �O�¶�H�[�W�U�D�L�W�� �G�X�� �I�R�L�H�� �H�Q��

composŽs organiques volatils sont: (i) le type de la fibre qui influence la sŽlectivitŽ des COVs 

extraits et (ii) le couple tempŽrature/temps �X�W�L�O�L�V�p���S�H�Q�G�D�Q�W���O�¶�H�[�W�U�D�F�W�L�R�Q���T�X�L���D�I�I�H�F�W�H���O�D���Y�R�O�D�W�L�O�L�W�p��

et la solubilitŽ des COVs [83]. 

 

III. 2.1.1.Type de fibre  

 

Les propriŽtŽs physicochimiques du film de la fibre SPME influencent considŽrablement la 

�V�p�O�H�F�W�L�Y�L�W�p�� �G�H�� �O�¶�H�[�W�U�D�F�W�L�R�Q�� �G�H�V�� �&�2�9�V��[84]. Plusieurs types de fibres commerciales sont 

disponibles, elles sont principalement constituŽes de polydimŽthylsiloxane (PDMS) avec 

diffŽrentes Žpaisseurs de film (7, 30 and 100 µm), polyacrylate (PA), DVB-PDMS 

(polydimethylsiloxane-divinylbenzene), CAR-PDMS (carboxen / polydimethylosiloxane), 

CW-DVB (Carbowax/divinylbenzene) et la DVB/CAR/PDMS (divinylbenzene / carboxen / 

polydimethylsiloxane).  

En effet, les analytes apolaires ont une forte affinitŽ avec les fibres apolaires comme la PDMS 

qui reprŽsente souvent le premier choix en raison de la longue durŽe de vie de ce type de film. 

La PA �H�V�W���S�O�X�V���S�R�O�D�L�U�H���H�W���S�H�X�W���r�W�U�H���X�W�L�O�L�V�p�H���S�R�X�U���O�¶�H�[�W�U�D�F�W�L�R�Q���G�H�V���F�R�P�S�R�V�p�V���S�R�O�D�L�U�H�V���F�R�P�P�H���O�H�V��

phŽnols. Deux types de fibres sont largement �X�W�L�O�L�V�p�H�V�� �S�R�X�U�� �O�¶�H�[�W�U�D�F�W�L�R�Q�� �G�H�V�� �P�p�W�D�E�R�O�L�W�H�V��

volatils traceurs dans les matrices biologiques: (i) la CAR/PDMS qui a ŽtŽ utilisŽe pour 

�O�¶�H�[�W�U�D�F�W�L�R�Q�� �G�H�V�� �&�2�9�V�� �G�D�Q�V�� �O�H�� �I�R�L�H��[46]���� �O�¶�X�U�L�Q�H��[52] et le sang [40,85], et (ii) la 

�'�9�%���&�$�5���3�'�0�6�� �T�X�L�� �D�� �p�W�p�� �F�R�Q�o�X�H�� �S�R�X�U�� �p�O�D�U�J�L�U�� �O�¶�p�Y�H�Q�W�D�L�O�� �G�H�V�� �&�2�9�V�� �H�[�W�U�D�L�W�V�� �D�Y�H�F�� �O�D��

CAR/PDMS [84,86]. 
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III. 2�����������7�H�P�S�p�U�D�W�X�U�H���W�H�P�S�V���G�¶�H�[�W�U�D�F�W�L�R�Q 

 

�/�D���F�R�P�S�R�V�L�W�L�R�Q���G�H���O�¶�H�[�W�U�D�L�W���G�H���&�2�9�V���G�p�S�H�Q�G���I�R�U�W�H�P�H�Q�W���G�H���O�D���F�R�P�E�L�Q�D�L�V�R�Q��tempŽrature/temps 

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

COVs [83]. Silva et al. (2011) [52] �R�Q�W�� �G�p�P�R�Q�W�U�p�� �T�X�H�� �O�¶�D�X�J�P�H�Q�W�D�W�L�R�Q�� �G�H�� �O�D�� �W�H�P�S�p�U�D�W�X�U�H��

�G�¶�H�[�W�U�D�F�W�L�R�Q���G�H�������ƒ�&���j�������ƒ�&���H�Q�W�U�D�L�Q�H���X�Q�H���D�X�J�P�H�Q�W�D�W�L�R�Q���G�H�V���D�E�R�Q�G�D�Q�F�H�V���G�H�V���F�R�P�S�R�V�p�V���Y�R�O�D�W�L�O�V��

extraits mais Žgalement leurs standards dŽviations.   

�(�Q���H�I�I�H�W�����O�¶�D�X�J�P�H�Q�W�D�W�L�R�Q���G�H���O�D���W�H�P�S�p�U�D�W�X�U�H���D�X�J�P�H�Q�W�H���O�D���G�L�I�I�Xsion des COVs de la matrice vers 

�O�¶�H�V�S�D�F�H�� �G�H�� �W�r�W�H�� �G�\�Q�D�P�L�T�X�H�� �P�D�L�V�� �X�Q�H�� �H�[�W�U�D�F�W�L�R�Q�� �j�� �K�D�X�W�H�� �W�H�P�S�p�U�D�W�X�U�H�� �U�L�V�T�X�H�� �G�H�� �S�U�R�Y�R�T�X�H�U��

�O�¶�R�[�\�G�D�W�L�R�Q�� �H�W�� �O�D�� �G�p�J�U�D�G�D�W�L�R�Q�� �G�H�V�� �&�2�9�V�� �G�D�Q�V�� �O�H�V�� �P�D�W�U�L�F�H�V�� �E�L�R�O�R�J�L�T�X�H�V���� �$�� �O�¶�p�T�X�L�O�L�E�U�H���� �O�Hs 

coefficients de distribution des COVs entre la �I�L�E�U�H�� �H�W�� �O�¶�p�F�K�D�Q�W�L�O�O�R�Q�� �G�L�P�L�Q�X�Hnt avec 

�O�¶�D�X�J�P�H�Q�W�D�W�L�R�Q�� �G�H�� �O�D�� �W�H�P�S�p�U�D�W�X�U�H����ce qui rŽsulte ̂  �O�D�� �G�L�P�L�Q�X�W�L�R�Q�� �G�H�� �O�D�� �T�X�D�Q�W�L�W�p�� �G�¶�D�Q�D�O�\�W�H��

extraite [80]. Ainsi, une tempŽrature proche de la tempŽrature physiologique est en faveur  de 

�O�¶�H�[�W�U�D�F�W�L�R�Q des COVs dans les matrices biologiques.  

�3�D�U���D�L�O�O�H�X�U�V�����O�H���W�H�P�S�V���G�¶�H�[�W�U�D�F�W�L�R�Q���Q�¶�L�Q�I�O�X�H�Q�F�H���S�D�V���O�¶�H�I�I�L�F�D�F�L�W�p���G�H���O�¶�H�[�W�U�D�F�W�L�R�Q���V�L���O�H�V���F�R�Q�G�L�W�L�R�Q�V��

�G�¶�p�T�X�L�O�L�E�U�H�� �V�R�Q�W�� �G�p�M�j�� �p�W�D�E�O�Le�V���� �'�¶�X�Q�� �D�X�W�U�H�� �F�{�W�p���� �S�O�X�V�L�H�X�U�V�� �p�W�X�G�H�V�� �H�Q�� �P�p�W�D�E�R�O�R�P�L�T�X�H�� �R�Q�W��

�S�U�L�Y�L�O�p�J�L�p���G�H�V���W�H�P�S�V���G�¶�H�[�W�U�D�F�W�L�R�Q���F�R�X�U�W�V���S�R�X�U���U�p�G�X�L�U�H���O�H�V���U�L�V�T�X�H�V���G�H���G�p�J�U�D�G�D�W�L�R�Q���G�H�V���&�2�9�V���D�X��

�F�R�X�U�V���G�H���O�¶�H�[�W�U�D�F�W�L�R�Q��[53]. 

 

III. 2.1.3.Agitation  

�/�H�� �W�H�P�S�V�� �G�¶�p�T�X�L�O�L�E�U�H�� �G�L�P�L�Q�X�H�� �D�Y�H�F�� �X�Q�H�� �D�J�L�W�D�W�L�R�Q�� �P�D�J�Q�p�W�L�T�X�H�� �R�S�W�L�P�D�O�H�� �G�H�� �O�¶�p�F�K�D�Q�W�L�O�O�R�Q��[80]. 

�(�Q�� �H�I�I�H�W���� �X�Q�� �W�D�X�[�� �G�¶�D�J�L�W�D�W�L�R�Q�� �F�R�Q�Y�H�Q�D�E�O�H�� �G�R�L�W�� �r�W�U�H�� �D�S�S�O�L�T�X�p�� �j�� �O�¶�p�F�K�D�Q�W�L�O�O�R�Q�� �H�Q�� �F�D�V�� �G�¶�X�Q�H��

extraction par espace de t•te dynamique ˆ cause de la viscositŽ ŽlevŽe de la matrice qui induit 

de faibles coefficients de diffusions des analytes �Y�H�U�V���O�¶�H�V�S�D�F�H���G�H��t•te [2].  

 

III. 2.2.PrŽparation des Žchantillons  

�(�Q���F�H���T�X�L���F�R�Q�F�H�U�Q�H���O�D���S�U�p�S�D�U�D�W�L�R�Q���G�H���O�¶�p�F�K�D�W�L�O�O�R�Q���� �G�H�X�[�� �D�S�S�U�R�F�K�H�V���T�X�L���W�U�D�L�W�H�Q�W���O�¶�p�T�X�L�O�L�E�U�H���G�H�V��

�F�R�P�S�R�V�p�V�� �Y�R�O�D�W�L�O�V�� �G�D�Q�V�� �O�¶�Hspace de t•te avant leur adsorption sur la fibre et l'ajout de sel 

peuvent influe�Q�F�p�V���O�D���Y�D�U�L�D�E�L�O�L�W�p���H�W���O�D���V�H�Q�V�L�E�L�O�L�W�p���G�H���O�¶�H�[�W�U�D�F�W�L�R�Q���� 

 

III. 2.2.1.Equilibre des COVs  

�/�¶�H�[�W�U�D�F�W�L�R�Q�� �G�H�V�� �&�2�9�V�� �S�D�U�� �6�3�0�(�� �Q�¶�H�V�W�� �F�R�Q�V�L�G�p�U�p�H�� �F�R�P�S�O�q�W�H�� �T�X�H�� �V�L�� �O�H�V�� �F�R�Q�F�H�Q�W�U�D�W�L�R�Q�V�� �G�H�V��

�D�Q�D�O�\�W�H�V�� �H�Q�W�U�H�� �O�D�� �P�D�W�U�L�F�H�� �H�W�� �O�H�� �I�L�O�P�� �G�H�� �O�D�� �I�L�E�U�H�� �D�W�W�H�L�J�Q�H�Q�W�� �O�¶�p�T�X�L�O�L�E�U�H���� �7�D�Q�W�� �T�X�H�� �F�H�� �W�H�P�S�V��
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�Q�p�F�H�V�V�D�L�U�H�� �S�R�X�U�� �D�W�W�H�L�Q�G�U�H�� �O�¶�p�T�X�L�O�L�E�U�H�� �Q�¶�H�V�W�� �S�D�V�� �p�F�R�X�O�p���� �O�H�V�� �T�X�D�Q�W�L�W�p�V�� �G�H�� �&�2�9�V��disponibles ˆ 

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

quantitŽs de COVs extraits [87]���� �'�¶�X�Q�� �D�X�W�U�H�� �F�{�W�p���� �O�¶�p�T�X�L�O�L�E�U�H�� �P�D�W�U�L�F�H���I�L�E�U�H�� �H�V�W�� �p�W�U�R�L�W�H�P�H�Q�W��

�G�p�S�H�Q�G�D�Q�W���G�H���O�¶�p�T�X�L�O�L�E�U�H���P�D�W�U�L�F�H���H�V�S�D�F�H���G�H���W�r�W�H�����'�D�Q�V���F�H�W�W�H���O�R�J�L�T�X�H�����O�H���W�H�P�S�V���G�H���G�p�F�R�Q�J�p�O�D�W�L�R�Q��

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

COVs en�W�U�H�� �O�D�� �P�D�W�U�L�F�H�� �H�W�� �O�¶�H�V�S�D�F�H�� �G�H�� �W�r�W�H���� �$�L�Q�V�L���� �X�Q�H�� �G�p�F�R�Q�J�p�O�D�W�L�R�Q�� �G�H�V�� �p�F�K�D�Q�W�L�O�O�R�Q�V�� �D�Y�D�Q�W��

�O�¶�H�[�W�U�D�F�W�L�R�Q���V�H�P�E�O�H���r�W�U�H��une Žtape indispensable qui peut inŽvitablement influencer la quantitŽ 

des COVs extraits et aussi la variabilitŽ analytique.  

 

III. 2.2.2. Ajout de sel 

�'�D�Q�V�� �O�H�� �E�X�W�� �G�H�� �I�D�Y�R�U�L�V�H�U�� �O�¶�H�[�W�U�D�F�W�L�R�Q�� �G�H�V�� �&�2�9�V���� �O�¶�D�M�R�X�W�� �G�H sel est tr•s recommandŽ pour les 

analyses des matrices biologiques comme le plasma et les tissus contenant des composŽs 

polymŽriques [52]. �(�Q�� �H�I�I�H�W���� �O�¶�D�M�R�X�W���G�H�� �V�H�O��entraine le changement d�H�V�� �F�R�H�I�I�L�F�L�H�Q�W�V�� �G�¶�D�FtivitŽ 

des COVs et favorise leur libŽration de la matrice par effet salting-out, ce qui augmente 

�F�R�Q�V�L�G�p�U�D�E�O�H���O�D���V�H�Q�V�L�E�L�O�L�W�p���G�¶�H�[�W�U�D�F�W�L�R�Q���� 

Cependant, �O�¶�D�M�R�X�W���G�H�� �V�H�O�� �V�R�O�L�G�H�� �S�R�X�U�U�D�L�W���U�D�O�H�Q�W�L�U�� �O�H�� �W�U�D�Q�V�I�H�U�W���P�D�V�V�L�T�X�H�� �G�Hs composŽs entre la 

matrice et l'espace de t•te dynamique en raison de l'effet de viscositŽ du sel sur l'Žchantillon. 

Ceci pourrait emp•cher l'Žtat d'Žquilibre des COVs entre la matrice d'Žchantillon et le film 

fibreux, ce qui induira une plus grande variabilitŽ d'extraction [88]. 

�/�¶�R�E�M�H�F�W�L�I�� �H�V�W�� �G�¶�D�P�p�O�L�R�U�H�U�� �O�¶�H�I�I�L�F�D�F�L�W�p�� �G�H�� �O�D�� �F�K�D�L�Q�H�� �D�Q�D�O�\�W�L�T�X�H�� �H�Q�� �P�R�G�L�I�L�D�Q�W�� �O�H�V�� �Fonditions de 

�S�U�p�S�D�U�D�W�L�R�Q�� �G�H�� �O�¶�p�F�K�D�Q�W�L�O�O�R�Q. Deux param•tres clŽs ont ŽtŽ ŽtudiŽs: �O�H�� �W�H�P�S�V�� �G�¶�p�T�X�L�O�L�E�U�H�� et 

�O�¶�D�M�R�X�W���G�H���V�H�O�V���D�I�L�Q���G�H���I�D�Y�R�U�L�V�H�U���O�¶�H�[�W�U�D�F�W�D�E�L�O�L�W�p���G�H�V���F�R�P�S�R�V�p�V���Y�R�O�D�W�L�O�V���S�D�U���H�I�I�H�W���V�D�O�W�L�Q�J-out.  

 

III. 3. Verrous du traitement des donnŽes volatolomiques 

 

III. 3.1. Identification des COVs  

 

Les mŽtabolites volatils  peuvent •tre identifiŽs ˆ travers la comparaison des spectres de 

masse expŽrimentaux avec les spectres de rŽfŽrence avec une similaritŽ ŽlevŽe (>80%). Par 

ailleurs, les indices de rŽtention, ou plus prŽcisŽment les indices de Kovats, sont 

habituellement utilisŽs en GC fournissant plus de confiance aux informations sur la structure 

des mŽtabolites. 

La librairie de la GC contient des spectres EI-MS  collectŽs durant plusieurs dŽcennies et par 
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consŽquent, de nombreuses biblioth•ques contenant des milliers de spectres existent.  

La crŽation des biblioth•ques EI-MS est facilitŽe gr‰ce ˆ la reproductibilitŽ instrumentale et 

�O�¶�p�Q�H�U�J�L�H���p�O�H�F�W�U�R�Q�L�T�X�H���G�¶�L�R�Q�L�V�D�W�L�R�Q��qui est standardisŽe ˆ 70 eV.  

Les plus grandes biblioth•ques de spectres de masse sont disponibles chez Wiley (400 000 

spectres) et l'Institut National des Normes et Technologie (NIST) (200 000 spectres) ainsi 

qu'une combinaison des deux avec des spectres supplŽmentaires chez Palisade (600 000 

Spectres). 

En outre, des biblioth•ques publiques sont disponibles contenant des spectres de masse et des 

indices de rŽtention qui amŽliorent l'identification spectrale des composŽs volatils.                 

 Par exemple, une base de donnŽes pour les analyses effectuŽes sur un quadrip™le a ŽtŽ 

rŽcemment crŽe dans le cadre du Golm Metabolome Database (GMD).  

�$���O�¶�L�V�V�Xe �G�H���F�H�W�W�H���p�W�D�S�H���G�¶�L�G�H�Q�W�L�I�L�F�D�W�L�R�Q���G�H�V���&�2�9�V����les aires des pics chromatographiques des 

mŽtabolites volatils identifiŽs sont intŽgrŽes et les rŽsultats sont rassemblŽs dans une matrice 

globale qui reprŽsente les abondances des COVs dans les diffŽrents Žchantillons analysŽs.  

 

III. 3.2. PrŽtraitement des donnŽes volatolomiques 

 

�/�D���I�L�D�E�L�O�L�W�p���G�H���O�D���V�W�U�D�W�p�J�L�H���D�Q�D�O�\�W�L�T�X�H���D�S�S�O�L�T�X�p�H���G�H�S�X�L�V���O�D���S�U�p�S�D�U�D�W�L�R�Q���G�H�V���p�F�K�D�Q�W�L�O�O�R�Q�V���M�X�V�T�X�¶�j��

�O�¶�D�Q�D�O�\�V�H�� �G�H�V�� �G�R�Q�Q�p�H�V�� �Q�p�F�H�V�V�L�W�H�� �X�Q�H�� �D�W�W�H�Q�W�L�R�Q�� �S�D�U�W�L�F�X�O�L�q�U�H�� �j�� �F�K�D�T�X�H�� �p�W�D�S�H�� �S�R�X�U�� �D�E�R�X�W�L�U�� �j�� �X�Q�H��

interprŽtation biologique correcte des donnŽes. En effet, les donnŽes mŽtabolomiques se 

caractŽrisent gŽnŽralement par leur distribution asymŽtrique, leur grande dispersion, et la 

contribution substantielle du bruit instrumental et analytique sur la variabilitŽ biologique entre 

les groupes. Le prŽtraitement est parfois nŽcessaire pour modifier la distribution des donnŽes. 

Les mŽthodes de transformations peuvent conduire ˆ une distribution normale des donnŽes et 

�Q�R�W�D�P�P�H�Q�W���j���O�¶�p�O�L�P�L�Q�D�W�L�R�Q���G�H���O�D���Y�D�U�L�D�W�L�R�Q���G�\�Q�D�P�L�T�X�H���G�H�V���G�R�Q�Q�p�H�V��[89,90].  

 

III. 3.2.1. Transformation des donnŽes  

 

La transformation des donnŽes mŽtabolomiques est parfois nŽcessaire pour modifier la 

distribution des donnŽes afin de les prŽparer aux analyses statistiques ultŽrieures.  

�*�p�Q�p�U�D�O�H�P�H�Q�W�����O�H�V���G�R�Q�Q�p�H�V���P�p�W�D�E�R�O�R�P�L�T�X�H�V���F�R�Q�W�L�H�Q�Q�H�Q�W���G�H�V���Y�D�U�L�D�W�L�R�Q�V���G�¶�R�U�L�J�L�Q�H���E�L�R�O�R�J�L�T�Xe et 

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

prŽparation de �O�¶�p�F�K�D�Q�W�L�O�O�R�Q���H�W���G�H�V���H�U�U�H�X�U�V���G�¶�D�Q�D�O�\�V�H�� 
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 Les mesures peuvent contenir  de fortes fluctuations des abondances de certains mŽtabolites 

malgrŽ les conditions expŽrimentales identiques. Cette variation est appelŽe variation 

biologique non induite. 

Par ailleurs, les donnŽes peuvent contenir des variations techniques provenant par exemple de 

l'Žchantillonnage, de la prŽparation de l'Žchantillon et des mesures analytiques [90].  

Pour l'analyse des donnŽes, on suppose souvent que la variation totale non-induite est 

symŽtrique et de moyenne Žgale ˆ zŽro, avec des Žcarts-types Žgaux. Cependant, cette 

hypoth•se d�¶homoscŽdasticitŽ n'est gŽnŽralement pas vraie. �3�D�U���H�[�H�P�S�O�H�����O�¶�p�F�D�U�W���W�\�S�H���G�€ ˆ une 

variation biologique non-induite varie avec la valeur moyenne de la mesure, donnant lieu ˆ 

une hŽtŽroscŽdasticitŽ, et il en rŽsulte la prŽsence d'une structure supplŽmentaire dans les 

donnŽes [90].  

Les mŽthodes de prŽtraitement des donnŽes sont souvent utilisŽes pour conduire ˆ une 

distribution normale des donnŽes ou ˆ une rŽduction de la variation dynamique des donnŽes.  

Plusieurs mŽthodes de prŽtraitement peuvent •tre appliquŽes sur les donnŽes mŽtabolomiques 

comme, centering, autoscaling, pareto-scaling, range-scaling, vast-scaling, log transfromation, 

and power transformation. Chaque mŽthode de prŽtraitement souligne des aspects diffŽrents 

des donnŽes et se caractŽrise par ses propres mŽrites et inconvŽnients.  

Le choix de la mŽthode de prŽtraitement dŽpend de la problŽmatique biologique, des 

propriŽtŽs des donnŽes et de la mŽthode de traitement des donnŽes sŽlectionnŽe pour rŽveler 

les diffŽrences biologiques [90].  

Le prŽtraitement par autoscaling permet de supprimer la dŽpendance des mŽtabolites de leurs 

concentrations et des variations non-biologiques. La mŽthode autoscaling est largement 

appliquŽe, elle utilise �O�¶�p�F�D�U�W��type �F�R�P�P�H�� �I�D�F�W�H�X�U�� �G�H�� �V�F�D�O�L�Q�J���� �$�S�U�q�V�� �O�¶�D�X�W�R�V�F�D�O�L�Q�J���� �W�R�X�V�� �O�H�V��

mŽtabolites ont un Žcart type Žgale ˆ 1 et les donnŽes sont ainsi analysŽes en fonction des 

corrŽlations au lieu des covariances. La mŽthode de prŽtraitement par pareto-scaling est tr•s 

similaire. Cependant, la racine carrŽe des Žcats types est utilisŽe comme facteur de scaling. 

�&�H�W�W�H���P�p�W�K�R�G�H���U�p�G�X�L�W���O�¶�L�P�S�R�U�W�D�Q�F�H���U�H�O�D�W�L�Y�H���G�H�V���Y�D�O�H�X�U�V���p�O�H�Y�p�H�V���P�D�L�V���F�R�Q�Verve la structure des 

donnŽes et reste plus fid•le aux mesures brutes plus que le traitement par autoscaling [90]. 

En ce qui concerne les analyses des donnŽes mŽtabolomiques par les mŽthodes exploratoires 

�F�R�P�P�H�� �O�¶�$�Q�D�O�\�V�H�� �H�Q�� �&�R�P�S�R�V�D�Q�W�H�V�� �3�U�L�Q�F�L�S�D�O�H�V�� ���$�&�3������ �9�D�Q�� �'�H�Q�� �%�H�U�J��et al. (2006) [90] ont 

dŽmontrŽ que le prŽtraitement par autoscaling abouti ˆ des rŽsultats biologiques pertinents. 
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III. 3.2.2. Normalisation 

 

En mŽtabolomique, la variation des signaux non reliŽe aux diffŽrences biologiques peut •tre 

�R�E�V�H�U�Y�p�H���D�X�V�V�L���E�L�H�Q���G�D�Q�V���O�H���F�D�V���G�H���O�¶�D�Q�D�O�\�V�H���G�H���G�L�]�D�L�Q�H�V���T�X�H���G�H�V���P�L�O�O�L�H�U�V���G�
�p�F�K�D�Q�W�L�O�O�R�Q�V��[91]. 

Ces sources de variation incluent les changements au niveau des volumes des Žchantillons au 

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

���L�R�Q�L�V�D�W�L�R�Q�����W�U�D�Q�V�I�H�U�W���G�¶�L�R�Q�V���H�W���H�I�I�L�F�D�F�L�W�p���G�X���G�p�W�H�F�W�H�X�U������ 

�&�¶�H�V�W���G�D�Q�V���F�H���F�R�Q�W�H�[�W�H���T�X�¶�L�Q�W�H�U�Y�L�H�Q�W���O�D���Q�R�U�P�D�O�L�V�D�Wion des donnŽes visant ˆ rŽduire ou Žliminer 

ces variations sans intŽr•t des donnŽes et ainsi supprimer les biais analytiques sur les 

abondances des composŽs dŽtectŽs dans les diffŽrents Žchantillons, tout en conservant les 

variations biologiques d'intŽr•t [91].  

�/�D���Q�R�U�P�D�O�L�V�D�W�L�R�Q���S�H�X�W���r�W�U�H���H�I�I�H�F�W�X�p�H���V�H�O�R�Q���O�¶�D�S�S�U�R�F�K�H���F�K�L�P�L�T�X�H��en utilisant un Žtalon interne 

comme rŽfŽrence pour Žliminer les variations. Des Žtudes antŽrieurs ont dŽveloppŽ et utilisŽ 

une mŽthode de normalisation appelŽe la CCSC (Comprehensive Combinatory Standard 

C�R�U�U�H�F�W�L�R�Q���� �S�R�X�U�� �F�R�U�U�L�J�H�U�� �O�H�V�� �G�p�U�L�Y�H�V�� �L�Q�V�W�U�X�P�H�Q�W�D�O�H�V�� �G�H�V�� �V�\�V�W�q�P�H�V�� �G�¶�D�Q�D�O�\�V�H�� �S�D�U��

chromatographie en phase gazeuse couplŽe ˆ la spectromŽtrie de masse (GC-MS). Cette 

mŽthode consiste ˆ analyser simultanŽment les Žchantillons avec un mŽlange de n standards et 

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

sŽlectionnŽs parmi les possibles sommes n qui permet de discriminer au mieux les 

Žchantillons [92,93].  

Les mŽthodes de normalisation qui ne sont pas basŽes sur des Žtalons internes utilisent 

souvent comme facteur de normalisation, la somme, la moyenne ou la mŽdiane des rŽponses 

�G�H���W�R�X�V���O�H�V���P�p�W�D�E�R�O�L�W�H�V���S�U�p�V�H�Q�W���G�D�Q�V���O�¶�p�F�K�D�Q�W�L�O�O�R�Q��[94,95]. Ces approches sont nommŽes SNV 

(Standard Normal Variate), elles calculent les standards dŽviations du pool de toutes les 

variables dans chaque Žchantillon. Chaque Žchantillon est alors normalisŽ par cette valeur, en 

lui affectant un Žcart type Žgale ˆ 1. Cependant, ces approches basŽes sur le calcul de la 

somme ou la moyenne peuvent introduire des corrŽlations artificielles pour un ou quelques 

mŽtabolites dans le cas de grandes diffŽrences entre les groupes d'Žchantillons [96]. 

Parmi les approches alternatives, une mŽthode basŽe sur le calcul des ratios (Systematic Ratio 

Normalization, SRN) a ŽtŽ introduite par Lehallier et al. (2012) [97] pour normaliser les  

donnŽes collectŽes par la GC, elle consiste ˆ (i) calculer pour chaque Žchantillon, les logs de 

tous les ratios des abondances des diffŽrents composŽs analysŽs et (ii) sŽlectionner les logs de 

ratios qui maximisent la discrimination entre les Žchantillons. 
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Par ail�O�H�X�U�V���� �� �O�¶�X�W�L�O�L�V�D�W�L�R�Q�� �G�¶�X�Q�� �p�F�K�D�Q�W�L�O�O�R�Q�� �F�R�P�E�L�Q�p�� �G�H�� �W�R�X�V�� �O�H�V�� �p�F�K�D�Q�W�L�O�O�R�Q�V�� �L�Q�G�L�Y�L�G�X�H�O�V��

���4�X�D�O�L�W�\���&�R�Q�W�U�R�O���� �4�&�����V�¶�H�V�W���P�R�Q�W�U�p�H���W�U�q�V���S�H�U�I�R�U�P�D�Q�W�H�����(�Q�� �H�I�I�H�W���� �X�Q�� �4�&���S�H�X�W���r�W�U�H���X�W�L�O�L�V�p���S�R�X�U��

calculer la rŽpŽtabilitŽ et la prŽcision intermŽdiaire de tous les mŽtabolites analysŽs dans les 

Žchantillons, mais aussi pour corriger la dŽrive du dŽtecteur et notamment les variations de la 

rŽponse mŽtabolomique dans les Žchantillons individuels [49].  

RŽcemment, Filzmoser et al. (2014) [98] ont dŽcrit le concept de la fermeture induite par la 

normalisation par la somme totale (Total Sum Normalization, TSN), et ont suggŽrŽ la 

normalisation par le quotient probabiliste (Probabilistic Quotient Normalisation - PQN) 

comme une mŽthode fiable pour corriger la variabilitŽ incontr™lŽe. 

Cette mŽthode est basŽe sur le calcul de la mŽdiane des rapports des intensitŽs des variables 

�G�¶�X�Q�� �L�Q�G�L�Y�L�G�X�� �V�X�U�� �O�H�V�� �L�Q�W�H�Q�V�L�W�p�V�� �G�H�V�� �P�r�P�H�V�� �Y�D�U�L�D�E�O�H�V�� �S�R�X�U un Žchantillon de rŽfŽrence QC. 

Cette mŽthode de normalisation permet de rŽduire l'impact des variables ayant des variations 

�G�¶�L�Q�W�H�Q�V�L�W�p�V���S�D�U�W�L�F�X�O�L�q�U�H�V���V�X�U���W�R�X�W�H�V���O�H�V���D�X�W�U�H�V���Y�Driables [99]. La normalisation par PQN a dŽjˆ 

ŽtŽ largement appliquŽe avec succ•s pour corriger la variabilitŽ instrumentale sur les donnŽes 

mŽtabolomiques [100-103].   

 

III. 3.3. Traitement statistique 

 

Les donnŽes mŽtabolomiques Žtant gŽnŽrŽes en quantitŽs importantes aussi bien sur le plan 

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

performan�W�V�� �S�R�X�U�� �H�[�W�U�D�L�U�H�� �O�¶�L�Q�I�R�U�P�D�W�L�R�Q�� �S�H�U�W�L�Q�H�Q�W�H���� �/�H�� �E�X�W�� �G�H�� �F�H�W�W�H�� �p�W�D�S�H�� �H�V�W�� �G�H�� �U�p�G�X�L�U�H�� �O�D��

�G�L�P�H�Q�V�L�R�Q�� �G�H�V�� �G�R�Q�Q�p�H�V�� �D�F�T�X�L�V�H�V�� �H�Q�� �I�L�O�W�U�D�Q�W�� �O�¶�H�Q�V�H�P�E�O�H�� �G�H�V�� �Y�D�U�L�D�E�O�H�V�� �L�Q�L�W�L�D�O�H�P�H�Q�W�� �G�p�W�H�F�W�p�H�V��

�S�R�X�U���D�E�R�X�W�L�U���j���X�Q���Q�R�P�E�U�H���U�p�G�X�L�W���G�H���Y�D�U�L�D�E�O�H�V���S�R�U�W�D�Q�W���O�¶�L�Q�I�R�U�P�D�W�L�R�Q���S�R�W�H�Q�W�L�H�O�O�H�P�H�Q�W pertinente.  

La mise en place d'une matrice est le point de dŽpart de la crŽation d'un mod•le statistique. Il 

devient utile de rŽsumer et de visualiser une grande quantitŽ de donnŽes, pour classer, 

discriminer et enfin trouver des relations quantitatives entre les variables avec la possibilitŽ de 

prŽvoir Žgalement de nouveaux Žchantillons. 

 

III. 3.3.1. Analyses statistiques univariŽes 

 

�/�¶�D�Q�D�O�\�V�H�� �V�W�D�W�L�V�W�L�T�X�H�� �X�Q�L�Y�D�U�L�p�H�� �D�� �S�R�X�U�� �R�E�M�H�F�W�L�I�� �G�H�� �S�U�p�V�p�O�H�F�W�L�R�Q�Q�H�U�� �G�H�V�� �Y�D�U�L�D�E�O�H�V�� �P�R�Q�W�U�D�Q�W�� �G�H�V��

variations statistiquement significatives entre les groupes ŽtudiŽs par comparaison ˆ un seuil 

de significativitŽ prŽalablement dŽfini.  
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L'analyse de la variance (ANOVA : analysis of variance) est un test statistique permettant de 

tester si plusieurs Žchantillons sont issus d'une m•me population ou non. 

Ce test s'applique lorsque l'on mesure une ou plusieurs variables explicatives catŽgorielles 

(appelŽes alors facteurs de variabilitŽ) qui ont une influence sur la distribution d'une variable 

continue ˆ expliquer. 

La forme gŽnŽrale de l'analyse de variance repose sur le test de Fisher et donc sur la normalitŽ 

des distributions et l'indŽpendance des Žchantillons.  

L'hypoth•se nulle ̂ tester correspond au cas o• les distributions de valeurs pour les diffŽrents 

niveaux des '�I�D�F�W�H�X�U�V���G�H���Y�D�U�L�D�E�L�O�L�W�p�¶ suivent une m•me loi normale (m•me moyenne et m•me 

variance). L'hypoth•se alternative est qu'il existe au moins une des distributions dont la 

moyenne s'Žcarte des autres moyennes. 

En effet, si la valeur calculŽe de F est supŽrieure au seuil de significativitŽ choisi, on rejette 

l'hypoth•se nulle  et on conclut qu'il existe une diffŽrence statistiquement significative entre 

les distributions et que le facteur de variabilitŽ  sŽpare la population ŽtudiŽe en groupes 

diffŽrentes.  

La premi•re Žtape de l'analyse de la variance consiste ̂  comparer la variance totale sur 

l'ensemble des Žchantillons avec la variance due aux facteurs, avec la variance due ˆ 

l'interaction entre les facteurs et avec la variance rŽsiduelle alŽatoire.  

D'abord on calcule la variance totale par rapport ˆ la moyenne globale de toutes les mesures, 

puis la variance inter-groupes (qui est liŽe aux diffŽrences dues aux facteurs). Par diffŽrence 

on obtient la variance intra-groupes (celle qui n'est pas liŽe aux facteurs). On calcule alors le 

rapport : 

  F = variance inter-groupes / variance intra-groupes. 

 

L'analyse de variance permet simplement de rŽpondre ˆ la question de savoir si tous les 

Žchantillons suivent une m•me loi normale. Dans le cas o• l'on rejette l'hypoth•se nulle, cette 

analyse ne permet pas de savoir quels sont les Žchantillons qui s'Žcartent de cette loi. 

Pour identifier les Žchantillons correspondants, on peut utiliser diffŽrents tests Ç post-hoc È 

(ou tests de comparaisons multiples).  

�'�D�Q�V�� �F�H�W�W�H�� �O�R�J�L�T�X�H���� �O�¶�D�S�S�O�L�F�D�W�L�R�Q�� �G�H�� �O�¶�$�1�2�9�$�� �W�U�R�X�Y�H�� �V�R�Q��intŽr•t  pour comparer les 

distributions des Žchantillons analysŽes selon diffŽrentes modalitŽs pour un ou plusieurs 

�I�D�F�W�H�X�U�V���T�X�L���S�H�X�Y�H�Q�W���L�Q�I�O�X�H�Q�F�H�U���O�¶�H�[�W�U�D�F�W�L�R�Q������ 

�'�¶�X�Q���D�X�W�U�H���F�{�W�p�����O�¶�D�Q�D�O�\�V�H���G�H���O�D���Y�D�U�L�D�Q�F�H���H�V�W���X�Q�H���P�p�W�K�R�G�H���O�D�U�J�H�P�H�Q�W���X�W�L�O�L�V�p�H���S�R�X�U���U�p�Y�p�O�H�U���G�H�V��
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diffŽrences mŽtabolomiques entre un groupe tŽmoin et un groupe qui se caractŽrise par un 

traitement particulier ou une pathologie [46,52]. 

En revanche, pour le traitement des tableaux complexes de donnŽes, rŽunissant de 

nombreuses variables et souvent de typologie diverse, les mŽthodes statistiques univariŽes ne 

�F�R�Q�Y�L�H�Q�Q�H�Q�W���S�O�X�V�����8�Q�H���Q�R�X�Y�H�O�O�H���D�S�S�U�R�F�K�H���G�H���W�U�D�L�W�H�P�H�Q�W���H�W���G�¶�L�Q�W�H�U�S�UŽtation doit •tre envisagŽe.  

Les analyses multivariŽes trouvent leur intŽr•t pour la comprŽhension des tableaux de grandes 

dimensions (plusieurs dizaines ou centaines, voire milliers, de lignes et/ou de colonnes) que 

les traitements statistiques classiques ne peuvent interprŽter de fa•on globale. 

 
III. 3.3.2. Analyses statistiques multivariŽes  

 

Les outils chimiomŽtriques multivariŽes sont les mieux adaptŽes pour organiser, extraire et 

�L�Q�W�H�U�S�U�p�W�H�U���O�¶�L�Q�I�R�U�P�D�W�L�R�Q���G�D�Q�V���O�H�V���P�D�W�U�L�F�H�V���G�H���G�R�Q�Q�p�H�V���F�R�P�S�O�H�[�H�V���� 

Dans de la plupart des analyses mŽtabolomiques, le but final est d'obtenir une liste plausible 

de mŽtabolites ou de biomarqueurs qui expliquent les phŽnom•nes ŽtudiŽs. Les analyses 

�P�X�O�W�L�Y�D�U�L�p�H�V���S�H�U�P�H�W�W�H�Q�W���G�H���F�R�Q�V�L�G�p�U�H�U���V�L�P�X�O�W�D�Q�p�P�H�Q�W���O�¶�H�Q�V�H�P�E�O�H���G�H�V���G�R�Q�Q�p�H�V���H�W���G�¶Žtablir des 

relations entre les variables, et aussi entre les individus et les variables. Ces mŽthodes 

�G�¶�D�Q�D�O�\�V�H�� �V�R�Q�W�� �F�O�D�V�V�p�H�V�� �H�Q�� �G�H�X�[�� �F�D�W�p�J�R�U�L�H�V ���� �O�H�V�� �P�p�W�K�R�G�H�V�� �G�¶�D�Q�D�O�\�V�H�� �Q�R�Q-supervisŽes et 

supervisŽes.  

Le traitement des donnŽes avec les mŽthodes non-supervisŽes ne tiennent pas compte des 

informations sur les classes des Žchantillons ou les relations entre eux ; la similitude entre les 

profils des Žchantillons est donc dŽterminŽe sans orientation des calculs par des connaissances 

�V�X�U���O�H�V���J�U�R�X�S�H�V���R�X���O�¶�L�G�H�Q�WitŽ des Žchantillons. Par contre, dans le cas des mŽthodes supervisŽes, 

�O�¶�L�Q�I�R�U�P�D�W�L�R�Q�� �V�X�U�� �O�D�� �F�O�D�V�V�H�� �G�H�V�� �p�F�K�D�Q�W�L�O�O�R�Q�V�� �R�X�� �V�X�U�� �O�H�V�� �U�H�O�D�W�L�R�Q�V�� �H�Q�W�U�H�� �H�X�[�� �H�V�W�� �I�R�X�U�Q�L�H�� �D�I�L�Q��

�G�¶�R�U�L�H�Q�W�H�U���O�D���U�H�F�K�H�U�F�K�H�U���G�H�V���Y�D�U�L�D�E�O�H�V���U�H�O�L�p�H�V���D�X�[���G�L�I�I�p�U�H�Q�F�H�V���j���p�W�X�G�L�H�U�����&�H�V���P�p�W�K�R�G�H�V���V�R�Q�W ˆ la 

base de la construction de mod•le de prŽdiction.  

Dans la plupart des Žtudes mŽtabolomiques, les mŽthodes de traitement supervisŽes (PLS-DA, 

OPLS-�'�$���«����[45,104-108] sont gŽnŽralement appliquŽes pour identifier les marqueurs en 

�R�U�L�H�Q�W�D�Q�W�� �O�¶�H�[�W�U�D�F�W�L�R�Q�� �G�H�V�� �G�L�I�I�p�U�H�Q�F�H�V�� �S�D�U�� �O�H�V�� �L�Q�I�R�U�P�D�W�L�R�Q�V�� �V�X�U�� �O�H�V�� �J�U�R�X�S�H�V���� �&�H�S�H�Q�G�D�Q�W���� �L�O��

�Q�¶�H�[�L�V�W�H�� �D�X�F�X�Q�H�� �p�W�X�G�H�� �T�X�L�� �F�R�P�S�D�U�H�� �O�D�� �S�H�U�I�R�U�P�D�Q�F�H�� �G�H�V�� �R�X�W�L�O�V�� �F�K�L�P�L�R�P�ptriques exploratoires 

(non-supervisŽes) pour rŽvŽler des diffŽrences dans le volatolome en rŽponse ˆ une pathologie 

�R�X�� �j�� �X�Q�H�� �H�[�S�R�V�L�W�L�R�Q�� �D�X�[�� �P�L�F�U�R�S�R�O�O�X�D�Q�W�V���� �&�¶�H�V�W�� �G�D�Q�V�� �F�H�W�W�H�� �R�S�W�L�T�X�H�� �T�X�H�� �V�¶�L�Q�V�q�U�H�� �O�D�� �S�D�U�W�L�H��

suivante de ce travail de th•se o• trois mŽthodes chimiomŽtriques exploratoires (non-

supervisŽes) seront com�S�D�U�p�H�V���� �,�O�� �V�¶�D�J�L�W�� �G�H�� �� �O�¶�$�Q�D�O�\�V�H en Composantes Principales (ACP), 
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�O�¶�$�Q�D�O�\�V�H�� �H�Q�� �&�R�P�S�R�V�D�Q�W�H�V�� �,�Q�G�p�S�H�Q�G�D�Q�W�H�V���� �H�W�� �X�Q�H�� �Q�R�X�Y�H�O�O�H�� �Y�D�U�L�D�Q�W�H�� �G�H�� �O�¶�$�Q�D�O�\�V�H�� �H�Q��

Composantes Communes et Poids SpŽcifiques (ComDim) que nous appelons Analyse en 

Composantes Communes (ACC).  

 

III. 3.3.2.1. Analyse en Composantes Principales (ACP) 

 

�/�¶�D�Q�D�O�\�V�H���H�Q���&�R�P�S�R�V�D�Q�W�H�V���3�U�L�Q�F�L�S�D�O�H�V�����$�&�3�����H�V�W���X�Q���J�U�D�Q�G���F�O�D�V�V�L�T�X�H���G�H���O�¶�D�Q�D�O�\�V�H���G�H�V���G�R�Q�Q�p�H�V��

�P�X�O�W�L�Y�D�U�L�p�H�V���S�R�X�U���O�¶�p�W�X�G�H���H�[�S�O�R�U�D�W�R�L�U�H���G�¶�X�Q�H���P�D�W�U�L�F�H���G�H���G�R�Q�Q�p�H�V�����/�H���S�U�L�Q�F�L�S�H���G�H���F�H�W�W�H���P�p�W�K�R�G�H����

qui est commun ˆ presque toutes les mŽthodes multivariŽes, est de considŽrer les individus 

comme des points dans un espace dŽfini par des variables de la matrice de dŽpart et que les 

coordonnŽes d'un individu dans cet espace sont donnŽes par ses valeurs pour chacune de ces 

variables.  

�/�¶�$�&�3���F�K�H�U�F�K�H���j���W�U�R�X�Y�H�U���O�H�V���G�L�U�H�F�W�L�R�Q�V���Ge la plus grande dispersion des individus qui sont les 

directions contenant le plus de variance dans les donnŽes. Le principe consiste ˆ remplacer les 

variables initiales par de nouvelles variables qui sont les combinaisons linŽaires des variables 

�G�¶�R�U�L�J�L�Qe et qui reprŽsentent la variance maximale. Ces nouvelles variables, appelŽes 

Composantes Principales (PC), dŽfinissent des plans factoriels qui servent de base ˆ la 

projection des variables initiales.  

�0�D�W�K�p�P�D�W�L�T�X�H�P�H�Q�W�����O�¶�$�&�3���F�D�O�F�X�O�H���G�H�V���F�R�P�E�L�Q�D�L�V�R�Q�V���O�L�Q�paires des variables de dŽpart donnant 

de nouveaux axes qui reprŽsentent la plus grande partie de la variabilitŽ totale de la matrice de 

donnŽes [109] et qui correspondent aux directions de plus grandes dispersions des individus. 

Cette mŽthode non-supervisŽe Žmet simplement l'hypoth•se que les directions de plus grandes 

dispersions (Composantes Principales) des Žchantillons sont les directions les plus 

intŽressantes et que les nouveaux axes associŽs rŽv•lent l'information contenue dans la 

matrice de dŽpart.  

�/�D���G�p�F�R�P�S�R�V�L�W�L�R�Q���P�D�W�U�L�F�L�H�O�O�H���G�H���O�¶�$�&�3���H�Q��k �&�R�P�S�R�V�D�Q�W�H�V���3�U�L�Q�F�L�S�D�O�H�V�����3�&�����S�H�U�P�H�W���G�¶�R�E�W�H�Q�L�U��

les coordonnŽes factorielles (ou ÇScoresÈ) et les contributions factorielles (ou ÇLoadingsÈ), 

�V�H�O�R�Q���O�¶�p�T�X�D�W�L�R�Q��(1) : 

X = T ! P T + E 

 avec X (n, p) la matrice initiale, T (n, k) les scores des individus sur les Composantes 

Principales, PT (k, p) les Loadings des variables, et E (n, p) est la matrice des Žcarts ou rŽsidus 

entre les valeurs originales et la somme des k PCs.  
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Les premi•res PCs contenant �O�D�� �S�O�X�V�� �J�U�D�Q�G�H�� �S�D�U�W�L�H�� �G�H�� �O�D�� �Y�D�U�L�D�Q�F�H�� �V�R�Q�W�� �G�¶�K�D�E�L�W�X�G�H�� �O�H�V�� �S�O�X�V��

�L�Q�W�p�U�H�V�V�D�Q�W�H�V�����7�R�X�W���F�H���T�X�L���Q�¶�H�V�W���S�D�V���L�P�S�R�U�W�D�Q�W���S�R�X�U���O�D���G�H�V�F�U�L�S�W�L�R�Q���G�H�V���G�R�Q�Q�p�H�V���V�H���W�U�R�X�Y�H���D�O�R�U�V��

dans la matrice des rŽsidus.  

En pratique, les PCs ne reprŽsentent pas forcŽment des entitŽs ou phŽnom•nes physico-

chimiques rŽelles prŽsentes dans les donnŽes, mais simplement des directions orthogonales de 

plus grande variabilitŽ. 

La quantitŽ de variance contenue dans chaque PC est proportionnelle ˆ sa valeur propre 

(ÇeigenvalueÈ) donnŽe dans la matrice diagonale S (k, k), calculŽe par 

S = TT.T. 

Ainsi, la projection des scores renseigne sur les rŽpartitions des individus, la prŽsence de 

groupes ou d'individus aberrants. Tandis que la projection des loadings souligne les variables 

qui contribuent ˆ la rŽpartition des individus sur les PCs.  

Cette m�p�W�K�R�G�H�� �S�H�U�P�H�W�� �G�¶�H�[�S�O�R�U�H�U�� �O�D�� �V�W�U�X�F�W�X�U�H�� �G�H��n individus avec un nombre ŽlevŽ p de 

�Y�D�U�L�D�E�O�H�V���T�X�D�Q�W�L�W�D�W�L�Y�H�V���� �$�L�Q�V�L�����O�¶�D�Q�D�O�\�V�H���S�U�R�S�R�V�H�����j���S�D�U�W�L�U���G�¶�X�Q�H���P�D�W�U�L�F�H���F�R�Q�W�H�Q�D�Q�W��p variables 

pour n individus (n! p), des reprŽsentations gŽomŽtriques de ces individus et de ces variables. 

Les reprŽsentations des individus sur des plans de 2 PCs permettent de visualiser les relations 

entre les individus. Chacun de ces plans factoriels est caractŽrisŽ par un pourcentage de la 

variance extraite par les 2 PCs.  

Dans le cas de notr�H�� �p�W�X�G�H���� �O�¶�$�&�3�� �H�V�W�� �D�S�S�O�L�T�X�p�H�� �V�X�U�� �O�D�� �P�D�W�U�L�F�H�� �L�Q�L�W�L�D�O�H�� �I�R�U�P�p�H�� �S�D�U�� �O�H�V��

abondances de p variables correspondants aux composŽs volatils extraits dans les n 

�p�F�K�D�Q�W�L�O�O�R�Q�V�����G�D�Q�V���O�¶�H�V�S�R�L�U���G�H���Y�R�L�U���O�D���S�U�R�M�H�F�W�L�R�Q���G�H�V���F�R�R�U�G�R�Q�Q�p�H�V���I�D�F�W�R�U�L�H�O�O�H�V���I�D�L�U�H���U�H�V�V�R�U�W�L�U���G�H�V��

diffŽrences de rŽponse volatolomique entre les groupes exposŽs et non-exposŽs. Par ailleurs, 

les contributions factorielles des COVs pour chaque PC sont tracŽes pour visualiser les COVs 

qui influencent le plus la rŽpartition  selon chaque PC.  

 

III. 3.3.2.2. Analyse en Composantes IndŽpendantes (ACI)  

 

�/�¶�D�Q�D�O�\�V�H�� �H�Q�� �&�R�P�S�R�V�D�Q�W�H�V�� �,ndŽpendantes (ACI) est une mŽthode non-supervisŽe de 

�V�p�S�D�U�D�W�L�R�Q���G�H���V�L�J�Q�D�X�[���V�R�X�U�F�H�V���T�X�L���U�H�S�R�V�H���V�X�U���O�¶�L�G�p�H���T�X�H���F�K�D�T�X�H���O�L�J�Q�H���G�H���O�D���P�D�W�U�L�F�H���L�Q�L�W�L�D�O�H���H�V�W��

�H�Q�� �I�D�L�W�� �X�Q�� �V�L�J�Q�D�O�� �R�E�V�H�U�Y�p���� �F�R�Q�V�W�L�W�X�p�� �G�¶�Xne somme pondŽrŽe de signaux sources purs, o• les 

poids sont proportionnels ˆ la contribution de chaque signal source dans ce mŽlange 

particulier [110]. 

ICA tente de rŽcupŽrer ces sources inconnues ainsi que les proportions inconnues 
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correspondantes, en appliquant une transformation linŽaire qui maximise l'indŽpendance 

statistique entre les signaux sources extraits. 

 

�3�O�X�V�L�H�X�U�V���K�\�S�R�W�K�q�V�H�V���V�R�X�O�L�J�Q�H�Q�W���O�¶�X�W�L�O�L�V�D�W�L�R�Q���G�¶�,�&�$ :  

(1) �/�H�V���Y�D�U�L�D�W�L�R�Q�V���G�¶�X�Q���V�L�J�Q�D�O���V�R�X�U�F�H���Q�H���G�H�Y�U�D�L�H�Q�W���S�D�V���r�W�U�H���O�L�p�H�V���D�X�[���Y�D�U�L�D�W�L�R�Q�V���G�¶�X�Q���D�X�W�U�H��

signal source. Ainsi, en calculant les variables latentes indŽpendantes, la dŽtermination 

des signaux sources est possible.  

(2) Etant donnŽ que les signaux sources ont une �G�L�V�W�U�L�E�X�W�L�R�Q�� �G�¶�L�Q�W�H�Q�V�L�W�p�V�� �T�X�L�� �Q�¶�H�V�W�� �S�D�V��

alŽatoire, leur structure ne correspond pas ˆ une distribution gaussienne. Par contre, le 

thŽor•me central limite (Central Limit Theorem) dit que la somme des signaux 

indŽpendants tende ˆ suivre une distribution gaussienne, m•me si les distributions des 

signaux individuels ne sont pas gaussiennes.  

Les Composantes IndŽpendantes (ICs) sont des combinaisons linŽaires des variables initiales 

dont la distribution est aussi non-gaussienne que possible, ce qui maximise leur indŽpendance 

mutuelle.  

Supposons trois mŽlanges x1, x2 et x3 formŽs par des combinaisons linŽaires de deux signaux 

sources s1 et s2. Ces mŽlanges linŽaires peuvent •tre notŽs comme suit :  

x1= a11 s1+ a12 s2 

x2= a21 s1+ a22 s2   

x3= a31 s1+a32 s2 

avec       a11     a12 

              a21      a22  

              a31      a32 

 

              s1               s11 s12�«�«�«�«�«�«���V 1p 

              s2               s21 s22 ........................s2p  

 

o• S est la matrice des signaux sources (ICs) et A la matrice de leurs proportions dans les 

signaux observŽs. 

 

�(�Q���P�p�W�D�E�R�O�R�P�L�T�X�H�����X�Q���V�L�J�Q�D�O���R�E�V�H�U�Y�p���S�H�X�W���F�R�U�U�H�V�S�R�Q�G�U�H���j���X�Q���V�S�H�F�W�U�H���G�H���P�D�V�V�H���G�¶�X�Q���P�p�O�D�Q�J�H��

de mŽtabolites, ACI peut •tre utilisŽe pour extraire les spectres sources des mŽtabolites et la 

proportion du signal de chaque mŽtabolite dans le mŽlange.   

                 
A= 

S = = 



Chapitre I  : Synth•se Bibliographique  
   
 

53 
 

III. 3.3.2.3. Analyse en Composantes Communes (ACC) 

 

�/�¶�$�Q�D�O�\�V�H�� �H�Q�� �&�R�P�S�R�V�D�Q�W�H�� �&�R�P�P�X�Q�H�V�� �H�W�� �3�R�L�G�V�� �6�S�p�F�L�I�L�T�X�H�V�� ���&�R�P�P�R�Q�� �&�R�P�S�R�Q�H�Q�W�V�� �D�Q�G��

Specific Weights Analysis, CCSWA ou ComDim) est basŽe sur une analyse de tableaux 

multiples et a ŽtŽ dŽveloppŽe et utilisŽe principalement en analyses sensorielles [111].  

ComDim cherche ˆ trouver des dimensions orthogonales communes ˆ plusieurs matrices de 

donnŽes obtenues pour les m•mes Žchantillons.  

�/�H�� �S�U�L�Q�F�L�S�H�� �G�H�� �O�¶�D�O�J�R�U�L�W�K�P�H�� �H�V�W�� �G�H�� �F�D�O�F�X�O�H�U�� �X�Q�H�� �V�R�P�P�H�� �S�R�Q�G�p�U�p�H�� �G�H�� �O�D�� �P�D�W�U�L�F�H�� �G�H��produit 

scalaire (X XT) �G�H�V�� �p�F�K�D�Q�W�L�O�O�R�Q�V�� �S�R�X�U�� �F�K�D�T�X�H�� �W�D�E�O�H�D�X�� �H�W�� �G�¶�H�[�W�U�D�L�U�H�� �O�D�� �S�U�H�P�L�q�U�H�� �F�R�P�S�R�V�D�Q�W�H��

comme la premi•re dimension commune. Les composantes communes (CCs) sont extraites 

�L�W�p�U�D�W�L�Y�H�P�H�Q�W�� �G�H�� �I�D�o�R�Q�� �j�� �F�H�� �T�X�¶�H�O�O�H�V�� �U�H�S�U�p�V�H�Q�W�H�Q�W�� �O�D�� �Y�D�U�L�D�Q�F�H�� �P�D�[�L�P�D�O�H�� �F�R�P�P�X�Q�H�� �D�X�� �S�O�X�V��

grand nombre de tableaux. Les coordonnŽes factorielles de chaque Žchantillon (Scores) et les 

contributions des variables de dŽpart ˆ chacune des CCs (Loadings) sont ainsi calculŽes. On 

�S�H�X�W���D�X�V�V�L���H�[�D�P�L�Q�H�U���O�¶�L�P�S�R�U�W�Dnce de chaque tableau initial (Salience) sur chaque CC.  

�/�¶�D�O�J�R�U�L�W�K�P�H���G�H���&�R�P�'�L�P���H�V�W���S�U�p�V�H�Q�W�p���G�D�Q�V���O�D���)�L�J�X�U�H 8:  

Pour deux blocs de donnŽes centrŽs et normŽs, X1 et X2���� �O�¶�D�O�J�R�U�L�W�K�P�H�� �G�H�� �&�R�P�'�L�P�� �F�D�O�F�X�O�H��

une somme pondŽrŽe, WG, des matrices de produits scalaires des Žchantillons, Wi, en utilisant 

une pondŽration initiale Žgale ˆ 1 pour tous les tableaux. Le vecteur des Scores de la premi•re 

composante principale est extrait de WG comme une estimation initiale de la premi•re 

���&�R�P�S�R�V�D�Q�W�H���F�R�P�P�X�Q�H���� ���&�&������ �/�D���S�R�Q�G�p�U�D�W�L�R�Q�����S�R�L�G�V���V�S�p�F�L�I�L�T�X�H���R�X���6�D�O�L�H�Q�F�H���� ��i), de chaque 

bloc Wi est ensuite recalculŽe ˆ partir de ces scores. L'estimation des Scores globaux et des 

saliences est optimisŽe par un calcul itŽratif jusqu'ˆ la convergence. Apr•s le calcul de la 

premi•re CC, chaque matrice originale Xi est dŽflatŽe et la procŽdure est rŽpŽtŽe pour le 

calcul de la seconde CC, et ainsi de suite. 
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Figure 8 : �'�H�V�F�U�L�S�W�L�R�Q���G�H���O�¶�D�O�J�R�U�L�W�K�P�H���G�H���&�R�P�'�L�P��[112] 

 

�'�H�S�X�L�V���S�H�X�����&�R�P�'�L�P���F�R�P�P�H�Q�F�H���j���r�W�U�H���O�D�U�J�H�P�H�Q�W���X�W�L�O�L�V�p�H���S�R�X�U���O�¶�H�[�W�U�D�F�W�L�R�Q���G�H���O�¶�L�Q�I�R�U�P�D�W�L�R�Q���j��

�S�D�U�W�L�U�� �G�¶�X�Q�H�� �P�D�W�U�L�F�H�� �X�Q�L�T�X�H�� �H�Q�� �W�U�D�L�W�D�Q�W�� �F�K�D�T�X�H�� �Y�D�U�L�D�E�O�H��comme un tableau individuel [113]. 

Pour distinguer cette nouvelle extension de �O�¶�D�S�S�U�R�F�K�H�� �L�Q�L�W�L�D�O�H�� �&�R�P�'�L�P���� �R�Q�� �S�U�R�S�R�V�H�� �G�H��

�O�¶�D�S�S�H�O�H�U�� �L�F�L�� �$�Q�D�O�\�V�H�� �H�Q�� �&�R�P�S�R�V�D�Q�W�H�V�� �&�R�P�P�X�Q�H�V�� ���$�&�&������ �$�&�&�� �H�V�W�L�P�H�� �X�Q�H�� �V�p�U�L�H�� �G�H��

composantes communes orthogonales qui sont une combinaison linŽaire des variables avec 

une forte contribution et un effet similaire sur la dispersion des Žchantillons. Ceci permet de 

cerner les variables qui contribuent de la m•me fa•on en fonction des diffŽrences entre les 

Žchantillons. 
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Organisation de la th•se 

 

Cette synth•se bibliographique met en lumi•re les familles chimiques clŽs de micropolluants 

retrouvŽs dans la chaine de production de viande en dŽtaillant tout particuli•rement les 

micropolluants ŽtudiŽs dans le cadre de ce travail de th•se. Cette synth•se montre ensuite 

�O�¶�L�Q�W�p�U�r�W�� �G�H�� �O�D�� �Y�R�O�D�W�R�O�R�P�L�T�X�H�� �S�R�X�U�� �U�H�F�K�H�U�F�K�H�U�� �G�H�V�� �P�D�U�T�X�H�X�U�V�� �G�H�� �O�¶�H�[�S�R�V�L�W�L�R�Q�� �D�Q�L�P�D�O�H�� �D�X�[��

diffŽrents micropolluants en proposant des mŽcanismes explicatifs aux changements de 

composition en COVs de certains tissus et fluides.  Le troisi•me volet de ce chapitre prŽsente 

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

utile du volatolome. 

Cette synth•se prŽsente les crit•res qui nous m•nen�W�� �j�� �O�¶�R�U�J�D�Q�L�V�D�W�L�R�Q�� �G�H�� �F�H�� �W�U�D�Y�D�L�O�� �G�H�� �W�K�q�V�H��

�S�R�U�W�D�Q�W���V�X�U���O�¶�D�S�S�O�L�F�D�W�L�R�Q���G�H���O�D���Y�R�O�D�W�R�O�R�P�L�T�X�H���G�D�Q�V���O�H���I�R�L�H�����O�H���S�O�D�V�P�D���H�W���O�H�V���W�L�V�V�X�V���D�G�L�S�H�X�[���j���O�D��

�U�H�F�K�H�U�F�K�H���G�H���P�D�U�T�X�H�X�U�V���G�¶�H�[�S�R�V�L�W�L�R�Q���G�¶�D�Q�L�P�D�X�[���j���G�L�I�I�p�U�H�Q�W�V���W�\�S�H�V���G�H���P�L�F�U�R�S�R�O�O�X�D�Q�W�V���� 

Le chapitre 1 porte sur mise au point mŽthodologique des param•tres �G�¶�H�[�W�U�D�F�W�L�R�Q���S�D�U SPME 

du volatolome hŽpatique. �/�H�V�� �U�p�V�X�O�W�D�W�V�� �G�H�� �F�H�� �W�U�D�Y�D�L�O�� �R�Q�W�� �I�D�L�W�� �O�¶�R�E�M�H�W�� �G�¶�X�Q�� �D�U�W�L�F�O�H��publiŽ dans 

�µ�-�R�X�U�Q�D�O�� �R�I�� �&�K�U�R�P�D�W�R�J�U�D�S�K�\�� �$�¶ (Article 1), et de la mŽthode chimiomŽtrique la plus 

performante pour le traitement des donnŽes volatolomiques. Ce travail est prŽsentŽ dans un 

article publiŽ  dans �µTalanta�¶�����$�U�W�L�F�O�H����������  

�/�H�� �F�K�D�S�L�W�U�H�� ���� �D�� �S�R�U�W�p�� �V�X�U�� �O�¶�D�S�S�O�L�F�D�W�L�R�Q�� �G�H�� �O�D�� �Y�R�O�D�W�R�O�R�P�L�T�X�H�� �G�D�Q�V�� �O�H�� �I�R�L�H�� �S�R�X�U�� �U�H�F�K�H�U�F�K�H�U�� �G�H�V����

�P�D�U�T�X�H�X�U�V�� �G�¶�H�[�S�R�V�L�W�L�R�Q�� �G�¶�D�Q�L�P�D�X�[�� �D�X�[�� �P�L�F�U�R�S�R�O�O�X�D�Q�W�V�����&�H�� �W�U�D�Y�D�L�O�� �D�� �I�D�L�W�� �O�¶�R�E�M�H�W�� �G�¶�X�Q�� �D�U�W�L�F�O�H��

soumis au journal �µChemosphere�¶��(Article 3). 

Dans le chapitre 3,  on s�¶�H�V�W���L�Q�W�p�U�H�V�V�p���j���O�D���U�H�F�K�H�U�F�K�H���G�H���P�D�U�T�X�H�X�U�V���Y�R�O�D�W�L�O�V���G�D�Q�V���O�H���S�O�D�V�P�D��et 

les tissus adipeux �S�R�X�U�� �U�p�Y�p�O�H�U�� �O�¶�H�[�S�R�V�L�W�L�R�Q�� �G�¶�D�Q�L�P�D�X�[�� �D�X�[�� �G�L�I�I�p�U�H�Q�W�V�� �P�L�F�U�R�S�R�O�O�X�D�Q�W�V����Ce 

�W�U�D�Y�D�L�O�� �D�� �I�D�L�W�� �O�¶�R�E�M�H�W�� �G�¶�X�Q�� �D�U�W�L�F�O�H��prŽparŽ pour une soumission �D�X�� �M�R�X�U�Q�D�O�� �µ�0�H�W�D�E�R�O�R�P�L�F�V�¶��

(Article 4). 
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Comme soulignŽ dans la partie bibliographique, la microextraction en phase solide (SPME) est 

�X�Q�H�� �P�p�W�K�R�G�H�� �S�D�U�W�L�F�X�O�L�q�U�H�P�H�Q�W�� �S�H�U�I�R�U�P�D�Q�W�H�� �S�R�X�U�� �O�¶�H�[�W�U�D�F�W�L�R�Q�� �G�H�V�� �F�R�P�S�R�V�p�V�� �Y�R�O�D�W�L�O�V�� ���&�2�9�V����

�F�R�Q�W�H�Q�X�V�� �G�D�Q�V�� �O�H�V�� �P�D�W�U�L�F�H�V�� �E�L�R�O�R�J�L�T�X�H�V���� �&�H�S�H�Q�G�D�Q�W���� �O�H�V�� �S�D�U�D�P�q�W�U�H�V�� �G�¶�H�[�W�U�D�F�Wion doivent •tre 

�D�G�D�S�W�p�V���V�H�O�R�Q���O�D���Q�D�W�X�U�H���G�H���O�D���P�D�W�U�L�F�H���H�W���O�¶�R�E�M�H�F�W�L�I���G�H���O�¶�p�W�X�G�H�����P�L�V�H���H�Q���°�X�Y�U�H��[1].  

�$���Q�R�W�U�H���F�R�Q�Q�D�L�V�V�D�Q�F�H�����O�H�V���V�H�X�O�V���W�U�D�Y�D�X�[���D�\�D�Q�W���S�R�U�W�p���V�X�U���O�¶�X�W�L�O�L�V�D�W�L�R�Q���G�X���Y�R�O�D�W�R�O�R�P�H���G�¶�p�F�K�D�Q�W�L�O�O�R�Q�V��

�E�L�R�O�R�J�L�T�X�H�V���S�R�X�U���U�p�Y�p�O�H�U���X�Q�H���H�[�S�R�V�L�W�L�R�Q���G�¶�D�Q�L�P�D�X�[���G�¶�p�O�H�Yage ˆ des micropolluants sont ceux de 

Berge et al. (2011) [2]���� �'�D�Q�V�� �F�H�W�W�H�� �p�W�X�G�H�� �S�U�H�X�Y�H�� �G�H�� �F�R�Q�F�H�S�W���� �O�¶�D�Q�D�O�\�V�H�� �S�D�U�� �6�3�0�(-GC-MS du 

�Y�R�O�D�W�R�O�R�P�H�� �G�X�� �I�R�L�H�� �G�¶�D�Q�L�P�D�X�[�� �H�[�S�R�V�p�V�� �R�X�� �Q�R�Q�� �Y�L�D�� �O�H�X�U�� �D�O�L�P�H�Q�W�D�W�L�R�Q�� �j�� �G�H�V�� �F�R�Q�W�D�P�L�Q�D�Q�W�V��

chimiques avait permis in fine de rŽvŽler certaines expositions ˆ risque. Toutefois, les auteurs de 

�F�H�� �W�U�D�Y�D�L�O�� �Q�H�� �P�H�Q�W�L�R�Q�Q�D�L�H�Q�W�� �S�D�V�� �G�¶�p�W�D�S�H�� �S�U�p�O�L�P�L�Q�D�L�U�H�� �G�H�� �P�L�V�H�� �D�X�� �S�R�L�Q�W�� �G�H�V�� �S�D�U�D�P�q�W�U�H�V�� �6�3�0�(��

utilisŽs pour extraire les composŽs volatils du foie et aucune Žtude rŽcente ne rapporte de tels 

dŽveloppement�V���� �&�R�P�S�W�H�� �W�H�Q�X�� �G�H�� �O�¶�L�P�S�R�U�W�D�Q�F�H��dŽmontrŽe par la littŽrature sur la dŽtermination 

�G�H�V�� �F�R�Q�G�L�W�L�R�Q�V�� �G�¶�H�[�W�U�D�F�W�L�R�Q�� �6�3�0�(���� �L�O�� �V�H�P�E�O�D�L�W�� �L�Q�G�L�V�S�H�Q�V�D�E�O�H�� �G�¶�p�Y�D�O�X�H�U�� �H�W�� �V�L�� �Q�p�F�H�V�V�D�L�U�H��

�G�¶�D�P�p�O�L�R�U�H�U�� �F�H�O�O�H�V�� �P�L�V�H�V�� �H�Q�� �°�X�Y�U�H�� �S�D�U�� �%�H�U�J�H��et al. (2011) [2] �S�R�X�U���O�¶�D�Q�D�O�\�V�H�� �G�X�� �Y�R�O�D�W�R�O�Rme du 

�I�R�L�H���� �&�¶�H�V�W�� �O�¶�R�E�M�H�F�W�L�I�� �G�H�V�� �G�p�Y�H�O�R�S�S�H�P�H�Q�W�V�� �P�p�W�K�R�G�R�O�R�J�L�T�X�H�V�� �T�X�L�� �V�R�Q�W�� �S�U�p�V�H�Q�W�p�V�� �G�D�Q�V���O�¶�D�U�W�L�F�O�H�� �� 

intitulŽ Ç Solid-phase microextraction set-up for the analysis of liver volatolome to detect 

livestock exposure to micropollutants È, et publiŽ dans Journal of Chromatography A.  

Apr•s avoir �G�p�W�H�U�P�L�Q�p���O�H�V���F�R�Q�G�L�W�L�R�Q�V���G�¶�D�Q�D�O�\�V�H���G�X���Y�R�O�D�W�R�O�R�P�H���G�X���I�R�L�H�����O�H���W�U�D�L�W�H�P�H�Q�W���G�H�V���G�R�Q�Q�p�H�V��

volatolomiques gŽnŽrŽes est une autre Žtape clŽ pour exploiter au maximum le potentiel 

informatif contenu dans ces donnŽes. La plupart des travaux  mŽtabolomiques �V�¶�D�S�S�X�L�H�Q�W���V�X�U���X�Q�H��

�F�R�P�S�D�U�D�L�V�R�Q�� �G�H�� �O�D�� �F�R�P�S�R�V�L�W�L�R�Q�� �G�¶�p�F�K�D�Q�W�L�O�O�R�Q�V�� �E�L�R�O�R�J�L�T�X�H�V�� �L�V�V�X�V�� �G�
�X�Q�� �J�U�R�X�S�H�� �W�p�P�R�L�Q�� �H�W�� �G�
�X�Q��

groupe qui se distingue par une pathologie ou une contamination chimique. Le plus souvent cette 

comparaison est fondŽe �V�X�U�� �O�H�V�� �U�p�V�X�O�W�D�W�V�� �G�¶�X�Q�H�� �D�Q�D�O�\�V�H�� �G�H�� �O�D�� �Y�D�U�L�D�Q�F�H�� ���$�1�2�9�$���� �T�X�L�� �S�H�U�P�H�W�� �G�H��

cribler les variables pertinentes suivie �G�¶�X�Q�H���D�Q�D�O�\�V�H���I�D�F�W�R�U�L�H�O�O�H���Q�R�Q���V�X�S�H�U�Y�L�V�p�H���F�R�P�P�H���O�¶�$�Q�D�O�\�V�H��

�H�Q�� �&�R�P�S�R�V�D�Q�W�H�V�� �3�U�L�Q�F�L�S�D�O�H�V�� �T�X�L�� �S�H�U�P�H�W�� �G�H�� �I�D�L�U�H�� �p�P�H�U�J�H�U�� �G�¶�p�Y�H�Q�W�X�H�O�O�H�V�� �G�L�I�I�p�U�H�Q�F�H�V��

volatolomiques entre les Žchantillons Ç cas È et Ç tŽmoin È [3,4]. Similairement, Berge et al. 

(2011) [2] ont ainsi rŽvŽlŽ des diffŽrences entre les empreintes volatolomiques de foies 

�G�¶�D�Q�L�P�D�X�[���W�p�P�R�L�Q�V���H�W���F�H�O�O�H�V���G�H���I�R�L�H�V���G�¶�D�Q�L�P�D�X�[���H�[�S�R�V�p�V���j���X�Q���W�\�S�H���G�H���P�L�F�U�R�S�R�O�O�X�D�Qt en rŽalisant 
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des ACP entre le groupe tŽmoin et le groupe exposŽ suivant les fragments de masses m/z des 

composŽs volatils prŽalablement filtrŽs par ANOVA.  

En revanche,  les mŽthodes de la statistique uni- ou bi-variŽe ne sont pas adaptŽes au traitement 

des tableaux complexes de donnŽes, rŽunissant de nombreuses variables et souvent de typologies 

�G�L�Y�H�U�V�H�V���� �'�H�� �S�O�X�V���� �F�H�V�� �P�p�W�K�R�G�H�V�� �F�O�D�V�V�L�T�X�H�V�� �Q�H�� �S�H�U�P�H�W�W�H�Q�W�� �S�D�V�� �G�¶�p�W�X�G�L�H�U�� �O�H�V�� �L�Q�W�H�U�D�F�W�L�R�Q�V�� �H�Q�W�U�H��

�S�O�X�V�L�H�X�U�V�� �I�D�F�W�H�X�U�V�� �Q�L�� �G�H�� �F�O�D�U�L�I�L�H�U�� �O�¶�L�Q�I�O�X�H�Q�F�H�� �G�H�V�� �Y�D�U�L�D�E�O�H�V�� �H�Q�W�U�H��plusieurs groupes ŽtudiŽs 

simultanŽment. Ainsi, une nouvelle approche de traitement  doit •tre envisagŽe pour une 

meilleure interprŽtation des donnŽes. Dans ce contexte, les analyses multivariŽes trouvent tout 

leur intŽr•t pour la comprŽhension des tableaux de grande dimensions (plusieurs dizaines ou 

centaines de lignes et de colonnes) que les traitements statistiques classiques ne peuvent 

interprŽter de fa•on globale. 

Une nouvelle gŽnŽration de mŽthodes chimiomŽtriques multivariŽes exploratoires sont en 

Žmergence et de plus en plus utilisŽes pour traiter les donnŽes Ç omiques �ª���� �L�O�� �V�¶�D�J�L�W�� �G�H�V�� �R�X�W�L�O�V��

�G�¶�D�Q�D�O�\�V�H�V���P�X�O�W�L-�E�O�R�F�V���� �� �&�H�V���P�p�W�K�R�G�H�V���V�¶�D�G�D�S�W�H�Q�W���S�O�X�V���D�X���W�U�D�L�W�H�P�H�Q�W���G�H�V���G�R�Q�Q�p�H�V�� �F�R�P�S�O�H�[�H�V���� �H�W����

permettent de mieux tenir en compte des interactions entre les diffŽrentes variables et les 

diffŽrents groupes.  

Dans le but de dŽterminer la mŽthode chimiomŽtrique la plus performante pour traiter les 

donnŽes volatolomiques, la deuxi•me partie de ce chapitre avait pour objectif de comparer 

diffŽrentes stratŽgies chimiomŽtriques non-supervisŽes pour rŽvŽler des diffŽrences dans le 

�Y�R�O�D�W�R�O�R�P�H���G�H���I�R�L�H�V���G�¶�D�Q�L�P�D�X�[�� �H�[�S�R�V�p�V���R�X���Q�R�Q���j�� �G�L�I�I�p�U�H�Q�W�H�V���I�D�P�L�O�O�H�V���G�H���P�L�F�U�R�S�R�O�O�X�D�Q�W�V���H�W���S�R�X�U��

�L�G�H�Q�W�L�I�L�H�U�� �O�H�V�� �F�R�P�S�R�V�p�V�� �Y�R�O�D�W�L�O�V�� �P�D�U�T�X�H�X�U�V�� �D�V�V�R�F�L�p�V�� �j�� �F�K�D�T�X�H�� �W�\�S�H�� �G�¶�H�[�S�R�V�L�W�L�R�Q ���� �O�¶�$�Q�D�O�\�V�H�� �H�Q��

Compo�V�D�Q�W�H�V�� �3�U�L�Q�F�L�S�D�O�H�V�� ���$�&�3������ �O�¶�$�Q�D�O�\�V�H�� �H�Q�� �&�R�P�S�R�V�D�Q�W�H�V�� �,�Q�G�p�S�H�Q�G�D�Q�W�H�V�� ���$�&�,���� �H�W�� �O�¶�$�Q�D�O�\�V�H��

en Composantes Communes (ACC). Ce travail est prŽsentŽ dans �O�¶�D�U�W�L�F�O�H�� �� intitulŽ 

Ç Comparison of Common Components Analysis with Principal Components Analysis and 

Independent Components Analysis: Application to SPME-GC-MS Volatolomic Signatures È, et 

publiŽ �D�X���M�R�X�U�Q�D�O���µ�7�D�O�D�Q�W�D�¶.  
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Partie 1�����'�p�W�H�U�P�L�Q�D�W�L�R�Q���G�H�V���S�D�U�D�P�q�W�U�H�V���6�3�0�(���S�R�X�U���O�¶�H�[�W�U�D�F�W�L�R�Q���G�X���Y�R�O�D�W�R�O�R�P�H���G�D�Q�V���O�H���I�R�L�H����

Article 1 

 

�/�¶�D�P�E�L�W�L�R�Q�� �G�H�� �O�D�� �S�U�H�P�L�q�U�H�� �S�D�U�W�L�H�� �G�X�� �W�U�D�Y�D�L�O�� �P�p�W�K�R�G�R�O�R�J�L�T�X�H�� �p�W�D�L�W�� �G�¶�p�Y�D�O�X�H�U�� �H�W�� �O�H�� �F�D�V�� �p�F�K�p�D�Q�W��

�G�¶�D�P�p�O�L�R�U�H�U���O�H�V���F�R�Q�G�L�W�L�R�Q�V���G�¶�H�[�W�U�D�F�W�L�R�Q���S�D�U���6�3�0�(���D�G�R�S�W�p�H�V���S�D�U���%�H�U�J�H��et al. (2011) [2] dans leur 

Žtude Ç preuve de concept �ª���D�I�L�Q���G�¶�R�E�W�H�Q�L�U���X�Q���H�[�W�U�D�L�W���H�Q���&�2�9�V���O�H���S�O�X�V���U�H�S�U�p�V�H�Q�W�D�W�L�I���S�R�V�V�L�E�O�H�����H�Q��

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

animaux, tout en minimisant la variabilitŽ analytique et en maximisant les rendements 

�G�¶�H�[�W�U�D�F�W�L�R�Q���� �/�D�� �S�U�H�P�L�q�U�H�� �p�W�D�S�H�� �G�X�� �W�U�D�Y�D�L�O�� �F�R�Q�V�L�V�W�D�L�W�� �j�� �P�R�G�X�O�H�U�� �j�� �O�D�� �I�R�L�V�� �O�H�V�� �F�R�Q�G�L�W�L�R�Q�V��

�G�¶�H�[�W�U�D�F�W�L�R�Q�� �6�3�0�(�� �H�W�� �O�D�� �S�U�p�S�D�U�D�W�L�R�Q�� �G�H�V�� �p�F�K�D�Q�W�L�O�O�R�Q�V�� �G�H�� �I�R�L�H���� �/�D�� �U�H�S�U�p�V�H�Q�W�D�W�L�Y�L�W�p�� �G�¶�X�Q�� �H�[�W�U�D�L�W��

SPME peut •tre influencŽe par deux param•tres clŽs : (i) la nature de la fibre SPME utilisŽe qui 

�L�Q�I�O�X�H�Q�F�H�� �O�D�� �V�p�O�H�F�W�L�Y�L�W�p�� �G�H�� �O�¶�H�[�W�U�D�F�W�L�R�Q�� �G�H�V�� �&�2�9�V�� �H�[�W�U�D�L�W�V�� �H�W�� ���L�L���� �O�H�� �F�R�X�S�O�H�� �W�H�P�S�V���W�H�P�S�p�U�D�W�X�U�H��

adoptŽ qui affecte la volatilitŽ et la solubilitŽ des COVs. En prenant comme conditions de 

rŽfŽrence le bar•me temps/tempŽrature de 30 min / 60¡C utilisŽ par Berge et al. (2011) [2] , nous 

�D�Y�R�Q�V�� �F�K�H�U�F�K�p�� �j�� �p�Y�D�O�X�H�U�� �j�� �O�D�� �I�R�L�V�� �O�¶�L�P�S�D�F�W�� �G�¶�X�Q�H�� �G�L�P�L�Q�X�W�L�R�Q�� �G�H�� �O�D�� �W�H�P�S�p�U�D�W�X�U�H�� �G�¶�H�[�W�U�D�F�W�L�R�Q�� ���j��

40¡C), qui nous rapprocherait des conditions physiologiques les plus souvent rencontrŽes pour 

les a�Q�L�P�D�X�[�� �G�¶�p�O�H�Y�D�J�H�� �������ƒ�&-�����ƒ�&������ �H�W���O�¶�L�Q�F�L�G�H�Q�F�H���G�¶�X�Q�H���U�p�G�X�F�W�L�R�Q���G�X���W�H�P�S�V���G�¶�H�[�W�U�D�F�W�L�R�Q�����j�� ������

�P�L�Q�������T�X�L���S�H�U�P�H�W�W�U�D�L�W���G�H���U�p�G�X�L�U�H���O�H���W�H�P�S�V���G�¶�D�Q�D�O�\�V�H���H�W���D�L�Q�V�L���G�¶�D�X�J�P�H�Q�W�H�U���O�H�V���F�D�G�H�Q�F�H�V���D�Q�D�O�\�W�L�T�X�H�V����

Concernant les conditions de prŽparation des Žchantillons de foie, deux param•tres ont ŽtŽ 

ŽtudiŽs dans le but de minimiser la variabilitŽ analytique et de maximiser la sensibilitŽ de 

�O�¶�H�[�W�U�D�F�W�L�R�Q�� �G�H�V�� �&�2�9�V ���� �O�H�� �W�H�P�S�V�� �G�H�� �G�p�F�R�Q�J�p�O�D�W�L�R�Q�� �G�H�V�� �p�F�K�D�Q�W�L�O�O�R�Q�V�� �D�Y�D�Q�W�� �O�¶�D�Q�D�O�\�V�H�� �T�X�L�� �S�H�X�W��

�L�Q�I�O�X�H�Q�F�H�U�� �O�¶�p�W�D�W�� �G�¶�p�T�X�L�O�L�E�U�H�� �G�H�V�� �&�2�9�V�� �H�Q�W�U�H�� �O�D���P�D�W�U�L�F�H�� �H�W�� �O�¶�H�V�S�D�F�H�� �G�H�� �W�r�W�H�� �G�\�Q�D�P�L�T�X�H[5], et 

�O�¶�D�M�R�X�W���G�¶�X�Q���V�H�O���j���O�¶�p�F�K�D�Q�W�L�O�O�R�Q���D�Y�D�Q�W���V�R�Q���D�Q�D�O�\�V�H���T�X�L���S�L�q�J�H���O�H�V���P�R�O�p�F�X�O�H�V���G�¶�H�D�X���G�L�V�S�R�Q�L�E�O�H�V���G�D�Q�V��

�O�¶�p�F�K�D�Q�W�L�O�O�R�Q�� �H�W�� �G�L�P�L�Q�X�H�Q�W�� �D�L�Q�V�L�� �O�D�� �V�R�O�X�E�L�O�L�W�p�� �G�H�V�� �&�2�9�V�� �G�D�Q�V�� �O�D�� �P�D�W�U�L�F�H�� �I�D�Y�R�U�L�V�D�Q�W�� �D�L�Q�V�L�� �O�H�X�U��

�O�L�E�p�U�D�W�L�R�Q�� �S�D�U�� �H�I�I�H�W�� �µ�V�D�O�W�L�Q�J�� �R�X�W �µ[3]. La pertinence du protocole SPME rŽvisŽ sera ŽvaluŽe par 

�U�D�S�S�R�U�W�� �j�� �O�¶�D�Q�F�L�H�Q�� �S�U�R�W�R�F�R�O�H�� �X�W�L�O�L�V�p�� �S�D�U�� �%�H�U�J�H��et al. (2011) en termes des abondances et des 

�F�R�H�I�I�L�F�L�H�Q�W�V�� �G�H�� �Y�D�U�L�D�W�L�R�Q�V�� �G�¶�X�Q�H�� �O�L�V�W�H�� �G�H�� ������ �P�D�U�T�X�H�X�U�V��candidats qui ont ŽtŽ identifiŽs dans la 

littŽrature comme des marqueurs potentiels de plusieurs types de pathologies.  
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�/�D�� �G�H�X�[�L�q�P�H�� �p�W�D�S�H�� �G�H�� �F�H�� �W�U�D�Y�D�L�O�� �P�p�W�K�R�G�R�O�R�J�L�T�X�H�� �D�� �F�R�Q�V�L�V�W�p�� �j�� �p�Y�D�O�X�H�U�� �O�¶�D�S�S�R�U�W�� �G�H�� �F�H�V��

�G�p�Y�H�O�R�S�S�H�P�H�Q�W�V�� �G�H�� �O�¶�H�[�W�U�D�F�W�L�R�Q�� �6�3�0�(�� �G�H�V�� �&�2�9�V�� �G�H�� �O�D��matrice foie pour la recherche de 

�P�D�U�T�X�H�X�U�V���Y�R�O�D�W�L�O�V���G�¶�H�[�S�R�V�L�W�L�R�Q���G�H�V���D�Q�L�P�D�X�[���G�¶�p�O�H�Y�D�J�H���j���G�H�V���P�L�F�U�R�S�R�O�O�X�D�Q�W�V���� 

�3�R�X�U�� �F�H�O�D���� �O�D�� �P�p�W�K�R�G�H�� �G�¶�H�[�W�U�D�F�W�L�R�Q�� �G�p�Y�H�O�R�S�S�p�H�� �D�� �p�W�p�� �F�R�X�S�O�p�H�� �j�� �O�D�� �F�K�U�R�P�D�W�R�J�U�D�S�K�L�H�� �H�Q�� �S�K�D�V�H��

gazeuse et ˆ la spectromŽtrie de masse (SPME-GC-MS) pour analyser le volatolome de foies de 

poulets exposŽs ou non ˆ  un pesticide, la dŽltamŽthrine ; une famille de micropolluants 

environnementaux, les polychlorobiphŽnyles (PCB) ; et un anticoccidien, le monensin.  

Cette Žtude est prŽsentŽe dans �O�¶�D�U�W�L�F�O�H�� �� intitulŽ Ç Solid-phase microextraction set-up for the 

analysis of liver volatolome to detect livestock exposure to micropollutants È, et publiŽ dans 

Journal of Chromatography A.  
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ABSTRACT 
 
 �6�W�D�U�W�L�Q�J���I�U�R�P���D���F�U�L�W�L�F�D�O���D�Q�D�O�\�V�L�V���R�I���D���I�L�U�V�W���³�S�U�R�R�I���R�I���F�R�Q�F�H�S�W�´���V�W�X�G�\���R�Q���W�K�H���X�W�L�O�L�W�\���R�I���W�K�H���O�L�Y�H�U���Y�R�O�D�W�R�O�R�P�H���I�R�U��
detecting livestock exposure to environmental micropollutants (Berge et al., 2011), the primary aim of this 
paper is to improve extraction conditions so as to obtain more representative extracts by using an extraction 
temperature closer to livestock physiological conditions while minimizing analytical variability and 
maximizing Volatile Organic Compound (VOC) abundancies.  
Levers related to extraction conditions and sample preparation were assessed in the light of both abundance 
and coefficient of variation of 22 candidate VOC markers identified in earlier volatolomic studies. Starting 
with a CAR/PDMS fiber and a 30 minutes extraction, the reduction of SPME temperature to 40¡C resulted 
in a significant decrease in the area of 14 candidate VOC markers (p<0.05), mainly carbonyls and alcohols 
but also a reduction in the coefficient of variation for 17 of them. In order to restore VOC abundances and 
to minimize variability, two approaches dealing with sample preparation were investigated. By increasing 
sample defrosting time at 4 ¡C from 0 to 24 h yielded higher abundances and lower variabilities for 15 and 
13 compounds, respectively. Lastly, by using additives favouring the release of VOCs (1.2 g of NaCl) the 
sensitivity of the analysis was improved with a significant increase in VOC abundances of more than 50% 
for 13 out of the 22 candidate markers. The modified SPME parameters significantly enhanced the 
abundances while decreasing the analytical variability for most candidate VOC markers. The second step 
was to validate the ability of the revised SPME protocol to discriminate intentionally contaminated broiler 
chickens from controls, under case / control animal testing conditions. After verification of the 
contamination levels of the animals by national reference laboratories, data analysis by a multivariate 
chemometric method (Common Components and Specific Weights Analysis - ComDim) showed that the 
li ver volatolome could reveal dietary exposure of broilers to a group of environmental pollutants (PCBs), a 
veterinary treatment (monensin), and a pesticide (deltamethrin), thus confirming the usefulness of this 
analytical set-up. 
 
Keywords: SPME, Volatolomics, Liver, Micropollutants, Common components and Specific Weight 
analysis
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1. Introduction 

The exposure of livestock to xenobiotics through the environment or feed is a major cause of 

their presence in derived meat products [1], where they may constitute a risk to human health [2]. 

Mounting evidence suggests that chronic exposure to chemical contaminants may be a cause of 

many health disorders [3,4]. The analytical methods implemented to test for these contaminants 

in food are most often based on those used by national reference laboratories that target 

specifical contaminant residues in foods or tissues. However, these strategies are too costly for 

the rapid batch-to-batch quality control monitoring required to ensure food safety in the 

production chain [5]. Promising new approaches have therefore been proposed to identify 

markers of exposure to micropollutants in livestock.  

Among them are toxicogenomic approaches which consist in analysing the different genomic, 

transcriptomic, proteomic and metabolomic profiles of the tissues and fluids of livestock exposed 

to toxic substances in order to detect markers of contamination. Several recent studies have 

shown the particular utility of volatile organic compounds (VOCs) for detecting health disorders 

[6-8]  and exposure of livestock to contaminants [9]. As attested by most of the recent work in 

volatolomics, solid-phase microextraction (SPME) is usually chosen for its performance and 

convenience [10,11]. This method, devised by Pawliszyn in 1989, is based on pre-concentrating 

VOCs on a fiber made from a silica film, which forms the stationary phase onto which the VOCs 

are adsorbed [12]. SPME is well-adapted to the qualitative identification  of heterogeneous, 

complex mixtures and offers many advantages in terms of sensitivity, rapidity, ready automation, 

ease of use, and minimal sample handling before analysis thus limiting artefacts [13].  However, 

there is no general SPME procedure applicable to the extraction of VOCs from all biological 

matrices, whence the importance of adjusting extraction parameters to ensure the maximum 

efficiency of the SPME according to the matrix and the purpose of the analysis [14].  

A first study conducted by Berge et al. [9] demonstrated the utility of the hepatic volatolome for 

detecting the exposure of livestock to several environmental micropollutants. In their paper, the 

extraction temperature of VOCs was set at 60 ¡C. However, since the physiological temperature 

of livestock animals ranges from 37¡C to 43¡C [15], an extraction temperature set as high as 

60¡C may generate a representativity bias in the pattern of extracted VOCs.  
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According to earlier works investigating food VOCs [16-18], a decrease of the extraction 

temperature from 60¡C to 35 or 40¡C may indeed limit the generation of thermally-induced 

VOCs that may be considered as analytical artefacts. However, a decrease in the peak height of 

less thermo-sensitive VOCs is generally to be expected when the extraction temperature is 

decreased from 60 to 40¡C [16], which can adversely affect the SPME extraction of these 

compounds and finally the sensitivity of the SPME-GC-MS method.  

Two levers dealing with sample defrosting time and salt addition may compensate for these 

expected lower abundances while minimizing the extraction variability. In Berge et al. [9], liver 

samples stored at -80¡C were placed at 4¡C on the autosampler for immediate extraction. Several 

papers suggest that thawing time may be a key issue to consider prior to SPME analysis [19,20]. 

Extraction of the volatolome by SPME cannot be considered satisfactory unless the partitioning 

of the analytes between sample matrix and fiber film reaches a steady state, and the overall mass 

transfer to the fiber is typically limited by mass transfer rates from the sample to the headspace 

[21]. Since extraction temperature is to be set close to physiological temperature at 40¡C, a 

longer time may be needed to reach equilibrium state of VOCs, which could reduce the 

analytical variability of the SPME procedure as implemented by Berge et al. (2011). As well, the 

sensitivity for the detection of certain trace constituents of the volatolome might be improved by 

increasing the abundances of liver VOCs through the addition of salting out agents to the sample 

to be extracted by SPME [22,23]. Several studies have shown that adding salt, in particular NaCl 

[24] and Na2SO4 [25], to the sample may be useful. Other studies demonstrated a linear 

relationship between salt concentration and increase in analyte abundances, up to NaCl 

saturation [22]. Thus, maintaining a constant ionic strength in the samples by adding a saturated 

salt solution is crucial to achieving higher and reproducible analyte extractions.  

The present work is devoted to improving the SPME protocol proposed by Berge et al. [9] so as 

to obtain more representative extracts by using an extraction temperature closer to the livestock 

physiological conditions (40¡C) while minimizing analytical variability and maximizing VOC 

abundances. The first part of the paper aims to set up a revised SPME protocol by adjusting 

extraction conditions and sample preparation. The suitability of the SPME protocol will be 

assessed using a chicken liver sample in terms of both abundances and the coefficients of 

variation of 22 VOC candidate markers identified in earlier volatolomic studies.  
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In the second part, the applicability of the SPME-GC-MS method will be evaluated on a set of 

liver samples from control chickens, and chickens intentionally fed with diets contaminated by 

micropollutants potentially found in the meat chain, to reveal markers of livestock exposure to 

different types of contaminants. The micropollutants under study were : (i) a pesticide, 

deltamethrin; (ii) a group of environmental contaminants, polychlorobiphenyls (PCBs); and (iii) 

a coccidiostatic agent, monensin. A multivariate chemometric method named Common 

Components and Specific Weights Analysis (ComDim) [26] was applied to compare volatolomic 

signatures in livers of chickens exposed and unexposed to deltamethrin, PCBs, and monensin in 

order to detect differences that could be associated with the type of contaminant exposure.  

 

2. Experimental section 

 

2.1. Liver samples 

Animal experimentation was conducted from 5/11/2013 to 28/01/2014 in PEAT at INRA of 

Nouzilly (France; Accreditation C37-175-1, delivered on 28/08/2012). Experimentation was 

evaluated by ethics committee n¡19 of Val de Loire and authorized under reference 01012.01 

according to rural articles (R. 214-78 and R. 214-126). In this animal test, chickens have been 

exposed or not to dietary micropollutants. Forty-four male chickens (Gallus gallus) (JA 657, 

BoyŽ Accouvage, La Boissi•re-en-G‰tine, France) were raised together until 28 days of age. 

They were then distributed into four groups, one control group (n=17 chickens) and three other 

groups each exposed to a diet contaminated with one type of micropollutant (n=9 chickens). The 

chickens were fed in individual cages for 8 weeks (28�±84 days of age) with control or 

contaminated feed. The feed given to the chickens was a granulated mixture of commercial feed 

with 5% sunflower oil with or without added micropollutant. The amount of feed distributed 

each day was the same for all chickens and followed the breeder recommendations. Three 

contaminants were chosen for their different behaviour in the environment and the body: (i) 

deltamethrin, known for its persistence and bioaccumulation in animal tissues [27]; (ii) a mixture 

of PCBs (Arochlor 1260), known for their toxicity and their potential for bioaccumulation in 

animal products [28]; and (iii) sodium monensin, a coccidiostat authorized as a feed additive by 

European Commission Regulations.  
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Table 1 presents the concentrations of contaminants in the feed chosen to be at the maximum 

levels fixed by the regulations in poultry feed and sufficient to induce a response in the 

metabolism of exposed livestock.  At age 84 days, all the chickens were slaughtered, after fasting 

for 12 h, by electronarcosis followed by bleeding according to European recommendation 

standard conditions. Two livers from the control group were dedicated to setting up the SPME 

parameters for the analysis of liver volatolome, while the rest of the livers were used to validate 

the SPME extraction protocol for the detection in liver volatolome of candidate markers of 

livestock exposure to micropollutants. After slaughter, the liver samples were prepared according 

to Berge et al. (2011) [9]. Briefly, livers were immediately excised from the chicken carcasses, 

�L�P�P�H�U�V�H�G���L�Q���O�L�T�X�L�G���Q�L�W�U�R�J�H�Q�����Z�U�D�S�S�H�G���L�Q���D�O�X�P�L�Q�L�X�P���I�R�L�O�����Y�D�F�X�X�P���S�D�F�N�H�G�����D�Q�G���V�W�R�U�H�G���D�W���í���� ¡C. 

Each liver tissue was ground for 3 min under liquid nitrogen using a homemade stainless steel 

ball mill to obtain a fine homogeneous powder. Powdered liver (1.2 g) was aliquoted into 20 ml 

�6�3�0�(���Y�L�D�O�V���F�D�S�S�H�G���X�Q�G�H�U���Q�L�W�U�R�J�H�Q���J�D�V���I�O�R�Z�����7�K�H���S�R�Z�G�H�U�H�G���O�L�Y�H�U���V�D�P�S�O�H�V���Z�H�U�H���V�W�R�U�H�G���D�W���í���� ¡C 

prior to subsequent analysis. 

 

Table 1 
Analysis of micropollutants in feed and tissue samples of control and contaminated chickens: Maximum 
levels and administered levels of deltamethrin, PCBs and monensin in chickens' feed and muscles.  
 
Contaminant EU Regulation MLb  

in feed 
Dose 

dded in 
feed 

Concentrations in feed Concentrations in muscles 

    Contaminated Control Contaminated Control 

Deltamethrin No 524/2011 2 mg/kg 9 mg/kg 5.6 mg/kg <LODc < LOD <LOD 

NDLa-PCBs No 277/2012 10 µg/kg 10 µg/kg 8.2 µg/kg 0.11 49±13 µg/kg lwd 4.7±2.1 µg/kg lw 

Monensin No 124/2009 125 mg/kg 125 
mg/kg 114 mg/kg <LOD 1.13±0.4 µg/kg fme 

 
<LOD 

 

 

a NDL: Non Dioxin Like 
b ML: Maximum levels 
c LOD: Limit of detection 
d lw: Lipid weight 
e fm: Fresh muscle tissue
 

2.2. Volatolome SPME extraction 

Volatolome SPME extraction was performed with a multipurpose sampler (AOC-5000, 

Shimadzu, Kyoto, Japan) running the following sequence: (i) preheating of the 20 ml vials 
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containing each liver sample in the stirrer (500 rpm) at controlled temperature, (ii) trapping of 

VOCs with a SPME fiber, and (iii) desorption of VOCs into the GC inlet.  

For setting up the SPME extraction protocol, the parameters liable to impact the representativity, 

the variability and the efficiency of the VOC extraction were first evaluated from abundances 

and standard deviations of 22 targeted volatile compounds in liver samples of control chickens. 

These compounds, which are listed in Table S1 (Supporting information), have already been 

identified in the literature as candidate VOC markers of metabolic stress or crucial pathologies.  

 

Extraction conditions. In order to ensure a representative extraction of VOCs from the liver, the 

effect of using an extraction temperature closer to physiological conditions was studied. Two 

types of fiber were tested for sampling VOCs in liver tissue: 75 µm CAR/PDMS (carboxen / 

polydimethylosiloxane) and 50/30 µm DVB/CAR/PDMS (divinylbenzene / carboxen / 

polydimethylsiloxane). Two extraction temperatures (40 ¡C and 60 ¡C) and two extraction 

durations (15 and 30 min) under stirring (500 rpm) were tested with a preheating step of 10 min 

at the extraction temperature. 

 

Sample preparation conditions. In order to minimize variability and to enhance VOC extraction, 

two sample preparation approaches were investigated.  

 

Defrosting samples. Because of its strong influence on the equilibrium state of VOCs in the 

headspace and therefore analytical variability, the effect of defrosting time was studied. Liver 

�V�D�P�S�O�H�V�� �V�W�R�U�H�G�� �D�W�� �í���� ¡C were directly placed on a support cooled to 4¡C for SPME-GC-MS 

analysis or defrosted at 4 ¡C for 8 h or 24 h before analysis. 

 

Salt addition. To enhance VOC abundances, the effect of adding a salt to the liver powder was 

studied. Two different salts were tested: sodium chloride (NaCl) [24] and anhydrous sodium 

sulphate (Na2SO4) [25]. A mass of 1.2 g of NaCl prepared in saturated solution, or 1.2 g of 

powdered anhydrous Na2SO4 was added to 1.2 g of powdered liver before defrosting samples for 

24 h at 4 ¡C.  
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Comparison of the proposed SPME parameters vs. the Berge et al. (2011) protocol. For 

benchmarking the Berge et al. [9] set up and the revised SPME set-up, control liver samples 

were analysed according to these two set-ups.  

For all samples, VOCs were extracted with CAR/PDMS fiber from 1.2 g of liver. For the Berge 

et al. set-up, liver samples stored at -80¡C were directly placed on a support cooled to 4¡C for 

SPME-GC-MS analysis and VOCs were extracted at 60 ¡C for 30 min, whereas for the SPME 

conditions set up in this study, 1.2 g of NaCl prepared in saturated solution was added to 

powdered liver before defrosting the samples for 24 h at 4 ¡C and VOCs were extracted at 40 ¡C 

for 30 min.  

 

2.3. Volatolome GC-MS analysis 

After SPME extraction, VOCs were analysed with a Shimadzu QP2010+ GC-MS system 

equipped with an Rxi-5SilMS column (60 m �u 0.32 mm �u 1 µm) (Restek, Bellefonte, PA). 

Helium was used as carrier gas at a flow rate of 1 ml.min-1. Injection was performed in splitless 

mode (2 min). The column temperature program was as follows: 40 ¡C for 5 min, ramp of 

3 ¡C/min to 230 ¡C, and temperature hold for 10 min. For the MS system, the temperatures of the 

transfer line, quadrupole, and ionisation source were 230, 200 and 150 ¡C, respectively. Positive 

ion electron impact mass spectra at 70 eV were recorded in scan mode over the range m/z = 33�±

250 amu at 10 scans s-1. Tentative identification of VOCs was performed on the basis of mass 

spectra, by comparison with the NIST/EPA/NIH mass spectral library (NIST14), and of retention 

indices (RI), by comparison with published RI values and with those of our in-house database. 

Peak areas of the volatile compounds were integrated with a home-made automatic algorithm 

developed under Matlab R2014b (The MathWorks, Natick, USA). For each compound, the 

algorithm uses the retention time and a mass fragment selected for both being specific of the 

sought-after molecule and free of any co-elution. In all SPME-GC-MS signals, the peak 

characterization procedure, based on the derivative of the ionic signals, extracts for each 

compound its apex starting and ending points after a smoothing step by the Savitzky-Golay 

method. The area integration process based on the trapeze method includes a simultaneous 

visualization of the ionic signals for a same compound in all samples in order to check the 

quality of the automatic integration. 
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2.4. Micropollutant analysis  

The xenobiotics under study were analyzed in feed and tissue samples of control and 

contaminated groups by French National Reference Laboratories. A representative sample of 

each of the four experimental feeds was placed in a glass bottle and kept at -20¡C.  

The two sets of samples (muscle and feed) were subsequently used for the targeted quantification 

of the xenobiotics by the reference methods. Deltamethrin was analyzed by gas chromatography 

coupled to mass spectrometry (GC-MS), PCBs were assayed by gas chromatography coupled 

with high-resolution mass spectrometry (GC-HRMS), and Monensin analysis was performed by 

liquid chromatography coupled to a UV detector and tandem mass spectrometer (details in 

Section S3). 

 

2.5. Data analysis  

Statistical analysis was carried out with Statistica 12 software (Dell Software, Paris, France) and 

Matlab R2007b software. The effect of SPME parameters tested for the analysis of liver 

volatolome was assessed based on Analysis of Variance (ANOVA) and Newman�±Keuls post hoc 

test of multiple comparisons (p<0.05) performed on the abundances of the targeted VOCs listed 

in Table S1, to detect possible significant differences between the modalities of each SPME 

parameter being evaluated. 

Regarding the validation of the SPME extraction protocols, SPME-GC-MS signals were 

assembled into matrices: each row contained the abundances of all the volatile metabolites in a 

given liver sample of chickens exposed or non-exposed to one type of micropollutant, and each 

column represented one volatile metabolite extracted from all the liver samples. Common 

components and specific weights analysis (ComDim) is a method initially designed to 

simultaneously analyse several different data tables describing the same samples [29] which has 

already been applied in this way in chemometric studies [30]. ComDim provides a powerful 

multi-table tool to process the information contained in several matrices corresponding to 

different VOC abundances [31]. ComDim estimates a common space defined by a series of 

dimensions (common components) along which the samples present the same dispersion for the 

largest number of data tables. Each table, or block, has a specific weight or contribution (called 

salience) to the definition of each dimension of this common space. Significant differences in the 

values of saliences for a given dimension reflect the fact that not all blocks contribute equally to 
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the definition of the dimension, i.e. not all blocks give the same dispersion of the samples on that 

common component. ComDim has also been used to extract information from a single data set 

by applying it to blocks consisting each of a single variable [32]. This procedure creates a series 

of common components as combinations of variables with a similar effect on the dispersion of 

samples. The saliences of the variables are a measure of their importance for the definition of 

these components.  

Thus applied (one variable per table), ComDim highlights variables that behave in the same way 

as a function of differences among the samples. In our study, the data consisted of 70 tables 

corresponding to the 70 VOCs extracted from the initial SPME-GC-MS measurements carried 

out on each of the 42 liver samples contaminated or non-contaminated with micropollutants. 

ComDim analyses were performed separately on data matrices containing the control group (15 

samples) concatenated row-wise to each exposed group (9 samples). For each type of 

contamination, the analysed data matrix consisted of 24 samples and 70 variables, treated as 70 

blocks of size 24 �u 1. ComDim estimates the dispersion of the control group and each 

contaminated group in a series of dimensions in decreasing order of maximum variance common 

to the largest number of data tables (here, the variables). The data set was treated by ComDim, 

using Matlab R2007b software (The MathWorks, Natick, USA). Based on their global scores, 

controls and samples contaminated with each type of micropollutant were projected onto six 

common components (CCs). Quantile-Quantile plots (Q-Q plot) [33]  were drawn on the vectors 

of loadings of the VOCs for the interesting common components in order to visualise those 

VOCs that contribute most to the discrimination along that common component. The standard 

deviations of the ComDim loadings were calculated for each interesting common component and 

the variables with contributions to the loadings greater than plus or minus two standard 

deviations were selected as candidate markers for each type of contaminant exposure.   

 
 
3. Results and discussion 

3.1. Set-up of SPME parameters for the extraction of liver volatolome  

3.1.1. Extraction conditions 

The VOC composition of the liver extract depends on (i) the time/temperature combination used 

during the extraction, which affects the volatility and solubility of the VOCs [34], and (ii) the 
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type of polymer-coated fused silica fiber, which influences the selectivity of the VOC extraction 

[35]. 

 

Extraction time/temperature. The starting point was the conditions (CAR/PDMS fiber, 60¡C/ 30 

min) used by Berge et al. [9]. Table 2 shows the effect of decreasing extraction time and 

temperature on the averages and the standard deviations of VOC abundances extracted from liver 

with the same CAR/PDMS fiber.  

Most candidate markers were significantly different (p < 0.05) when the temperature was 

changed: exceptions were carbon disulfide, propanoic acid, heptane, and 2-pentyl-furan. This 

confirms that the extraction of VOCs by SPME is modulated by an effect of temperature, 

irrespective of extraction time [18,36]. The abundances of most of the VOCs extracted were 2�±

16 times higher at 60 ¡C than at 40 ¡C: short-chain hydrocarbons (butane and pentane), acetic 

acid and 2-butanol were exceptions. This result can be partly explained by an increase with 

extraction temperature of the transfer of VOCs from the matrix to the fiber via the headspace 

[21,23]. However, the highly significant increase at 60 ¡C in compounds marking oxidation, such 

as aldehydes (e.g. pentanal, octanal and nonanal), suggests that these conditions of extraction 

could impair the representativity of the extract. In addition, the relative standard deviations 

(RSDs) for the abundances of most of the compounds were higher at 60 ¡C than at 40 ¡C, 

confirming the observations of Silva et al. [23], who showed in urine samples that while 

increasing the temperature from 50 ¡C to 60 ¡C increased the abundances of the VOCs extracted, 

it collaterally increased their RSDs. Accordingly, to facilitate interpretation of the biological 

mechanisms responsible for the production of the volatile metabolites marking contamination by 

toxic substances, an extraction temperature of 40 ¡C was adopted in subsequent experiments. 

Regarding extraction time, table 2 shows no significant variations (p < 0.05) in the abundances 

of the VOCs extracted after 15 minutes and 30 minutes except for acetic acid, 2-butanol, and 2-

pentyl-furan. This result is consistent with Ouyang et al. [21] who reported that once VOCs 

reached equilibrium between sample matrix and headspace, the amount of analyte extracted is 

independent of further increase in extraction time. However, the coefficients of variation of 15 

out of the 22 VOCs were lower after 30 minutes extraction. Hence, while reducing the extraction 

time from 30 minutes to 15 minutes did not influence the extractability of the liver volatolome, it 

increased the variability of the VOCs extracted, probably because they cannot completely 
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equilibrate in the shorter time. An extraction time of 30 minutes was thus used in subsequent 

experiments. 

 

Table 2.  Influence of extraction time/temperature on the volatolome extracted from chicken liver: 
comparison of peak areas (! 104) and relative standard deviations of candidate VOC markers in liver 
samples analyzed by GC-MS after SPME extraction at two extraction temperatures (60 ¡C and 40 ¡C) and 
two extraction times (30 min and 15 min). 
 

Candidate VOC markers1 60 ¡C/30 min 2        40 ¡C/30 min 2 40 ¡C/15 min 2 

Butane 297.6 (42)b 1689.3 (22)a 1950.9 (12)a 
Acetone 6887.7 (44)a 4361.6 (21)ab 2916.3 (20)b 
Pentane  1592.8 (24)b 2630.7 (14)a 2556.6 (5)a 
Carbon disulfide 338.9 (18)a 331.5 (33)a 330.0 (24)a 
Acetic acid 1057.8 (40)b 2055.8 (19)a 1411.9 (26)b 
2-Butanone 530.3 (38)a 248.2 (33)b 211.7 (35)b 
2-Butanol 76.9 (20)b 191.6 (22)a 63.1 (34)b 
Propanoic acid 258.5 (40)a 300.9 (25)a 172.3 (27)a 
1-Penten-3-ol 403.9 (51)a 137.6 (25)b 99.1 (56)b 
2-Pentanone 177.1 (35)a 54.1 (72)b 37.1 (84)b 
Pentanal 1658.6 (46)a 101.7 (40)b 92.2 (43)b 
Heptane 240.9 (18)a 237.3 (21)a 231.0 (10)a 
1-Pentan-1-ol 274.2 (72)a 37.1 (28)b 23.9 (36)b 
Toluene 681.6 (54)a 280.8 (11)b 225.5 (12)b 
1-Hexanol 1436.9 (89)a 219.7 (66)b 109.3 (113)b 
2-Butyl-furan 16.5 (33)a 8.9 (29)b 7.3 (29)b 
Benzaldehyde 2383.0 (39)a 166.7 (29)b 119.0 (38)b 
1-Octen-3-one 16.9 (22)a 4.4 (50)b 3.0 (32)b 
1-Octen-3-ol 7.9 (22)a 1.3 (17)b 1.6 (45)b 
2-Pentyl-furan 1.2 (33)a 1.3 (4)a 0.8 (13)b 
Octanal 15.8 (61)a 2.4 (22)b 1.9 (30)b 
Nonanal 41.6 (21)a 5.9 (14)b 4.4 (18)b 
    
1 Compounds listed in Table S1 which have been already identified in the literature as candidate VOC markers of 
pathologies or exposure to toxic agents.  

2 Area values (! 10 4) are the average of 5 replicates with relative standard deviation (%RSD) in brackets 

a,b annotate the compounds for which there is statistical difference according to Student t-test (p<0.05)  

 

Fibre selection. Two types of fiber were tested: (i) CAR/PDMS, used by Berge et al. [9], and 

which is the fiber most often used to extract volatile marker metabolites in biological matrices, in 

particular liver, urine [23] and blood [37], and (ii) DVB/CAR/PDMS, designed to extend the 

range of VOCs extracted with CAR/PDMS [35]. Table S2 shows that the abundance of most of 
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the VOCs extracted (p < 0.05) was significantly influenced by the nature of the fiber: exceptions 

were ketones (2-pentanone, 1-octen-3-one), alcohols (1-penten-3-ol, 1-pentan-1-ol), and pentanal.  

A comparison of the two fibers shows that most of the low molecular weight compounds were 

more efficiently extracted by CAR/PDMS, whereas  heavier compounds, such as 1-hexanol, 2-n-

butylfuran, benzaldehyde and nonanal, were more efficiently extracted by DVB/CAR/PDMS. 

This finding confirms the relative selectivity of the two SPME fibers [38], and shows their 

potential complementarity. However, a critical review of work dealing with disease diagnosis 

based on volatolomics shows that the main candidate markers are low molecular weight VOCs 

[39]. For this reason CAR/PDMS was chosen for subsequent work.  

 

3.1.2. Sample preparation  

In order to restore VOC abundances while minimizing variability, two approaches dealing with 

sample preparation were investigated: an increase of sample defrosting time and salt addition.  

�,�Q�� �R�U�G�H�U�� �W�R�� �V�W�X�G�\�� �W�K�H�� �H�I�I�H�F�W�� �R�I�� �W�L�P�H�� �I�R�U�� �G�H�I�U�R�V�W�L�Q�J�� �W�K�H�� �V�D�P�S�O�H�V�� �I�U�R�P�� �í���� ¡C to 4 ¡C on the 

abundances and standard deviations of the volatolome VOCs���� �O�L�Y�H�U�� �V�D�P�S�O�H�V�� �V�W�R�U�H�G�� �D�W�� �í���� ¡C 

were either placed directly on the holder for SPME-GC-MS analysis or left to thaw at 4 ¡C for 8 

h or 24 h before analysis. Table 3 shows that 19 out of the 22 VOCs (p<0.05) were significantly 

influenced by the defrosting time. VOC abundances increased after 24 h of defrosting except for 

ketones (acetone, 2-butanone, and 2-pentanone) and carbon disulfide which are better extracted 

from non-thawed samples. The coefficients of variation of the volatile compounds were lower 

after defrosting samples for 24 h for 12 out of these 19 significant VOCs. This finding also 

suggests good compositional stability of the extract in these conditions, in line with the results of 

Riazanskaia et al. [40] which showed that in the case of skin, the volatile components remain 

stable for up to 24 h when samples are stored at 4 ¡C before analysis by SPME-GC-MS. 

Defrosting of powdered liver samples for 24 h at 4 ¡C thus allows abundances to be increased 

and variability to be reduced compared to the protocol proposed by Berge et al. (2011).   
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Table 3. Influence of sample defrosting time on the volatolome extracted by SPME from chicken liver: 

comparison of peak areas (! 104) and relative standard deviations of candidate VOC markers in liver 

samples analysed by GC-MS after SPME extraction of non-thawed samples or thawed samples for 8 h or 

24 h. 
  

Candidate  
VOC markers 1 Non-thawed 2 Thawed for 8 h 2  Thawed for 24 h 2 

Butane 423.7 (35)b 484.6 (18)b 636.5 (34)a 
Acetone  2070.2 (35)a 1236.3 (36)b 892.7 (19)b 
Pentane 349.9 (24)b 452.8 (16)b 1072.0 (20)a 
Carbon disulfide 22.5 (82)a 9.4 (58)b 8.5 (18)b 
Acetic acid 6.6 (77)a 11.2 (132)a 11.2 (82)a 
2-Butanone 20.3 (61)a 8.4 (24)b 14.0 (28)ab 
2-Butanol 204.9 (32)b 191.7 (22)b 253.2 (18)a 
Propanoic acid 1.8 (69)a 2.2 (120)a 3.4 (65)a 
1-Penten-3-ol 295.8 (31)b 341.8 (15)b 886.0 (24)a 
2-Pentanone 14.6 (106)a 3.6 (22)b 5.7 (28)b 
Pentanal 2.7 (40)b 4.8 (40)b 50.1 (39)a 
Heptane 47.2 (29)b 39.7 (30)b 71.1 (28)a 
1-Pentan-1-ol 33.4 (24)b 57.8 (23)b 278.7 (34)a 
Toluene 45.3 (48)a 37.3 (23)a 45.9 (20)a 
1-Hexanol 165.8 (30)b 240.5 (13)b 714.6 (25)a 
2-Butyl-furan 5.2 (42)c 3.5 (15)b 11.5 (19)a 
Benzaldehyde 3.5 (27)b 4.5 (35)b 50.7 (41)a 
1-Octen-3-one 5.3 (33)b 5.5 (24)b 37.4 (37)a 
1-Octen-3-ol 7.6 (43)b 8.9 (44)b 126.2 (44)a 
2-Pentyl-furan 3.7 (44)b 3.3 (20)b 27.1 (30)a 
Octanal  2.2 (23)b 2.3 (21)b 17.4 (44)a 
Nonanal 2.5 (23)b 2.3 (24)b 18.9 (41)a 
 

1Compounds listed in Table S1 which have been already identified in the literature as candidate VOC markers of 
pathologies or exposure to toxic agents. 
2 Area values (!104) are the average of 12 replicates with the relative standard deviation (%RSD) in brackets. 
a annotate the compounds for which there is statistical significant differences according to Student t-test (p < 0.05). 
b annotate the compounds for which there is statistical significant differences according to Student t-test (p < 0.05). 
c annotate the compounds for which there is statistical significant differences according to Student t-test (p < 0.05). 
 

In order to salt out the VOCs and so favour extraction relative to the study of Berge et al. (2011) 

[9], sodium chloride (NaCl) [24] or anhydrous sodium sulphate (Na2SO4) [25] were added to 

liver powder. Table 4 shows significant increases in the abundances of 12 out of the 22 VOCs 

(p < 0.05) with the addition of NaCl or Na2SO4 to liver powder, with an increase in abundance of 

more than 50% in all cases. This result confirms the utility of salting-out to improve the 

sensitivity of the SPME-GC-MS analysis of VOCs [23]. 
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 For 10 compounds, the abundance obtained after adding NaCl significantly exceeded that 

obtained after adding Na2SO4: exceptions were acetic and propanoic acids. As regards variability, 

adding a salt increased the standard deviations by a factor of 1.1�±2.5 with NaCl and 1.1�±13.2 

with Na2SO4. This result was possibly explained by Liu et al. [41], who demonstrated that salt 

could slow down the mass transfer of compounds between the matrix and the dynamic headspace 

owing to the viscosity effect of the salt on the sample. This may prevent attaining the equilibrium 

state of VOCs between sample matrix and fiber film resulting in higher extraction variability. In 

the present study, saturated NaCl solution was chosen, as it significantly improved the 

extractability of VOCs from the liver. 

 
Table 4. Influence of salt addition on the volatolome extracted by SPME from chicken liver: comparison 
of peak areas (! 104) and relative standard deviations of candidate VOC markers in liver samples 
analysed by GC-MS after SPME extraction and with or without prior NaCl or Na2SO4 addition. 
 

Candidate  
VOC markers 1                         Salt free 2 + NaCl 2 + Na2SO4 

2 

Butane 150.2 (42)a 225.4 (25)a 168.1 (48)a 
Acetone 735.0 (9)a 466.7 (13)a 1368.7 (61)a 
Pentane 157.1 (9)a 202.8 (22)a 162.4 (36)a 
Carbon disulfide 13.3 (9)a 10.8 (24)ab 7.8 (27)b 
Acetic acid 109.2 (62)b 30.3 (64)b 376.2 (40)a 
2-Butanone 135.2 (8)a 204.7 (6)a 187.1 (108)a 
2-Butanol 57.3 (13)a 59.2 (14)a 67.9 (25)a 
Propanoic acid 26.1 (50)b 12.5 (64)b 152.2 (39)a 
1-Penten-3-ol 306.7 (16)b 649.3 (24)a 394.1 (67)ab 
2-Pentanone 7.5 (12)b 29.2 (25)a 10.4 (93)b 
Pentanal 3.1 (22)b 170.7 (56)a 5.0 (60)b 
Heptane 10.0 (18)a 11.9 (29)a 17.1 (35)a 
1-Pentan-1-ol 43.4 (31)b 84.1 (39)a 34.0 (68)b 
Toluene 41.5 (17)a 54.2 (34)a 42.6 (32)a 
1-Hexanol 40.5 (38)a 80.1 (33)a 55.4 (49)a 
2-Butyl-furan 0.6 (28)b 2.0 (15)a 0.9 (56)b 
Benzaldehyde 35.8 (42)a 109.8 (86)a 26.6 (169)a 
1-Octen-3-one 4.2 (29)b 19.9 (18)a 5.2 (34)b 
1-Octen-3-ol 0.3 (32)b 9.3 (66)a 2.8 (56)b 
2-Pentyl-furan 0.3 (22)b 3.1 (14)a 0.4 (40)b 
Octanal 0.3 (58)b 2.3 (49)a 0.2 (24)b 
Nonanal 0.5 (30)b 3.9 (43)a 0.5 (26)b 
 

1 Compounds listed in Table S1 which have been already identified in the literature as candidate volatile markers of 
pathologies or exposure to toxic agents. 
2 Area values (!104) are the average of 5 replicates with the relative standard deviation (%RSD) in brackets. 
a annotate the compounds for which there is statistical significant differences according to Student t-test (p < 0.05). 
b annotate the compounds for which there is statistical significant differences according to Student t-test (p < 0.05). 
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3.1.3. Benchmarking of the revised protocol 

Table 5 summarizes the benchmarking of the revised SPME protocol compared to the Berge et al. 

[9] set-up. The revised protocol gave a significant increase of abundance for 14 of the 22 VOCs. 

Exceptions were acetone and carbon disulfide which are seen in Table 3 to be better extracted 

from non-defrosted samples, and benzaldehyde and 2-butanone which are seen in Table 2 to be 

better extracted at 60¡C. The significant decrease in acetic and propanoic acids cannot be 

explained by any single factor studied in Tables 2-4 but confirms the trends observed in response 

to NaCl addition in Table 4. Moreover, VOC RSD decreased when the revised protocol is 

applied except for acetone and acetic and propanoic acids, which increase in variability after 

adding NaCl to liver sample. In conclusion, the proposed SPME conditions improved the SPME 

extraction of liver volatolome in terms of representativity, sensitivity and variability.   

 
Table 5.  Benchmarking of the revised SPME protocol: comparison of peak areas (! 104) and relative 
standard deviations of targeted volatile compounds in liver samples analysed by GC-MS after SPME 
extraction according to Berge et al. [9] or to the revised protocol. 
 
Candidate  
VOC markers a 

Berge et al.                           
SPME protocol b 

Revised                          
SPME protocol b 

Butane 49.9 (34) 613.7 (18)* 
Acetone 2594.1 (39) 847.0 (53)* 
Pentane 19.2 (62) 872.8 (14)* 
Carbon disulfide 52.0 (88) 7.2 (23)* 
Acetic acid 214.0 (50) 18.5 (153)* 
2-Butanone 71.9 (46) 8.5 (31)* 
2-Butanol  112.8 (39) 178.7 (16)* 
Propanoic acid 16.3 (62) 3.6 (109)* 
1-Penten-3-ol 15.8 (61) 572.7 (22)* 
2-Pentanone 3.4 (54) 4.1 (24) 
Pentanal 4.2 (157) 7.5 (37)  
Heptane 2.4 (76) 52.0 (38)* 
1-Pentan-1-ol 8.9 (66) 120.2 (27)* 
Toluene 11.4 (53) 34.0 (20)* 
1-Hexanol 34.5 (85) 374.5 (18)* 
2-Butyl-furan 1.7 (140) 4.6 (24)* 
Benzaldehyde 49.0 (71) 12.6 (45)* 
1-Octen-3-one 1.8 (58) 9.9 (27)* 
1-Octen-3-ol 6.3 (54) 23.1 (45)* 
2-Pentyl-furan 1.3 (38) 7.9 (38)* 
Octanal 1.3 (42) 3.2 (27)* 
Nonanal 2.3 (44) 3.2 (33)* 
a Compounds listed in Table S1 which have been already identified in the literature as candidate VOC markers of 
pathologies or exposure to toxic agents. 
b Area values (!104) are the average of 20 replicates with the relative standard deviation (%RSD) in brackets. 
* annotate the compounds for which there is statistical significant differences according to Student t-test (p < 0.05). 
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3.2. Assessment of SPME conditions for chicken liver volatolome analysis to back-trace exposure 

to micropollutants  

In view of the changes made in the extraction conditions of Berge et al. [9], it was necessary to 

make sure that the revised protocol would confirm the informative potential of the liver 

volatolome as a way to detect markers of livestock exposure to different types of contaminants. 

To this end, the liver volatolomes of chickens either fed with the control diet or the contaminated 

diets were analysed by SPME-GC-MS. ComDim was applied separately to three data matrices 

composed of 24 samples and 70 VOCs determined in control chickens and chickens exposed to 

deltamethrin, PCBs, and monensin. 

 

3.2.1. Exposure to deltamethrin 

As shown in Table 1, deltamethrin concentration reached 5.6 mg/kg in contaminated feed which 

is close to the targeted concentration of 9 mg/kg and validates the efficiency of the 

contamination protocol. In contrast, deltamethrin was not detectable in control feed confirming 

the absence of cross contamination during experimental breeding. In addition, deltamethrin was 

detected neither in control nor in the muscles from exposed broilers. The non-detection of 

deltamethrin in muscles of exposed animals may be explained by the limit of detection of the 

method (1 µg/kg). In an earlier study, Chandra et al. [42] showed that chicken exposure to 

deltamethrin for 42 days at 100 and 150 mg/kg feed leads to a detectable accumulation of 

deltamethrin in their breast muscles at 47 and 39 µg/kg, respectively. However, the administrated 

dose was more than 25-fold lower in the present experiment which may, together with animal-

related factors, explain the non-detection of deltamethrin.  

Fig. 1 presents the projection of the ComDim scores of control and deltamethrin-contaminated 

samples along six common components (CCs). CC4 gives a separation of the samples into two 

groups and so reflects changes in chicken liver volatolome in response to dietary exposure to 

deltamethrin. These results are in accordance with a recent study published by Arora et al. [43] 

who noted histological and liver function alterations in deltamethrin-treated animals and 

suggested the hepatotoxic potential of deltamethrin on acute exposure.  
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Fig. 1. ComDim scores of control group (n=15) and deltamethrin-contaminated group (n=9) onto 
the first six Common Components (CC). Black squares denote control chickens and red asterisks 
denote chickens contaminated with deltamethrin. The sum of the saliences of the contributing 
variables is given for each Common Component. 
 

ComDim loadings revealed the contribution of many variables to the separation along CC4. The 

main VOCs influencing the discrimination of chickens exposed and non-exposed to deltamethrin 

along CC4 were selected based on the Q-Q plot analysis and the standard deviation of the 

loadings (Fig. S4.A); these VOCs correspond to 3-penten-2-ol, 4-hexen-1-ol, nonanal, carbon 

disulfide, alpha-methylstyrene, dihydro-5-ethyl-2(3H)-furanone, and 1,3,3-trimethyl-2-vinyl-1-

cyclohexene. Primary and secondary alcohols, aldehydes, aromatic compounds and sulfur 

compounds have already been shown as candidate markers of diseases which strengthen the 

relevance of these compounds as potential makers of animal exposure to deltamethrin [39,44]. 

This result gives an initial validation of the SPME conditions set in the first part of this study, 

and shows that the liver volatolome can offer valuable information to detect animal exposure to 
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deltamethrin despite this contaminant being undetectable in exposed animal tissues by reference 

methods. 

Moreover, this result is consistent with Berge et al. [9] who demonstrated the relevance of the 

liver volatolome to detect animal exposure to PAHs although these were not detectable by 

targeted analysis in chicken liver. 

 
3.2.2. Exposure to polychlorobiphenyls (PCBs) 

As shown in Table 1, PCB concentration reached 8.2 µg/kg in contaminated feed which is close 

to the targeted concentration (10 µg/kg feed) and validates the efficiency of the feed 

contamination protocol. PCB concentration of 0.11 µg/kg feed was found in control feed due to 

background environmental pollution. PCB concentration was much higher in muscles of 

contaminated chickens than in the control group (49.3±12.7 vs 4.7± 2.1 µg/kg lipid weight), 

confirming transfer from the feed to animal tissues [9,45,46]. 

Fig. 2 presents the projection of the ComDim scores of the control and PCB-contaminated 

groups along the first 6 CCs. CC4 gives a separation of control and PCB-contaminated samples 

into two groups and so reflects changes in chicken liver volatolome in response to a dietary 

exposure to PCBs. This result is not consistent with the study of Berge et al. [9] which showed 

no influence of animal exposure to PCBs on the liver volatile compound composition. However, 

the dietary PCB load used to contaminate chickens in the present study was 100 fold higher, 

suggesting a dose-dependent release of VOCs in response to PCB exposure. Most important 

VOCs for the discrimination along CC4 were selected based on the Q-Q plot analysis and the 

loadings standard deviations (Fig. S4.B). The key VOCs were 2-propanol, dimethylsulfone, 3-

ethylcyclopentanone, alpha-methylstyrene, 2-pentylfuran, 2,2,6-trimethylcyclohexanone, 3,5,5-

trimethyl-2-cyclohexen-1-one, and dihydro-5-ethyl-2(3H)-furanone. As with deltamethrine, 

some of these VOCs belong to chemical families like primary and secondary alcohols (2-

propanol), aromatic compounds (2-pentyl-furan, alpha-methylstyrene), sulfur compounds 

(dimethyl-sulfone) that have been proposed previously as candidate markers of diseases [39,47].  

This result gives a second validation of the revised SPME protocol set in the first part of this 

study, and demonstrates its relevance for detecting changes in liver volatolome of animals 

exposed to relatively high doses of PCBs.  
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Fig. 2. Comdim scores of control group (n=15) and PCB-contaminated group (n=9) onto the first 
six Common Components. Black squares denote control chickens and green triangles denote 
chickens contaminated with PCBs. The sum of the saliences of the variables is given for each 
Common Component. 
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3.2.3. Exposure to monensin 

Table 1 shows that the monensin concentration reached 114 mg/kg in contaminated feed 

which is close to the targeted concentration (125 mg/kg). In contrast, monensin was not 

detectable in the control feed confirming the absence of cross contamination during 

experimental breeding. While monensin was not detectable in control animals, its 

concentration in muscles of contaminated animals reached 1.13 µg/kg, confirming its transfer 

from the feed to animal tissues [9,45,46]. This concentration in muscle tissues after monensin 

exposure is far below the maximum residue level  (8 µg/kg), which is consistent with Donoho 

et al. [48] who reported that monensin is rapidly absorbed, metabolized and excreted, and that 

it is accumulated preferentially in liver with much lower residues in other tissues.  

Fig. 3 shows the projection of ComDim scores of control and monensin-treated group along 

the 6 CCs. CC5 gives a separation of control and monensin-treated samples into two groups 

and so reflects changes in chicken liver volatolome in response to dietary administration of 

monensin. This result is consistent with literature data since Berge et al. [9] showed that 

chickens exposed to nicarbazin and narasin were discriminated from controls by their liver 

volatolome. The most important VOCs for the discrimination along CC5 were selected based 

on the Q-Q plot analysis and the loadings standard deviations (Fig. S4.C). These key VOCs 

included 2-propanol, 2-butanol, 4-hexen-1-ol, propanoic acid, dihydro-5-ethyl-2(3H)-

furanone, alpha-methylbenzene methanol, and 1,3,3-trimethyl-2-vinyl-1-cyclohexene. As with 

deltamethrin and PCBs, some of these VOCs are secondary alcohols (2-propanol, 2-butanol), 

aromatic compounds (alpha-methylbenzene methanol) or carboxylic acids (propanoic acid) 

that have previously been proposed as candidate markers of diseases [39,49,50] . This result is 

consistent with the work of Hermo et al. [51] who found metabolic changes in the muscle, 

kidney and liver of chickens after an exposure to an antibiotic (amoxicillin), and suggested 

that endogenous compounds underwent changes from normal levels as a consequence of the 

pharmacological treatment, by up- and down- regulation. These data also validate the revised 

SPME protocol, and demonstrates its relevance for detecting changes in liver volatolome of 

monensin-administrated animals. 
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 Fig.3. Comdim scores of control group (n=15) and monensin-contaminated group (n=9) onto 
the first six Common Components. Black squares denote control chickens and bleu circles 
denote chickens contaminated with monensin. The sum of the saliences of the variables is 
given for each Common Component 
 
 
4. Conclusion  

The aim of this work was to improve the operating conditions of liver volatolome analysis for 

the determination of markers that could serve to back-track animal exposure to contaminants. 

Focusing on an SPME set-up, new conditions were proposed giving better extraction of liver 

VOCs, less analytical variability, and improved sensitivity. These new SPME conditions 

followed by GC-MS analysis generated signals that could be used to highlight changes in 

liver volatolome in response to exposure of chickens to three types of micropollutant: 

deltamethrin, PCBs and monensin. The next step will be to assess the robustness of the VOC 

markers detected in this paper and to elucidate the biological mechanisms underlying their 

over- or under- expression.  

This volatolomic approach could also be extended to a wider range of micropollutants and to 

other biological media, such as plasma in order to have a less invasive sampling methods.   
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 Table S1. List of volatile organic compounds selected from literature data as candidate markers 
of pathologies or toxic agents 

 
1 Linear retention indices determined on a Rxi-5SilMS capillary column 
2 Literature references where compounds were stated as candidate markers 
 
* References for Table S1 only 
 
[52] A. Ulanowska, T. Kowalkowski, E. Trawinska, B. Buszewski, The application of statistical methods using 
VOCs to identify patients with lung cancer,  J. Breath Res 5 (2011) 046008. 
[53] A. Bajtarevic, C. Ager, M. Pienz, M. Klieber, K. Schwarz, M. Ligor, T. Ligor, W. Filipiak, H. Denz, M. Fiegl, 
W. Hilbe, W. Weiss, P. Lukas, H. Jamnig, M. Hackl, A. Haidenberger, B. Buszewski, W. Miekisch, J. Schubert, A. 
Amann, Noninvasive detection of lung cancer by analysis of exhaled breath, BMC Cancer 9 (2009) 348. 
[54] G. Song, T. Qin, H. Liu, G.B. Xu, Y.Y. Pan, F.X. Xiong, K.S. Gu, G.P. Sun, Z.D. Chen, Quantitative breath 
analysis of volatile organic compounds of lung cancer patients,  Lung Cancer. 67 (2010) 227-231. 
[55] H. Amal, M. Leja, K. Funka, I. Lasina, R. Skapars, A. Sivins, G. Ancans, I. Kikuste, A. Vanags, I. Tolmanis, A. 
Kirsners, L. Kupcinskas, H. Haick, Breath testing as potential colorectal cancer screening tool, Int. J. Cancer 138 
(2016) 229-236. 
[56] Z.P. Huang, J. Zhang, P.P. Zhang, H. Wang, Z.F. Pan, L.L. Wang, Analysis of volatile organic compounds in 
pleural effusions by headspace solid-phase microextraction coupled with cryotrap gas chromatography and mass 
spectrometry, J. Sep. Sci 39 (2016) 2544-2552. 
[57] D. Poli, P. Carbognani, M. Corradi, M. Goldoni, O. Acampa, B. Balbi, L. Bianchi, M. Rusca, Exhaled volatile 
organic compounds in patients with non-small cell lung cancer: cross sectional and nested short-term follow-up 
study, Respir. Res 6 (2005) 71.  
[58] H. Carlsson, M. Tšrnqvist, Strategy for identifying unknown hemoglobin adducts using adductome LC-MS/MS 
data: Identification of adducts corresponding to acrylic acid, glyoxal, methylglyoxal, and 1-octen-3-one,  Food 
Chem. Toxicol 92 (2016) 94-103. 

Compound  LRI 1 Matrix Study Reference 2 

Butane 427 Breath   Lung cancer  Ulanowska et al., 2011 [52]* 
Acetone 513 Breath Lung cancer  Bajtarevic et al., 2009 [53]*   
Pentane 466 Breath and cancer cells  Lung cancer  Hakim et al., 2012 [39]  
Carbon disulfide 497 Breath  Lang cancer Rudnicka et al., 2011 [44] 
Acetic acid 521 Breath and cancer cells  Lung cancer  Hakim et al., 2012 [39] 
2-Butanone 542 Breath and cancer cells  Lung cancer  Hakim et al., 2012 [39] 
2-Butanol 551 Breath  Lung cancer  Song et al., 2010 [54]* 
Propanoic acid 636 Breath and cancer cells  Lung cancer  Hakim et al., 2012 [39] 
1-Penten-3-ol 640 Breath Colorectal cancer  Amal et al., 2016 [55]* 
2-Pentanone 651 Breath and cancer cells  Lung cancer  Hakim et al., 2012 [39] 
Pentanal 654 Breath and cancer cells Lung cancer  Hakim et al., 2012 [39] 
Heptane 658 Pleural effusions  Lung cancer  Huang et al., 2016 [56]* 
1-Pentan-1-ol 723 Breath Colorectal cancer  Amal et al., 2016 [55]* 
Toluene 730 Breath  Lung cancer  Poli et al., 2005 [57]* 
1-Hexanol 823 Pleural effusions  Lung cancer Liu et al., 2014 [37] 
2-Butyl-furan 849 Breath and cancer cells  Lung cancer  Hakim et al., 2012 [39] 
Benzaldehyde 923 Urine Oxidative stress   Anton et al., 2014 [24] 
1-Octen-3-one 930 Blood  Exposure to 

genotoxic agents 
Carlsson et al., 2016 [58]* 

1-Octen-3-ol 932 Blood  �3�D�U�N�L�Q�V�R�Q�¶�V���G�L�V�H�D�V�H�� Khatib et al., 2014 [6] 
2-Pentyl-furan 945 Breath and cancer cells  Lung cancer  Hakim et al., 2012 [39] 
Octanal  953 Breath and cancer cells  Lung cancer  Hakim et al., 2012 [39] 
Nonanal 1054 Breath and cancer cells  Smoking habits  Hakim et al., 2012 [39] 
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Table S2. Influence of the type of SPME fiber on the volatolome extracted from chicken liver: 
comparison of peak areas (! 104) and relative standard deviations of VOCs in liver samples 
analyzed by GC-MS after extraction for 30 minutes at 40¡C with CAR-PDMS or DVB-CAR-
PDMS SPME fibers 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

1 Compounds listed in Table S1 which have been already identified in the literature as candidate 
volatile markers of pathologies or exposure to toxic agents.  
2 Values (! 10 4) are the average of 5 replicates with relative standard deviation (%RSD) in 
brackets.  

* annotate the compounds for which there is statistical difference according to Student t-test 
(p<0.05). 
 
 
 
 
 
 

 
Candidate            
VOC markers 1 

CAR-PDMS 2 DVB-CAR-PDMS 2 

Butane 1689.3 (22) 37.6 (21) 
Acetone 4361.6 (21) 4104.6 (18) 
Pentane 2630.6 (14) 62.4 (16) 
Carbon disulfide 337.9 (25) 104.4 (16) 
Acetic acid 2055.8 (19) 358.3 (50) 
2-Butanone 226.2 (53) 41.3 (40) 
2-Butanol 62.3 (19) 7.9 (23) 
Propanoic acid 300.9 (25) 49.2 (72) 
1-Penten-3-ol 117.6 (74) 70.3 (20)* 
2-Pentanone 54.1 (72) 25.8 (22)* 
Pentanal 101.7 (40) 71.9 (27)* 
Heptane 237.3 (21) 95.5 (10) 
1-Pentan-1-ol 33.1 (49) 21.6 (38)* 
Toluene 280.8 (11) 164.6 (21) 
1-Hexanol 219.7 (66) 616.3 (43) 
2-Butyl-furan 8.8 (29) 17.2 (20) 
Benzaldehyde 166.7 (29) 486.5 (39) 
1-Octen-3-one 4.4 (50) 2.6 (25)* 
1-Octen-3-ol 1.3 (22) 2.4 (34) 
2-Pentyl-furan 0.3 (16) 0.9 (51) 
Octanal 2.4 (22) 6.5 (39) 
Nonanal 5.9 (14) 42.5 (45) 
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Section S3. Details on the set-up of the xenobiotic analysis (deltamethrin, NDL-PCB, monensin) 

by reference methods in feed and tissue samples.  

 

Deltamethrin was analyzed by ANSES (Maisons-Alfort, France) according to method CPG-SM 

NF EN 15662 for feed (LOD=0.02 mg/kg feed) and method ANSES PBM Pest LSA-INS-0179 

for muscle tissue (LOD=0.001 mg/kg fresh muscle tissue); isotopic dilution as well as matrix 

matched calibration were implemented for quantification purposes. 

PCB-NDL congeners were analyzed by LABERCA (Nantes, France) by GC-HRMS in feed 

(LOD=0.01µg/kg feed) and muscle samples (LOD=0.3µg/kg lipid weight) through the 

implementation of validated and ISO17025 accredited methods, as fully described elsewhere 

(Cariou et al., 2010). 13C-labeled internal standards corresponding to each monitored congener 

were introduced into all samples before extraction for accurate quantification as required by the 

isotope dilution strategy.  

Monensin was assayed by ANSES (Foug•res, France) in feed samples according to the method 

CLHP-UV NF EN ISO 14183 (LOD=0.2 mg/kg feed) and in leg muscles according to method 

ANSES F/CHIM/SM/PTC/002 (LOQ=0.5 µg/kg fresh muscle tissue). The method has been 

validated according to the Decision 2002/657/CE and accredited against ISO17025. The required 

performance criteria of the method, as according to the Decision 2002/657/EC, were carefully 

examined and all quantitative results in terms of concentration were expressed in µg/kg fresh 

muscle tissue. 

 
 
 
 
 
 
 
 
 
REFERENCE 
 
R. Cariou, P. Marchand, A. Venisseau, A. Brosseaud, D. Bertrand, E. Qannari, J.P. Antignac, B. Le Bizec, 
Prediction of the PCDD/F and dl-PCB 2005-WHO-TEQ content based on the contribution of six congeners: Toward 
a new screening approach for fish samples, Environ. Pollut. 158 (2010) 941-947. 
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Figure S4. Contribution of ComDim loadings to each Common Component which separated an 
exposed group from the non-exposed group. The VOCs most contributing to each separation 
were selected based on standard deviations (±2! SD) of the loadings. (A) deltamethrin (B) PCBs 
(C) monensin 

A 
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Partie 2. Comparaison de stratŽgies chimiomŽtriques non-supervisŽes pour rŽvŽler des 

�G�L�V�F�U�L�P�L�Q�D�W�L�R�Q�V���H�W���G�H�V���P�D�U�T�X�H�X�U�V���G�¶�H�[�S�R�V�L�W�L�R�Q���G�D�Q�V���G�H�V���G�R�Q�Q�p�H�V���Y�R�O�D�W�R�O�R�P�L�T�X�H�V���������$�U�W�L�F�O�H������ 

 

Les mŽthodes chimiomŽtriques multivariŽes exploratoires prŽsentent un grand potentiel pour le 

traitement des donnŽes mŽtabolomiques complexes telles que celles acquises par 

chromatographie couplŽe ˆ la spectromŽtrie de masse [6-8].  

Afin d'identifier les marqueurs volatils distinctifs des groupes exposŽs et non exposŽs aux 

micropolluants, une mise au point mŽthodologique de la mŽthode de traitement des donnŽes a ŽtŽ 

rŽalisŽe dans le cadre de ce travail. En effet, les signatures volatolomiques collectŽes par SPME-

GC-MS dans le foie des animaux exposŽs et non-exposŽs ont ŽtŽ traitŽes par trois mŽthodes 

chimiomŽtriques non-�V�X�S�H�U�Y�L�V�p�H�V�� �R�X�� �H�[�S�O�R�U�D�W�R�L�U�H�V�� ���F�¶�H�V�W-ˆ-dire sans information a priori sur 

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

�,�O�� �V�¶�D�J�L�W�� �G�H�� �O�
�$nalyse en Composantes Communes (ACC) [9], l'Analyse en Composantes 

Principales (ACP) [10] et l'Analyse en Composantes IndŽpendantes (ACI) [11]. �(�Q���H�I�I�H�W�����O�¶�$�&�3��

cherche les directions orthogonales de la plus grande dispersion des Žchantillons dans l'espace 

multidimensionnel dŽfini par les variables d'origine. Les coordonnŽes des observations sur ces 

directions sont appelŽes 'Scores' et les contributions des variables d'origines ˆ chaque direction 

ou composante principale sont appelŽes  'Loadings'���� �'�¶�X�Q�� �D�X�W�U�H�� �F�{�W�p���� �$�&�,��vise ˆ extraire les 

signaux sources mŽlangŽs dans des proportions inconnues dans les signaux observŽs constituant 

les lignes de la matrice des donnŽes. Les signaux sources sont comparables aux �/�R�D�G�L�Q�J�V���G�¶�$�&�3 

et les proportions sont analogues aux Scores �G�¶�$�&�3���� �� �4�X�D�Q�W�� �j�� �O�¶�$�&�&���� �L�O�� �V�¶�D�J�L�W �G�¶une mŽthode 

d'analyse de donnŽes multi-blocs (ou multi-tables) qui calcule un espace commun ˆ toutes les 

tables qui correspondent aux COVs, dŽfini par un ensemble de dimensions orthogonales 

(composantes communes, CC). Chaque CC est le premier vecteur des scores normalisŽs extrait 

�G�¶�X�Q�H�� �P�D�W�U�L�F�H�� �T�X�L��est la somme pondŽrŽe de la matrice de produit scalaire (X XT) calculŽe ˆ 

partir des tableaux d'origines.   

Dans le cadre de ce travail de th•se, une nouvelle application de la mŽthode multi-blocs 

(ComDim) consiste ˆ traiter chaque variable dans la matrice initiale par table. Ainsi, chaque table 

qui reprŽsente un COV est normalisŽe de sorte que les tables aient toutes la m•me importance 

initiale dans le calcul. Un processus itŽratif est appliquŽ pour estimer le poids ou la contribution 
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�V�S�p�F�L�I�L�T�X�H���D�S�S�H�O�p���µ�6�D�O�L�H�Q�F�H�¶���G�H���F�K�D�T�X�H���W�D�E�O�H�D�X���j���O�D���G�p�I�L�Q�L�W�L�R�Q���G�H���F�K�D�T�X�H���&�&�� 

�(�Q�� �R�X�W�U�H�V���� �O�¶�H�I�I�H�W�� �G�X��prŽtraitement par autoscaling et pareto-scaling sur les donnŽes 

volatolomiques a ŽtŽ ŽvaluŽ. En effet, le prŽtraitement des donnŽes est bien connu dans le 

domaine mŽtabolique comme une Žtape nŽcessaire qui peut avoir un impact significatif sur le 

rŽsultat d�¶analyse des donnŽes [12]. Ces mŽthodes de prŽtraitement pond•rent les valeurs de 

chaque variable par un facteur de scaling qui  donne plus de poids aux faibles intensitŽs qui 

varient significativement.  Le prŽtraitement par autoscaling consiste ˆ diviser chaque variable 

centrŽe par son Žcart-type alors que la mŽthode pareto-scaling divise chaque variable centrŽe par 

la racine carrŽe de son Žcart-type, de sorte que les petits changements ne soient pas largement 

amplifiŽs [13].  

Ces deux types de prŽtraitements ont ŽtŽ uniquement  appliquŽs sur les donnŽes volatolomiques 

�D�Y�D�Q�W���O�¶�D�Q�D�O�\�V�H���S�D�U���$�&�3���H�W���$�&�,�����p�W�D�Q�W���G�R�Q�Q�p���T�X�H���O�H���P�R�G�q�O�H���G�¶�$�&�&���F�R�P�S�R�U�W�H���X�Q�H���S�U�H�P�L�q�U�H���p�W�D�S�H��

de normalisation des variables.  

Cette Žtude est prŽsentŽe dans �O�¶�D�U�W�L�F�O�H�� �� intitulŽ Ç Comparison of Common Components 

Analysis with Principal Components Analysis and Independent Components Analysis: 

Application to SPME-GC-MS Volatolomic Signatures È, et publiŽ au journal Talanta. 
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ABSTRACT 
 
The aim of this work is to compare a novel exploratory chemometrics method, Common Components 
Analysis (CCA), with Principal Components Analysis (PCA) and Independent Components Analysis (ICA). 
CCA consists in adapting the multi-block statistical method known as Common Components and Specific 
Weights Analysis (CCSWA or ComDim) by applying it to a single data matrix, with one variable per block. 
As an application, the three methods were applied to SPME-GC-MS volatolomic signatures of livers in an 
attempt to reveal volatile organic compounds (VOCs) markers of chicken exposure to different types of 
micropollutants. 
An application of CCA to the initial SPME-GC-MS data revealed a drift in the sample Scores along CC2, as 
a function of injection order, probably resulting from time-related evolution in the instrument. This drift 
was eliminated by orthogonalization of the data set with respect to CC2, and the resulting data are used as 
the orthogonalized data input into each of the three methods. Since the first step in CCA is to norm-scale all 
the variables, preliminary data scaling has no effect on the results, so that CCA was applied only to 
orthogonalized SPME-GC-�0�6�� �G�D�W�D���� �Z�K�L�O�H���� �3�&�$�� �D�Q�G�� �,�&�$�� �Z�H�U�H�� �D�S�S�O�L�H�G�� �W�R�� �W�K�H�� �³�R�U�W�K�R�J�R�Q�D�O�L�]�H�G�´����
�³�R�U�Whogonalized and Pareto-�V�F�D�O�H�G�´���� �D�Q�G�� �³�R�U�W�K�R�J�R�Q�D�O�L�]�H�G�� �D�Q�G�� �D�X�W�R�V�F�D�O�H�G�´�� �G�D�W�D����The comparison showed 
that PCA results were highly dependent on the scaling of variables, contrary to ICA where the data scaling 
did not have a strong influence. Nevertheless, for both PCA and ICA the clearest separations of exposed 
groups were obtained after autoscaling of variables. The main part of this work was to compare the CCA 
results using the orthogonalized data with those obtained with PCA and ICA applied to orthogonalized and 
autoscaled variables. The clearest separations of exposed chicken groups were obtained by CCA. CCA 
Loadings also clearly identified the variables contributing most to the Common Components giving 
separations. The PCA Loadings did not highlight the most influencing variables for each separation, 
whereas the ICA Loadings highlighted the same variables as did CCA. This study shows the potential of 
CCA for the extraction of pertinent information from a data matrix, using a procedure based on an original 
optimization criterion, to produce results that are complementary, and in some cases may be superior, to 
those of PCA and ICA. 
 
Keywords: Common Components Analysis (CCA), Independent Components Analysis (ICA), Principal 
Components Analysis (PCA), SPME-GC-MS, Volatolomic, Liver Markers 
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1. Introduction  
 
The objective of the present work is to compare three exploratory multivariate data analysis 

methods, Principal Components Analysis (PCA), Independent Components Analysis (ICA) and 

Common Components Analysis (CCA), which are based on very different optimisation criteria. 

The multi-block statistical method known as Common Components and Specific Weights 

Analysis (CCSWA, or ComDim) is normally applied to a set of different matrices describing 

the same samples [1]. The method may also be applied to a single data matrix segmented into 

blocks. The ultimate segmentation procedure would consist in having just one variable in each 

"block". This yields a novel multivariate method. The authors propose to call this method 

Common Components Analysis (CCA) in order to highlight the communality of the 3 methods 

(PCA, ICA and CCA) and also clearly distinguish this single-block method from the standard 

multi-block Common Components and Specific Weights Analysis procedure. 

The three methods PCA, ICA and CCA will be applied to a data set of GC-MS spectral features 

for metabolites generated in the livers of chickens exposed to different types of micropollutants. 

It will be shown that Common Components Analysis improves the non-oriented extraction of 

information from the data. As with PCA and ICA, no prior information concerning the groups 

of samples is required for the calculations, but it may be used for subsequent interpretation of 

the Scores. 

Livestock exposure to xenobiotics from the environment or feed is a major route for their 

transfer to animal-derived products which could then constitute a risk to human health [2]. 

Omics approaches have become a key tool in many research fields including disease diagnoses 

(e.g. cancers) [3,4], natural product discovery [5] and toxicology [6]. They can be used in 

analysing the different transcriptomic [7], proteomic [8] and metabolomic [9] profiles of the 

tissues and fluids of livestock exposed to toxic substances in order to identify markers of 

contamination. Several recent studies have shown the particular utility of volatile organic 

compounds (VOCs) for detecting health disorders [10-12] and exposure of livestock to 

contaminants [13]. 

Gas chromatography coupled to mass spectrometry has been shown to be useful to identify 

VOC markers responsible for the differences between exposed and non-exposed chickens [14].  

In this study, a solid-phase microextraction coupled to gas chromatography and mass 

spectrometry (GC-MS) procedure was used to collect the volatolomic signatures of a set of liver 

samples from control chickens and chickens intentionally fed with diets contaminated by 

micropollutants [14]. The contaminants under study were a heavy metal, cadmium; an 
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environmental micropollutant, a mixture of non-dioxin-like polychlorinated biphenyls (NDL-

PCBs); two pesticides, lindane and deltamethrin; two mycotoxins, fumonisins and zearalenone; 

a coccidiostatic agent, sodium monensin; and an antibiotic, ampicillin.  

The collected SPME-GC-MS signatures were treated by applying three unsupervised 

chemometrical methods, Common Components Analysis (CCA) [15], Principal Components 

Analysis (PCA) [16] and Independent Components Analysis (ICA) [17a, 17b]. The objective 

was to compare the results obtained using CCA with those to be had with the two other more 

commonly used exploratory multivariate methods, PCA and ICA. 

As the latter two methods have been widely used, they will only be presented briefly below. 

Suffice it to say here that PCA searches for orthogonal directions of greatest dispersion of the 

samples within the multidimensional space defined by the original variables. The coordinates of 

the observations on these PCA directions are called 'Scores' and the contributions of the original 

variables to the definition of these directions are the 'Loadings'. ICA on the other hand aims to 

extract the unknown source signals mixed together in unknown proportions in the observed 

signals that form the rows of the data matrix. The ICs or Source Signals are analogous to PCA 

Loadings and the corresponding Proportions (also called "mixing coefficients") are analogous 

to PCA Scores. Common Components and Specific Weights Analysis (CCSWA or ComDim) is 

an unsupervised, multi-block (or multi-table) data analysis method developed in the context of 

sensory profiling for the simultaneous analysis of several data tables describing the same 

observations [1]. The method has also been applied in chemometrics [18,19], and metabolomics 

[20]. ComDim calculates a space, common to all the tables, defined by a set of orthogonal 

dimensions (common components, CCs). Each CC is the first normed Scores vector of a 

weighted sum of matrices calculated from the original data tables (as will be explained in 

section 2.3.1). Each table is normed so that they all have the same initial importance in the 

calculations. An iterative process is used to estimate a specific weight or contribution (called 

Salience) for each table to the definition of each CC. Significant differences in the values of 

Saliences of the tables for a given CC reflect the fact that they do not all contribute equally to 

the construction of that dimension. The coordinates of the observations on the ComDim 

directions are called 'Scores'. The contributions of the variables in the normalized tables to the 

definition of these directions are the 'Loadings'. Within the context of this paper, Common 

Components Analysis corresponds to using ComDim for the analysis of a single data matrix, 

with a single variable in each table, so that each Common Component is the result of a weighted 

combination of variables where the weighting is greatest for variables giving the same 

dispersion of the observations; in other words each CC will group together variables that have 
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the same effect on the dispersion of the observations. 

 

2. Materiel and Methods 

 

2.1. Case-Control Animal Test 

Animal experimentation was conducted from 5/11/2013 to 28/01/2014 in PEAT at INRA of 

Nouzilly (France; Accreditation C37-175-1, delivered on 28/08/2012) and was evaluated by 

ethics committee n¡19 of Val de Loire and authorized under reference 01012.01 according to 

rural articles (R. 214-78 and R. 214-126). Ninety-six male chickens (Gallus gallus) (JA 657, 

BoyŽ Accouvage, La Boissi•re-en-G‰tine, France) were raised together until 28 days of age. 

They were then distributed into ten groups, one control group (n=15 chickens) and nine case 

groups, each being exposed to a diet contaminated with one type of micropollutant (n=9 

chickens). The contaminants under study were chosen for the differences in their behaviour in 

the environment and the body (Supplementary Table 1). The concentrations in the feed were 

chosen to be at the maximum levels fixed by the regulations in poultry feed and sufficient to 

induce a response in the metabolism of exposed livestock. Animals showed no sign of any 

recognizable symptoms of toxicity throughout the course of the study and were found to 

consume feed materials normally, except for the death of one chicken exposed to zearalenone 

during breeding. At age 84 days, all the chickens were slaughtered, after fasting for 12 h, by 

electronarcosis followed by bleeding according to European recommendation standard 

conditions 

 

2.2. Liver Volatolome Analysis  

SPME-GC-MS signatures were collected in the livers of exposed and non-exposed chickens 

according to Bouhlel et al. [14]. Briefly, 1.2 g of NaCl prepared in saturated solution was added 

to 1.2 g of powdered liver before defrosting the samples for 24 h at 4¡C and VOCs were 

extracted at 40¡C for 30 min with CAR/PDMS SPME fibre. Volatolome SPME extraction was 

performed with a multipurpose sampler (AOC-5000, Shimadzu, Kyoto, Japan) and the desorbed 

VOCs were analyzed with a GC-MS QP2010+ (Shimadzu) equipped with Rxi-5SilMS column 

(60 m ! 0.32 mm I.D ! 1 µm film thickness) (Restek, Bellefonte, PA). Tentative identification 

of VOCs was performed on the basis of mass spectra, by comparison with the NIST/EPA/NIH 

mass spectral library (NIST14), and of retention indices (RI), by comparison with published RI 

values and with those of our in-house database. Peak areas of the volatile compounds were 

integrated with a home-made automatic algorithm developed under Matlab R2014b (The 
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MathWorks, Natick, USA) [14].  

 

2.3. Chemometric Analysis 

SPME-GC-MS signals were assembled into a (95 samples ! 79 variables) matrix: each row 

contained the abundances of all the detected volatile metabolites in a given chicken liver, and 

each column represented one volatile metabolite extracted from all the liver samples.  

The chemometric methods were performed using functions written in Matlab R2007b software 

(The MathWorks, Natick, USA). 

 

2.3.1. Common Components and Specific Weights Analysis (CCSWA, or ComDim) 

The objective of the original ComDim algorithm is to describe m data tables observed for the 

same n samples (i.e. a set of m data matrices, Xi, with 1 �”��i �”��m, each with n rows, but not 

necessarily the same number of columns). Components are iteratively extracted so as to 

correspond to the maximum amount of variance that is common to the largest number of tables. 

The method consists in determining a common space for all m data tables, with each matrix 

�K�D�Y�L�Q�J���D���V�S�H�F�L�I�L�F���F�R�Q�W�U�L�E�X�W�L�R�Q�����³�6�D�O�L�H�Q�F�H�´�����W�R���W�K�H���G�H�I�L�Q�L�W�L�R�Q���R�I���H�D�F�K���G�L�P�H�Q�V�L�R�Q���R�I���W�K�L�V���F�R�P�P�R�Q��

space. The procedure iteratively calculates for each successive Common Component a common 

Scores vector (coordinates of the n samples along the direction defined by that Common 

Component). 

The main idea of the ComDim procedure, as shown in Fig. 1 [21] for the case of two centered 

and normalized data blocks X1 and X2, is to calculate a matrix which is the weighted sum, WG, 

of the scalar matrices, Wi, which may be seen as variance�±covariance matrices based on the 

samples rather than the variables. The initial weighting for all tables being set to 1, the vector of 

Scores of the first normed Principal Component extracted from WG is an initial estimate of the 

�I�L�U�V�W�� �&�R�P�P�R�Q�� �&�R�P�S�R�Q�H�Q�W���� �7�K�H�� �Z�H�L�J�K�W���� �R�U�� �6�D�O�L�H�Q�F�H�� ����i), of each block Wi is then recalculated 

from these Scores. The estimation of the common Scores vector and the Saliences is optimized 

by iterative recalculations until convergence. After computation of the first CC, each original 

matrix Xi is deflated, and the procedure repeated for the calculation of the second CC, and so 

forth [1].  

The algorithm is described step-by-step in Fig. 1: 

Step 1. Centre each table and divide each value by the table norm. 

Step 2. Calculate the matrix Wi = Xi Xi
T, for each table. 

Step 3. Multiply each matrix Wi �E�\���L�W�V���6�D�O�L�H�Q�F�H����i ���I�R�U���W�K�H���I�L�U�V�W���L�W�H�U�D�W�L�R�Q�����D�O�O����i = 1), then sum the 

m weighted matrices to give WG. 



Chapitre II. Mise au point mŽthodologique 
 

103 
 

Step 4. Calculate the first normed Scores vector CC of the matrix WG, q, which corresponds to 

an estimation of the first CC. 

Step 5�����5�H�F�D�O�F�X�O�D�W�H���W�K�H���6�D�O�L�H�Q�F�H�V����i by pre- and post-multiplying each matrix Wi by the vector q. 

The calculation of WG and q are iterated until convergence, at which point the Scores of the 

first CC and the corresponding Saliences of all the blocks have been calculated. 

Step 6. Once the first CC is calculated, the matrices Xi are all deflated and the process is 

repeated until the required number of CCs, ndim, is extracted. All q vectors obtained can be 

grouped into a Scores matrix Q. 

Finally, the dimensions obtained correspond to an optimal compromise among all data tables. 

Therefore, the projection of the Scores reflects the greatest dispersions of the samples common 

to the greatest number of data tables.  

In order to study the contribution of the original variables to the directions described by the CCs, 

Loadings can be calculated as in PCA: PT = (TTT)-1 TT X, where T is the PCA Scores matrix, 

and P is the PCA Loadings matrix.  

Replacing the PCA Scores matrix T by the CCA Scores matrix Q, and taking into account the 

fact that, by construction, Q is orthonormal, the Loadings matrix corresponding to the centered 

and normalized data table i is defined as: Pi = Xi
T Q 

This result gives a collection of Loadings matrices Pi, each with as many rows as variables in 

the corresponding Xi data table, ndim columns.  

To clearly distinguish this single-block method from the standard multi-block CCSWA 

procedure, the authors propose to call the method Common Components Analysis (CCA). 

Although the abbreviation CCA is already used for several methods (Canonical Correlation 

Analysis [22], Curvilinear Component Analysis [23], Constrained Components Analysis [24], 

Connected Component Analysis [25], Correlated Component Analysis [26], Correlative 

Component Analysis [27], ...), the authors believe that as long as the definition is clearly stated 

within the text, this should not be a problem for the reader. 

CCA estimates a series of orthogonal Common Components (CCs) that are linear combinations 

with strong weighting of those variables with a similar effect on the dispersion of the samples, 

thus highlighting variables that behave in the same way as a function of differences among the 

samples. CCA calculates enough CCs which cover all sources of variations. As there is only 

one variable per table, the Saliences are directly related to the Loadings as their square. For this 

reason, although the iterative optimisation of the Saliences is the basis of the calculation of the 

Common Components in both CCSWA and CCA, in the latter case only the Loadings need to 

be examined.  
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In our study, the Scores of the control and exposed chickens were plotted to detect those CCs 

giving a separation of the groups. Furthermore, we use as many PCs and ICs for PCA and ICA 

analyses respectively, as the number of CCs determined with CCA.   

The Loadings for each CC were plotted to visualize the influential variables corresponding to 

VOCs giving rise to group separations. The VOCs considered as contributing most to the 

discrimination for the separated group were those variables with contributions greater than ± 

2!SD (Standard Deviation) of the vectors of Loadings. 

 

 

Fig. 1. Algorithm of the ComDim analysis in the case of two data blocks [21]. 

 

2.3.2. Principal Components Analysis (PCA)  

PCA is an unsupervised exploratory method, which calculates a series of orthogonal axes (the 

Principal Components - PCs) as linear combinations of all the original variables, corresponding 

to the maximum dispersion of the samples in the original variables space. PCA produces 

orthogonal components by decomposing the initial data matrix X into a matrix product T.PT 

���W�K�H���V�X�S�H�U�V�F�U�L�S�W���³�7�´���L�Q��PT �P�H�D�Q�V���³�W�U�D�Q�V�S�R�V�H�G���P�D�W�U�L�[�´������T is commonly named the Scores matrix. 

The Loadings matrix, P, shows which variables are responsible for the sample dispersions 

found in the Scores, T [28]. The Loadings of the VOCs for each PC were plotted to visualize 

the contribution of the VOCs to those PCs that discriminated the groups. The standard 

deviations of the PCA Loadings were calculated and the variables with contributions beyond 

plus or minus two standard deviations (± 2!SD) were selected as candidate markers for the 

corresponding separated groups. 
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2.3.3. Independent Components Analysis (ICA) 

 Independent Components Analysis is a blind source separation (BSS) technique.  

It aims to extract the Source Signals (the Independent Components - ICs) and their Proportions 

(or mixing coefficients) from the matrix of mixture signals, by calculating a linear 

transformation that maximizes a criterion measuring the statistical independence among the 

sources [29]. ICs are in fact linear combinations of the original variables that have maximum 

non-gaussianity and therefore maximum independence. 

In the present study, Joint Approximate Diagonalization of Eigenmatrices (JADE) [17a, 17b] is 

used to calculate the ICs. JADE performs a joint diagonalization of matrices of the fourth-order 

cumulants calculated from the data and does not require any gradient searches, thus avoiding 

the convergence problems encountered with other procedures. If the volatolomic signature of a 

group contains a characteristic source signal, the corresponding proportions for the observations 

in that group will be different from the others. This could help in distinguishing exposed 

chickens from the controls and in identifying promising VOC markers.  

The choice of the number of components to use in ICA is a crucial point in the analysis. In this 

work, the number of ICs extracted was set to the same value as the number of CCs in the CCA. 

ICA Source Signals (ICs) corresponding to VOCs were plotted for each IC. Candidate markers 

for the separated groups were identified in the same way as for PCA and CCA. 

 

 

2.3.4. Autoscaling and Pareto Scaling of the SPME-GC-MS Data  

Data pretreatment is well-known in the metabolomic field as a necessary step which may have a 

significant impact on the outcome of metabolomic data analysis [30,31]. Scaling methods are 

data pretreatment approaches that weight the values for each variable by a scaling factor with 

the aim of giving more weight to small but potentially significant changes in intensity. For 

example, one type of regularly-used scaling, called autoscaling (also called Unit variance 

scaling, Studentising, Standardization or Z-transformation), is performed by dividing the 

centered variables by their standard deviation. Pareto scaling [32] is a pretreatment method that 

is very similar to autoscaling, except that the square root of the standard deviation is used so 

that small changes are not amplified as much [30].  

Since the first step in CCA is to norm-scale each variable, preliminary data scaling has no effect 

on the results, whereas PCA and ICA were tested on Pareto-scaled and autoscaled variables. 
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2.3.5. Comparison of PCA, ICA and CCA Results 

One-way ANOVA tests (p<0.05) were performed to compare the observed separations [13]. An 

F-test was applied to compare the inter-group and intra-group variances of the Scores along the 

interesting components for CCA, PCA and ICA. Higher F values indicate better discrimination 

of the groups. For the Loadings vectors corresponding to each separation, an empirical 

Signal/Noise ratio was also calculated by dividing the highest absolute peak contribution by the 

standard deviation of the contributions of all the other peaks. If a small number of peaks 

contribute a lot to the Loadings while the rest are of very low intensity, this ratio will be high. 

Thus, this Signal/Noise criterion could be an indicator to distinguish simpler Loadings vectors 

with a small number of relatively intense peaks from complex, possibly noisy, vectors with 

many peaks of comparable intensities. 

 

3. Results and discussion  

 

3.1. Common Components Analysis  

 

16 CCs were extracted to be sure to detect all the interesting sample dispersions. An initial 

application of CCA to the data revealed a drift in the sample Scores along CC2, as a function 

of injection order, probably resulting from time-related evolution in the instrument 

(Supplementary Fig .1). Before proceeding further, this drift was eliminated by 

orthogonalization of the data set with respect to CC2 using the procedure developed by Dubin 

et al. [15]. CCA was then applied using 16 CCs to detect all the interesting sample dispersions 

(Supplementary Fig .2). CCA split the samples into two subgroups along CC6 (Fig. 2a). The 

first subgroup contains groups exposed to cadmium, PCB50 (50 µg NDL PCBs/kg), lindane, 

and ampicillin and the second subgroup includes the control, deltamethrin, PCB10, 

fumonisins, zearalenone, and monensin groups. This distribution suggests similarities in the 

liver volatolomic responses after exposure of chickens to contaminants in the first subgroup 

and similarities among those in the second subgroup and differences between the liver VOC 

signatures of the two subgroups. In particular, CC6 shows a separation of chickens exposed to 

PCB50 from the controls and the PCB10 group. A previous study has shown that animal 

exposure to PCBs had no influence on the liver volatile compound composition [13]. 

However, PCB10 and PCB50 levels used to spike chicken feeds in the present study were 100 

and 500 fold higher than in that work, suggesting a dose-dependent release of VOCs in 

response to PCB exposure.  
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Thus, cadmium, PCB50, lindane, and ampicillin being together in the same subgroup would 

indicate they have a high toxic effect in the liver of exposed chickens, whereas deltamethrin, 

PCB10, fumonisins, zearalenone, and monensin induce a less toxic effect since these chickens 

were clustered with the controls. The plot of the CCA Loadings along CC6 (Fig. 2b) revealed 

the contribution of many variables to the subgroup separation. As seen in Fig. 2c, the VOCs 

that contributed most to the separation along CC6 (±2!SD) are 2-propanol, 1-penten-3-one, 

2,5-dimethyl-1,5-hexadien-3-ol, butyrolactone, alpha-methylstyrene, and 1,3-

dimethylcyclohexanol. These compounds have already been proposed as candidate markers of 

diseases, strengthening their potential as candidate makers to distinguish animal exposure to 

high toxic contaminants in the 1st subgroup from those of lower toxic effect in the 2nd 

subgroup [33,34]. 

Furthermore, the projection of the CCA Scores in Fig. 2a clearly separated the deltamethrin 

group from the others along CC7. The Loadings of CC7 (Fig. 2b) highlighted the contribution 

of several VOCs to the separation of the deltamethrin-exposed group, suggesting that specific 

differences in VOC levels occurred in the liver of chickens exposed to deltamethrin. Fig. 2c 

shows the projection of the most important VOCs for the separation of the deltamethrin group, 

corresponding to 2-propanol, carbon disulfide, 3-penten-2-ol, 4-hexen-1-ol, nonanal, and 

1,3,3-trimethyl-2-vinyl-1-cyclohexene.  

The projection of the CCA Scores along CC10 revealed a discrimination of the PCB10 group 

(Fig. 2a). The CCA Loadings along CC10 (Fig. 2b) show the contribution of many VOCs to 

the separation of the PCB10 group, the most important are annotated in Fig. 2c and 

correspond to 2-propanol, dimethylsulfone, methoxy-phenyl-oxime, dihydro-5-ethyl-furanone, 

1,2,3-trimethyl-2-cyclohexane, and 3,5,5-trimethyl-2-cyclohexen-1-one.  

Similarly, CCA discriminated the monensin group and slightly separated the cadmium group 

along CC12 (Fig. 2a). The Loadings of CC12 (Fig. 2b) involved the contribution of many 

variables to the separation of the monensin and cadmium groups from the controls and the 

other exposed groups. The VOCs contributing most to CC12 (Fig. 2c) are 2-propanol, 2-

methyl-1-propanol, o-xylene, 1,3,3-trimethyl-2-vinyl-1-cyclohexene, dihydro-3-methyl-

2(3H)-furanone, and alpha-methylbenzenmethanol.  
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Fig. 2. Result of CCA on the orthogonalized SPME-GC-MS data in control and exposed 
chicken livers: (a) CCA Scores of control group and exposed groups along the interesting 
Common Components (CCs) CC6, CC7, CC10 and CC12; (b) CCA Loadings along CC6, 
CC7, CC10 and CC12; and (c) Labeled plots of CCA Loadings along CC6, CC7, CC10 and 
CC12.  
 

3.2. Principal Components Analysis 

 

PCA was first applied to the orthogonalized, the orthogonalized and Pareto-scaled, and the 

orthogonalized and autoscaled data. 16 Components were extracted, as in CCA. The quality 

of the separations of the groups of chickens clearly showed that autoscaling gave a better 

discrimination than no scaling and Pareto-scaling (Supplementary Table 2). 

(C) 
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The projection of PCA Scores after autoscaling showed a separation of the PCB10 group on 

PC6, the deltamethrin group on PC7, deltamethrin, monensin and PCB10 on PC8 and a little 

separation of the cadmium and monensin groups on PC12 (Fig. 3a). The plot of the Loadings 

extracted by PCA for the autoscaled variables is given in Fig. 3b, showing the contribution of 

many variables (VOCs) for the interesting separations.  

The results demonstrate the contribution of many variables (VOCs) to each separation along 

PC6, PC7, PC8 and PC12 (±2!SD) (Supplementary Fig .3). Thus, it is difficult to extract 

specific information about the most influential VOCs using PCA.  

 

Fig. 3. Results of PCA on the orthogonalized and autoscaled SPME-GC-MS data collected in 
control and exposed chicken livers: (a) PCA Scores of control group and exposed group along 
the interesting Principal Components (PCs) PC6, PC7, PC8 and PC12; and (b) PCA Loadings 
along PC6, PC7, PC8 and PC12. 
 

3.3. Independent Components Analysis 

The ICA Proportions ('Scores') obtained for the orthogonalized, the orthogonalized and 

Pareto-scaled, and the orthogonalized and autoscaled data showed that the scaling had little 

effect on the separation of the chicken groups (Supplementary Table 2). Nevertheless, the 

clearest discriminations of the exposed groups are obtained using autoscaled variables. The 

projection of the ICA proportions calculated on autoscaled data along 16 ICs again showed a 

slight separation of the fumonisin, monensin and PCB10 groups along IC3 (Fig. 4a). In 

addition, there is a clear distinction of the group treated with deltamethrin along IC8 (Fig. 4a). 

The PCB10 group is clearly separated along IC10 (Fig. 4a).  

The plots of Source Signals ('Loadings') extracted by ICA for the autoscaled variables are 
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given in Fig. 4b, showing the contribution of many variables (VOCs) for the interesting 

separations on IC3, IC8 and IC10.  

As seen in Fig. 4c, the contributions to IC3 that were highly significant (±2!SD) correspond 

to 2-propanol, 1-penten-3-one, 4-hexen-1-ol, butyrolactone, alpha-methylstyrene, and 1,3-

dimethylcyclohexanol, 2,5-dimethyl-1,5-hexadien-3-ol. For IC8, the most important 

contributions correspond to 2-propanol, carbon disulfide, 3-penten-2-ol, 4-hexen-1-ol, 

nonanal, and 1,2,3-trimethyl-2-vinyl-1-cyclohexene. As for IC10, the most important VOCs 

are 2-propanol, dimethylsulfone, 1,2,3-trimethylcyclohexene, dihydro-5-ethyl-2(3H)-furanone, 

methoxy-phenyl-oxime, and 3,5,5-trimethyl-2-cyclohexen-1-one.  

 

 

 

Fig. 4. Results of ICA on the orthogonalized and autoscaled SPME-GC-MS data in control 
and exposed chicken livers: (a) ICA proportions of control and exposed groups along the 
interesting Independent Components (ICs) IC3, IC8 and IC10; (b) ICA Source Signals along 
IC3, IC8 and IC10; and (c) Labeled plots of ICA Source Signals along IC3, IC8 and IC10.  
 

 

(a) 

(c) 

(b) 
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3.4. Comparison of separations observed using PCA, ICA and CCA 

The results of CCA applied on orthogonalized data were compared to PCA and ICA results 

for orthogonalized and autoscaled variables, which gave the clearest separations. Fig. 5 

summarizes the projection of the Scores and the Loadings of each interesting separation 

obtained by CCA, PCA, and ICA. 

To compare the discriminations obtained using CCA, PCA, and ICA, F values of the sub-

group separations along CC6, PC8, and IC3 were calculated. The results in Table 1 show that 

the highest F value was obtained for CC6 (F = 280.37, compared to 78.26 for IC3 and 57.78 

for PC8). 

The projection of CCA Loadings and ICA Source Signals along CC6 and IC3 respectively, 

shows the relevance of the influencing variables (Fig. 5a). These results show that the 

influencing variables were similarly selected by CCA and ICA, and correspond to 2-propanol, 

1-penten-3-one, butyrolactone, alpha-methylstyrene, 2,5-dimethyl-1,5-hexadien-3-ol, and 1,3-

dimethyl-cyclohexanol. Furthermore, ICA Source Signals contained other less abundant 

variables along IC3 (Fig. 4c), which may explain the unclear separation shown in IC3 

compared to that obtained along CC6. The empirical Signal/ Noise ratio of the Loading 

vectors corresponding to the separation along CC6 and IC3 were close but that for CC6 was 

slightly higher, and they were much higher than the ratio obtained for PC8 (Table 1).  

In fact, the PC8 Loadings vectors showed many variables with strong contributions, making it 

difficult to extract specific information about the most influential VOCs. 

Fig. 5b illustrated that deltamethrin exposed group was specifically separated by CCA long 

CC7, PCA along PC7, and ICA along IC8. As shown in Table 1, this separation of the 

deltamethrin group was better highlighted by CCA (F=518.45) and ICA (F=170.93) than by 

PCA (F=29.86).  

In addition, the projection of the Loadings vectors along PC7 showed that many variables 

seem to influence the sample dispersion, thus the identification of the most influencing VOCs 

for the discrimination of deltamethrin group is difficult with PCA Loadings (Supplementary 

Fig .3). In contrast, the projections of the Loading vectors for CC7 (Fig. 2c) and IC8 (Fig. 4c) 

revealed the same influencing VOCs for the separation of the deltamethrin-exposed group. 

Table 1 showed that the S/N ratios obtained for CC7 and IC8 were close (5.73 and 5.16, 

respectively), and much higher than the value for PCA (3.21).  

On the other hand, the results (Fig. 5c) showed a specific separation of the PCB10 group 

along PC6 (F=43.00), IC10 (F=137.41), and CC10 (F=165.26), respectively.  
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Again the PCA Loadings of PC6 did not highlight a small number of influential VOCs 

(Supplementary Fig .3).  

The projection of the variables to IC10 (Fig. 4c) showed strong contributions similar to those 

in CC10, but with many other variables. Table 1 showed that the S/N ratios obtained for 

CC10 and IC10 were close (5.37 and 5.67, respectively), and much higher than the value for 

PC6 (3.10).  

The results (Fig. 5d) show also that cadmium and monensin groups are slightly separated by 

PCA along PC12, but these groups are clearly discriminated by CCA along CC12, while no 

such separation was visible with ICA. The result in Table 1 show that the F value calculated 

on the Scores of CC12 is much higher (F=140.04) than that obtained for the separation of 

these groups along PC14 (F=15.49).  

Based on the CCA Loadings vectors, the most influencing VOCs for the separation of the 

monensin and cadmium groups along CC12 are clearly identified (Fig. 2c). Again, the S/N 

ratio for CC12 (5.27) is higher than that for PC12 (2.86). 

All these results show the interest of PCA, ICA, and CCA as exploratory chemometrical 

methods to reveal differences in liver volatolomic responses after exposure to different 

micropollutants, but the clearest separations were obtained for CCA Scores, and CCA 

Loadings highlighted better the most important variables contributing to the group separations. 

These results confirm the potential of CCA for clearly revealing significant differences in 

volatolomic signatures in response to chicken exposure to several types of contaminants, and 

to identify the VOCs contributing most to the Common Components giving separations. 
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(a) 

 
(b) 

         

(c ) 

          
 

  (d) 

!!!!!!                                                                                                 
 
 
Fig. 5. Comparison of CCA results on the orthogonalized data with PCA and ICA result on 
the orthogonalized and autoscaled variables: (a) CCA, PCA, and ICA Scores and Loadings 
along CC6, PC8, and IC3, respectively; (b) CCA, PCA, and ICA Scores and Loadings along 
CC7, PC7, and IC8, respectively; (c) CCA, PCA, and ICA Scores and Loadings along CC10, 
PC6, and IC10, respectively; and (d) CCA and PCA Scores and Loadings along CC12 and 
PC12, respectively.  



Chapitre II. Mise au point mŽthodologique 
 

114 
 

 
All these results show the interest of PCA, ICA, and CCA as exploratory chemometrical 

methods to reveal differences in liver volatolomic responses after exposure to different 

micropollutants, but the clearest separations were obtained for CCA Scores, and CCA 

Loadings highlighted better the most important variables contributing to the group separations. 

These results confirm the potential of CCA for clearly revealing significant differences in 

volatolomic signatures in response to chicken exposure to several types of contaminants, and 

to identify the VOCs contributing most to the Common Components giving separations. 

 
Table 1. Comparison of the F values for one-way ANOVA (p<0.05) applied to the Scores and 
the empirical Signal/ Noise ratios of the Loadings corresponding to each group separation for 
CCA applied to orthogonalised data and for PCA and ICA applied to orthogonalised and 
autoscaled data.  
 
  CCAa PCAb ICA c 
 
2 Subgroups  CC6 PC8 IC3 
F d 280.37 57.78 78.26 
S/N e 4.63 2.48 4.25 
 
Deltamethrin CC7 PC7 IC8 
F 518.45 29.86 170.93 

S/N  5.73 3.21 5.16 
 
PCB10 CC10 PC6 IC10 
F 165.26 43.00 137.41 
S/N  5.37 3.10 5.67 

Cadmium+ Monensin CC12 PC12 - 
F 140.04 15.49 - 
S/N  5.27 2.86 - 
 

a Common Components Analysis  

b Principal Components Analysis  

c Independent Components Analysis  

d calculation of the F value based on the variances of the scores obtained for each corresponding separated group 
or subgroup from the others.  

e Empirical Signal/ Noise ratio based on  the Loadings corresponding to each group separation for CCA, PCA 
and ICA.  
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4. Conclusion  

 

PCA, ICA and CCA are unsupervised, exploratory multivariate data analysis methods based 

on entirely different optimisation criteria: PCA calculates Loadings vectors defining 

orthogonal directions in the multivariate space along which the samples are maximally 

dispersed; ICA extracts maximally non-gaussian, and therefore maximally independent, 

Loadings vectors; CCA calculates orthogonal Loadings that are weighted combinations of the 

largest number of variables for which the samples have the same maximal dispersion in the 

multivariate space. All three methods being exploratory, no information is introduced into the 

calculations concerning the existence of any groups of samples within the data set, their 

presence being decided a posteriori by the user examining the Scores plots. 

This work compared the pertinence of the three methods to reveal differences in the SPME-

GC-MS signatures of liver volatolome in response to animal exposure to a wide range of 

micropolluants. 

Firstly, an orthogonalization was applied to the original data matrix in order to eliminate 

instrumental drifts.  

The result of PCA showed that, in this particular application, autoscaled variables performed 

better than unscaled and Pareto-scaled variables, giving a clear separation of 4 exposed 

chicken groups. For ICA, data scaling did not strongly influence the results, but the clearest 

discriminations (4 groups) were also obtained using autoscaled variables.  

Only CCA clearly revealed a special distribution of chicken groups into two subgroups.  

PCA, ICA, and CCA similarly separated the deltamethrin- and PCB10-exposed groups. PCA 

and CCA separated the monensin- and cadmium-exposed groups, but these groups were not 

separated by ICA.  

The Loadings plots of PCA did not clearly highlight the most influencing variables for each 

separation, but ICA and CCA both tended to highlight the same variables as promising 

volatile markers. However, the Source Signals extracted by ICA did not as clearly distinguish 

variables having a major contribution from those that are less significant, contrary to the CCA 

Loadings which revealed much more clearly the most contributing variables. As illustrated in 

this work, CCA modeling can be a powerful unsupervised, exploratory method. 

An important point to be noted is that, as with PCA and ICA, the Loadings extracted by CCA 

can be used to calculate the Scores for new samples, which means that Common Components 

models can be used as the basis of Cross-Validation procedures or for prediction purposes to 

class new samples. 
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Table 1. Analysis of micropollutant residues in feed of control and contaminated chickens: 

Maximum Levels and administered levels of the different micropollutants investigated in the 

current study.  

 

Contaminant EU legislation ML 2 

 
Dose administrated 

    

Cadmium Directive. 2002/32/EC 0.5 mg kg-1 7.5 mg kg-1 

Deltamethrin Regulation. (EU) 524/2011 2 mg kg-1 9 mg kg-1 

Lindane Directive. 2002/32/EC 0.2 mg kg-1 0.3 mg kg-1 

NDL1 PCBs Regulation. (EU) 277/2012 10 µg kg-1 10 µg kg-1 

NDL PCBs Regulation. (EU) 277/2012 10 µg kg-1 50 µg kg-1 

Fumonisin Recommendation 2006/576/EC 20 mg kg-1 20 mg kg-1 

Zearalenone Recommendation 2006/576/EC 0.5 mg kg-1 0.5 mg kg-1 

Monensin Regulation. (EC) 124/2009 125 mg kg-1 125 mg kg-1 

Ampicillin   Recommended dosage 
10 mg kg-1 body 
weight daily during 
 3 days  

10 mg kg-1 body 
weight daily during the 
3 days preceding 
slaughter 

 

1 NDL: non-dioxin-like 
2 ML: Maximum Levels 
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Table 2. Application of CCA, PCA, and ICA on the orthogonalized liver SPME-GC-MS 
signatures with respect to CC2: comparison of CCA applied for orthogonalized data, PCA and 
ICA used for orthogonalized, orthogonalized and Pareto-scaled, and orthogonalized and 
autoscaled data. 
 
 

 

a Common Components Analysis  
b Principal Components Analysis  
c Independent Components Analysis  
+ annotate a slight separation of the corresponding chicken group 
++ annotate a good separation of the corresponding chicken group  
+++ annotate a clear separation of the corresponding chicken group 
S specific separation of the corresponding chicken group  
G separation of the corresponding chicken group in a sub-group  
 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
CCAa                                    PCAb ICA c 

 
Orthogonalized Orthogonalized 

Orthogonalized 
+Pareto-scaled 

Orthogonalized 
+autoscaled Orthogonalized 

Orthogonalized 
+Pareto-scaled 

Orthogonalized 
+autoscaled  

Cadmium +++G 
  

+G 
   Deltamethrin +++S 

  
++S ++S ++S +++S 

Lindane +++G 
      PCB10 +++S +G +G ++S ++S +++S +++S 

PCB50 +++G 
      Fumonisin +++G 
 

+G 
 

++S ++S ++G 
Zearalenone +++G 

      Monensin +++G +G +G ++G ++G ++G ++G 
Ampicillin  +++G 
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Fig. S1. Result of CCA on raw SPME-GC-MS data in control and exposed chicken livers: 
CCA scores along Common Component 2 as a function of injection order within each group. 
 
 
 

 
 
Fig. S2. Result of CCA of orthogonalized SPME-GC-MS data in control and exposed chicken 
livers: CCA scores along the first sixteen Common Components (CCs). 
 

 

10 20 30 40 50 60 70 80 90

-0.2

-0.15

-0.1

-0.05

0

0.05

0.1

0.15

0.2

0.25

0.3

CC2



Chapitre II. Mise au point mŽthodologique 
 

123 
 

 

Fig. S3. Results of PCA on the orthogonalised and autoscaled data: Labeled plots of PCA 
loadings (greater than ±2!SD) along the interesting Principal Components PC6, PC7, PC8, 
and PC12. 
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Conclusion du chapitre II  

 

Les dŽveloppements mŽthodologiques prŽsentŽs dans ce chapitre ont permis de mettre au 

point les mŽthodes �G�¶�H�[�W�U�D�F�W�L�R�Q�� �G�X�� �Y�R�O�D�W�R�O�R�P�H�� �G�D�Q�V�� �O�H�� �I�R�L�H�� �H�W�� �G�¶�D�Q�D�O�\�V�H�� �F�K�L�P�L�R�P�p�W�U�L�T�X�H�� �G�H�V��

donnŽes volatolomiques adaptŽes ˆ la recherche de marqueurs volatils susceptibles de tracer 

l'exposition des animaux aux micropolluants. 

�'�D�Q�V�� �O�D�� �S�U�H�P�L�q�U�H�� �S�D�U�W�L�H�� �G�H�� �F�H�� �F�K�D�S�L�W�U�H���� �O�¶�R�E�M�H�Ftif consistait ˆ amŽliorer les conditions 

�G�¶�H�[�W�U�D�F�W�L�R�Q���G�H�V���&�2�9�V���G�X���I�R�L�H���S�U�R�S�R�V�p�H�V���S�D�U���%�H�U�J�H��et al.(2011) en cherchant ˆ amŽliorer la 

reprŽsentativitŽ des extraits tout en minimisant la variabilitŽ analytique et en maximisant la 

�V�H�Q�V�L�E�L�O�L�W�p�� �G�H�� �O�¶�H�[�W�U�D�F�W�L�R�Q�� Les rŽsultats ont dŽmontrŽ que la diminution de la tempŽrature 

�G�¶�H�[�W�U�D�F�W�L�R�Q�� �G�H�� ������ �j�� �����ƒ�&�� �D�P�p�O�L�R�U�H�� �O�D�� �U�H�S�U�p�V�H�Q�W�D�W�L�Y�L�W�p�� �G�H�� �O�¶�H�[�W�U�D�L�W���� �H�W�� �I�D�F�L�Oite notamment 

�O�¶�L�Q�W�H�U�S�U�p�W�D�W�L�R�Q�� �G�H�� �O�¶�R�U�L�J�L�Q�H�� �E�L�R�F�K�L�P�L�T�X�H�� �G�H�� �O�D�� �S�U�R�G�X�F�W�L�R�Q�� �G�H�V�� �P�D�U�T�X�H�X�U�V�� �F�D�Q�G�L�G�D�W�V�� �G�H��

�O�¶�H�[�S�R�V�L�W�L�R�Q���D�Xx diffŽrents micropolluants.  

�0�D�O�J�U�p���F�H�W�W�H���E�D�L�V�V�H���G�H���O�D���W�H�P�S�p�U�D�W�X�U�H���G�¶�H�[�W�U�D�F�W�L�R�Q�����O�D���I�L�E�U�H���6�3�0�(���G�H���W�\�S�H���&�$�5���3�'�0�6���S�H�U�P�H�W��

en 30 minutes une extraction efficace des composŽs volatils hŽpatiques de faibles poids 

molŽculaires. En termes de variabilitŽ, cette Žt�X�G�H���P�R�Q�W�U�H���T�X�¶�X�Q�H���p�W�D�S�H���G�H���G�p�F�R�Q�J�p�O�D�W�L�R�Q���G�H�V��

�p�F�K�D�Q�W�L�O�O�R�Q�V�� �G�H�� �S�R�X�G�U�H�� �G�H�� �I�R�L�H�� �j�� ���ƒ�&�� �S�H�Q�G�D�Q�W�� �����K�� �S�H�U�P�H�W�� �G�¶�D�X�J�P�H�Q�W�H�U�� �O�H�V�� �D�E�R�Q�G�D�Q�F�H�V�� �G�H�V��

COVs extraits tout en rŽduisant la variabilitŽ de leur extraction.  

�3�D�U�� �D�L�O�O�H�X�U�V���� �O�¶�D�M�R�X�W�� �j�� �O�¶�p�F�K�D�Q�W�L�O�O�R�Q�� �G�¶�X�Q�H�� �V�R�O�X�W�L�R�Q�� �D�T�Xeuse saturŽe en NaCl favorise 

�O�¶�H�[�W�U�D�F�W�L�R�Q�� �G�H�V�� �&�2�9�V�� �S�D�U�� �H�I�I�H�W�� �V�D�O�W�L�Q�J-�R�X�W�� �V�D�Q�V�� �H�Q�J�H�Q�G�U�H�U�� �G�¶�D�X�J�P�H�Q�W�D�W�L�R�Q�� �U�H�O�D�W�L�Y�H�� �G�H�� �O�D��

variabilitŽ des aires mesurŽes.  

�/�D���F�R�P�S�D�U�D�L�V�R�Q���G�H���O�¶�L�Q�I�O�X�H�Q�F�H���G�X���S�U�R�W�R�F�R�O�H���U�p�Y�L�V�p���H�W���F�H�O�X�L���S�U�R�S�R�V�p���S�D�U���%�H�U�J�H��et al. (2011) a 

dŽmontrŽ une augmentation significative de l'abondance pour 14 composŽs volatils parmi la 

liste des 22 suivis. Par ailleurs, les standards dŽviations des COVs ont diminuŽ pour tous les 

�F�R�P�S�R�V�p�V���j���O�¶�H�[�F�H�S�W�L�R�Q���G�H���O�¶�D�F�p�W�R�Q�H���H�W���G�H�V���D�F�L�G�H�V���F�D�U�E�R�[�\�O�L�Tues dont la variabilitŽ a augmentŽ 

�S�D�U���O�¶�D�M�R�X�W���G�H���1�D�&�O���j���O�
�p�F�K�D�Q�W�L�O�O�R�Q���G�H���I�R�L�H�����(�Q���H�I�I�H�W�����O�¶�D�M�R�X�W���G�¶�X�Q�H���V�R�O�X�W�L�R�Q���G�H���1�D�&�O���D�X�J�P�H�Q�W�H��

la solubilitŽ des acides carboxyliques dans la solution aqueuse ce qui explique la diminution 

de leurs abondances. Par ailleurs���� �O�¶�p�T�X�L�O�L�E�U�H�� �G�H�� �F�H�V�� �F�R�P�S�R�V�p�V�� �G�D�Q�V�� �O�D�� �S�K�D�V�H�� �J�D�]�H�X�V�H�� �H�V�W�� 

�G�L�I�I�L�F�L�O�O�H�P�H�Q�W���D�W�W�H�L�Q�W���F�H���T�X�L���L�Q�G�X�L�W���O�¶�D�X�J�P�H�Q�W�D�W�L�R�Q���G�H���O�H�X�Us coefficients de variation.  

Enfin, les nouveaux param•tres SPME  ont amŽliorŽ l'extraction du volatolome du foie en 

termes de reprŽsentat�L�Y�L�W�p���G�H���O�¶�H�[�W�U�D�L�W�����G�H���Y�D�U�L�D�E�L�O�L�W�p���H�W���G�H���V�H�Q�V�L�E�L�O�L�W�p���G�H���O�¶�H�[�W�U�D�F�W�L�R�Q�� 
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Par ailleurs, ces nouvelles conditions SPME couplŽes ˆ une analyse GC-MS ont permis de 

mettre en Žvidence des changements dans le volatolome du foie en rŽponse ˆ l'exposition des 

poulets ˆ trois types de micropolluants: la deltamŽthrine, les PCBs et le monensin, ce qui 

�F�R�Q�I�L�U�P�H�� �j�� �O�D�� �I�R�L�V�� �O�¶�L�Q�W�p�U�r�W�� �G�X�� �Q�R�X�Y�H�D�X��protocole ainsi que la preuve de concept Žtablie par 

Berge et al. (2011).  

 

Dans la deuxi•me partie de ce chapitre, une comparaison de trois mŽthodes chimiomŽtriques 

exploratoires, ACP, ACI et ACC a ŽtŽ Žtablie. �'�¶�D�E�R�U�G�����X�Q�H���R�U�W�K�R�J�R�Q�D�O�L�V�D�W�L�R�Q���D���p�W�p���D�S�S�O�L�T�X�p�H��

�V�X�U���O�D���P�D�W�U�L�F�H���E�U�X�W�H���G�D�Q�V���O�H���E�X�W���G�¶�p�O�L�P�L�Q�H�U���O�H�V���G�p�U�X�Y�H�V���L�Q�V�W�U�X�P�H�Q�W�D�X�[���� 

�&�H�V�� �W�U�D�Y�D�X�[�� �R�Q�W�� �G�p�P�R�Q�W�U�p�� �T�X�H�� �O�H�V�� �U�p�V�X�O�W�D�W�V�� �G�¶ACP dŽpendaient fortement de la mŽthode de 

prŽtraitement, par rapport ˆ l'ACI, o• le prŽtraitement a moyennement influencŽ les 

sŽparations. 

�/�H�V�� �U�p�V�X�O�W�D�W�V�� �G�¶�$�&�3�� �H�W�� �G�¶�$�&�,�� �R�Q�W�� �P�R�Q�W�U�p�� �T�X�H�� �O�H�V�� �V�p�S�D�U�D�W�L�R�Q�V�� �O�H�V�� �S�O�X�V�� �Q�H�W�W�H�V�� �V�R�Q�W�� �R�E�W�H�Q�X�H�V��

apr•s un autoscaling des donnŽes orthogonalisŽes. Toutefois, les meilleures sŽparations des 

�J�U�R�X�S�H�V�� �H�[�S�R�V�p�V�� �D�X�[�� �P�L�F�U�R�S�R�O�O�X�D�Q�W�V�� �R�Q�W�� �p�W�p�� �R�E�W�H�Q�X�H�V�� �S�D�U�� �$�&�&���� �/�H�V�� �/�R�D�G�L�Q�J�V�� �G�¶�$�&�3�� �Q�
�R�Q�W��

pas mis en Žvidence les variables qui influencent les sŽparations, tandis que les Loadings 

obtenus par ACI et ACC ont soulignŽ les m•mes variables.  

Par ailleurs�����/�H�V���/�R�D�G�L�Q�J�V���G�¶�$�&�&���R�Q�W���S�H�U�P�L�V���G�¶�L�G�H�Q�W�L�I�L�H�U���O�H�V���Y�D�U�L�D�E�O�H�V���T�X�L���F�R�Q�W�U�L�E�X�H�Q�W���O�H���S�O�X�V��

aux sŽparations selon les composantes communes. Finalement, on peut dŽduire de cette Žtude 

�T�X�H�� �O�¶�D�Q�D�O�\�V�H�� �G�H�V�� �S�U�R�I�L�O�V volatolomiques par SPME-GC-MS associŽe ˆ la mŽthode 

exploratoire ACC forment une combinaison pertinente et performante pour rŽvŽler des 

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

micropolluants alimentaire 
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�/�¶�L�Q�W�p�U�r�W�� �G�H�� �O�¶�p�W�X�G�H�� �G�X��volatolome hŽpatique a ŽtŽ prŽsentŽ dans la premi•re partie 

�E�L�E�O�L�R�J�U�D�S�K�L�T�X�H�� �G�H�� �F�H�� �P�D�Q�X�V�F�U�L�W���� �%�U�L�q�Y�H�P�H�Q�W���� �O�H�� �I�R�L�H�� �H�V�W�� �O�¶�R�U�J�D�Q�H�� �G�H�� �G�p�W�R�[�L�I�L�F�D�W�L�R�Q�� �G�H�V��

substances exog•nes et le lieu de gŽnŽration des mŽtabolites endog•nes en rŽponse ˆ tout type 

de stress mŽta�E�R�O�L�T�X�H���S�U�R�Y�R�T�X�p���G�D�Q�V���O�¶�R�U�J�D�Q�L�V�P�H���� �/�H�V���F�R�P�S�R�V�p�V���Y�R�O�D�W�L�O�V�����&�2�9�V�� constituent 

une classe de mŽtabolites dont les abondances pourraient •tre modifiŽes en rŽponse au stress 

mŽtabolique et peuvent renseigner sur les changements provoquŽs ˆ un niveau cellulaire, et 

ainsi permettre de tracer des expositions aux contaminants chimiques [1]. Dans cette logique, 

Berge et al. (2011) [2] ont montrŽ le potentiel informatif des empreintes volatolomiques du 

foie pour rŽvŽler �O�¶�H�[�S�R�V�L�W�L�R�Q���G�H���S�R�X�O�H�W�V��aux contaminants.   

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

ce deuxi•me chapitre a pour objectif de rŽvŽler des marqueurs volatils dans le foie, 

�V�X�V�F�H�S�W�L�E�O�H�V�� �G�H�� �W�U�D�F�H�U�� �O�¶�H�[�S�R�V�L�W�L�R�Q�� �G�H�� �J�U�R�X�S�H�V�� �G�H�� �S�R�X�O�H�W�V�� �D�X cadmium , ˆ une faible et une 

forte doses de PCBs,  ˆ la monensine, �j�� �O�¶�D�P�S�L�F�L�O�O�L�Q�H���� �j��la deltamŽthrine, au lindane, aux 

fumonisines (B1&B2) et ˆ la zŽaralŽnone.  

La premi•re Žtape consiste ˆ vŽrifier les niveaux de contamination par les diffŽrents 

micropolluants dans les aliments et les tissus des animaux par des mŽthodes de rŽfŽrences. 

�(�Q�V�X�L�W�H���� �O�H�V�� �V�L�J�Q�D�W�X�U�H�V�� �Y�R�O�D�W�R�O�R�P�T�L�X�H�V�� �G�H�V�� �&�2�9�V�� �G�D�Q�V�� �O�H�� �I�R�L�H�� �G�¶animaux exposŽs et non-

exposŽs aux micropolluants sont analysŽes par SPME-GC-MS et les donnŽes volatolomiques 

�F�R�O�O�H�F�W�p�H�V�� �V�R�Q�W�� �W�U�D�L�W�p�H�V�� �S�D�U�� �O�¶�$�Q�D�O�\�V�H�� �H�Q�� �&�R�P�S�R�V�D�Q�W�H�V�� �&�R�P�P�X�Q�H�V�� ���$�&�&���� �S�R�X�U�� �U�p�Y�p�O�H�U�� �G�H�V��

diffŽrences entre les groupes et identifier des marqueurs candidats pour chaque type 

�G�¶�H�[�S�R�V�L�W�L�R�Q���� 

Dans un premier temps, la stratŽgie consiste ˆ appliquer ACC sur la matrice globale des 

donnŽes pour Žtudier  les  rŽponses volatolomiques spŽcifiques aux diffŽrents types 

�G�¶�H�[�S�R�V�L�W�L�R�Q, cette Žtape servira notamment ˆ  prŽsŽlectionner les COVs qui contribuent le 

plus  ̂ chaque sŽparation. Dans un deuxi•me temps, les marqueurs volatils candidats pour 

�F�K�D�T�X�H���W�\�S�H���G�¶�H�[�S�R�V�L�W�L�R�Q��ont ŽtŽ identifiŽs en appliquant ACC entre le groupe des tŽmoins et 

chaque groupe exposŽ selon les COVs filtrŽs par ACC globale.  

A la fin de ce travail, les marqueurs volatils candidats sont comparŽs avec les marqueurs 

potentiels qui ont ŽtŽ identifiŽs dans la littŽrature comme des marqueurs de pathologies, 

�S�H�U�P�H�W�W�D�Q�W�� �D�L�Q�V�L�� �G�¶�H�[�S�O�L�T�X�H�U�� �O�H�X�U�� �R�U�L�J�L�Q�H��biochimique et de comprendre les mŽcanismes 
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responsables du changement de leur niveau de production dans le foie en rŽponse ˆ 

�O�¶�H�[�S�R�V�L�W�L�R�Q���D�X�[���P�L�F�U�R�S�R�O�O�X�D�Q�W�V���� 

Cette Žtude est prŽsentŽe dans �O�¶�D�U�W�L�F�O�H����, intitulŽ Ç Liver Volatolomics to Reveal Markers of 

Poultry Exposure to Micropollutants È�����H�W���V�R�X�P�L�V���D�X���M�R�X�U�Q�D�O���µChemosphere�¶. 
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ABSTRACT  
 

The objective of this study was to reveal candidate volatile organic compound (VOC) markers in the 
liver to back trace animal exposure to several types of micropollutants. Nine groups of broiler 
chickens were exposed to a different contaminant: a heavy metal (cadmium), two levels of 
environmental pollutant (PCBs), two veterinary drugs (monensin and ampicillin), two pesticides 
(deltamethrin and lindane), and two mycotoxins (fumonisins and zearalenone). A controm group was 
not exposed to any contaminants. A recent SPME method for the extraction of liver VOCs was 
optimised to improve extract representativeness, while decreasing variability and enhancing sensitivity. 
The volatolomic data was analysed using a multivariate exploratory chemometric method named 
Commom Components Analysis (CCA). The SPME-GC-MS signatures were all analysed together by 
CCA and the results showed a split of chicken groups into two subgroups, as well as specific 
separations of the deltamethrin, PCB low level and monensin exposed groups from the others. A 
second CCA analysis was applied to the control group and each exposed group separately using the 
VOCs detected in the first analysis as responsible for the separation of the control group from the 
cadmium, PCB low and high levels, monensin, ampicillin, deltamethrin, lindane, and fumonisins 
groups. The performance of CCA analysis separately to control group and each exposed group using 
the filtered VOCs pointed out the differentiation of control group from exposed group to cadmium, 
PCB low and high levels, monensin, ampicillin, deltamethrin, lindane, and fumonisins. The results 
emphasized the potential of the liver volatolomic VOC signatures to back trace chicken exposure to a 
wide range of micropollutants. Furthermore,  the identified VOC markers in the liver belong to 
different chemical families like hydrocarbons, alcohols, ketones, aldehydes, carboxylic acids, furans, 
sulfur compounds and aromatic compounds, which were reported in previous studies as markers of 
many types of pathologies and risk exposure. 

 

Keywords: Volatolomics, Liver markers, Micropollutants, SPME-GC-MS, Common Component 
Analysis (CCA) 
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1. Introduction 

Human exposure to a wide range of contaminants including environmental micropollutants 

(O'Kane et al., 2013), mycotoxins (Theumer et al., 2010), plant treatments (Benarbia et al., 

2013) or veterinary substances (de Baere et al., 2005) may result from the consumption of 

food products. Animal-derived products may be particularly related to chemical safety issues 

since food producing animals accumulate environmental contaminants or chemical residues 

during their lifetime (Engel et al., 2015). Hence, stringent quality control procedures are 

required to protect consumers, and the European Union (EU) has established maximum 

residue limits (MRLs) for different micropollutants in feeds and animal tissues. Most current 

approaches to analyzing micropollutants in foods are based on high performance analytical 

methods designed to determine xenobiotic residues present down to trace levels in animal 

derived foods. These methods are performant but economically inconceivable and unsuitable 

for frequent and routine controls (Focant, 2012). In addition, some contaminants are reputed 

to be quickly metabolized in detoxifying organs which makes them difficult to measure by 

targeted methods (Berge et al., 2011). To overcome these lim�L�W�D�W�L�R�Q�V���� �µ�R�P�L�F�V�¶�� �D�S�S�U�R�D�F�K�H�V��

focus on markers of animal exposure to micropollutants. Among omics approaches, 

metabolomics is widely applied to provide markers of metabolomic changes in response to 

pathologies (Buszewski et al., 2012; Saitoh et al., 2014; Wang et al., 2014) or micropollutant 

exposure (Chen et al., 2007; Mocarelli et al., 2008; O'Kane et al., 2013). Specifically, several 

recent studies have demonstrated the relevance of volatile organic compounds (VOCs) as 

markers of metabolism deviation in response to pathologies in liver (Hakim et al., 2012), skin 

(Abaffy et al., 2013), blood (Mochalski et al., 2014), urine (Silva et al., 2011) or breath 

(Phillips et al., 2010). In addition, Berge et al. (2011) (Berge et al., 2011) pointed out that 

liver volatolomic signatures were suitable to reveal animal exposure to micropollutants.  

Recently, Bouhlel et al. (2017) (Bouhlel et al., 2017) adjusted the SPME set-up used by Berge 

et al. (2011) (Berge et al., 2011) in order to improve extraction conditions so as to obtain 

more representative extracts by using an extraction temperature closer to livestock 

physiological conditions while minimizing analytical variability and maximizing VOC 

recoveries. In order to have high VOC recoveries and to minimize variability, two approaches 

dealing with sample preparation were investigated. Firstly, defrosting liver samples at 4 ¡C 

for 24 h yielded to higher abundances and lower variabilities of VOCs. Secondly, the addition 

of a saturated solution of NaCl enhanced the sensitivity of the analysis with an increase in 

VOC abundances of more than 50%.  
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When benchmarked against the initial Berge et al. (2011) set-up, the revised protocol 

significantly enhanced the extraction recovery while decreasing the analytical variability for 

most candidate VOC markers. By applying the adjusted SPME parameters for the extraction 

of liver VOCs, VOC markers were founf for livestock exposure to a pesticide, deltamethrin; 

an environmental micropollutant, PCBs; and a coccidiostat, monensin.   

�0�R�U�H�R�Y�H�U���� �P�R�V�W�� �P�H�W�D�E�R�O�R�P�L�F�� �G�D�W�D�� �W�U�H�D�W�P�H�Q�W�� �U�H�O�L�H�V�� �R�Q�� �W�K�H�� �F�R�P�S�D�U�L�V�R�Q�� �³�F�D�V�H�´�� �Y�V���� �F�R�Q�W�U�R�O��

groups using a selection of variables by an Analysis of Variance (ANOVA) based on the 

predefined groups of individuals, followed by a Principal Components Analysis (PCA) to 

reveal differences among the groups. In this way, Berge et al. (2011) (Berge et al., 2011) used 

ANOVA for the selection of significant VOC fragments m/z, then applied Principal 

Components Analysis to detect further volatolomic differences and to visualize the separation 

of groups. The results showed differences in liver volatolomic fingerprints for chicken 

exposure to PAH and PBDE. Recently, important work has been carried out on testing 

exploratory chemometrical methods, without preselection of variables, to reveal information 

in the liver volatolomic data. In this study, 3 methods, Principal Components Analysis (PCA), 

Independent Components Analysis (ICA) and Common Components Analysis (CCA) were 

applied to volatolomic data. Common Components Analysis proved to be a powerful 

exploratory method for the non-oriented extraction of differences in volatolomic data and for 

the determination of candidate liver VOC markers to backtrack animal exposure to 

micropollutants (Bouhlel et al. 2017).   

An animal test was performed on a control group (n=15) and nine groups each (n=9) exposed 

to one type of micropollutants selected based on their toxicity and their possible occurrence in 

the food products (Gaud Dervilly-Pinel et al., 2017). The aim of this work was to identify 

liver VOC markers of chicken exposure to these different micropollutants. Firstly, the 

contamination in chicken feed and the transfer of micropollutants from feed to tissues were 

studied by reference methods. Then, the revised SPME protocol (Bouhlel et al., 2017) was 

used for the extraction of liver VOCs and then the analysis of the SPME-GC-MS data 

treatment was performed using Common Components Analysis. An initial CCA was done on 

all the data together.  In a second step, those VOCs identified as possible markers for specific 

contaminants were used in CCAs between the control group and each exposed group. The 

biochemical sources and the metabolic pathways that could be involved in the changes of the 

levels of the VOC candidate markers were discussed.  
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2. Material and methods 

 

2.1. Micropollutants 

The list of micropollutants selected according to Dervilly-Pinel et al. (2017) includes a heavy 

metal; cadmium (anhydrous CdCl2, 42852, Alfa Aesar), a mix of environmental 

micropollutant consisting in non-dioxin-like polychlorobiphenyls (NDL-PCBs) (Arochlor 

1260, 90129R, Sigma-Aldrich), two veterinary drugs; monensin sodium (Elancoban, E757, 

Eli Lilly and Company Ltd) and ampicillin (Ampisol powder, La Chesnais Vet, Tours, 

France), two pesticides; deltamethrin and lindane (lindane pestanal, 45548, Fluka), and two 

mycotoxins; fumonisins (B1 and B2, ENVT, maize powder, Toulouse, France) and 

zearalenone (ENVT, rice powder, Toulouse, France). The micropollutants under study were 

introduced in feed with particular precautions to assure the homogeneity of the contaminated 

feeds (Berge et al., 2011). Table 1 illustrated the concentrations of these contaminants in 

animal feeds chosen to be conform to the maximum levels fixed by the regulations in poultry 

feed and consistent with the limits of detection of the analytical methods used by the National 

Reference Laboratories (NRLs) to detect residues in exposed animal tissues and sufficient to 

induce a response in the metabolism of exposed livestock. 

Table 1. Maximum levels and administered doses of the investigated micropollutants in 
chicken feeds.  
 
Contaminant EU Legislation ML 2 

 
Dose administrated 

    
Cadmium Directive. 2002/32/EC 0.5 mg kg-1 7.5 mg kg-1 
NDL1 PCBs Regulation. (EU) 277/2012 10 µg kg-1 10 µg kg-1 
NDL PCBs Regulation. (EU) 277/2012 10 µg kg-1 50 µg kg-1 
Monensin Regulation. (EC) 124/2009 125 mg kg-1 125 mg kg-1 

Ampicillin  Recommended dosage 
10 mg kg-1 body weight 
daily during 
3 days 

10 mg kg-1 body weight daily 
during the 3 days preceding 
slaughter 

Deltamethrin Regulation. (EU) 524/2011 2 mg kg-1 9 mg kg-1 
Lindane Directive. 2002/32/EC 0.2 mg kg-1 0.3 mg kg-1 
Fumonisins Recommendation 2006/576/EC 20 mg kg-1 20 mg kg-1 
Zearalenone Recommendation 2006/576/EC 0.5 mg kg-1 0.5 mg kg-1 
 

1 NDL: non-dioxin-like 
2 ML: Maximum Levels 
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2.2. Poultry exposure to micropollutants 

Animal experimentation was detailed in Bouhlel et al. (2017). Briefly, ninety-six male 

chickens (Gallus gallus) (JA 657, BoyŽ Accouvage, La Boissi•re-en-G‰tine, France) were 

raised together until 28 days of age. They were then distributed into ten groups, one control 

group (n=15) and nine groups (n=9) each contaminated by one type of micropollutant. 

Chickens were fed in individual cages for 8 weeks (28�±84 days of age) with control or 

contaminated feeds. The feed given to the chickens was a granulated mixture of commercial 

feed with 5% sunflower oil with or without added micropollutant. For ampicillin-exposed 

group, ampisol powder was diluted in drinkable water and given to animals during the three 

consecutive days before slaughtering. At 84 days of age, all chickens were slaughtered 

according to European recommended standard conditions.  

Liver and muscle samples were excised from control and exposed chicken carcasses, 

immersed in liquid nitrogen, wrapped in aluminum foil, vacuum packed, and grounded for 3 

min in liquid nitrogen into a fine homogeneous powder using a homemade stainless steel ball 

mill (Berge et al., 2011). Then, a representative sample of each liver and muscle tissue was 

prepared for the subsequent analysis of xenobiotic residues by reference methods. Regarding 

volatolomic analyses in livers, 1.2 g of powdered liver were aliquoted into 20 ml SPME vials 

capped under nitrogen gas flow and stored at -80¡C until analysis (Berge et al., 2011).  

2.3. Micropollutant analysis in feed and tissue samples  

The xenobiotics under study were assessed in control and contaminated chicken feeds 

according to selective and sensitive analytical methods implemented within the French 

National reference Laboratories (NRLs) in charge of each corresponding contaminant (Gaud 

Dervilly-Pinel et al., 2017) (Table S1).  

The xenobiotic residues of each micropollutant were analyzed in control and exposed chicken 

tissues by French NRLs using the adapted reference methods (Gaud Dervilly-Pinel et al., 

2017). The chicken tissues were basically selected on the recommendation of French NRLs 

and according to previous studies which reported the accumulation tendency of each 

micropollutant in tissues. Thus, cadmium, monensin, ampicillin, fumonisins (B1&B2) and 

zeralenone were assessed in the liver tissues, whereas NDL-PCBs, deltamethrin and lindane 

were analyzed in the muscles (Table S1).  
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2.4. Analysis of liver volatolome  

Volatile organic compounds (VOCs) were extracted from the liver of control and exposed 

chickens by Solid-Phase Micro-extraction (SPME) according to the SPME protocol provided 

by Bouhlel et al. (Bouhlel et al., 2017). Briefly, the day before analysis, liver samples stored 

�D�W�� �í���� ¡C were taken and 1.2 g of saturated NaCl solution were added to each sample, the 

mixture was closed under a nitrogen flow, vortexed for homogenization and defrosted for 24 h 

at 4¡C. A multipurpose sampler (AOC-5000, Shimadzu, Kyoto, Japan) was used to carry out 

the following successive steps: (i) preheating of samples in the agitator for 10 min at 40¡C 

with a stirring rates at 500 rpm, (ii) trapping of VOCs by SPME fiber 75 µM 

carboxen/polydimethylsiloxane (CAR/PDMS, 23 gauge needle, Supelco) for 30 min at 40¡C, 

and (iii) desorption of VOCs for 2 min in the GC inlet. The desorbed VOCs were analyzed 

with a GC-MS QP2010+ (Shimadzu) equipped with Rxi-5SilMS column (60 m x 0.32 mm 

I.D x 1 µm film thickness) (Restek, Bellefonte, PA). Helium was used as the carrier gas at a 

flow rate of 1 ml.min-1. The injections were performed in the splitless mode (2 min). The 

column temperature program was as follows: 40¡C for 5 min, increasing at 3¡C/min to 230¡C 

with a final isothermal period of 10 min. For the MS system, the temperatures of the transfer 

line, quadruple, and ionization source were 230, 200 and 150¡C respectively. Positive ion 

electron impact mass spectra at 70 eV were recorded in the scan mode in the range of m/z 33-

250 amu at 10 scans s-1.  

2.5. Signal treatment 

Volatile compounds were tentatively identified on the basis of mass spectra and retention 

indices (RI), by comparison with the NIST/EPA/NIH mass spectral library (NIST14) and RI 

values of our internal data bank. An automatic homemade algorithm developed on Matlab 

2014b was used for the integration of the peak areas of the volatile compounds (Bouhlel et al., 

2017).  

2.6. Chemometric data treatment  

Multivariate data analysis was investigated using an exploratory chemometric method, named 

Common Components and Specific Weights Analysis (ComDim). This method developed by 

Qannari et al. (2000) (Qannari et al., 2000) has been used to extract information from a single 

data set by applying it to blocks consisting of a single variable each (Dubin et al., 2016). To 

distinguish this procedure from the standard multi-table situation, we propose to call it 

Common Components Analysis (CCA).  
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CCA estimates a series of orthogonal Common Components (CCs) that are linear 

combinations with strong weighting of those variables with a similar effect on the dispersion 

of the samples, thus highlighting variables that behave in the same way as a function of 

differences among the samples.  

Firstly, the SPME-GC-MS data treatment was performed using CCA analysis on control 

group (15 samples) concatenated to all contaminant exposed-groups in order to map 

similarities and differences in the behaviour of the variables corresponding to VOCs for the 

different groups. In this case, the analysed data matrix (95 samples ! n variables) is treated as 

n blocks of size 95 �u 1. The scores of control and exposed chickens were plotted along the 

first 16 CCs to detect those CCs giving a separation between chicken groups. The loadings for 

each CC were plotted to visualize the influential VOCs giving rise to group separations. 

Quantile-Quantile plots (Q-Q plot) (Wilk and Gnanades.R, 1968) were drawn to visualize the 

VOCs in the vectors of CCA loadings for those common components which separated the 

groups. The VOCs with loadings contributions greater than plus or minus one standard 

deviations (±1!SD) were preselected as potentially interesting for each specific group 

separation.  

Secondly, in order to identify differences in the liver VOCs in response to each micropollutant 

exposure, CCA was once again applied to control group (n=15) concatenated to each exposed 

group (n=9) using only the preselected VOCs by global CCA analysis for the separation of 

the corresponding separated group. The analysed data matrix consisted of 24 samples and n 

VOCs preselected with simultaneous CCA analysis, treated as n blocks of size 24 �u 1. The 

new CCA scores were projected onto 16 common components (CCs) to visualize the 

differences between control group and each exposed group. The candidate VOC markers were 

those with loading contributions greater than (±1!SD) along each interesting CC separating 

the corresponding exposed chicken group from controls. 

Finally, specific CCA analysis was performed using all VOCs on control group and exposed 

chicken group that was not separated by global CCA analysis. The analysed data matrix 

consisted of 24 samples and n VOCs preselected with simultaneous CCA analysis, treated as 

n blocks of size 24 �u 1.Similarly, the CCA scores were calculated and projected onto 16 CCs 

and the candidate VOC markers were those with contributions to the loadings greater than 

(±2!SD) along each interesting CC separating the corresponding exposed chicken group from 

controls.  
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Finally, Newman�±Keuls post hoc test of multiple comparisons (p<0.05) was applied using 

Statistica 12 software (Dell Software, Paris, France) on the abundances of the identified 

VOCs to validate their significance between control group and each separated exposed group 

(Petropulos et al., 2014). Matlab 2007b (The MathWorks, Natick, USA) and the SAISIR 

toolbox 2008 (SAISIR, INRA: France, 2008) were used for all CCA data analyses. 

 

3. Results  

 

3.1. Analysis of micropollutant residues in feed and tissue samples 

Animals showed no sign of any recognizable symptoms of toxicity throughout the course of 

the study and were found to consume feed normally, except for the death of one exposed 

chicken to zearalenone during breeding and the limited consumption of contaminated feed in 

the final stage of breeding for one chicken exposed to cadmium and one chicken exposed to 

fumonisin, due to locomotor problems. Direct analysis of contaminant residues are performed 

using reference methods in chicken feeds and tissue samples.  

3.1.1. Cadmium 

Table 2 shows that the concentration of cadmium in contaminated feed reached 6.5 mg.kg-1 

feed which is close to the targeted concentration at 7.5 mg.kg-1 feed and is found at very low 

level (23 µg.kg-1 feed) in control feed. The concentration of cadmium in the livers of exposed 

chickens reached 3.2±0.9 mg.kg-1 fresh tissue  which is much higher than of the concentration 

in control livers (7.0±2.0 µg/kg fresh tissue) (Table 2).  

3.1.2. PCBs  

Table 2 shows that PCB levels in contaminated animal feeds reached 8.2 and 46.3 µg.kg-1 

feed at PCB low level (10 µg NDL-PCBs/kg, PCB10) and PCB high level (50 µg NDL-

PCBs/kg, PCB50) respectively, and is found at 0.1 µg.kg-1 feed in control feed. The 

concentrations of PCBs in the muscles of exposed chickens at PCB10 and PCB50 levels reach 

49.3±12.7 and 248±41.5 µg.kg-1 lipid weight respectively, and are at 4.7±2.1 µg.kg-1 lipid 

weight in the muscles of control chickens (Table 2).  

3.1.3. Veterinary drugs  

While monensin sodium is not detectable in control feed (Table 2), it reaches 114 mg.kg�í1 

feed in contaminated feed which is close to the targeted concentration (125 mg.kg�í1). 
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Otherwise, the result (Table 2) demonstrates that monensin-concentration reached 4.5±1.8 

µg.kg�í1 fresh tissue in the livers of exposed animals.   

Table 2 illustrates the absence of ampicillin residues in the livers of control group and 

highlights the detection of ampicillin in the livers of ampicillin-exposed group. Therefore, 

ampicillin residues are only quantified in one exposed chicken liver at 5.2 µg.kg�í1 fresh tissue 

(Table 2).  

3.1.4. Pesticides  

The result (Table 2) shows that deltamethrin is not detected in control feed (Table 2), whereas 

it reaches 5.6 mg.kg-1 in contaminated feed which is close to the targeted concentration of 9 

mg.kg-1.  

Moreover, deltamethrin residues are not detected in exposed chicken muscles (Table 2).The 

concentration of lindane reaches 0.4 mg.kg-1 in contaminated feed which is conform to the 

targeted concentration at 0.3 mg.kg-1 feed, while it is under the limit of detection in control 

feed (Table 2). The concentration of lindane is at 6.0±1.0 µg.kg-1 fresh tissue in muscles of 

exposed animals and is not detected in control muscles (Table 2).  

3.1.5. Mycotoxins  

The concentrations of fumonisins (B1&B2) are at 12.7 mg.kg-1 in contaminated feed which is 

conform to the expected concentration at 20 mg.kg-1 feed and were not detected in control 

feed (Table 2). Furthermore, fumonisin B1 and fumonisin B2 levels reach 30.3±14.2 and 

2.4±1.1 µg.kg-1 fresh tissue respectively in the livers of exposed chickens and are not detected 

in control livers (Table 2). 

Regarding zearalenone, the concentration reaches 0.4 mg.kg-1 in contaminated feed which is 

close to the expected value at 0.5 mg.kg-1 feed and is detected at very low level (27 µg.kg-

1feed) in control feed (Table 2). The analysis of zearalenone and its metaboli�W�H�V�����.-zearalanol 

�D�Q�G�� �R�I�� �.-�]�H�D�U�D�O�H�Q�R�O���� �L�Q�� �F�R�Q�W�U�R�O�� �D�Q�G�� �H�[�S�R�V�H�G�� �F�K�L�F�N�H�Q�� �O�L�Y�H�U�V�� �V�K�R�Z�H�V�� �W�K�D�W�� �]�H�D�U�D�O�H�Q�R�Q�H�� �D�Q�G�� �.-

�]�H�D�U�D�O�D�Q�R�O�� �D�U�H�� �Q�R�W�� �G�H�W�H�F�W�H�G�� �L�Q�� �H�[�S�R�V�H�G�� �F�K�L�F�N�H�Q�� �O�L�Y�H�U�V�� �E�X�W�� �R�Q�O�\�� �W�U�D�F�H�V�� �R�I�� �.-zearalenol are 

detected in three exposed chicken livers (Table 2).  
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Table 2. Analysis of micropollutant residues in control and exposed chicken feed and tissue 
samples.  
 
Contaminant Tissues Residues in feeds 

 
Residues in tissues 

     Contaminated         Control      Contaminated         Control 

Cadmium Liver 6.5 mg kg-1 0.02 mg kg-1 3.2± 0.98  mg kg-1 F 2 0.007 mg kg-1 F 

NDL PCBs Muscle 8.2 µg kg-1 0.11 µg kg-1 49.3±13 µg kg-1 LW 3 4.7±2.1 µg kg-1 LW 

NDL PCBs Muscle 46.3 µg kg-1 0.1 µg kg-1 248 µg kg-1 LW 4.7 µg kg-1 LW 

Monensin Liver 114 mg kg-1 <LOD 1 4.53 µg.kg�í1 F <LOD 

Ampicillin  Liver - - 5.24 µg kg-1 BW4 <LOD 

Deltamethrin Muscle 5.6 mg kg-1 <LOD  < LOD <LOD 

Lindane Muscle 0.4 mg kg-1 <LOD 6 µg kg-1 F <LOD 

Fumonisins 
(B1&B2) 

 
12.7 mg kg-1 <LOD - - 

Fumonisin B1 Liver - - 30.3±14.2 µg kg-1 F 
 

<LOD 

Fumonisin B2 
Liver 

- - 
2.44±1.13 µg kg-1 F 

 
<LOD 

Zearalenone Liver 0.4±0.12 mg kg-1 0.03 mg kg-1 <LOD <LOD 
 

1 LOD: Limit of Detection 
2 F: Fresh tissues 
3 LW: Lipid Weight 
4 BW: Body Weight
 

3.2. Determination of liver VOC markers for contaminant exposure 

 

3.2.1. Preselection of contributing VOCs  

 

A list of 79 VOCs are tentatively identified in exposed and non-exposed chicken livers (Table 

S2).A simultaneous CCA analysis of all chicken groups revealed a split of chicken groups 

into two subgroups along the 6th common component (CC6) (Fig. 1A). The first subgroup 

(positive scores) includes exposed groups to cadmium, PCB high dose, lindane, and 

ampicillin and the second subgroup (negative scores) includes the control, PCB low dose, 

deltamethrin, fumonisin, zearalenone, and monensin exposed groups. This distribution 

suggests differences in the liver volatolomic responses in each of the subgroups and 

similarities within the subgroups. 

Moreover, clear specific discriminations are pointed out for deltamethrin, PCB low and 

monensin groups from control and other exposed groups along CC7, CC10 and CC12, 

respectively (Fig. 1A). The total 79 VOCs are filtered so as to preselect only those which 

contributed significantly (±1!SD) to each group separation. Thus, a list of 21, 16, 21, and 17 
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VOCs are selected from the 79 VOCs for each separation along CC6, CC7, CC10 and CC12, 

respectively. Fig. 1B illustrates the projection of these preselected VOCs (±1!SD) for each 

interesting separation.  

 

 

 

Fig. 1. Result of CCA of SPME-GC-MS data in control and exposed chicken livers (A) CCA 
Scores of control group and exposed groups along the interesting Common Components (CCs) 
CC6, CC7, CC10 and CC12 (B) Labeled plots of CCA Loadings along CC6, CC7, CC10 and 
CC12.  

 

A 

B 
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3.2.2. Selection of VOC candidate markers for contaminant exposure 

3.2.2.1. Cadmium 

As previously shown, the simultaneous CCA analysis shows the discrimination of the 
cadmium-exposed group from controls and other exposed groups (PCB low, deltamethrin, 
monensin, fumonisins, and zearalenone) along CC6. The application of CCA to the control 
group and cadmium-exposed group using only the 21 VOCs preselected along CC6 reveals a 
separation of these two groups along CC3 (Fig. 2). Table 3 lists the VOCs significantly 
influencing that separation.  

Table 3. List of the candidate VOC markers of chicken exposure to heavy metal: comparison 
of peak areas (! 104) and relative standard deviations of the significant VOC markers in liver 
samples selected by specific CCA analysis applied to control group and cadmium group.  
 
Candidate VOC markers a Controlb Cadmiumc 

Propionic acid  6.7 (116) 15.3 (51) 
1-Penten-3-one 11.8 (41) NDd 
2,5-Dimethyl-1,5-hexadien-3-ol 8.8 (75) ND 
Butyrolactone  15.0 (78) ND 
�.-Methylstyrene 6.2 (45) ND 
Dihydro-5-ethyl-2(3H)-furanone 3.3 (68) 6.9 (42) 
 

 

a Significant candidate VOC markers which there is statistical significant differences according to 
Newman-Keuls post hoc test multiple comparison (p<0.05) between control group and cadmium group. 
b Area values (! 10 4) are the average of the abundances in control group (n=15) with the relative 
standard deviation (%RSD) in brackets. 
cArea values (! 10 4) are the average of the abundances in cadmium-exposed group (n=9) with the 
relative standard deviation (%RSD) in brackets. 

d Not Detected 
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Fig. 2. Results of CCA analysis of the SPME-GC-MS data collected in control and exposed 
chicken livers to each micropollutant using the preselected VOCs with global CCA analysis:  
CCA Scores of control group and exposed group along the interesting 
Common Components (CC). 

 

 

3.2.2.2. PCBs 

Using the VOCs which contributed to the discrimination of the PCB low-exposed group from 

the controls and other groups along CC10, the specific CCA applied only to the control and 

PCB-low groups separates these two groups along CC2 (Fig. 2). Table 4 lists the VOCs 

influencing this discrimination.  

The PCB high group is already separated from the control group and other exposed groups by 

the simultaneous CCA analysis along CC6 (Fig. 1A). The CCA applied to these two groups 

using the preselected VOCs separates the PCB high-exposed group from non-exposed group 

along CC1 (Fig. 2). Table 4 regrouped the VOCs with a significant influence.
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Table 4. List of the candidate VOC markers of chicken exposure to environmental 
micropollutants: comparison of peak areas (!104) and relative standard deviations of the 
significant VOC markers in liver samples selected by specific CCA analysis to control group 
and PCB low and PCB high groups separately. 
 
  
Candidate VOC markers a Control b PCB low c PCB high d 
2-Propanol  5363.9 (36) ND e 310.2 (36) 

�.-Methylstyrene 6.2 (45) 3.7 (35) ND 
2-Pentylfuran 7.8 (42) 4.4 (34)  
2,2,6-Trimethylcyclohexanone 12.7 (73) 5.9 (42)  
3,5,5-Trimethyl-2-cyclohexen-1-one 14.7 (67) 4.9 (129)  
Dihydro-5-ethyl-2(3H)-furanone 3.3 (68) 13.7 (61)  

2-Butanone 87.2 (49) 
 

45.0 (76) 
1-Penten-3-one 11.8 (41) 

 
ND 

Dimethylsulfoxide 23.4 (58) 
 

5.0 (279) 
2,5-Dimethyl-1,5-hexadien-3-ol 88.1 (75) 

 
3.3 (58) 

Butyrolactone  15.0 (87) 
 

ND 
 

 

a Significant candidate VOC markers which there is statistical significant differences according to 
Newman-Keuls post hoc test multiple comparison (p<0.05) between control group and PCB low group 
and between control group and PCB high group. 
b Area values (!  104) are the average of control group (n=15) with the relative standard deviation 
(%RSD) in brackets. 
c Area values (! 10 4) are the average of the abundances in PCB low-exposed group (n=9) with the 
relative standard deviation (%RSD) in brackets. 
dArea values (! 10 4) are the average of the abundances in PCB high-exposed group (n=9) with the 
relative standard deviation (%RSD) in brackets. 
e Not Detected 

 

3.2.2.3. Veterinary drugs 

Using the VOCs that separated the monensin group from the control and other groups along 

CC12 (Fig.1A) in the simulataneous CCA, a second specific CCA was performed between the 

monensin and the control groups. The result showed a clear distinction of these two groups 

along CC1 (Fig. 2). The significant influencing variables are listed in Table 5. 

Similarly, the ampicillin-exposed group was separated from the control and other exposed 

groups along CC6 (Fig. 1A). The investigation of the corresponding VOCs in a specific CCA 

model applied to the control and ampicillin groups separates these groups along CC2 (Fig. 2). 

Table 5 summarize the VOCs influencing for this separation. 
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Table 5. List of the candidate VOC markers of chicken exposure to veterinary drugs: 
comparison of peak areas (! 104) and relative standard deviations of the significant VOC 
markers in liver samples selected with specific CCA analysis applied to control group and 
monensin group, and to control group and ampicillin group. 
 
Candidate VOC markers a Control b Monensin c Ampicillin d 
2-Propanol  5363.9 (36) ND e  

2-Butanol 840.2 (69) 265.7 (58)  
Propionic acid  6.7 (116) ND  
4-Hexen-1-ol 3.9 (96) ND  
�.-Methyl-benzenemethanol  2.0 (65) ND  
1,3,3-Trimethyl-2-vinyl-1-cyclohexene 3.3 (68) ND  
1-Penten-3-one 11.8 (41)  ND 
3-Hepten-2-one  6.1 (42)  9.3 (38) 
6-Methyl-2-heptanone  17.1 (36)  30.7 (50) 
Butyrolactone  15.1 (87)  ND 
�.-Methylstyrene 6.2 (45)  ND 
 
 

aSignificant candidate VOC markers which there is statistical significant differences according to 
Newman-Keuls post hoc test multiple comparison (p<0.05) between control group and monensin 
group and between control group and ampicillin group. 
bArea values (! 10 4) are the average of the abundances in control group (n=15) with the relative 
standard deviation (%RSD) in brackets. 
c Area values (!10 4) are the average of the abundances in monensin-exposed group (n=9) with the 
relative standard deviation (%RSD) in brackets. 
d Area values (!10 4) are the average of the abundances in ampicillin-exposed group (n=9) with the 
relative standard deviation (%RSD) in brackets. 

e Not Detected 
 

3.2.2.4. Pesticides 

In the simultaneous CCA, the deltamethrin group is separated from the control and other 

groups along CC7 (Fig.1A). The CCA applied to the control and deltamethrin-exposed groups 

using the corresponding VOCs shows a clear discrimination of these groups along CC1 

(Fig.2).   Table 6 lists the VOCs related to this separation.  

 

The lindane group is already separated from controls and other exposed groups along CC6 

(Fig. 1A). Applying a CCA on the control and lindane groups, using the corresponding VOCs 

results in a separation of the two groups along CC5 (Fig. 2). Table 6 reports the significant 

discriminant VOCs.  
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Table 6. List of the candidate VOC markers of chicken exposure to pesticides: comparison of 
peak areas (! 104) and relative standard deviations of the significant VOC markers in liver 
samples selected with specific CCA analysis applied to control group and deltamethrin group 
and to control group and lindane group.  
 
Candidate VOC markers a Control b Deltamethrin c Lindane d 
Carbon disulfide 1924.9 (56) ND  
3-Penten-2-ol 21.7 (26) ND  
4-Hexen-1-ol 3.9 (96) 7.7 (23)  
�.-Methylstyrene 6.2 (45) 4.0 (38) ND 
Dihydro-5-ethyl-2(3H)-furanone 3.3 (68) 6.9 (47) 5.5 (44) 
Nonanal ND e 2.6 (25)  
1,3,3-Trimethyl-2-vinyl-1-cyclohexene 3.3 (68) ND  
Butane 53.0 (41)  32.4 (38) 
1-Penten-3-one 11.8 (41)  ND 
3-Ethylcyclopentanone  10.4 (38)  6.2 (31) 
 5-Methyl-3-heptanol 18.5 (53)  7.6 (41) 
 
 

a Significant candidate VOC markers which there is statistical significant differences according to 
Newman-Keuls post hoc test multiple comparison (p<0.05) between control group and fumonisins 
group. 
b Area values (! 10 4) are the average of the abundances in control group (n=15) with the relative 
standard deviation (%RSD) in brackets. 
c Area values (! 10 4) are the average of the abundances in deltamethrin-exposed group (n=9) with the 
relative standard deviation (%RSD) in brackets. 
d Area values (! 10 4) are the average of the abundances in lindane-exposed group (n=9) with the 
relative standard deviation (%RSD) in brackets. 
e Not Detected 
 

3.2.2.5. Mycotoxins 

Chickens Exposed to fumonisins and zearalenone are not separated by the simultaneous CCA. 

The specific CCAs applied separately to the control group vs. the fumonisins and the 

zeralenone exposed groups using all the VOCs show no separation for the zeralenone group 

(Figure S1), but does show a separation of the fumonisins group from control group along 

CC2 (Fig.2). The influencing VOCs are litsed in Table 7 
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Table 7. List of the candidate VOC markers of chicken exposure to mycotoxins: comparison 
of peak areas (! 104) and relative standard deviations of the significant VOC markers in liver 
samples selected with specific CCA analysis applied to control group and fumonisins group.  
 
Candidate VOC markersa Control b Fumonisins c 
2-Propanol  5363.9 (36) ND d 

Dimethylsulfide 2780.9 (47) ND 
1-Propanol 31.3 (43) 18.2 (50) 
Propionic acid  6.7 (116) 18.6 (102) 
Toluene 105.9 (42) 67.0 (57) 
Dihydro-5-ethyl-2(3H)-furanone 3.3 (68) 81.1 (81) 
 

 

aSignificant candidate VOC markers which there is statistical significant differences according to 
Newman-Keuls post hoc test multiple comparison (p<0.05) between control group and fumonisins 
group. 
b Area values (! 10 4) are the average of the abundances calculated for control group (n=15) with the 
relative standard deviation (%RSD) in brackets. 
c Area values (! 10 4) are the average of the abundances calculated for fumonisins-exposed group (n=9) 
with the relative standard deviation (%RSD) in brackets. 
d Not Detected 
 

4. Discussion  

4.1. Volatolomics to reveal poultry exposure to micropollutants  

Table 2 highlights that the concentrations of cadmium, PCB low level, PCB high level, 

monensin, deltamethrin, lindane, fumonisins (B1 & B2), and zeralenone are close to the 

targeted concentrations for each contaminated feed and theses contaminants are detected at 

very low levels in control feed which shows that chicken feeds are correctly formulated and 

confirms the absence of cross contamination during their preparation. 

4.1.1. Exposure to cadmium  

Table 2 shows the accumulation of half of the administrated concentration in exposed chicken 

livers. The liver is considered as the target organ in which cadmium primarily accumulates 

and exerts its various deleterious effects (Bernard, 2004). Similarly, a previous study 

demonstrated that dietary exposure of ducks to cadmium induced the accumulation of half of 

the administered dose in the liver (Digiulio and Scanlon, 1984). These results confirm that 

animals were properly exposed to cadmium and confirm the transfer of cadmium from 

contaminated feed to exposed chicken livers.   

Figure 2 shows a separation of the control group and the cadmium-exposed group along CC3 

which indicates changes in the liver VOC signatures in response to exposure to cadmium.  
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In accordance with our results, Renugadevi et al. (2010) (Renugadevi and Prabu, 2010) had 

shown that oral administration of cadmium at 5 mg.kg-1 to rats over 4 weeks induced renal 

damage, oxidative stress in kidney tissue, and an increase in renal lipid peroxidation markers.  

4.1.2. Exposure to PCBs  

Table 2 shows the accumulation of PCB residues in the muscles of chickens exposed to low 

and high levels of PCBs. This result confirms that chicken groups were properly exposed and 

that the PCBs were transfered from contaminated feeds to chicken tissues. Previous studies 

showed that animal exposure to PCBs induced their transfer from blood to organs such as 

liver and adipose tissues (Fernandes et al., 2010). Moreover, Berge et al. (2011) (Berge et al., 

2011) revealed that chickens exposed to PCBs at a dose 100 times lower than the lower level 

administrated in this work induced the accumulation of PCB residues in the liver.  

Figure 2 illustrates the discrimination of PCB low and high levels exposed groups from 

control group, which  underline significant changes in liver VOC levels in response to chicken 

exposure to PCBs. Contrary to our results, Berge et al. (2011) (Berge et al., 2011) reported no 

significant differences in the liver volatolomic signatures for chickens exposed to PCBs, but 

the doses they used were 100 fold lower.  

4.1.3. Exposure to veterinary drugs  

Table 2 shows that the concentration of monensin in liver tissues is far below the maximum 

residue level (8 µg/kg), which is consistent with Donoho et al. (Donoho et al., 1982) who 

reported that monensin is rapidly absorbed, metabolized and excreted, and that it is 

accumulated preferentially in liver at much lower levels than in other tissues. Nevertheless, 

the separation of control and exposed chickens is visible (Fig.2) indicating differences in liver 

VOC levels in response to chicken exposure to monensin. This is consistent with the results of 

Berge et al. (2011) (Berge et al., 2011) who showed that chickens exposed to coccidiostats 

(nicarbazin and narasin) were discriminated from controls through their liver volatolome 

signatures. Recently, Charvat et al. (2016) (Charvat and Arrizabalaga, 2016) showed that 

monensin disrupts mitochondrial functions, decreases mitochondrial membrane potential, and 

causes an oxidative stress. Table 2 also shows that ampicillin residues are lower than the 

maximum level set by EU 37/2010 at 50 µg.kg�í1 fresh tissue in livestock tissues.  

A previous study showed that broiler chicken oral exposure to a commercial amoxicillin 

formulation induced the accumulation of amoxicillin residues at levels above the maximum 

authorized level (50 µg.kg�í1 fresh tissue) only for the chickens slaughtered 1h after drug 

administration (de Baere et al., 2005).  
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During the present experiment, the chickens were slaughtered 3 days after administration of 

ampicillin, which could explain the low levels of residue in chicken livers. Fig.2 highlights 

the discrimination of chickens exposed and non-exposed to ampicillin indicating changes in 

liver VOC signatures in response to chicken exposure to ampicillin. These results are 

consistent with the work of Hermo et al. (2014) (Hermo et al., 2014) who demonstrated a 

metabolic change in the muscle, kidney and liver of amoxicillin-exposed chickens, and 

suggested that endogenous compounds underwent changes from normal levels as a 

consequence of the pharmacological treatment, by up and down regulation.  

4.1.4. Exposure to pesticides  

Table 2 shows the absence of deltamethrin residues in exposed muscle tissues which may be 

explained by the limit of detection of the method (1 µg.kg-1). In an earlier study, Chandra et al. 

(2013) (Chandra et al., 2013) showed that chicken exposure to deltamethrin for 42 days at 150 

mg.kg-1 feed leads to a detectable accumulation of deltamethrin in their breast muscles at 

0.037 µg.kg-1. The dose administered in the current study was 25-fold lower than in their 

experiment which may, together with animal-related factors, explain the non-detection of 

deltamethrin. Fig. 2 nevertheless demonstrates the separation of the deltamethrin-exposed 

group from the control group which emphasize the potential of liver volatolomic VOC 

signatures to reveal animal exposure to deltamethrin despite this contaminant not being 

detectable in the animal tissues.  In fact, Chandra et al. (2013) (Chandra et al., 2013) reported 

that chicken exposure to deltamethrin was responsible for generating free radicals in excess 

and disruption of antioxidant defenses which may explain the changes in liver VOC levels in 

response to chicken exposure to deltamethrin.   

Table 2 shows that the concentration of lindane in exposed muscle tissues is lower than the 

maximum level fixed at 20 µg.kg-1 of fresh matter (2002/32/EC). Similarly, Xue et al. (2010) 

(Xue et al., 2010) showed that after oral exposure of rabbits to lindane at a lower dose of 1.25 

mg.kg-1 feed during only 4 days induced the accumulation of residues in muscles at 12 ng.g-1 

fresh tissue. This result confirms the transfer of lindane from contaminated feed to chicken 

tissues, while the much lower dose used in the current study may explain the low lindane level 

in exposed chicken muscles compared to the maximum level at 20 µg.kg-1 (2005/396/EC).  

In addition, Fig.2 presents the separation of the lindane group from the control group which 

highlights changes in liver VOC levels in response to chicken exposure to lindane. Previous 

�Z�R�U�N�� �G�H�P�R�Q�V�W�U�D�W�H�G�� �W�K�D�W�� ��-HCH induced an increase in liver P-450 levels and liver lipid 

peroxidation rates with no changes in cytochrome P-450 reductase activity (Barros et al., 

1991). In the same way, Hakim et al. (2012) (Hakim et al., 2012) suggested that peroxidation 
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of lipid membranes and the induction of some detoxifying enzymes in the livers are 

responsible for the changes in liver VOC levels.  

4.1.5. Exposure to mycotoxins  

The results in Table 2 present the accumulation of fumonisin B1 and fumonisin B2 in exposed 

chicken livers. Tardieu et al. (2009) (Tardieu et al., 2009) highlighted the persistence of 

fumonisin B1 in the livers of ducks exposed for 12 days to fumonisins (B1&B2),                                   

the concentration of fumonisin B1 reached 16 and 20 µg.kg-1 in duck liver fed at 10 and 20 

mg.kg-1 feed, respectively. In our study, chickens were exposed to fumonisins (B1 & B2) over 

a much longer period which probably explain the high concentration of fumonisin B1 in 

exposed chicken livers.  

Fig. 2 shows that the exposed and control chickens are separated which highlights liver 

volatolomic changes in response to exposure to fumonisins. In fact, Wang et al. (2016) (Wang 

et al., 2016) showed in their recent review that oxidative stress plays a critical role in the 

expression of fumonisins toxicity in exposed bodies and high concentrations of reactive 

oxygen species (ROS) lead to the disruption of redox homeostasis, initiation of the process of 

lipid peroxidation in the lipid membrane causing damage to the cell membrane, and DNA 

damage by propagating a chain reaction. In accordance with these results, oxidative stress was 

reported to be one of two phenomena responsible for the changes in liver volatolomic 

composition of liver.  

Table 2 also highlights the non-detection of zearalenone and its �P�H�W�D�E�R�O�L�W�H�V�����.-zearalenol and 

�.-zearalanol) in the livers of exposed chickens. This result was similarly reported in a 

previous study where laying hens exposed to zearalenone at 1.1 mg.kg-1 feed over 16 weeks 

induced the accumulation of low levels of zearalenone (<1 µg.kg-1 �I�U�H�V�K�� �W�L�V�V�X�H���� �D�Q�G�� �.-

zearalenol (1.3 µg.kg-1 fresh tissue) in the liver (Danicke et al., 2002). These authors 

explained that the low residue levels of �.-zearalenol detected in livers were probably dose-

related. The realistic administered dose of zearalenone together with the rapid excretion of 

this mycotoxin (Kuipergoodman et al., 1987) may explain the absence of residues and 

metabolites in livers.  

 It is to be noted that Fig. 2 shows that chickens exposed to zeralenone are not differentiated 

from control chickens, suggesting that no significant differences in liver volatolomic VOC 

signatures in response to dietary chicken exposure to zearalenone. In the present study, the 

zearalenone dose was at a realistic concentration (< 0.5 mg.kg-1 of feed) (Danicke et al., 2002), 

which was probably too low to generate changes in the liver volatolomic response.  
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It has been shown that zearalenone induced ROS formation and loss of mitochondrial 

membrane potential occurs in a dose dependent manner (Venkataramana et al., 2014).  

4.2. Candidate markers to reveal micropollutant exposure 

A list of promising VOC markers were identified for chicken exposure to cadmium, PCB low 

level, PCB high level, monensin, ampicillin, deltamethrin, lindane and fumonisins (section 

3.2). The candidate VOC markers belong to several distinct chemical families: hydrocarbons, 

alcohols, ketones, carboxylic acids, furans, sulfur compounds and aromatic compounds. The 

result shows that butane was upregulated in the livers of chickens exposed to lindane. 

 Hakim et al. (2012) (Hakim et al., 2012) explained in their review that the main mechanism 

which affects the emission of hydrocarbons in the body is oxidative stress. These authors 

explained that alkanes are mainly produced by the peroxidation of polyunsaturated fatty acids 

(PUFA), which are most often affected because they contain multiple double bonds between 

which are methylene (CH2) groups with especially reactive hydrogens. Moreover, the 

activation of some detoxifying enzymes, like cytochrome p450, in the liver induces the 

hydroxylation of some hydrocarbons to primary and secondary alcohols. In fact, the results of 

the present study reveal many alcohols (1-propanol, 2-propanol, 2-butanol, 3-penten-2-ol, 4-

hexen-1-ol, 2,5-dimethyl-1,5-hexadien-3-ol and 5-methyl-3-heptanol) as markers of cadmium, 

PCB low, PCB high, monensin,  deltamethrin, lindane and fumonisins exposed groups.  

A similar downregulation of 2-propanol is observed in the livers of chickens exposed to PCB 

low, PCB high, monensin and fumonisins. Also, the abundances of 2-butanol and 2,5-

dimethyl-1,5-hexadien-3-ol decreased in the livers of the monensin and the cadmium groups, 

respectively. Furthermore, 3-penten-2-ol, 5-methyl-3-heptanol, and 1-propanol were 

downregulated in the livers of the deltamethrin, lindane, and fumonisins group, respectively.  

On the other hand, 4-hexen-1-ol increased in the livers of the deltamethrin group but 

decreased in the liver of monensin group, compared to control livers. The decrease in the 

abundances of alcohols in response to chicken exposure may be explained by the activation of 

alcohol dehydrogenase which is a member of a general class of enzymes called 

oxidoreductases (ADH) that catalyze the oxidation of alcohols to form ketones and aldehydes 

in the liver through the reduction of nicotinamide adenine dinucleotide (NAD+ to NADH) 

(Hakim et al., 2012).  
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Regarding ketones, 1-penten-3-one was similarly downregulated in the livers of the cadmium, 

PCB high, lindane and ampicillin groups. The production of 3-ethylcyclopentanone was also 

downregulated in the livers of the PCB low and lindane groups.  

In addition, the results emphasize the decrease in 2-butanone in the livers of the PCB high 

group, while 2,2,6-trimethylcyclohexanone and 3,5,5-trimethyl-2 cyclohexen-1-one were 

downregulated in the livers of the PCB low group. In the same way, Filipiak et al. (2010) 

(Filipiak et al., 2010) reported that 3-penten-2-one and 2-butanone were taken up (consumed 

or degraded) by cancer cells. However, we noted the upregulation of 3-hepten-2-one and 6-

methyl-2-heptanone in the livers of ampicillin exposed group, compared to control group 

(Table 5). Previously, Hakim et al. (2012) (Hakim et al., 2012) explained that pathologies and 

exposure to toxicants modified the metabolism of proteins and resulted in an increase in the 

production of ketones.  

For aldehydes, nonanal was found to be exclusively released in the livers of the deltamethrin 

group. In fact, C5�±C10 aldehydes are within acceptably low levels in ambient air and are not 

known to be generated by any normal metabolic pathway (Fuchs et al., 2010). Moreover, 

Hakim et al. (2012) (Hakim et al., 2012) reported changes in aldehyde dehydrogenase (ALDH) 

activity which is responsible for the oxidation of aldehydes into carboxylic acids in the liver 

and could be a functional marker for tumor growth. Regarding carboxylic acids, propionic 

acid was found to be upregulated in the liver of the cadmium and fumonisins exposed 

chickens, but it was downregulated in the livers of the monensin group.  

Similarly, two furans were identified: 2-pentyl-furan and dihydro-5-ethyl-2(3H)-furanone. 

The abundance of 2-pentyl-furan decreased in the liver of the PCB low group. However, the 

abundance of dihydro-5-ethyl-2(3H)-furanone showed the opposite trend, so that it increased 

in the livers of chickens exposed to cadmium, PCB low, deltamethrin, lindane and fumonisins. 

This compound is considered as an exogenous pollutant which might, activate the mechanical, 

cellular, and enzymatic defense mechanisms to eliminate this hazardous compound. Thus, it 

could be used as a marker for following chicken exposure to these micropollutants.  

Interestingly, the results showed a decrease of carbon disulfide in the livers of the 

deltamethrin-exposed group and a decrease of dimethylsulfide in the livers of fumonisins 

group compared to control group. Otherwise, the abundance of dimethylsulfoxide was 

downregulated in the livers of PCB high groups.  

 



Chapitre III. Recherche de marqueurs volatils dans le foie  
 

151 
 

In line with these result, Silva et al. (2012) (Silva et al., 2012) found that volatile sulphur-

containing metabolites such as dimethylsulfide are generated in humans by the incomplete 

metabolism of methionine in the transamination pathway, and they were dramatically 

downregulated as a consequence of cancer growth. 

Finally, the present study found four aromatic compounds to be affected:  �.-methylstyrene, �.-

methyl-benzenemethanol, butyrolactone and toluene. The abundance of �.-methylstyrene 

decreased markedly in the livers of chickens exposed to cadmium, PCB low and PCB high, 

lindane, deltamethrin, and ampicillin. Furthermore, �.-methyl-benzenemethanol decreased in 

the monensin exposed chickens, butyrolactone decreased in the cadmium and ampicillin 

exposed groups, and toluene decreased in fumonisins exposed group.  

Usually, aromatic compounds are reported as exogenous molecules of reactive nature of great 

interest which can leak into the cytoplasm, attacking organs or organelles in the body and 

causing peroxidative damage to proteins, PUFA, and DNA (Hakim et al., 2012).  

5. Conclusions 

The aim of the present study was to investigate liver volatolomic signatures to identify 

volatile markers of animal exposure to a wide range of micropollutants. Based on previous 

methodological developments, liver VOCs were extracted using a new SPME set-up (Bouhlel 

et al., 2017) and the volatolomic data treatment was performed using a recently-developed 

unsupervised chemometric method named Common Components Analysis (Bouhlel et al. 

2017). The results revealed changes in liver volatolome in response to exposure of chickens to 

a heavy metal (cadmium), environmental micropollutants at low and high doses, two 

veterinary drugs (monensin and ampicillin), two pesticides (deltamethrin and lindane) and a 

mycotoxin (fumonisins). The identified VOC markers belong to distinct chemical families, 

including hydrocarbons, alcohols, aldehydes, ketones, carboxylic acids, furans, sulphur 

compounds and aromatic compounds. Some of the candidate VOC markers were of 

endogenous origin, generated in the chicken body during normal metabolic processes or 

produced by the activation of the volatolomic response due to exposure to the micropollutants. 

Others markers were of exogenous origin and the cause of their variation between control and 

contaminant groups will need to be clarified. The volatolomic signatures are shown to be a 

useful tool to reveal VOC markers of animal exposure to different chemical micropollutant 

families and this volatolomic approach could also be applied to other non-invasive biological 

media, such as plasma, in order to assure a less invasive sampling methods.   
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Table S1. List of the volatile compounds extracted by SPME in control and contaminated 
chicken livers.  
 
Compound Specific ion 

(m/z) 
Retention index Retention time 

(min) 
 

Butane 58 427 5.17 
Ethanol 45 442 5.74 
Acetone 58 459 6.40 
2-Propanol  45 463 6.51 
Pentane  72 467 6.68 
Dimethylsulfide 62 479 7.16 
Carbon disulphide 76 497 7.82 
Acetic acid 60 519 8.81 
1-Propanol 59 504 8.25 
2-Butanone 72 541 9.70 
2-Butanol 45 548 9.90 
2-Methylfuran 82 551 10.10 
3-Penten-2-ol 71 562 10.50 
2-Methyl-1-propanol 33 578 11.09 
1-1-1-Trichloroethane 97 607 12.15 
1-Butanol 56 620 12.94 
Benzene 78 622 13.15 
Propionic acid  74 631 13.70 
1-Pentan-3-ol 57 640 14.01 
1-Penten-3-one 86 643 14.44 
Heptane 100 657 15.10 
3-Methyhexane 57 658 15.50 
3-Methylbutan-1-ol 54 694 17.24 
1-Methyl-1-H-pyrrole 81 698 17.50 
1-Pentanol 55 724 19.18 
Toluene 91 729 19.75 
2-Methyl-1-penten-3-ol 71 731 19.70 
Pentanenitrile 54 732 19.72 
3-Hepten-2-one  55 746 20.60 
Hexanal 56 758 21.40 
Dimethylsulfoxide 63 787 23.45 
2,5-Dimethyl-1,5-hexadien-3-ol 71 805 24.50 
4-Hexen-1-ol 67 810 24.98 
1-Hexanol 69 823 25.50 
4-Heptanone 71 828 26.07 
o-Xylene 106 832 26.22 
Methoxy-phenyl-oxime 133 837 26.64 
2-Heptanone 58 845 27.12 
1-Hepten-4-ol 55 847 27.24 
p-Xylene 45 855 27.80 
Dimethylsulfone  79 863 28.23 
p-Xylene 45 855 27.80 
Dimethylsulfone  79 863 28.23 
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Compound Specific ion 
(m/z) 

Retention index Retention time 
(min) 

Butyrolactone  42 865 28.40 
Benzene-methoxy 108 878 29.31 

Dihydro-3-methyl-2(3H)-furanone  56 906 31.00 
6-Methyl-2-heptanone  95 907 31.13 
Hexanoic acid 60 915 31.575 
3-Ethylcyclopentanone  83 916 31.72 
2,6-Dimethyl-1,7-octadiene-3,6-diol 67 918 31.90 
Benzaldehyde 77 923 32.22 
Phenol 94 928 32.44 
1-Octen-3-one  70 931 32.70 
1-Octen-3-ol 57 932 32.78 
alpha-Methylstyrene 118 940 33.27 
2-PentylFuran 81 946 33.54 
5-Methyl-3-heptanol 59 950 33.75 
144-Trimethylcyclopentanone 93 959 34.37 
2-Methyl-2-Hepten-4-one 83 960 34.41 
3-Nonene 126 963 34.72 
2-Ethyl-1-hexanol 57 979 35.57 
4-Ethylcyclohexanone 67 990 36.28 
2,2,6-Trimethylcyclohexanone 55 992 36.42 
3,5,5-Trimethyl-2-Cyclohexen-1-one 82 996 36.67 
Dihydro-5-Ethyl-2(3H)-Furanone 85 1006 37.25 
Methyl-amino-3-Cyclohexyl 71 1009 37.60 
Methylbenzenemethanol  121 1084 39.20 
Nonanal 57 1055 39.99 
1,3,3-Trimethyl-2-vinyl-1-cyclohexene 79 1065 40.69 
(4E,6E)-4,6-Nonadien-8-yn-3-ol 77 1087 41.83 
1,3-Dimethylcyclohexanol  95 1103 42.96 
5-Methyl-2-(1-methylethyl)-
cyclohexanol 

71 1105 43.00 

2-Phenoxyethanol 94 1172 46.49 
1,3,4-Trimethyl-3-cyclohexene-1-
carboxaldehyde 

67 1204 46.92 

2,4-Dimethylcyclohexanol 95 1197 47.79 
1-(1-ethoxyethoxy)-Octane 71 1304 53.12 
5,6,7,7a-Tetrahydro-4,4,7a-trimethyl-, 
(R)-(4H)-benzofuranone, 

67 1493 61.74 

 
 

 

 

 

 

 

 

 


























































































































