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2Q� �VW� -DQXDU\� ������ &KLQD� IRUPDOO\� QRWL¿HG� WKH�
:+2�RI�DQ�RXWEUHDN�RI�³P\VWHULRXV´�YLUXV�EDVHG�SQHX�
PRQLD� LQ�:XKDQ��7KH�RXWEUHDN�RI�ZKDW� LV�QRZ�FDOOHG�
WKH�&29,'����HSLGHPLF�ZDV�VXEVHTXHQWO\�WUDFHG�EDFN�
WR� HDUO\� 2FWREHU� ����� �1VRHVLH� HW� DO��� ������� 6LQFH�
WKHQ�� WKH� YLUXV� KDV� VSUHDG� DURXQG� WKH� ZRUOG�� XQOH�
DVKLQJ� WKH�ZRUVW� SXEOLF�KHDOWK� FULVLV� LQ� D� FHQWXU\��8S�
WR�QRZ�PRUH�WKDW����PLOOLRQ�SHRSOH�KDYH�EHHQ�LQIHFWHG�
DQG���������KDYH�GLHG��7KH�SDQGHPLF�KDV�SURPSWHG�D�
VFLHQWL¿F� ³UDFH´� �PRUH� WKDQ� ������� VFLHQWL¿F� SDSHUV��
WR�XQGHUVWDQG�WKH�ELRORJ\�RI�WKH�FDXVDWLYH�DJHQW�RI�WKH�
&29,'����ÀX�SQHXPRQLD��L�H��6$56�&R9����DQG�WR�¿QG�
UHOLDEOH�WUHDWPHQWV�IRU�LW�

'HVSLWH�WKH�KXJH�H̆RUW�GHSOR\HG�LQ�WKLV�SHULRG��PDQ\�
TXHVWLRQV�DQG�SX]]OHV�KDYH�QRW� \HW�EHHQ� VDWLVIDFWRULO\�
DQVZHUHG��+HUH�ZH�RXWOLQH�VRPH�RI�WKHP�

���$OWKRXJK�PLFURELRORJLVWV�DQG�KHDOWK�ṘFLDOV�KDG�
ORQJ�ZDUQHG�RI�WKH�SDQGHPLF�SRWHQWLDO�RI�FHUWDLQ�FRUR�
QDYLUXVHV� FDUULHG� E\� EDWV� �DQG� RWKHU� DQLPDOV�� LQ�&KL�
QD��ZKHQ� WKH� YLUXV� VXGGHQO\� EHJDQ� WR� DSSHDU� DOO� RYHU�
WKH�ZRUOG��LW�FDXJKW�HYHU\RQH�XQSUHSDUHG��+RZ�GLG�WKLV�
KDSSHQ"�+RZ��DQG�ZK\��ZDV�WKH�OHVVRQ�IURP�SUHYLRXV�
SDQGHPLFV�IRUJRWWHQ��.OHLQPDQ�DQG�:DWVRQ�������"

��� &RPSXWDWLRQDO� PRGHOV�� FHOO� VWXGLHV� DQG� DQLPDO�
H[SHULPHQWV� DUH�EHLQJ�XVHG� WR�SLQSRLQW� WKH� YLUDO� KRVW�
WKDW�NLFNHG�R̆�WKH�SDQGHPLF��$FFRUGLQJ�WR�1DWXUH�PD�
JD]LQH�� ³7KHUH� LV� VWURQJ� HYLGHQFH� WKDW� WKH� YLUXV� RULJL�
QDWHG�LQ�EDWV��7KH�ELJJHVW�P\VWHU\�UHPDLQV�KRZ�LW�JRW�
IURP�EDWV�WR�SHRSOH��5HVHDUFKHUV�RYHUZKHOPLQJO\�WKLQN�
WKDW�LW�LV�D�ZLOG�YLUXV��ZKLFK�SUREDEO\�SDVVHG�WR�SHRSOH�

WKURXJK�DQ�LQWHUPHGLDWH�VSHFLHV��%XW�QR�RQH�KDV�IRXQG�
WKH�YLUXV�LQ�WKH�ZLOG�\HW��VR�RWKHU�H[SODQDWLRQV�FDQQRW�
EH�UXOHG�RXW�HQWLUHO\´��0DOODSDW\������D���7KLV�LV�D�FUL�
WLFDO�TXHVWLRQ��,Q�WKH�DEVHQFH�RI�HYLGHQFH�WR�H[SODLQ�WKH�
K\SRWKHWLFDO�VSLOORYHU��RWKHU�H[SODQDWLRQV��LQFOXGLQJ�DF�
FLGHQWDO�UHOHDVH�RI�WKH�YLUXV�IURP�WKH�:XKDQ�ODE��PXVW�
EH�FRQVLGHUHG��,QGHHG��D�]RRQRWLF�VSLOORYHU�VKRXOG�QRW�
EH� JLYHQ� XQGXH� FUHGLW�� EHFDXVH� WKH� HSLGHPLF� FXUYH� LV�
FRQVLVWHQW�ZLWK�VXEVWDQWLDO�KXPDQ�WR�KXPDQ�WUDQVPLV�
VLRQ��1LVKLXUD�HW�DO����������2EYLRXVO\��WKLV�SRVVLELOLW\�
UDLVHV�D�QXPEHU�RI�HPEDUUDVVLQJ�FRQFHUQV�

���)XUWKHUPRUH��DPELJXLW\�VXUURXQGV�&KLQHVH�DFWL�
YLWLHV�LQ�WKH�¿HOG�RI�WUDQVJHQHVLV�DQG�HQJLQHHULQJ�RI�PL�
FURRUJDQLVPV��:H�VWLOO�GR�QRW�NQRZ�ZKHQ�WKH�HSLGHPLF�
DFWXDOO\�EURNH�RXW��KRZ�PDQ\�GHDWKV�LW�KDV�FDXVHG�DQG�
ZKHUH�WKH�YLUXV�RULJLQDWHG��&KLQHVH�UHVHDUFK�LQ�WUDQVJH�
QHVLV�DQG�PROHFXODU�ELRORJ\�KDV�ORQJ�EHHQ�WKH�IRFXV�RI�
DWWHQWLRQ� IRU� LWV� HWKLFDO� DQG� VDIHW\� LPSOLFDWLRQV�� 2YHU�
WKH�\HDUV��&KLQHVH�UHVHDUFKHUV�KDYH�VKRZQ�D�UDWKHU�VX�
SHUFLOLRXV�DWWLWXGH�WR�VDIHW\�UXOHV�DQG�HWKLFDO�SULQFLSOHV��
VRPHWLPHV�LQFXUULQJ�FULWLFLVP�DQG�FULPLQDO�FRQYLFWLRQV��
DV�LQ�WKH�FDVH�RI�'U�+H��1RUPLOH��������

��� +RZ� GHDGO\� LV� &29,'���"� 'HDWK� UDWHV� YDU\� IRU�
WZR�PDLQ� UHDVRQV�� ��� GL̆HUHQFHV� LQ� WHVWLQJ� UHOLDELOLW\�
EHWZHHQ�FRXQWULHV�DQG�WKH�OLPLWHG�QXPEHU�RI�WHVWV�SHU�
IRUPHG��ZKLFK�XOWLPDWHO\�OHDG�WR�XQGHUHVWLPDWLRQ�RI�WKH�
WUXH�LQFLGHQFH��IRU�LQVWDQFH��XQWLO�UHFHQWO\�&KLQHVH�Ṙ�
FLDO�UHSRUWV�GLG�QRW� LQFOXGH�QXPEHUV�RI�DV\PSWRPDWLF�
SDWLHQWV���DQG����XQFHUWDLQW\�UHJDUGLQJ� WKH� WUXH�FDXVH�
RI� GHDWK��%HFDXVH� DXWRSVLHV� KDYH� EHHQ� OLPLWHG� RU� IRU�
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ELGGHQ�LQ�PDQ\�FRXQWULHV��DV�LQ�,WDO\�XQWLO�0D\��������
D�SRVLWLYH�&29,'����WHVW�KDV�EHHQ�GHHPHG�³VẊFLHQW´�
WR�H[SODLQ�FOLQLFDO�RXWFRPH��RWKHU�SURPLQHQW�FRPRUEL�
GLWLHV�KDYH�EHHQ�GLVFDUGHG�DV�FDXVHV�RI�GHDWK��,W�LV�OLNHO\�
WKDW�D�UHOLDEOH�JOREDO�GHDWK�UDWH�ZLOO�QRW�EH�HVWDEOLVKHG�
XQWLO�WKH�HQG�RI�WKH�SDQGHPLF��+RZHYHU��D�UHDSSUDLVDO�RI�
WUXH�LQFLGHQFH�UDWHV�DQG�FULWLFDO�UH�H[DPLQDWLRQ�RI�FRQ�
FRPLWDQW�SDWKRORJLHV�KDV�HQDEOHG�VFLHQWLVWV�WR�HVWLPDWH�
WKDW�WKH�LQIHFWLRQ�IDWDOLW\�UDWH�PD\�EH�VLJQL¿FDQWO\�OHVV�
WKDQ�WKDW�XVXDOO\�UHSRUWHG�E\�WKH�PHGLD��SUREDEO\�DYH�
UDJLQJ�DURXQG�����SHUFHQW��GH�-HVXV���������,QGHHG��D�
UHFHQW�FRPPHQWDU\�LQ�1DWXUH�VXJJHVWV�WKDW�³D�JURZLQJ�
QXPEHU�RI�VWXGLHV�IURP�GL̆HUHQW�UHJLRQV�KDYH�HVWLPD�
WHG� ,)5V� �LQIHFWLRQ� IDWDOLW\� UDWHV�� LQ� WKH�UDQJH�RI����±
��´��0DOODSDW\������E��

���+DV�PDQDJHPHQW�RI�WKH�HSLGHPLF��SROLWLFDO��QRQ�
SKDUPDFRORJLFDO�PHDVXUHV� �L�H�� TXDUDQWLQH��� LQFOXGLQJ�
PDVV�PHGLD�FRPPXQLFDWLRQ��EHHQ�DGHTXDWH"�$QVZHUV�
WR�WKLV�TXHVWLRQ�ZLOO�XQOHDVK�D�VWRUP�RI�FRQWURYHUV\��6SH�
FL¿FDOO\��WKH�XWLOLW\�RI�WKH�ORFNGRZQ�KDV�EHHQ�TXHVWLRQHG�
DQG�LV�VWLOO�GHEDWHG��0HOQLFN�DQG�,RDQQLGLV���������PR�
VWO\�EHFDXVH�VHYHUDO�FRXQWULHV��-DSDQ��6ZHGHQ��LQ�ZKLFK�
VXFK�PHDVXUHV�ZHUH�QRW�DGRSWHG��RU�DGRSWHG�LQ�D�³PLOG´�
YHUVLRQ��DV�LQ�'HQPDUN��GLG�QRW�VKRZ�VLJQL¿FDQW�LQFUH�
DVHV�LQ�LQFLGHQFH�RU�IDWDOLW\�UDWHV�IURP�&29,'�����)XU�
WKHUPRUH��EHVLGHV�JHQHUDWLQJ�SROLWLFDO�FRQWURYHUV\��LW�LV�
TXHVWLRQDEOH�ZKHWKHU�FLWL]HQV�EHQH¿WHG�IURP�LQIRUPD�
WLRQ�GHOLYHUHG�E\�³DFFUHGLWHG�H[SHUWV´��ZKR�RIWHQ�DLUHG�
GLVSDUDWH� DQG� GLVSXWDEOH� RSLQLRQV� LQVWHDG� RI� PDNLQJ�
ZLVH�UHFRPPHQGDWLRQV��7KH�VDG�UHVXOW�ZDV�WKDW�SHRSOH�
ORVW�WUXVW�LQ�VFLHQFH��

���$Q�LQWULJXLQJ�IHDWXUH�RI�&29,'����LV�WKH�SDXFLW\�
RI�V\PSWRPV�LQ�WKH�YDVW�PDMRULW\�RI�SDWLHQWV����������
ZLWK� OHVV� WKDQ� ���� UHTXLULQJ� KRVSLWDO� DGPLVVLRQ�� $F�
FRUGLQJ�WR�GL̆HUHQW�UHSRUWV��RQO\�����WR�����RI�LQIHFWHG�
SDWLHQWV�GHYHORS�VHYHUH�DFXWH�UHVSLUDWRU\�GLVWUHVV�V\Q�
GURPH��$5'6��DQG�UHTXLUH�LQWHQVLYH�FDUH��*UDVVHOOL�HW�
DO����������+RZ�FDQ�WKLV�GDWD�EH�H[SODLQHG"�$WWHPSWV�WR�
FRUUHODWH�VXFK�¿QGLQJV�ZLWK�6$56�&R9���PXWDWLRQV�RU�
GL̆HUHQW�JHQHWLF�SUR¿OHV�RI�SDWLHQWV�KDYH�IDLOHG��3DUHQV�
�������$�SODXVLEOH�H[SODQDWLRQ�PD\�EH�IRXQG�E\�ORRNLQJ�
DW�&29,'����IURP�DQ�³RUJDQLVP´�YLHZSRLQW��$W�WKLV�OH�
YHO��WKH�FRPSOH[�LQWHUDFWLRQV�WDNLQJ�SODFH�GXULQJ�WKH�LQ�
IHFWLRQ�FDQ�EH�GHFLSKHUHG��,QGHHG��SHRSOH�G\LQJ�RI�&2�
9,'����DUH�PRVWO\�FRQFHQWUDWHG�LQ�WKH�YHU\�HOGHUO\�DJH�
JURXS��!���\HDUV���DQG�DOUHDG\�KDYH�RWKHU�VHULRXV�GLVH�
DVHV� �LQFOXGLQJ� FDUGLRYDVFXODU� GLVHDVHV�� K\SHUWHQVLRQ��

UHQDO�IDLOXUH�DQG�FDQFHU���,Q�WKHVH�SDWLHQWV��&29,'����
WULJJHUV�DQ�DXWRLPPXQH�OLNH�UHVSRQVH��LQYROYLQJ�D�KXJH�
LQÀDPPDWRU\�UHDFWLRQ�ZLWK�YHQRXV�DQG�DUWHULDO�WKURP�
ERHPEROLF� FRPSOLFDWLRQV�� ZKLFK� XOWLPDWHO\� XQOHDVK�
D� FDVFDGH� RI� HYHQWV�� LQFOXGLQJ� WKH� VR�FDOOHG� F\WRNLQH�
VWRUP� WKDW� OHDGV� WR�$5'6� �&HFFRQL� HW� DO��� ������� ,Q�D�
QXWVKHOO�� SHRSOH� DGPLWWHG�ZLWK� VHYHUH�&29,'���� OXQJ�
FRPSOLFDWLRQV� GLH� IURP� D� ZURQJ�GLPLQLVKHG�LQVẊ�
FLHQW�³RUJDQLVP´�UHVSRQVH��

7KHVH�DUH� WKH�UHDVRQV�ZK\�25*$1,606�LV� WDNLQJ�
D�VSHFLDO�LQWHUHVW�LQ�WKH�&29,'����SDQGHPLF��$V�SUH�
YLRXVO\�VWUHVVHG�E\�PDQ\�FRQWULEXWRUV�WR�WKLV�MRXUQDO��
GLVHDVH� FDQQRW� EH� ³UHGXFHG´� DQG� ³H[SODLQHG´� E\� IR�
FXVLQJ� VROHO\� RQ� WKH� ³PDLQ� FDXVDWLYH� IDFWRU´�� 6$56�
&R9��� LQIHFWLRQ� DORQH� FDQQRW� SURYLGH� D� VDWLVIDFWRU\�
FRPSUHKHQVLYH� DQVZHU�� 6XFK� DQ� DQVZHU� LV� SURYLGHG�
E\�FRQVLGHULQJ�WKH�RUJDQLVP�DV�D�ZKROH�ZLWK�LWV�GL̆H�
UHQW�OHYHOV�RI�LQWHUDFWLRQ�ZLWK�WKH�VXUURXQGLQJ�PLOLHX��
+HUH�ZH�DUH�KRVWLQJ�D�¿UVW�VSHFLDO�LVVXH�RQ�&29,'�����
$� VHFRQG� RQH� ZLOO� EH� SXEOLVKHG� LQ� 'HFHPEHU� ������
VXEPLVVLRQV� ZLWK� DOWHUQDWLYH� YLHZV� RI� &29,'���� DUH�
ZHOFRPHG��7KH�(GLWRULDO�%RDUG�KRSHV�WKDW�WKLV�FROOHF�
WLYH�H̆RUW�ZLOO�FRQWULEXWH�WR�D�PRUH�LQFOXVLYH�DSSUDLVDO�
RI�WKLV�FKDOOHQJLQJ�GLVHDVH��
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0DOODSDW\� 6�� ����E�� +RZ� GHDGO\� LV� WKH� FRURQDYLUXV"�
6FLHQWLVWV�DUH�FORVH�WR�DQ�DQVZHU��1DWXUH�����������
����

0HOQLFN� 5�� DQG� ,RDQQLGLV� -3$�� ������ 6KRXOG� JR�
YHUQPHQWV�FRQWLQXH�ORFNGRZQ�WR�VORZ�WKH�VSUHDG�RI�
FRYLG���"�%0-������P�����GRL����������EPM�P����

1LVKLXUD� +��� /LQWRQ� 10�� $NKPHW]KDQRY� $5�� ������
,QLWLDO� FOXVWHU� RI� QRYHO� FRURQDYLUXV� ������Q&R9��
LQIHFWLRQV� LQ�:XKDQ��&KLQD� LV�FRQVLVWHQW�ZLWK�VXE�
VWDQWLDO�KXPDQ�WR�KXPDQ�WUDQVPLVVLRQ��-�&OLQ�0HG��
����������GRL����������MFP��������

1RUPLOH�'�� ������&KLQHVH� VFLHQWLVW�ZKR�SURGXFHG� JH�
QHWLFDOO\� DOWHUHG� EDELHV� VHQWHQFHG� WR� �� \HDUV� LQ�
MDLO�� 6FLHQFH0DJ�� KWWSV���ZZZ�VFLHQFHPDJ�RUJ�
QHZV���������FKLQHVH�VFLHQWLVW�ZKR�SURGXFHG�JH�
QHWLFDOO\�DOWHUHG�EDELHV�VHQWHQFHG���\HDUV�MDLO

1VRHVLH�(2��5DGHU�%��%DUQRRQ�</��*RRGZLQ�/��%URZQ�
VWHLQ�-6��$QDO\VLV�RI�KRVSLWDO�WUḊF�DQG�VHDUFK�HQJLQH�
GDWD�LQ�:XKDQ�&KLQD�LQGLFDWHV�HDUO\�GLVHDVH�DFWLYLW\�
LQ�WKH�)DOO�RI�������'DVK�+DUYDUG�HGX��������KWWS���
QUV�KDUYDUG�HGX�XUQ���+8/�,QVW5HSRV���������

3DUHQV�(��������7KH� LQÀDWHG�SURPLVH�RI�JHQRPLF�PH�
GLFLQH�� 6FLHQWL¿F� $PHULFDQ�� KWWSV���EORJV�VFLHQWL¿�
FDPHULFDQ�FRP�REVHUYDWLRQV�WKH�LQÀDWHG�SURPLVH�
RI�JHQRPLF�PHGLFLQH���$FFHVVHG���-XO\������
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In December 2019, a new pathogen enveloped RNA 
EHWD�FRURQDYLUXV�KDV�EHHQ�LGHQWL¿HG�DQG�QDPHG�VHYH-
re acute respiratory syndrome coronavirus 2 (SARS-
CoV-2), which causes severe pulmonary disease in about 
14% of infected people (Lu 2020; Wu 2020). On March 
2020, the World Health Organization (WHO) has cha-
racterized coronavirus infection disease-19 (COVID-19) 
as a public health emergency of international concern 
DQG�GH¿QHG�LW�D�SDQGHPLF��:+2���������,Q�,WDO\�� WKH�
most involved regions by COVID-19 are Lombardy, 
Emilia Romagna and Veneto. The city of Piacenza (Emi-
lia Romagna Region) is very near to the epicenter of the 
outbreak of COVID-19, and the catastrophic nature of 
Lombardy’s outbreak has been widely publicized (Ber-
rardi 2020; Horowitz 2020).

In the District of Piacenza, a week later 21 February 
2020, the Emergency Department of the Piacenza Ho-
spital was overcrowded with COVID-19 infected people, 
already in serious condition. Noninvasive ventilation 
was attempted in the majority of these patients, but the 
UDSLGLW\�RI�OXQJ�GHWHULRUDWLRQ�LQ�PRVW�VHYHUHO\�D̆HFWHG�
patients was quickly worsening.

1R� YDFFLQH� RU� VSHFL¿F� DQWLYLUDO� WUHDWPHQW� IRU� &2-
9,'���� KDV� \HW� EHHQ� GHPRQVWUDWHG� WR� EH� H̆HFWLYH� LQ�
phase III randomized clinical trials, however hydroxy-

chloroquine with or without antiviral treatment has 
been incorporated in national guidelines to treat CO-
VID-19 (SIMIT 2020; Geleris 2020).

Hydroxychloroquine (HCQ) and Chloroquine (CQ) 
are antimalarial drugs and their role in the treatment of 
&29,'����LV�QRW�ZHOO�GH¿QHG��JLYHQ�WKDW�WKH\��SULQFLSDO-
O\��GHSOR\�DQWLPLFURELDO�DQG�DQWL�SDUDVLWLF�H̆HFWV��)XU-
WKHUPRUH�� WKHVH� GUXJV� KDYH� EHHQ� SURYHQ� EHQH¿FLDO� LQ�
treating rheumatological and immunological diseases, 
because of the modulation they exert on immunity and 
SURLQÀDPPDWRU\�F\WRNLQHV��<X��������+RZHYHU��D�FD-
refully monitoring is required when using chloroquine-
based drugs, as these drugs can cause QT prolongation 
and might put patients at increased risk of torsade de 
pointes and sudden cardiac death (Geleris 2020).

We report the preliminary results on safety of the 
¿UVW����SDWLHQWV�ZLWK�&29,'�����WUHDWHG�DW�WKH�$]LHQGD�
Sanitaria of Piacenza (Northern Italy) with HCQ.

The treatment was based on a loading dose of 800 
PJ�RI�K\GUR[\FKORURTXLQH�IRU�WKH�¿UVW�GD\��IROORZHG�E\�
200 mg twice daily for six more days.

In this series no arrhythmia was registered. It must 
be emphasized, however, that ECG was not performed 
as a daily monitoring program, but only when clini cally 
UHTXLUHG��7KH�PHGLDQ�DJH�RI�RXU�SDWLHQWV�ZDV����\HDUV�
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(range 18-83), while other clinical demographic cha-
racteristic, and outcome are reported in Table 1.

In this series of patients no deaths were registered 
after two months from the treatment. The majority of 
these patients improved after some days from the be-
ginning of the treatment, thought several cases showed 
severe type of COVID-19 pneumonia.

In our experience, treatment with HCQ for patients 
ZLWK�&29,'����DW�WKH�ORDGLQJ�GRVH�RI�����PJ�IRU�¿UVW�
day followed by 200 mg twice times daily for six more 
GD\V�VKRZHG�WR�EH�VDIH�DQG�EHQH¿FLDO��:H�EHOLHYH�WKDW�
this shorten regimens used to treat COVID-19 may be 
VXLWDEO\�DGRSWHG��JLYHQ� WKH�UHGXFHG�UDWH�RI� VLJQL¿FDQW�
VLGH�H̆HFWV��7DEOH�����,Q�DGGLWLRQ�WR�WKH�DIRUHPHQWLRQHG�
cluster of Covid-19 patients, we have already reported 
GDWD� RQ� ��� DGGLWLRQDO� FDQFHU� SDWLHQWV� VX̆HULQJ� IURP�
COVID-19 infection. Treatment with HCQ of this group 
RI�KLJK�ULVN�SDWLHQWV�GLG�QRW�HQWDLO�DQ\�VLJQL¿FDQW�EXU-
GHQ�RI�VLGH�H̆HFWV��6WURSSD���������$�IXUWKHU�REVHUYD-
WLRQDO�VWXG\�RQ�DGGLWLRQDO����FDQFHU�SDWLHQW�D̆HFWHG�E\�
&29,'�����VKRZHG�QR�VLJQL¿FDQW�VLGH�H̆HFWV��&DYDQQD��
submitted 2020).

Conclusively, Chloroquine and hydroxychloroqui-
ne are old drugs and have been widely used in the tre-
atment of rheumatic disease and malaria.  The current 
COVID-19 pandemic poses an urgent need to identify 
H̆HFWLYH� WUHDWPHQWV�� ,W� LV� ZRUWK� RI� QRWLQJ� WKDW� UHSXU-
SRVLQJ�RI�ROG��R̆�ODEHO�GUXJV��KDV�JDLQLQJ�PRPHQWXP��
providing new exciting insights in pharmacology. Accor-
dingly, HCQ has been “rediscovered” as a useful remedy 
in managing Covid-19 patients, thus becoming common 

practice among physicians (Rodriguez-Martinez 2020). 
Up to now, HCQ has been used in many thousands of 
patients with COVID-19 around the world (Geleris 
2020). However, though this drug is inexpensive and 
readily available, a number of scientists and physicians 
are seriously concerned by the hypothetical burden of 
VLGH�H̆HFWV��XVXDOO\�PRUH�³SHUFHLYHG´�WKDQ�DFWXDOO\�SUR-
ven. Namely, the occurrence of cardiac negative events, 
including the association of QT prolongation and torsa-
de de pointes (ToP) - especially in patients with heart, 
hepatic or renal disease – has raised fear and suspicion. 
However, very recently M. Saleh (Saleh 2020) repor-
WHG� WKDW� H̆HFWV� RI� &KORURTXLQH�� +\GUR[\FKORURTXLQH�
and Azithromycin on the Corrected QT Interval in Pa-
tients with SARS-CoV-2 Infection are very limited. Two 
hundred-one patients have been treated for COVID-19 
with chloroquine/hydroxychloroquine, with only seven 
patients (3.5%) requiring discontinuation of treatment 
due to QTc prolongation. Moreover, no arrhythmogenic 
deaths related HCQ treatment have been reported (Sa-
leh 2020).

We are currently performing a retrospective study 
on additional several hundreds of COVID-19 infected 
patients followed and treated at home or admitted to 
the hospitals of the district of Piacenza (North Italy) 
and treated with HCQ. Preliminary data – at a glance –
DUH�XQDEOH�LQ�HYLGHQFLQJ�FOLQLFDO�VLJQL¿FDQW�VLGH�H̆HFWV��
as well as treatment-related deaths. We believe that 
+&4�FDQ�EH�DQ�H̆HFWLYH�UHSXUSRVHG��³ZHDSRQ´�DJDLQVW�
COVID-19, with acceptable toxicity when administered 
according to our proposed model.

Table 1:�&OLQLFDO�'HPRJUDSKLF�FKDUDFWHULVWLFV�DQG�RXWFRPH�RI�WKH����
COVID-19 patients treated with HCQ. 

Table 2:�$GYHUVH�(YHQWV� RI� WKH����&29,'����SDWLHQWV� WUHDWHG�
with HCQ.
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Introduction

Almost 45% of the human genome is comprised in 
transposable elements, including endogenous retrovi-
ruses (ERVs). (Hurst and Magiorkinis, 2017). Althou-
gh this seems to be limited to particular tissues and 
times, also in normal physiology, there is a real need 
for human endogenous retroviruses (HERV) expression 
(Manghera et al, 2016). HERVs ERVs belong to a num-
ber of distinct families that integrated independently 
during evolution (Tristem, 2000).

HERVs have the common provirus structure of co-
GLQJ�RSHQ�UHDGLQJ�IUDPHV��25)V��ÀDQNHG�E\�WZR�����ORQJ�
terminal repeats (LTRs). LTRs are an important site for 
HSLJHQHWLF�PRGL¿FDWLRQV� WR�FRQWURO�+(59�DQG�KXPDQ�
gene expression. During the course of evolution and 
because of host defense mechanisms, most of the se-
quences contain INDELs or have been reduced to single 
LTRs by recombination (Hurst and Magiorkinis, 2017).

LTRs function as promoters both in sense and anti-
sense orientations and can alter the expression of host 
genes (Dunn et al, 2006). These repeats have strong 

RNA Polymerase II regulatory sequences and can bind 

nuclear transcription factors (Thompson et al, 2016). 

0RUH� UHFHQWO\�� LW� KDV� EHHQ� VKRZQ� WKDW� /75V� DUH� UH-

VSRQVLYH�WR�SUR�LQÀDPPDWRU\�F\WRNLQHV��/DXUHQW�HW�DO��
2013). They have a pivotal role as controller of pluri-

potency and malignancy processes, suggesting that they 

regulates the expression of long-non-coding RNAs in 

addition to protein-coding genes, and are important 

VLWHV�IRU�HSLJHQHWLF�PRGL¿FDWLRQV�WRR��(SLJHQHWLF�UHJX-

ODWLRQ�LQFOXGHV�WKH�PRGL¿FDWLRQ�RI�ERWK�'1$�DQG�KLVWR-

QHV�DURXQG�ZKLFK�'1$� LV�ZRXQG� WR� FUHDWH� FKURPDWLQ�
(Brookes and Shi, 2014).

These mechanisms keep often HERVs silenced, but 

they also could reserve unexplored functions. While hi-

stone deacetylation alone is not responsible for HERV 

UHSUHVVLRQ��PRUH� ¿QGLQJV� XQGHUOLH� WKH� LPSRUWDQFH� RI�
other factors, particularly CpG methylation, in silencing 

HERVs (Laska et al, 2002). The methylation of CpGs is 

FDUULHG�RXW�E\�'107V��ZLWK�'107��EHLQJ�WKH�PDLQWH-

QDQFH�PHWK\OWUDQVIHUDVH�ZKLFK�LV�LPSRUWDQW�IRU�¿GHOLW\�
of methylation during DNA replication.
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A microarray study analysing HERV families throu-
ghout the genome found that HERVs are heavily methy-
lated in normal tissues. Further, the age of the HERVs 
FRUUHODWHV�ZLWK�WKHLU�PHWK\ODWLRQ�VWDWXV��ZLWK�D� ORVV�RI�
PHWK\ODWLRQ�DSSHDULQJ�LQ�ROGHU�IDPLOLHV��6]SDNRZVNL�HW�
al, 2009).

.U�SSHO�DVVRFLDWHG�ER[�]LQF�¿QJHU�SURWHLQV��.5$%�
=)3��DUH�LGHQWL¿HG�WR�FRQWULEXWH�WR�KLVWRQH�PHWK\ODWLRQ�
and heterochromatin formation early in the embryo 
(Thomas and Schneider, 2011).

The majority of human KRAB-ZFP binding sites 
ZHUH�ORFDWHG�ZLWKLQ�WUDQVSRVRQV��PDLQO\�UHWURWUDQVSR-
sons including HERVs. The KRAB-ZFP bind to HERVs 
and silence them by burying them in heterochromatin 
(Imbeault at al, 2017).

'L̆HUHQW� JURXSV�RI� YLUXVHV�ZLOO� WDUJHW�ERWK� VLPLODU�
DQG�GLVWLQFW�KRVW�SDWKZD\V�WR�PDQLSXODWH�WKH�LPPXQH�
response and improve infection. Menachery et al. exa-
PLQHG�GL̆HUHQWLDO�UHJXODWLRQ�RI�,)1�Ǆ�GHSHQGHQW�JHQHV�
IROORZLQJ�LQIHFWLRQ�ZLWK�UREXVW�UHVSLUDWRU\�YLUXVHV�� LQ-
cluding coronaviruses. The results indicate a common 
mechanism utilized by H5N1-VN1203 and MERS-CoV 
to modulate antigen presentation and the host adaptive 
immune response. Particularly, epigenetic analysis sug-
gested that DNA methylation, rather than histone mo-
GL¿FDWLRQ�SOD\V� D� FUXFLDO� UROH� LQ�0(56�&R9�PHGLDWHG�
antagonism of antigen presentation gene expression; in 
contrast, H5N1-VN1203 likely utilizes a combination of 
epigenetic mechanisms to target antigen presentation 
(Menachery et al, 2018).

2. SARS-CoV-2 ad ACE2

SARS-CoV-2 belong to the Beta-coronavirus fa-
PLO\�� WRJHWKHU� ZLWK� 6$56�&R9� DQG�0LGGOH� (DVW� UH-
VSLUDWRU\� V\QGURPH� FRURQDYLUXV� �0(56�&R9�� �ZLWK�
80% and 50% homology, respectively). Compared to 
other RNA virus, it is characterized by the production 
RI� WUDQVFULSWV� HQFRGLQJ�XQNQRZQ�25)V�ZLWK� IXVLRQ��
deletion, and/or frameshift. Therefore, in addition to 
the canonical genomic and nine subgenomic RNAs, 
6$56�&R9����VKRZV�D�KLJKO\�FRPSOH[�WUDQVFULSWRPH��
��� 51$�PRGLILFDWLRQ� VLWHV�� ZLWK�PRVW� IUHTXHQW�PR-
WLI��$$*$$��ZHUH�LGHQWLILHG�RQ�YLUDO�WUDQVFULSWV�XVLQJ�
direct RNA sequencing techniques. Modified RNAs 
have shorter poly(A) tails than unmodified RNAs, 
VXJJHVWLQJ�D�OLQN�EHWZHHQ�WKH�PRGLILFDWLRQ�DQG�WKH��¶�
tail (Kim et al, 2020).

The genome sequence of SARS-CoV-2 is 82% iden-
tical to SARS-CoV. Angiotensin converting enzyme II 
�$&(���ZDV�LGHQWL¿HG�DV�WKH�FHOO�HQWU\�UHFHSWRU�IRU�WKH�
6$56�&R9���VSLNH�JO\FR�SURWHLQ��DOORZLQJ�WKH�YLUDO�LQ-
fection of humans, similar to SARS-CoV. 

$&(���ZKLFK�LV�ORFDWHG�RQ�WKH�;�FKURPRVRPH��LV�KL-
ghly expressed on the surface of lung epithelium cells. 
It belongs to the angiotensin-converting enzyme family 
and catalyzes the cleavage of angiotensin II into the va-
sodilator angiotensin (Shyh et al, 2020).

3. Epigenetics in SARS-Cov-2

SARS-CoV-2 infection is mild in the majority of indi-
viduals but progresses into severe pneumonia in a small 
SURSRUWLRQ�RI�SDWLHQWV��&DQFHU�KDV�EHHQ�LGHQWL¿HG�DV�DQ�
LQGLYLGXDO�ULVN�IDFWRU�IRU�&29,'����VHYHULW\��/LNHZLVH��
ACE2 is resulted aberrantly expressed in many tumors. 
$� ELRLQIRUPDWLF� DVVD\� VKRZHG� WKDW� $&(�� RYHUH[SUHV-
sion and hypomethylation are present in many types 
of cancer, pointing out the relevance of the epigenetic 
factors in modulating the SARS-CoV-2 infection and 
outcome (Chai et al, 2020).

More generally, it has been observed that subjects 
ZLWK� FRPSURPLVHG� LPPXQH� V\VWHP� UHVXOW� PRUH� VX-
sceptible to a severe outcome of the COVID-19 dise-
ase. For example, it has been suggested that patients 
ZLWK�V\VWHPLF�OXSXV�HU\WKHPDWRXV�FDQ�GHYHORS�PRUH�
severe COVID-19 symptoms. Also in this case, hypo-
methylation and overexpression of ACE2  are can-
GLGDWH� WR�EH� UHVSRQVLEOH�RI� WKLV�ZRUVH� UHVSRQVH� �6D-
ZDOKD�HW�DO���������)LQDOO\�� WKH�DQDO\VLV�RI�RYHU�����
OXQJ� WUDQVFULSWRPH�VDPSOHV�RI�SDWLHQWV�ZLWK�FRPRU-
ELGLWLHV� DVVRFLDWHG� ZLWK� VHYHUH� &29,'���� VKRZHG�
high expression of ACE2 compared to controls. The 
QHWZRUN�DQDO\VLV�FRUUHODWHG�$&(��RYHUH[SUHVVLRQ� LQ�
the human lung to genes related to histone modifica-
tions, reinforcing the idea that epigenetic mechani-
sms can have a role in the modulation of the disease 
(Pinto et al, 2020).

Adults over 65 years of age represent 80% of hospi-
WDOL]DWLRQV�GXH�WR�WKH�&29,'����GLVHDVH�VKRZLQJ�D����
fold higher risk of death respect to younger people. As 
DERYH�GLVFXVVHG��FRPRUELGLWLHV�ZRUVHQ�WKH�RXWFRPH�RI�
WKH�GLVHDVH��EXW�DUH�QRW�VẊFLHQW�WR�H[SODLQ�WKH�UROH�RI�
age as an independent risk factor. Epigenetic hallmar-
NV�RI�DJLQJ�DUH�NQRZQ�WR�LQÀXHQFH�KHDOWK�VSDQ�LQ�ROGHU�
adults, possibly via mechanisms regulating the immune 
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V\VWHP��6DOLPL�DQG�+DPO\Q���������7KHUHIRUH��WKH�ZHOO�
NQRZQ�DJLQJ�DVVRFLDWHG�FKDQJHV�LQ�WKH�HSLJHQRPH�PD\�
be taken into consideration in the attempt to explain the 
DJH�H̆HFW�LQ�WKH�&29,'����FRXUVH��0XHOOHU�HW�DO���������
Taken together, the increased severity observed in indi-
YLGXDOV�ZLWK�FR�PRUELGLWLHV�DQG�LQ�WKH�HOGHUO\�VXJJHVWV�
for an initial defect in the anti-viral host defense me-
chanisms. The long-term boosting of innate immune 
responses, the so-called “trained immunity,” induced 
by live vaccines has the potential to induce protection 
against further infections through epigenetic, transcrip-
tional, and functional reprogramming of innate immu-
ne cells (Netea et al, 2020). 

 Moreover, previous studies in our laboratories evi-
denced that the expression of IL-6, the main player in 
the so-called “cytokine storm” occurring in the most 
severe COVID-19 patients, is modulated by the methy-
lation of its genes promoter (Dinicola et al., 2017). This 
REVHUYDWLRQ�VXJJHVWV�D�IXUWKHU�PHFKDQLVP�E\�ZKLFK�WKH�
HSLJHQHWLFV�FDQ�FURVVWDON�ZLWK�WKH�YLUXV�

Although the studies on the SARS-CoV-2 infection 
and on the COVID-19 disease are still at the beginning, 
these observations make room for the possibility that 
epigenetic mechanisms can have a role both in the su-
sceptibility to be infected and in the severity of the di-
VHDVH¶V�RXWFRPH��,Q�SDUWLFXODU��WKH�HSLJHQHWLF�FRQWURO�RI�
the ACE2 gene expression seems a promising target for 
prevention and therapy in COVID-19.

7KH�DXWKRUV�GHFODUH�QR�FRQÀLFW�RI�LQWHUHVW�
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Takens theorem states a very important issue: the 
dynamics of any complex system, living in an n-dimen-
sional phase space spanned by n unknown variables can 
be reconstructed by considering the temporal evolution 
of only one of these variables. This temporal evolution 
(in the form of series of subsequent values registered at 
equally spaced discrete time points) allows the recon-
struction of system attractor dynamics by the method of 
‘embedding’, i.e transforming the series into a multiva-
riate matrix having as rows the subsequent epochs and 
as columns n time lagged copies of the original series at 
D�¿[HG�GHOD\��%URRPKHDG��'��6���	�.LQJ��*��3����������
Extracting qualitative dynamics from experimental 
GDWD��3K\VLFD�'��Nonlinear Phenomena���������������
������

Takens theorem is strictly related to the basic notion 
of what an organism is: an organized system emerging 
from the mutual relations among n factors whose ‘tra-
jectories in time’ keep track of the latent organization 

of the system itself. The sad news are that time, is both 
the most relevant and the most neglected dimension in 
biology. A clear symptom of this paradoxical state of 
D̆DLUV� LV� WKH� H[LVWHQFH� RI� D� VSHFLDOLVW� MRXUQDO�� VHUYLQJ�
D� YHU\� WLQ\� VFLHQWL¿F� FRPPXQLW\�� QDPHG� Chronobio-
logy International mainly focused on biological rhyth-
ms observed at population (not individual) scale. The 
simple fact that a Chronophysics International journal 
could not exist (time is deeply embedded in any physi-
FDO�DSSURDFK�WR�UHDOLW\�DQG�QRW�FRQ¿QHG�WR�D�VPDOO�VSH-
FLDOLVW� ¿HOG�� WHOOV� XV� RI� WKH� LQWULQVLF�GL̇FXOWLHV� WR� IDFH�
time dimension in biology. The reasons for this lack of 
FRQVLGHUDWLRQ� DUH�PDQ\� DQG� JR� IURP� WKH� GL̇FXOW\� WR�
make regular observations in time in a natural setting 
for long duration to the extreme fragmentation of biolo-
gical sciences that considers time at very separated non-
communicating scales going from the nano-seconds of 
molecular dynamics to the millions of years of evolution 
passing by minutes/hour of physiologic signals and the 
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(often sporadic) observations on development. In this 
paper, the authors surmount this gap and were able to 
build a regular embedding matrix at individual orga-
nism scale (the only physiologically relevant one) for 
D�SHULRG�JRLQJ� IURP�ELUWK� WR� ���\HDUV�RI� DJH� UHJXODUO\�
sampled on a weekly base. The authors rely on the fact 
teeth grow in a way similar to the trees with a very re-
gular pattern of deposition of dentine: laser ablation of 
subsequent layers of dentine and the measurement of 
elemental composition (zinc, copper, manganese…) on 
these layers allows to generate long series (around 500 
equally spaced points on a weekly basis) of concentra-
WLRQ�ÀXFWXDWLRQV�IRU�HDFK�HOHPHQW��$FFRUGLQJ�WR�7DNHQV�
theorem, the time series relative to these elements are 
the image in light of the ‘entire metabolic dynamics’ of 
organism (elements are tightly coupled with general 
metabolism intervening in many crucial reactions as 
such and as cofactors of essential enzymes) and their 
G\QDPLFV�R̆HUV�D�XQLTXH�ZD\�WR�VWXG\�µKRPHRVWDVLV�LQ�
action’ during development.

The authors wisely make use of non linear dynamics 
WRROV� OLNH� 5HFXUUHQFH� 4XDQWL¿FDWLRQ� DQDO\VLV� �54$��
�0DUZDQ��1��� 5RPDQR��0�� &��� 7KLHO��0���	�.XUWKV�� -��
�������� 5HFXUUHQFH� SORWV� IRU� WKH� DQDO\VLV� RI� FRPSOH[�
systems. Physics reports, 438���������������DQG�HPSL-
ULFDO�SKDVH�VSDFH�UHFRQVWUXFWLRQ��%URRPKHDG�DQG�.LQJ��
������VR�QRW� WR� LPSRVH�DQ\�VSHFL¿F�SK\VLFDO�PRGHO� WR�
the time evolution. In this way they clearly recognize 

a development trajectory made of alternation of sta-
sis (quasi-attractors) and transition to other attractors 
shared by all the healthy individuals analysed. This kind 
of dynamics was present in both development and post-
adolescent (permanent teeth) phases,

:KHQ�VKLIWLQJ�WR�$/6��$P\RWURSKLF�/DWHUDO�6FOHUR-
sis) the authors demonstrate the patients dynamics get 
stuck into a single attractor and does not show the ho-
meoresis behaviour of healthy individuals.

The predictive power of their model was very high 
�$852&� �������SRLQWLQJ� WR� LPSRUWDQW� FOLQLFDO� DSSOL-
FDWLRQ�LQ�IDFLQJ�$/6�EHIRUH�LWV�FOLQLFDO�RQVHW��%HVLGH�WKH�
VSHFL¿F�UHVXOW��WKH�UHOHYDQFH�RI�WKLV�ZRUN�UHVLGHV�LQ�WKH�
possibility to develop ‘dynamics biomarkers’ for both 
research and application so making temporal dimen-
VLRQ�WR�HQWHU�PDLQVWUHDP�ELRORJ\�DQG�¿OOLQJ�D�GUDPDWLF�
epistemic gap of biological sciences.

References

%URRPKHDG��'��6���	�.LQJ��*��3����������([WUDFWLQJ�TXD-
OLWDWLYH� G\QDPLFV� IURP� H[SHULPHQWDO� GDWD�� 3K\VLFD�
'��1RQOLQHDU�3KHQRPHQD�������������������

0DUZDQ�� 1��� 5RPDQR�� 0�� &��� 7KLHO�� 0��� 	� .XUWKV�� -��
��������5HFXUUHQFH�SORWV�IRU�WKH�DQDO\VLV�RI�FRPSOH[�
V\VWHPV��3K\VLFV�UHSRUWV��������������������



<HV��8�6��)DUPHU�6XLFLGH�LV�6LJQL¿FDQWO\
+LJKHU�7KDQ�WKH�1DWLRQDO�$YHUDJH

Sara Bissena*

a The Ruralist Body, Artena, Italy


&RUUHVSRQGLQJ�DXWKRU��Sara Bissen, sarabissen@gmail.com

&RPPHQWDU\�RQ� Peterson, C, Stone, DM, Marsh, SM, Schumacher, PK, Tiesman, HM, LiKamWa McIntosh, W et al. 2018, 

Suicide rates by major occupational group—17 states, 2012 and 2015, MMWR. Morbidity and Mortality Weekly Report, vol. 67, 

no. 45 pp. 1253-1260.

&LWDWLRQ��%LVVHQ��6��������³<HV��8�6��)DUPHU�6XLFLGH�LV�6LJQL¿FDQWO\�+LJKHU�7KDQ�WKH�1DWLRQDO�$YHUDJH´��Organisms: Journal of 
Biological Sciences, vol. 4, no. 1, pp. 17-25. DOI: 10.13133/2532-5876/16959.

&RPPHQWDULHV
9RO�����1R����������
,661�����������
Open access journal licensed under CC-BY

DOI: 10.13133/2532-5876/16959

17

Introduction

It is common knowledge that data interpretation 
FDQ� VHUYH� VSHFL¿F� QDUUDWLYHV�� $V� VHHQ� XQWLO� QRZ�� WKH�
HFRQRP\�RI�DJULFXOWXUH��ZKLFK�LV�DW�WKH�EDVH�RI�KXPDQ�
VXUYLYDO�� KDV�QRW�¿W� LQWR� WKH� FRQWHPSRUDU\� RFFXSDWLR-
QDO� FDWHJRULHV� RI� D� V\VWHP� EXLOW� RQ� ¿QDQFLDO� FDSLWDO��
5HFHQW�8�6�� IDUPHU� VXLFLGH� UDWHV�� DV� KLJKOLJKWHG� KHUH��
GHPRQVWUDWH� KRZ� D� QRQ�VFLHQWL¿F� UHVHDUFK� EDVH� FDQ�
GLVWRUW�DZDUHQHVV�DERXW�D�SXEOLF�KHDOWK�FULVLV� WKURXJK�
VXEWOH�GDWD�PLVXVH��DQG�KRZ�WKLV�SRVVLEO\�LPSOLHV�D�ELDV�
DJDLQVW�UXUDOLW\�

7KH� 6WDQGDUG� 2FFXSDWLRQDO� &ODVVL¿FDWLRQ� �62&��
VXEJURXS�RI�)DUPHUV��5DQFKHUV��DQG�2WKHU�$JULFXOWXUDO�
0DQDJHUV�LQ�WKH�8QLWHG�6WDWHV��EDVHG�RQ�WKH�&HQWHUV�IRU�
'LVHDVH�&RQWURO� DQG�3UHYHQWLRQ� �&'&��0RUELGLW\� DQG�
0RUWDOLW\� :HHNO\� 5HSRUW� �00:5�� RQ� Suicide Rates 
by Major Occupational Group—17 States, 2012 and 
2015��3HWHUVRQ�HW�DO���������VHUYHV�DV�WKH�VWDUWLQJ�SRLQW�
IRU�WKLV�UHVHDUFK��&RQVLGHULQJ�WKH�&'&�UHWUDFWLRQ�RI�LWV�
earlier Suicide Rates by Occupational Group—17 Sta-

tes, 2012� UHSRUW��/L.DP:D�0F,QWRVK�HW�DO��������� WKH�
IROORZLQJ�GDWD�UHÀHFW�WKH�FRUUHFWHG�YHUVLRQ�RI�WKH�&'&�
VWXG\�SXEOLVKHG�RQ�1RYHPEHU�����������ZLWK�LWV�FRUUH-
VSRQGLQJ�HUUDWXP�GDWHG�)HEUXDU\�����������3HWHUVRQ�HW�
DO��������(UUDWXP�������

1. Suicide rates by occupation

7KH�&'&�VXUYH\HG� ���RXW�RI���� VWDWHV��$ODVND��&R-
ORUDGR�� *HRUJLD�� .HQWXFN\�� 0DU\ODQG�� 0DVVDFKXVHWWV��
1HZ� -HUVH\�� 1HZ�0H[LFR�� 1RUWK� &DUROLQD�� 2KLR�� 2N-
ODKRPD��2UHJRQ��5KRGH� ,VODQG��6RXWK�&DUROLQD��8WDK��
9LUJLQLD�� DQG� :LVFRQVLQ� �/L.DP:D� 0F,QWRVK� HW� DO��
������3HWHUVRQ�HW�DO���������,Q�FRQVLGHULQJ�WKH�)DUPHUV��
5DQFKHUV��DQG�2WKHU�$JULFXOWXUDO�0DQDJHUV�RFFXSDWLR-
QDO� VXEJURXS�� WKH� UHSRUW�� LQ�ERWK� LWV�RULJLQDO�DQG�FRU-
UHFWHG�YHUVLRQ��GLG�QRW�LQFOXGH�VHYHUDO�WRS�DJULFXOWXUDO�
SURGXFLQJ� VWDWHV�� VXFK� DV�&DOLIRUQLD�� ,OOLQRLV�� ,QGLDQD��
,RZD��.DQVDV��0LQQHVRWD��1HEUDVND��DQG�7H[DV�

2I� WKH� ��� VWDWHV� VXUYH\HG�� WKH� ¿QGLQJV� RI� WKH� FRU-
UHFWHG�YHUVLRQ�VKRZ�WKDW�SHU���������SHRSOH��WKH�PDMRU�
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RFFXSDWLRQDO�JURXSV�ZLWK�WKH�KLJKHVW�VXLFLGH�UDWH�ZHUH�
DV� IROORZV�� &RQVWUXFWLRQ� DQG� ([WUDFWLRQ� ������ >����@�
DQG� ����� >����@� DPRQJ�PDOHV�� DQG�$UWV��'HVLJQ�� (Q-
WHUWDLQPHQW�� 6SRUWV�� DQG�0HGLD� ������ >����@� DQG� �����
>����@� DPRQJ� IHPDOHV��� 7KHVH� GDWD� DUH� EDVHG� RQ� WKH�
����� DQG� �����1DWLRQDO� 9LROHQW� 'HDWK� 5HSRUWLQJ� 6\-
VWHP��19'56���3HWHUVRQ�HW�DO��������

,Q�WHUPV�RI�IHGHUDO�62&�VXEJURXSV��WKH�&'&�UHSRUWV�
WKH�)DUPHUV��5DQFKHUV��DQG�2WKHU�$JULFXOWXUDO�0DQD-
JHUV�VXEJURXS�DV�IROORZV�

³7KH������DQG������PDOH�VXLFLGH�UDWHV�DPRQJ�)DUPHUV��
5DQFKHUV�� DQG� 2WKHU� $JULFXOWXUDO� 0DQDJHUV� �62&� ��±
������D�VXEJURXS�RI�WKH�62&����0DQDJHPHQW�PDMRU�JURXS��
ZHUH� ����� �&,� � ����±������ DQG� ����� �&,� � ����±������
SHU� ��������� EDVHG�RQ� ��� DQG���� VXLFLGHV� LQ� ����� DQG�
������UHVSHFWLYHO\��7KH������DQG������PDOH�VXLFLGH�UDWHV�
IRU�$JULFXOWXUDO�:RUNHUV��62&���±������D�VXEJURXS�RI�
WKH�62&����)DUPLQJ��)LVKLQJ��DQG�)RUHVWU\�PDMRU�JURXS��
ZHUH� ����� �&,�  � ����±������ DQG� ����� �&,�  � ����±�������
EDVHG�RQ����DQG����VXLFLGHV� LQ������DQG������� UHVSHF-
WLYHO\�´��,ELG��

����&ODVVL¿FDWLRQV�LQ�DJULFXOWXUH

)ROORZLQJ� WKH� &'&¶V� LQLWLDO� ����� Occupational 
Group�UHSRUW��/L.DP:D�0F,QWRVK�HW�DO��������DQG�SUL-
RU�WR�LWV������DQG������Major Occupational Group erra-
WD��3HWHUVRQ�HW�DO��������(UUDWXP��������The New Food 
Economy� �DQ�RQOLQH�QHZVURRP�UHEUDQGHG� LQ������DV�
The Counter�� SXEOLVKHG� WKDW� WKH� &'&� KDG� PLVFODVVL-
¿HG�IDUPHUV�DV�7ULSOH�)��IDUPLQJ��¿VKLQJ��DQG�IRUHVWU\��
ZRUNHUV��5RVHQEHUJ�	�:LOVRQ�6WXFNL�����E���,Q�WHUPV�
RI�FODVVL¿FDWLRQ��WKH�DXWKRUV�VWDWHG�WKDW�³XQGHU�WKH�IH-
GHUDO�RFFXSDWLRQDO�JXLGHOLQHV��IDUPHUV�DUH�FODVVL¿HG�DV�
KDYLQJ�D� µPDQDJHPHQW�RFFXSDWLRQ�¶�QRW� D� µIDUPLQJ��¿-
VKLQJ��DQG�IRUHVWU\�RFFXSDWLRQ�¶�<HW�LW�ZDV�WKH�IDUPLQJ��
¿VKLQJ��DQG� IRUHVWU\��RU� µ7ULSOH�)�¶�RFFXSDWLRQDO�JURXS�
WKDW�KDG�WKH�KLJKHVW�VXLFLGH�UDWH�LQ�WKH�FRXQWU\�������SHU�
��������SHRSOH��RYHU���WLPHV�WKH�RYHUDOO�DYHUDJH�RI������
DPRQJ�SHRSOH�LQ�WKH�ZRUNIRUFH��7KH�VXLFLGH�UDWH�DPRQJ�
PDQDJHUV��LQ�FRQWUDVW��ZDV�H[DFWO\�DYHUDJH´��5RVHQEHUJ�
	�:LOVRQ�6WXFNL�����D��

)URP�WKH�62&�FRGLQJ�HUURU��The New Food Economy 
DVVHVVHG�WKH�7ULSOH�)�FDWHJRU\�DV�WKLUG�DPRQJ�RFFXSD-
WLRQDO�JURXSV��,ELG������D������E���7KH�DXWKRUV�FRQMHF-
WXUHG�WKDW�LI�WKH�&'&�KDG�JURXSHG�IDUPHU�VXLFLGHV�ZLWK�

7ULSOH�)�VXLFLGHV��WKHQ�WKH�UDWH�VKRXOG�KDYH�EHHQ�³QR�KL-
JKHU�WKDQ�WKLUG�LQ�WKH�VWXG\��DQG�DV�ORZ�DV�VL[WK��UDWKHU�
WKDQ� WKH�KLJKHVW´�DQG� LI� IDUPHU�VXLFLGHV�KDG�QRW�EHHQ�
JURXSHG�ZLWK�7ULSOH�)��WKHQ�³WKH�VXLFLGH�UDWH�IRU�7ULSOH�
)�ZRUNHUV�VKRXOG�KDYH�EHHQ�DERXW����SHU���������SHR-
SOH²DQG�UDQNHG�VHFRQG�RU�WKLUG�KLJKHVW´��,ELG������D���
:KDW�WKH�DXWKRUV�GHULYHG�IURP�WKHLU�K\SRWKHVLV�LV�WKDW�
HLWKHU��LI�FRUUHFWO\�FODVVL¿HG��³DJULFXOWXUDO�workers��QRW�
IDUPHUV��KDYH� WKH�KLJKHVW� VXLFLGH� UDWH� LQ� WKH� FRXQWU\´�
RU��LI�LQFRUUHFWO\�FODVVL¿HG��WKHQ�WKH�&'&�GDWD�³SURYLGHG�
QR�GH¿QLWLYH�¿QGLQJV´�IRU�QHLWKHU�IDUPZRUNHUV�QRU�IDU-
PHUV��,ELG���

7KH� SXEOLFDWLRQ� VSHFXODWHG� WKDW� DOWKRXJK� WKH� DX-
WKRUV�³FDQQRW�NQRZ�KRZ�PDQ\�RI�WKH�VXLFLGHV�FODVVL¿HG�
DV�7ULSOH�)�ZHUH�DJULFXOWXUDO�ZRUNHUV��WKH�IDFW�WKDW�WKH\�
FRPSULVH�EHWZHHQ����DQG����SHUFHQW�RI�WKH�FDWHJRU\�LV�
KLJKO\� VXJJHVWLYH´� �,ELG�� ����E��� )XUWKHU�� WKH� DXWKRUV�
SXEOLVKHG�DQ�H�PDLO�IURP�WKH�&'&�WKDW�KLJKOLJKWHG�WKH�
PLVFODVVL¿FDWLRQ� RI� ��� IDUPHUV�� $FFRUGLQJO\�� IDUPHUV�
³ZRXOG� VWLOO� IDOO� EHORZ� WKH� UDWH� IRU� 7ULSOH�)� ZRUNHUV´�
�,ELG����(VVHQWLDOO\��DQG�UHLWHUDWHG�KHUH� IRU�FODULW\�� WKH�
DXWKRUV¶� K\SRWKHVLV� DVVHUWV� WKDW� LI� WKH� &'&¶V� RULJLQDO�
7ULSOH�)�FODVVL¿FDWLRQ�ZHUH�FRUUHFW��WKHQ�WKH������VWXG\�
³IRXQG�WKDW�D�JURXS�PDGH�XS�DOPRVW�HQWLUHO\�RI�DJULFXO-
WXUDO�ZRUNHUV�KDG�WKH�KLJKHVW�VXLFLGH�UDWH�LQ�WKH�FRXQW-
U\�´�DQG�LI�WKH�&'&�KDG��LQ�IDFW��PLVFODVVL¿HG�IDUPHU�VXL-
FLGHV�ZLWK�7ULSOH�)�VXLFLGHV��WKHQ�WKH\�³FRXOG�QRW�PDNH�
FRQFOXVLRQV�DERXW�WKH�UHVSHFWLYH�VXLFLGH�UDWHV�RI�7ULSOH�
)�ZRUNHUV�DQG�IDUPHUV´��,ELG������D��

1.2 Validity amid data misuse

*RLQJ�HYHQ�IXUWKHU��The New Food Economy stated 
WKDW�WKH�&'&�VWXG\�³KDG�QRWKLQJ�WR�GR�ZLWK�IDUPHUV�DQG�
HYHU\WKLQJ�WR�GR�ZLWK�IDUP�ZRUNHUV´��,ELG������E��XQ-
GHU� WKH� FODLP� WKDW� WKH� VXLFLGH� FULVLV�DPRQJ� IDUPHUV� LV�
³QRW�WUXH´�DQG�WKDW�HLWKHU�WKH�&'&�KDG�PDGH�DQ�HUURU�RU�
WKH�PHGLD�PLVWRRN�³D�IDUPZRUNHU�VXLFLGH�FULVLV�IRU�D�IDU-
PHU�RQH´��,ELG������D���7KLV�PHVVDJH�ZDV�WUDQVPLWWHG�
WR� WKH�PHGLD��9DULRXV�SXEOLFDWLRQV�UHSRUWHG�WKH�K\SR-
WKHWLFDO�� WKHQ�&'&�FRQ¿UPHG�� FRUUHFW� FODVVL¿FDWLRQ� RI�
7ULSOH�)� VXLFLGHV�ZKLOH� VWLOO� SURMHFWLQJ� D� ORZHU� IDUPHU�
VXLFLGH� UDWH� WKDW�ZDV� VWLOO� LQFRQFOXVLYH� �&OD\WRQ�������
1RUIRUG� ������:DOUDWK� ����D�	� ����E��� 7KH� DXWKRUV�
IURP�WKH�FLWHG�SXEOLFDWLRQV��WKDW�LV��Farm Bill Law En-
terprise��Mother Jones��Progressive Farmer��DQG�The 
New Food Economy/The Counter��ZKLFK� DOO� UHSRUWHG�



19

<HV��8�6��)DUPHU�6XLFLGH�LV�6LJQL¿FDQWO\�+LJKHU�7KDQ�WKH�1DWLRQDO�$YHUDJH

WKH�&'&�UHWUDFWLRQ��KDYH�QRW�UHYLVHG�WKH�GDWD�IROORZLQJ�
WKH�HUUDWD�QRU�XSGDWHG�WKHLU�FRUUHVSRQGLQJ�DVVHVVPHQW�
RI�WKH����VWDWH������DQG������&'&�GDWD��$OVR��WKH�1D-
WLRQDO� )DUPHUV� 8QLRQ� �3HUGXH� ������ DQG� )DUP� $LG�
�9DQGHUSRRO� ������ DFNQRZOHGJHG� WKH�&'&� UHWUDFWLRQ��
\HW�REVHUYHG�LWV�LQFRQVLVWHQF\�ZLWK�WKHLU�H[SHULHQFH�DQG�
SUHYLRXV�VWXGLHV��)DUP�$LG�VWDWHG�WKDW�³LW�ZLOO�FRQWLQXH�
WR�SULRULWL]H�IDUPHU�VWUHVV´�EDVHG�RQ�D�����LQFUHDVH�LQ�
³FDOOV�WR�WKHLU�IDUPHU�KRWOLQH�DQG�IHHGEDFN�IURP�IDPLO\�
IDUP�SDUWQHUV�DURXQG�WKH�FRXQWU\´��,ELG���

Is The New Food Economy¶V�RULJLQDO�K\SRWKHVLV�YD-
OLG"�7DEOH���RI�WKH�DPHQGHG������DQG������&'&�UHSRUW�
�3HWHUVRQ�HW�DO��������VKRZV�WKDW�WKH�62&����)DUPLQJ��
)LVKLQJ��DQG�)RUHVWU\�PDMRU�RFFXSDWLRQDO�JURXS�UDQNHG�
�WK�DW������>����@�DQG��WK�DW������>����@��62&�����WKH�
0DQDJHPHQW�PDMRU�RFFXSDWLRQDO�JURXS��UDQNHG���WK�DW�
����� >����@� DQG� ��WK� DW� ����� >����@��$FFRUGLQJ� WR� WKH�
�����DQG������UHSRUW��WKH�)DUPLQJ��)LVKLQJ��DQG�)RUH-
VWU\��62&�����PDMRU�RFFXSDWLRQDO�JURXS�LQFOXGHV�IDUP�
ODERUHUV�DQG�VXSHUYLVRUV�EXW�GRHV�QRW�LQFOXGH�IDUP�RSH-
UDWRUV��VXFK�DV�VHOI�HPSOR\HG�IDUPHUV�RU�IDUP�RZQHUV��
7KH������DQG������ UHSRUW�SODFHG� IDUP�RSHUDWRUV� LQWR�
WKH�0DQDJHPHQW�PDMRU�RFFXSDWLRQDO� JURXS��%DVHG�RQ�
WKH� UHSRUW¶V�GDWD�� D� IDUP� ³PDQDJHU�´� WKDW� LV��)DUPHUV��
5DQFKHUV�� DQG�2WKHU�$JULFXOWXUDO�0DQDJHUV� VXEJURXS�
�62&� ��±������ DQG� D� IDUP� ³ZRUNHU�´� WKDW� LV�� $JULFXO-
WXUDO�:RUNHUV�VXEJURXS��62&���±������DUH��UHVSHFWL-
YHO\��VHSDUDWHG�EHWZHHQ�WKH�PDMRU�RFFXSDWLRQDO�JURXSV�

RI�62&����0DQDJHPHQW�DQG�62&����)DUPLQJ��)LVKLQJ��
DQG�)RUHVWU\��7KH�WZR�JURXSV�GR�QRW�RYHUODS�DFFRUGLQJ�
WR�WKHVH�GDWD�

����6LJQL¿FDQWO\�KLJK�IDUPHU�VXLFLGH

:KHQ�ORRNLQJ�DW�WKH�&'&¶V�QDWLRQDO�DYHUDJH�

³GXULQJ�����±������WKH�VXLFLGH�UDWH�DPRQJ�WKH�8�6��ZRU-
NLQJ�DJH�SRSXODWLRQ��SHUVRQV�DJHG���±���\HDUV��LQFUHDVHG�
�����IURP������SHU���������SRSXODWLRQ�WR������´��,ELG��

3HWHUVRQ�HW�DO���������UHSRUW�WKDW�WKH�)DUPHUV��5DQ-
FKHUV��DQG�2WKHU�$JULFXOWXUDO�0DQDJHUV�VXEJURXS��62&�
��±������PDOH� VXLFLGH� UDWH�ZDV� ����� >����@� DQG� �����
>����@�SHU����������7KHVH�UDWHV�FDQ�EH�FRPSDUHG�WR�WKH�
QDWLRQDO�DYHUDJH�>������>����@�DQG������>����@���$PRQJ�
WKH����VWDWHV�VXUYH\HG��VXLFLGH�UDWHV�IRU�)DUPHUV��5DQ-
FKHUV��DQG�2WKHU�$JULFXOWXUDO�0DQDJHUV�ZHUH�PRUH�WKDQ�
WKUHH�WLPHV�DV�KLJK�DV�WKH�QDWLRQDO�DYHUDJH�LQ������DQG�
DOPRVW�WZLFH�DV�KLJK�DV�WKH�QDWLRQDO�DYHUDJH�LQ������

,Q�WHUPV�RI�WKH�)DUPHUV��5DQFKHUV��DQG�2WKHU�$JUL-
FXOWXUDO�0DQDJHUV�VXEJURXS��62&���±�����RI�WKH�0D-
QDJHPHQW�PDMRU�RFFXSDWLRQDO�JURXS��LQ�UHODWLRQ�WR�WKH�
$JULFXOWXUDO�:RUNHUV� VXEJURXS� �62&� ��±����� RI� WKH�
)DUPLQJ�� )LVKLQJ�� DQG� )RUHVWU\� PDMRU� RFFXSDWLRQDO�
JURXS���WKH�)DUPHUV��5DQFKHUV��DQG�2WKHU�$JULFXOWXUDO�
0DQDJHUV� VXEJURXS� �62&� ��±������KDV� D� VXLFLGH� UDWH�

)LJXUH����7KH�)DUPHUV��5DQFKHUV��DQG�2WKHU�$JULFXOWXUDO�0DQDJHUV�VXEJURXS��62&���±�����RI�WKH�0DQDJHPHQW�PDMRU�RFFXSDWLRQDO�JURXS��FRP-
SDUHG�WR�WKH�$JULFXOWXUDO�:RUNHUV�VXEJURXS��62&���±�����RI�WKH�)DUPLQJ��)LVKLQJ��DQG�)RUHVWU\�PDMRU�RFFXSDWLRQDO�JURXS���EDVHG�RQ�WKH�&'&�
HUUDWD��Suicide Rates by Major Occupational Group—17 States, 2012 and 2015��3HWHUVRQ�HW�DO��������
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RI������>����@�DQG������>����@�SHU���������ZKLOH� WKH�
$JULFXOWXUDO�:RUNHUV� VXEJURXS� �62&���±������KDV� D�
VXLFLGH�UDWH�RI������>����@�DQG������>����@�SHU���������
�VHH�)LJXUH�����$PRQJ�WKH����VWDWHV�VXUYH\HG��)DUPHUV��
5DQFKHUV�� DQG� 2WKHU� $JULFXOWXUDO�0DQDJHUV� KDYH� DS-
SUR[LPDWHO\�GRXEOH�WKH�UDWH�RI�VXLFLGH�WKDQ�$JULFXOWXUDO�
:RUNHUV��,ELG���

,I�FRPSDULQJ�)DUPHUV��5DQFKHUV��DQG�2WKHU�$JULFXO-
WXUDO�0DQDJHUV� WR� WKH�PDMRU� RFFXSDWLRQDO� JURXS�ZLWK�
WKH�KLJKHVW� VXLFLGH� UDWH� LQ�3HWHUVRQ�HW�DO�� �������� WKDW�
LV��&RQVWUXFWLRQ�DQG�([WUDFWLRQ��62&������WKHQ�LQ�������
)DUPHUV�� 5DQFKHUV�� DQG�2WKHU� $JULFXOWXUDO�0DQDJHUV�
KDG�D�KLJKHU�UDWH�DW������>����@�SHU���������WKDQ�&RQ-
VWUXFWLRQ�DQG�([WUDFWLRQ�DW������>����@��+RZHYHU�� WKH�
SUR[LPLW\�RI�WKHVH�WZR�¿JXUHV�OLHV�ZLWKLQ�WKH�VWDWLVWLFDO�
PDUJLQ�RI�HUURU�EDVHG�RQ�WKH�&RQ¿GHQFH�,QWHUYDO��&,���
'HVSLWH� )DUPHUV�� 5DQFKHUV�� DQG� 2WKHU� $JULFXOWXUDO�
0DQDJHUV� KDG� D� UDWH� RI� ������ WKLV� VXEJURXS¶V� &,� ZDV�
����±�����DQG�SRWHQWLDOO\�KLJKHU�RU�ORZHU�WKDQ�WKDW�RI�
&RQVWUXFWLRQ�DQG�([WUDFWLRQ�LQ�������$FFRUGLQJ�WR�WKH�
KLJKHVW� HVWLPDWH� RI� ������ WKH� )DUPHUV�� 5DQFKHUV�� DQG�
2WKHU�$JULFXOWXUDO�0DQDJHUV�VXEJURXS��62&���±������
UDQNV�¿UVW��EXW�LW�LV�PRVW�OLNHO\�LQ�D�VWDWLVWLFDO�WLH�ZLWK�WKH�
&RQVWUXFWLRQ�DQG�([WUDFWLRQ��62&�����PDMRU�RFFXSDWLR-
QDO�JURXS�IRU�¿UVW�

,Q�������)DUPHUV��5DQFKHUV��DQG�2WKHU�$JULFXOWXUDO�
0DQDJHUV�KDG�D�ORZHU�UDWH�RI������>����@�SHU���������
WKDQ�&RQVWUXFWLRQ�DQG�([WUDFWLRQ�DW������>����@��,ELG����
&RQVLGHULQJ�WKH�&,������±������ZDV�EHORZ�WKDW�RI�&RQ-
VWUXFWLRQ�DQG�([WUDFWLRQ��LW�LV�GH¿QLWH�WKDW�WKH�)DUPHUV��
5DQFKHUV�� DQG�2WKHU�$JULFXOWXUDO�0DQDJHUV� VXEJURXS�
UDQNHG� ORZHU� WKDQ� WKH������&RQVWUXFWLRQ�DQG�([WUDF-
WLRQ�PDMRU�RFFXSDWLRQDO�JURXS�

&RPSDULQJ�)DUPHUV��5DQFKHUV��DQG�2WKHU�$JULFXO-
WXUDO�0DQDJHUV��62&���±������WR�&RQVWUXFWLRQ�DQG�([-
WUDFWLRQ��62&�����LV�SUREOHPDWLF�LQ�WKDW�D�PDMRU�RFFXSD-
WLRQDO�JURXS��62&�����LV�SODFHG�LQ�UHODWLRQ�WR�D�VXEJURXS�
�62&���±������RI�D�PDMRU�RFFXSDWLRQDO�JURXS��+RZH-
YHU��D�WUHQG�FDQ�EH�KLJKOLJKWHG�IURP�WKLV�VXEJURXS��62&�
��±�������WKH�IDUPHU�VXLFLGH�UDWH�ZDV�LQ�D�VWDWLVWLFDO�WLH�
ZLWK�WKH�KLJKHVW�VXLFLGH�UDWH�REVHUYHG�IRU�DQ\�PDMRU�RF-
FXSDWLRQDO�JURXS�LQ�������)DUPHU�VXLFLGH�UDQNHG�WKLUG�
ZKHQ� FRPSDUHG� WR�PDMRU� RFFXSDWLRQDO� JURXS� UDWHV� LQ�
������7KH�3HWHUVRQ� HW� DO�� �������&'&� VWXG\�EDVHG� RQ�
�����DQG������PDMRU�RFFXSDWLRQDO�JURXS�VWDWLVWLFV�FDQ-
QRW� SURYLGH� HQRXJK� GHWDLOHG� GDWD� WR� FRPSDUH� IDUPHU�
VXLFLGH�UDWHV�WR�HYHU\�SDUWLFXODU�RFFXSDWLRQ�

2. Suicide rates by industry

7KH�&'&�UHFHQWO\�SXEOLVKHG�Suicide Rates by Indu-
stry and Occupation—National Violent Death Repor-
ting System, 32 States, 2016� �3HWHUVRQ� HW� DO�� �������
7KLV� UHSRUW� RXWOLQHV� VXLFLGH� DPRQJ� WKH�8�6��ZRUNLQJ�
DJH�SRSXODWLRQ�RI���±���\HDUV�E\�PDMRU�LQGXVWU\��PDMRU�
RFFXSDWLRQDO�� DQG� GHWDLOHG� RFFXSDWLRQDO� JURXSV�� &DO-
FXODWHG� E\� WKH� 8QLWHG� 6WDWHV� &HQVXV� %XUHDX� FRGH� IRU�
PDMRU�LQGXVWU\�JURXSV�DQG�GH¿QHG�E\�WKH�1RUWK�$PH-
ULFDQ�,QGXVWU\�&ODVVL¿FDWLRQ�6\VWHP��1$,&6���WKH�$JUL-
FXOWXUH��)RUHVWU\��)LVKLQJ��DQG�+XQWLQJ�JURXS��&HQVXV�
FRGH�����±������KDG�D�VLJQL¿FDQWO\�KLJKHU�VXLFLGH�UDWH�
DPRQJ�PDOHV�DW�������&,� �����±�������7KH�$JULFXOWXUH��
)RUHVWU\�� )LVKLQJ�� DQG�+XQWLQJ� LQGXVWU\� IROORZHG�0L-
QLQJ��4XDUU\LQJ��DQG�2LO�DQG�*DV�([WUDFWLRQ�DW�������&,�
 � ����±������� &RQVWUXFWLRQ� DW� ����� �&,� � ����±�������
DQG�2WKHU�6HUYLFHV��H�J��DXWRPRWLYH�UHSDLU��DW�������&,�
 � ����±������ ZLWK� KLJK� VXLFLGH� UDWHV� DPRQJ� LQGXVWU\�
JURXSV� LQ� FRPSDULVRQ� WR� WKH� RYHUDOO� VWXG\� SRSXODWLRQ�
�VHH�)LJXUH����

,Q�WKLV�UHFHQW�����VWDWH�UHSRUW�RQ������19'56�GDWD�
E\�3HWHUVRQ�HW�DO����������WKH�&'&�VWDWHG�WKDW�³HVWLPD-
WHV�IRU�PRVW�PDMRU�RFFXSDWLRQDO�JURXSV�DUH�VLPLODU��DO-
WKRXJK�QRW�GLUHFWO\�FRPSDUDEOH�� WR�SUHYLRXV�HVWLPDWHV�
WKDW�ZHUH�EDVHG�RQ������19'56�GDWD�IURP����VWDWHV�´�
WKDW� LV�� WKH� SUHYLRXVO\� RXWOLQHG� 3HWHUVRQ� HW� DO�� �������
VWXG\�� $FFRUGLQJ� WR� PDMRU� RFFXSDWLRQDO� JURXSV�� )DU-
PLQJ��)LVKLQJ��DQG�)RUHVWU\��&HQVXV�FRGH�����±������
KDG� D�PDOH� VXLFLGH� UDWH� RI� ����� �&,�  � ����±������ DQG�
0DQDJHPHQW� �&HQVXV� FRGH� ����±������ KDG� D� PDOH�
VXLFLGH�UDWH�RI�������&,� �����±�������'HWDLOHG�RFFXSD-
WLRQDO� JURXSV� VKRZHG� WKDW�)LVKLQJ� DQG�+XQWLQJ�:RU-
NHUV��&HQVXV�FRGH�������RI� WKH�)DUPLQJ��)LVKLQJ��DQG�
)RUHVWU\�PDMRU�RFFXSDWLRQDO�JURXS�KDG�DQ�HOHYDWHG�VXL-
FLGH�UDWH�RI��������&,� �����±��������)DUPHUV��5DQFKHUV��
DQG�2WKHU�$JULFXOWXUDO�0DQDJHUV� �&HQVXV� FRGH�������
IURP�WKH�0DQDJHPHQW�PDMRU�RFFXSDWLRQDO�JURXS�KDG�D�
VXLFLGH�UDWH�RI�������&,� �����±�������%RWK�GHWDLOHG�RF-
FXSDWLRQDO�JURXSV�ZHUH�³VWDWLVWLFDOO\�KLJKHU� WKDQ�>WKH@�
SRSXODWLRQ� UDWH� �DOO� RFFXSDWLRQV�� EDVHG� RQ� ����&,� RI�
>WKH@�RFFXSDWLRQDO� JURXS� UDWH�QRW� FRQWDLQLQJ� WKH� WRWDO�
SRSXODWLRQ�UDWH�SRLQW�HVWLPDWH´��3HWHUVRQ�HW�DO��������

,W� LV�DOVR�ZRUWK�QRWLQJ�WKDW�PDQ\�IDUPHUV�FRQWLQXH�
ZRUNLQJ�EH\RQG����\HDUV�RI�DJH��ZKLFK�LV�WKH�OLPLW�RI�WKH�
FOXVWHU�FRQVLGHUHG�E\�WKH�WZR�\HDUV�RI������DQG�������
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DV�ZHOO�DV�WKH������&'&�UHSRUWV��$QRWKHU�VWXG\�LQ�The 
Journal of Rural Health� �5LQJJHQEHUJ� HW� DO�� ������ S��
���H[DPLQHV� WKH�SHULRG� IURP������ WR������� LQGLFDWLQJ�
WKDW�������RI�PDOH�IDUPHU�DQG�DJULFXOWXUH�ZRUNHU�VXL-
FLGH� RFFXUV� DPRQJ� WKRVH�ZKR� DUH���� \HDUV� DQG�ROGHU��
7KLV�PD\�VLJQDO�WKDW�D�UHOHYDQW�QXPEHU�RI�IDUPHU�VXL-
FLGH�GDWD�KDYH�EHHQ�XQUHSRUWHG�DQG��WKHUHIRUH��WKDW�DF-
WXDO�IDUPHU�VXLFLGH�¿JXUHV�EHKLQG�WKH�&'&�VWXG\�FRXOG�
HYHQ�EH�XQGHUHVWLPDWHG��,Q�IDFW��WKH�8QLWHG�6WDWHV�'H-
SDUWPHQW�RI�$JULFXOWXUH¶V��86'$��2017 Census of Agri-
culture� LQGLFDWHV� WKDW� ���������� IDUPHUV� RYHU� WKH� DJH�
RI����DUH�PDNLQJ�GD\�WR�GD\�GHFLVLRQV��1DWLRQDO�$JUL-
FXOWXUDO�6WDWLVWLFV�6HUYLFH�>1$66@������S�������)XUWKHU��

��������RI�DOO�PDOH�SURGXFHUV�DQG���������RI�DOO�IHPDOH�
SURGXFHUV�DUH����\HDUV�DQG�RYHU��,ELG��S����������

����$JULFXOWXUH�UHODWHG
ZRUN�FKDUDFWHULVWLFV

%H\RQG� WKHVH�&'&�VWXGLHV�� IXUWKHU�DQG�PRUH�FRP-
SUHKHQVLYH�GDWD�RQ� VXLFLGH� LQ�DJULFXOWXUH�DUH�RXWOLQHG�
in Trends and Characteristics of Occupational Suicide 
and Homicide in Farmers and Agriculture Workers, 
1992–2010��DV�SXEOLVKHG�LQ�The Journal of Rural Health 
�5LQJJHQEHUJ�HW�DO���������7KLV����\HDU�VWXG\�RQ�DOO����
VWDWHV�XWLOL]HG�GDWD�IURP�WKH�8QLWHG�6WDWHV�'HSDUWPHQW�

)LJXUH����6XLFLGH�DPRQJ�8�6��ZRUNLQJ�DJH�SRSXODWLRQ�PDOHV����±���\HDUV��WKURXJK�PDMRU�LQGXVWU\�JURXSV�DFFRUGLQJ�WR�WKH�&'&¶V�Suicide Rates 
by Industry and Occupation—National Violent Death Reporting System, 32 States, 2016��3HWHUVRQ�HW�DO��������

)LJXUH����'DWD�EDVHG�RQ�WKH����\HDU�5LQJJHQEHUJ�HW�DO���������S�����Trends and Characteristics of Occupational Suicide and Homicide in Far-
mers and Agriculture Workers, 1992–2010�VWXG\�
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RI�/DERU¶V�%XUHDX�RI�/DERU�6WDWLVWLFV� �%/6��&HQVXV�RI�
)DWDO�2FFXSDWLRQDO�,QMXULHV��&)2,���5LQJJHQEHUJ�HW�DO��
�������H[DPLQH�ZRUN�UHODWHG�VXLFLGH�DQG�KRPLFLGH�GDWD�
RQ� IDUP� RSHUDWRUV� �IDUPHUV�� IDUP� RZQHUV�� DQG� IDUP�
PDQDJHUV�� DQG� IDUPZRUNHUV� �DJULFXOWXUH�ZRUNHUV� DQG�
ODERUHUV��LQ�FRPSDULVRQ�WR�WKH�RYHUDOO�ZRUNLQJ�SRSXOD-
WLRQ��$PRQJ�WKHVH��������RI�VXLFLGHV�RFFXU�DPRQJ�WKH�
VHOI�HPSOR\HG�������DPRQJ�WKRVH�ZKR�ZRUN�LQ�D�IDPLO\�
EXVLQHVV�� DQG� ������ DPRQJ� WKRVH� ZKR� ZRUN� IRU� SD\�
�,ELG��S������VHH�)LJXUH����

����5HJLRQDO�UHOHYDQFH�
national concern

5HSRUWHG� ����� 1$66� ¿JXUHV� �DV� FLWHG� LQ� 5LQJ-
JHQEHUJ�HW�DO��������S�����VKRZ�WKDW�WKH�0LGZHVW�UHJLRQ�
�,OOLQRLV��,QGLDQD��,RZD��.DQVDV��0LFKLJDQ��0LQQHVRWD��
0LVVRXUL��1HEUDVND��1RUWK�'DNRWD��2KLR��6RXWK�'DNR-
WD�� DQG�:LVFRQVLQ�EDVHG�RQ� WKH�8QLWHG�6WDWHV�&HQVXV�
%XUHDX�GHVLJQDWHG� UHJLRQV� DQG� GLYLVLRQV�� KROGV� ����
RI� 8�6�� IDUPODQG�� 5LQJJHQEHUJ� HW� DO�� �,ELG��� REVHUYHG�
WKDW� DPRQJ� DJULFXOWXUH�UHODWHG� RFFXSDWLRQDO� IDWDO� LQ-
MXU\�GDWD�� WKH�SURSRUWLRQ�RI� IDUPHU� VXLFLGH� LQ� WKLV� UH-
JLRQ�ZDV� UHPDUNDEO\� KLJK� DW� ������� 6XFK� D� UDWLR�ZDV�
HYHQ� ZRUVH� LQ� WKH� :HVW� �$ODVND�� $UL]RQD�� &DOLIRUQLD��
&RORUDGR��+DZDLL�� ,GDKR��0RQWDQD��1HYDGD��1HZ�0H-
[LFR��2UHJRQ��8WDK��:DVKLQJWRQ��DQG�:\RPLQJ��ZKLFK��
ZLWK�����RI�8�6��IDUPV��KDG�D�SURSRUWLRQ�RI������:KLOH�
WKH�SURSRUWLRQ�RI�VXLFLGH�ZDV�VLJQL¿FDQWO\�ORZHU�LQ�WKH�
6RXWK���������DQG�WKH�1RUWKHDVW��������� WKHUH�ZDV�DQ�
DODUPLQJO\� KLJK� SURSRUWLRQ� RI� KRPLFLGH� LQ� WKH� 6RXWK�
��������DQG�DJDLQ�LQ�WKH�:HVW����������7KHVH�UHJLRQDO�
GL̆HUHQFHV� KLJKOLJKW� D� SDUWLFXODU� RFFXSDWLRQDO� DVSHFW��
:KHQ�FRPSDULQJ�KRPLFLGH�DQG�VXLFLGH������RI�VXLFLGH�
YLFWLPV�ZHUH� VHOI�HPSOR\HG��ZKHUHDV�����RI�KRPLFLGH�
YLFWLPV�ZRUNHG�IRU�SD\��,ELG���

'DWD�IURP�WKLV����\HDU�DQDO\VLV�WKXV�LQGLFDWH�D�VXL-
FLGDO�FRQFHUQ�RI�QDWLRQDO�UHOHYDQFH�WKDW�D̆HFWV�IDUPHUV�
LQ�SDUWLFXODU��5LQJJHQEHUJ�HW�DO���������S��������KLJKOLJKW�
WKDW�SDLG�IDUPZRUNHUV�DUH�DOVR�D̆HFWHG�E\�WKLV�FRPPRQ�
WUDJHG\�\HW� DW� D� VXLFLGH� UDWH�RI� MXVW�XQGHU� WKUHH� WLPHV�
OHVV� WKDQ� IDUPHUV��0RUHRYHU�� WKLV� VWXG\� VWUHVVHV� WKH�
QHHG�IRU�IXUWKHU�UHJLRQDO�GDWD�DQG�DQDO\VLV�UHJDUGLQJ�
WKH� UHDVRQV� IRU� HOHYDWHG� VXLFLGH� DPRQJ� IDUP�RSHUD-
WRUV�DQG�HOHYDWHG�KRPLFLGH�DPRQJ�IDUPZRUNHUV��7KH�
86'$¶V�PRVW�UHFHQW�2017 Census of Agriculture indi-
FDWHV�WKDW�RXW�RI�����������WRWDO�8�6��IDUPV������������

KDYH�QR�UHSRUWHG�IDUP�ODERU��1$66�������S��������,Q-
GHHG��JLYHQ�WKH�VWUXFWXUH�DQG�PRGDOLW\�RI�DJULFXOWXUDO�
ZRUN��D�GLYLVLRQ�DPRQJ�IDUPHUV�DQG�IDUPZRUNHUV�RQ�
VXFK� D� VHQVLWLYH� DQG� XUJHQW�PDWWHU� FDQ� EH� LQFRQVH-
TXHQWLDO�ZKHQ� FRQVLGHULQJ� WKH� RFFXSDWLRQDO� RYHUODS�
EHWZHHQ� IDUPHU�DQG� IDUPZRUNHU�GXWLHV��(YHQ�PRUH��
WKH�DYHUDJH�8�6��IDUP�ZDV�FLWHG�DW�����DFUHV��WKDW�LV��
PDQDJHDEOH� DQG� ZRUNHG� E\� D� VLQJOH� IDUPHU� ZLWK� RU�
ZLWKRXW� IDPLO\� ODERU�DQG�ZLWKRXW� WKH�QHHG� IRU�KLUHG�
ODERU��,ELG��S�����

���7KH�IDPLO\�IDUP�HFRQRPLF�XQLW

7KLV�VLWXDWLRQ�UHÀHFWV�D�GLYHUVH�VRFLDO�DQG�HFRQRPLF�
VWDWXV�RI�IDPLO\�IDUPV�ZKLFK��JLYHQ�WKH�GXH�GL̆HUHQFHV��
LV� DQDORJRXV� WR� SHDVDQWU\� �%LVVHQ� ������� 7KH� SHDVDQW�
ZLWK�QR�KLUHG�ODERU�UHSUHVHQWHG�D�WKHRUHWLFDO� LVVXH�IRU�
.DUO� 0DU[�� DV� RXWOLQHG� E\� $OH[DQGHU� &KD\DQRY�� 7KLV�
DJUDULDQ� HFRQRPLVW� DQG� UXUDO� VRFLRORJLVW� LOOXPLQDWHG�
0DU[¶V� FKDOOHQJH� ZLWK� D� VSHFL¿F� HFRQRPLF� ¿JXUH�� WKH�
SHDVDQW��0DU[��DV�FLWHG�LQ�7KRUQHU�������S��[YLLL��VWDWHV�
RI�WKH�SHDVDQW��³DV�RZQHU�RI�WKH�PHDQV�RI�SURGXFWLRQ�KH�
LV�FDSLWDOLVW��DV�ZRUNHU�KH�LV�KLV�RZQ�ZDJH�ZRUNHU�´�DQG�
HYHQ�PRUH��³WKH�VHSDUDWLRQ�EHWZHHQ�WKH�WZR�LV�WKH�QRU-
PDO�UHODWLRQ�LQ�WKLV�>L�H���FDSLWDOLVW@�VRFLHW\�´�$FFRUGLQJ�
WR�&KD\DQRY�� WKH� DEVHQFH�RI� RQH�RI� WKH� IRXU� HOHPHQWV�
RI�FDSLWDOLVWLF�HQWUHSUHQHXUVKLS�HQYLVLRQHG�E\�FODVVLFDO�
DQG�QHRFODVVLFDO�HFRQRPLF�WKHRULHV��WKDW�LV��³ZDJHV��RI�
ODERU���LQWHUHVW��RQ�FDSLWDO���UHQW��IRU�ODQG���DQG�SUR¿WV�
�RI� HQWHUSULVH�´�PDNHV� LW� LPSRVVLEOH� WR� GHWHUPLQH� WKH�
PDJQLWXGH�RI�WKH�UHPDLQLQJ�WKUHH��WKXV�GHVWUR\LQJ�WKHLU�
WKHRUHWLFDO� VWUXFWXUH� �,ELG��SS�� [LLL�[LY���7KLV�GRHV�QRW�
H[FOXGH� IDUPLQJ� IURP� FDSLWDOLVW� DJULFXOWXUH��+RZHYHU��
WKH�GXDOLW\�RI�WKH�ZRUNHU�DV�WKH�RZQHU�RI�WKH�PHDQV�RI�
SURGXFWLRQ� KLJKOLJKWV� WKH� QHHG� IRU� DQRWKHU� HFRQRPLF�
WKHRU\�LQ�LQWHUSUHWLQJ�WKH�VSHFL¿F�ZRUOG�RI�IDPLO\�IDUPV�
�&KD\DQRY������>����V@��S�������7KH�86'$¶V�2017 Cen-
sus of Agriculture��1$66�������PLUURUV�WKLV�FKDUDFWH-
ULVWLF� E\� GLVWLQJXLVKLQJ� IDUPHUV� ZKR� KLUH� ODERU� IURP�
IDUPHUV�ZKR�GR�QRW�KLUH� ODERU��7KH� ODWWHU�FRQVWLWXWH�D�
ODUJH�PDMRULW\�

����)DUPLQJ¶V�VRFLDO�ERG\

)ROORZLQJ�&KD\DQRY��WKH�DXWKRULWDWLYH�VFKRODU�RI�UX-
UDO�VRFLRORJ\��7HRGRU�6KDQLQ��GHWDLOHG�KRZ�IDPLO\�IDUP�
OLIH�KDV�UHPDLQHG�LQFRQJUXHQW�ZLWK�QDUURZ�FDSLWDOLVWLF�
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IRUPDWLRQV� �&KD\DQRY� ����� >����V@�� 6KDQLQ� �������
6KDQLQ�DGYDQFHG�DQG�GHHSHQHG�WKH�GLVFRXUVH��IURP�WKH�
SDVW�KDOI�FHQWXU\�WR�WRGD\��RQ�WKH�VRFLDO��HFRQRPLF��DQG�
SROLWLFDO� IDFWRUV�RI�SHDVDQWU\�DQG� UXUDOLW\��'HVSLWH� WKH�
PDLQVWUHDP�GHQLDO�RI�SHDVDQW�H[LVWHQFH�DORQJVLGH�P\WKV�
RI�SURJUHVV��SHDVDQWU\�DQG�WKH�IDPLO\�IDUP�DV�D�VRFLRH-
FRQRPLF�XQLW�JR�RQ��HYHQ�ZLWKLQ�FRQWHPSRUDU\�PDUNHW�
UHODWLRQV��7KLV�SDUWLFXODU�H[LVWHQFH²DQG�LWV�SHUVLVWHQFH��
DV� DUWLFXODWHG�E\�6KDQLQ²VWHPV� IURP�D�SUH�LQGXVWULDO�
VRFLDO�ERG\�WKDW�EOHHGV�LQWR�FRQWHPSRUDU\�VRFLHW\��6SH-
FL¿FDOO\��6KDQLQ�REVHUYHG�D�UHVLVWDQFH�WR�LQGXVWULDOL]D-
WLRQ�GXULQJ�WKH�WUDQVIRUPDWLRQ�RI�SHDVDQWV�LQWR�IDUPHUV�
DQG�KRZ�WKH�IDUPLQJ�RFFXSDWLRQ��HVSHFLDOO\�ZKHQ�OLYH-
VWRFN�KXVEDQGU\� LV� LQYROYHG�� GL̆HUV� IURP�PHFKDQL]HG�
IRUPV�RI�SURGXFWLRQ��6KDQLQ�������SS���������

,Q�WHUPV�RI�DJULFXOWXUH�UHODWHG�VXLFLGH��IXUWKHU�H[D-
mination is needed to deepen the analysis on this social 
DQG�HFRQRPLF�ERG\�� ,QGHHG�� VXFK�ZRUN� LV�SURJUHVVLQJ�
WKURXJK� D� EURDGHU� DQG� PRUH� GHWDLOHG� GDWD� FROOHFWLRQ�
SURFHVV�� ,Q� WKH�PHDQWLPH��KRZHYHU�� LW� LV�FOHDU� WKDW�GL-
VFUHGLWLQJ�LQWHUSUHWDWLRQV�RI�DFWXDO�GDWD�LV�D�UKHWRULFDO�
H[HUFLVH�LQ�HUURU�

����6XUYLYDO

<HW�TXHVWLRQV�UHPDLQ�DV�WR�ZK\�VXLFLGH�LV�KLJK�DPRQJ�
IDUPHUV�� )RU� RYHU� ��� \HDUV�� 'U��0LFKDHO� 5�� 5RVPDQQ�
KDV�VWXGLHG�WKH�SXUSRVHIXO�GULYH�RI�IDPLO\�IDUPHUV��GH-
veloping what he refers to as the agrarian imperative 
�5RVPDQQ��������%H\RQG�SHUVRQDOLW\�WUDLWV��5RVPDQQ¶V�
research highlights motivated actions and risk taking 
DPRQJ�WKRVH�HQJDJHG�LQ�DJULFXOWXUH��7KH�DJUDULDQ�LP-
perative is an instinct that “instills farmers to work in-
FUHGLEO\� KDUG�� WR� HQGXUH� XQXVXDO� SDLQ� DQG� KDUGVKLS��
DQG� WR� WDNH� XQFRPPRQ� ULVNV´� �,ELG�� S�� ����� 7KLV� OHQV�
HOXFLGDWHV� WKH�SKHQRPHQRQ�RI� VXLFLGH� DPRQJ� IDUPHUV�
QRW�RQO\�LQ�WKH�8�6��EXW�DOVR�WUDQVQDWLRQDOO\��7KH�VXUYL-
YDO�RI�WKH�KXPDQ�umwelt�LV�DW�WKH�FHQWHU�RI�WKLV�WUDJHG\��
5RVPDQQ� KDV� IRXQG� WKDW� ³ZKHQ� WKH� REMHFWLYHV� RI� IDU-
PLQJ�DUH�QRW�PHW�DQG�WKH�ORVV�RI�WKH�IDUP�LV�WKUHDWHQHG��
WKH�VDPH�WUDLWV�WKDW�PRWLYDWH�DJULFXOWXUDO�SURGXFHUV�WR�
EH� VXFFHVVIXO� DOVR� EHFRPH� DVVRFLDWHG�ZLWK� GHSUHVVLRQ�
DQG� VXLFLGH´� �,ELG�� S�� ����� 6XUYLYDELOLW\� UHTXLUHV� ULVN��
LW�³GHSHQGV�RQ�D�EURDG�GLYHUVLW\�RI�VSHFLHV�DQG�SHRSOH´�
DJDLQVW�DQ\�KDUP��%LVVHQ�������S��������5RVPDQQ�HP-
SKDVL]HV�WKDW�LI�ZH�ORVH�RXU�DJUDULDQ�LPSHUDWLYH��WKHQ�ZH�
ORVH�RXU�VXUYLYDO�

5HDVRQV� DV� WR�ZK\� IDUPHUV� IDLO� WR�PHHW� WKHLU�EDVLF�
LQVWLQFW� RI� SURYLGLQJ� IRRG�� ¿EHU�� DQG� HQHUJ\� GHVHUYHV�
IXUWKHU�H[DPLQDWLRQ�DQG�PD\�HQFRXQWHU�D�VRFLRORJLFDO�
DQG� DQWKURSRORJLFDO� UHVSRQVH�� ,VRODWLRQ�� FRPSRXQGHG�
ZLWK� D� ODFN� RI� DOWHUQDWLYHV�� PHDQV� WKDW� D� VROH� IDUPHU�
KDV�DW�RQFH�QHLWKHU�ZRUNHUV�WR�UHO\�RQ�IRU�VXSSRUW�RU�WR�
H[SORLW�QRU�ERVVHV�WR�WXUQ�WR�RU�WR�GLUHFW�UHVSRQVLELOLW\��
5LQJJHQEHUJ�HW�DO���������S�����KLJKOLJKWHG�RZQHU�RSH-
UDWRU� VWUHVV�� SDUWLFXODUO\� ¿QDQFLDO�� DV� D� WULJJHU� DPRQJ�
VHOI�HPSOR\HG� IDUPHUV�ZKR�PD\�QRW� KDYH� DQ� R̆�IDUP�
LQFRPH�� 6HOI�HPSOR\HG� IDUP�RSHUDWRUV� ³WDNH� RQ� VLJQL-
¿FDQW�UHVSRQVLELOLWLHV� IRU�GD\�WR�GD\�RSHUDWLRQV�RI� WKH�
IDUP�� ZLWK� KLJK� ZRUN� ORDG� DQG� ¿QDQFLDO� UHVSRQVLEL-
OLWLHV��7KLV� LQFUHDVHG�KDQGV�RQ� UROH� LQ�ERWK�ZRUN� WDVN�
and management creates greater personal investment 
LQ�WKH�IDUP�DQG�LWV�RSHUDWLRQV´��,ELG����$FFHVV�WR�OHWKDO�
PHDQV��H[SRVXUH� WR�GHSUHVVLRQ�OLQNHG� LQVHFWLFLGH��DQG�
poor access to mental and health care services intensify 
IDUPHU�YXOQHUDELOLW\��,ELG����5LVNV�DVVRFLDWHG�ZLWK�GHEW�
GHPDQG�IXUWKHU�FRQVLGHUDWLRQ��,W�LV�FRPPRQO\�KHOG�WKDW�
RQH�PXVW�ERUURZ�PRQH\�WR�PDNH�PRQH\��,I�RYHUH[WHQ-
GHG��LQ�HLWKHU�SXUVXLW�RI�PRUH�JURXQG��WKDW�LV��FDVK�UHQW��
RU� XQQHFHVVDU\� HTXLSPHQW�� WKHQ� IDUPHU� FRQVXPSWLRQ�
DFFHOHUDWHV��'HEW�LV�RQH�DVSHFW�WKDW�D̆HFWV�KRZ�IDUPHUV�
PDNH�GHFLVLRQV��*RLQJ�EH\RQG�JRRG�PHDVXUH�LQ�WHUPV�
RI�HLWKHU�VWUHVV�RQ�WKH�ERG\�RU�H[FHVV�FRQVXPSWLRQ�ULVNV�
ORVLQJ� WKH�DJUDULDQ� LPSHUDWLYH�� ,I� IDUPV�EHFRPH�VKHHU�
EXVLQHVVHV��H�J��SODQW��VSUD\��DQG�KDUYHVW�ZLWKRXW�OLYH-
VWRFN� DQG� VXVWDLQDEOH� SUDFWLFHV��� WKHQ� WKH\� ORVH� WKHLU�
IXQGDPHQWDO� TXDOLWLHV� WR� WKH�SRLQW� RI�ZRUNLQJ� DJDLQVW�
VXUYLYDO�

)DPLO\�IDUPV��HYHQ�LQ�FDSLWDOLVWLF�VRFLHWLHV��H[SUHVV�
PRUH� WKDQ� SXUH� EXVLQHVV� RSHUDWLRQV�� DV� FOHDUO\� VHHQ�
ZKHQ�QRW� UHO\LQJ� RQ�KLUHG� ODERU�� )DUPLQJ� LV� D�ZD\� RI�
EHLQJ��$FFXOWXUDWLRQ�DQG� WKH� WUDQVIRUPDWLRQ�RI� IDPLO\�
IDUPV�LQWR�DEVROXWH�EXVLQHVVHV�DQG�IDUPHUV�LQWR�KXQJU\�
FRQVXPHUV� IRUJH� WKLV� DQWKURSRORJLFDO� FKDQJH�DPLG�DQ�
LQFUHDVLQJO\�¿QDQFHG�XUEDQ�ZRUOG��7KLV�SURFHVV�XSUR-
RWV�DQ�H[LVWHQFH��DQG�LW�LV�DW�RGGV�ZLWK�KXPDQ�VXUYLYDO��
6XLFLGH�PD\�EH�WKH�RQO\�ZD\�RXW�RI�WKLV�LQGLVFULPLQDWH�
¿QDQFLDO�PDUNHW�WKDW�PDQXIDFWXUHV�KXPDQ�QDWXUH²VR-
PHWKLQJ�D�PRGHUQ�PDUNHW�VRFLHW\�KDV�� WKXV� IDU�� IDLOHG�
WR�GR�

$FNQRZOHGJPHQWV

,Q�PHPRU\�RI�7HRGRU�6KDQLQ������±�����
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Editorial comment

:KHQ� UHDGLQJ� WKLV� PDQXVFULSW�� ,� ZDV� D� OLWWOH� SHU-
SOH[HG� LQ� WKH� EHJLQQLQJ�� µ:KDW� GRHV� WKLV� VWRU\� KDYH�
to do with Organisms"¶� ,�ZDV� WHPSWHG� WR�GLVPLVV� WKH�
PDQXVFULSW�DV�µQRW�DSSURSULDWH¶��5HDGLQJ�IXUWKHU��,�SUR-
JUHVVLYHO\� FKDQJHG�P\�PLQG�� DQG� ,� GHFLGHG� KRZ� WKLV�
VWRU\�RI�µWULFNLQJ�E\�QXPEHUV�ZKLOH�EHLQJ�IRUPDOO\�FRU-
UHFW¶� LV� YHU\� LQVWUXFWLYH� IRU� WKH� UHDGHUV� RI�Organisms��

+HUH��WKH�WULFN�LV�SXUHO\�QRPLQDOLVW��µ+RZ�WR�GH¿QH�D�JL-
YHQ�SHUVRQ¶V�MRE"¶��ELRORJLVWV�FDOO�WKLV�SUREOHP�RQWRORJ\�
ZKHQ�WKH\�PXVW�DVVLJQ�D�IXQFWLRQ�WR�D�JLYHQ�JHQH�LQ�RU-
GHU�WR�LQWHUSUHW�RPLFV�UHVXOWV���7KH�DXWKRU�FODUL¿HV�KRZ�
D�VLPSOH�µVKLIW�RI�GH¿QLWLRQ¶�FDQ�FRPSOHWHO\�FKDQJH�WKH�
UHVXOWV�DQG�WKH�FRQFOXVLRQV��1R�RQWRORJ\�LV�SHUIHFW�IRU�
WKH�VLPSOH�UHDVRQ��NQRZQ�VLQFH�WKH�3ODWR�HUD��WKDW�DQ\�
FDWHJRUL]DWLRQ�DVVXPHV�D�VSHFL¿F�YLHZSRLQW�DQG�GUDVWL-
cally diminishes the original semantic richness of the 
REMHFW�LW�GHVFULEHV��7KLV�SUREOHP�LV�FOHDUO\�H[SODLQHG�E\�
WKH�FRPPHQW� WKDW�DVVXPHV�D�ERWWRP�XS��$ULVWRWHOLDQ��
DSSURDFK�WR�FDWHJRUL]DWLRQ��,W�DVNV��QR�PDWWHU�WKH�FRGH�
ULJRU²ZKDW�DERXW�WKH�VLJQL¿FDQWO\�KLJKHU�SURSRUWLRQ�RI�
VXLFLGHV�LQ�D�FDWHJRU\�WKDW�DOPRVW�HQWLUHO\�DFFRXQWV�IRU�
DJULFXOWXUDO�SURGXFHUV"

That is the right way to do it since considering far-
PHUV� DV� µPDQDJHUV¶�� HYHQ� LI� OHJDOO\� FRUUHFW�� LV� RXW� RI�
WRXFK�ZLWK�UHDOLW\�

7KH�WKRXJKWV�RQ�WKH�H[LVWHQFH�RI�DQ�XQVXUPRXQWDEOH�
IDXOW�OLQH�EHWZHHQ�SRVW�PRGHUQ�VRFLHW\�DQG�UXUDO�OLIH�DUH�
WRWDOO\�FRUUHFW��7KH\�ZDUQ�RI�WKH�GDQJHUV�ZH�DUH�H[SR-
VHG�WR�DV�DQ�HQWLUH�FLYLOL]DWLRQ�LI�WKH�PRVW�FHQWUDO�KXPDQ�
ZRUN�RYHU�WKH�SDVW�WHQ�WKRXVDQG�\HDUV�KDV�QR�SODFH�QRU�
VRFLDO�FRQVLGHUDWLRQ�LQ�RXU�VRFLHW\�

A. Giuliani
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Introduction

An injury in any organ or tissue triggers the repair 
process, known as wound healing. This process allows 
the replacement of dead or damaged cells with healthy 
ones of the same type. Tissue regeneration is the most 
common outcome of wound healing: connective tissue 
replacing the normal parenchyma. However, in some 
circumstances, these processes, can lead to an unwar-
UDQWHG� UHVXOW�� DV� ¿EURVLV�� 6HYHUDO� DFXWH� DQG� FKURQLF�
stimuli can trigger the repair response; however, if the 
injurious agents or the damages are not removed, the 
wound-healing mechanism may “go awry”.

7KLV� FDQ�EH�DVFULEHG� WR�DQ� LQFUHDVHG� UHOHDVH�RI� LQ-
ÀDPPDWRU\�PHGLDWRUV�DQG�HQ]\PHV� LQ� WKH�PLFURHQYL-
URQPHQW��$V�WKH�LQÀDPPDWRU\�UHVSRQVH�EHFRPHV�FKUR-
QLF��WKXV��¿EURVLV�RFFXUV��)LEURVLV��H[SODLQHG�DV�DQ�³RXW�
of control wound-healing response” (Wynn 2007), can 

HYHQWXDOO\�OHDG�WR�RUJDQ�IDLOXUH��)LEURVLV�LV�FKDUDFWHUL-
]HG�E\� LQFUHDVHG� DFFXPXODWLRQ�RI� H[WUDFHOOXODU�PDWUL[�
(ECM) components, which disrupts the normal tissue 
architecture. Removing the damaging cause is para-
PRXQW�WR�DYRLG�WKH�GHYHORSPHQW�RI�D�SHUPDQHQW�¿EURWLF�
WLVVXH��+RZHYHU��LGHQWL¿FDWLRQ�RI�¿EURVLV�FDXVDWLYH�FXHV�
is often an uneasy task as well as their removal.

7KH�¿EURJHQLF�SURFHVV

7KH�¿EURJHQLF�UHVSRQVH�FDQ�EH�GLYLGHG�LQ�WKH�IROORZLQJ�
SKDVHV�� LQÀDPPDWLRQ�� SUROLIHUDWLRQ�� UHPRGHOLQJ� DQG�
PDWXUDWLRQ��5RFNH\�HW�DO����������)ROORZLQJ�DQ��FKHPL-
FDO�SK\VLFDO��LQMXU\��WKH�FRDJXODWLRQ�FDVFDGH�LV�WKH�¿UVW�
process that undergoes activation.

Circulating platelets migrate into the wounded area 
DQG�UHOHDVH�D�QXPEHU�RI�JURZWK�IDFWRUV��VXFK�DV�SODWHOHW�
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GHULYHG�JURZWK�IDFWRU��3'*)��DQG�WUDQVIRUPLQJ�JURZWK�
IDFWRU�ǃ���7*)�ǃ����3'*)�LV�D�SRWHQW�FKHPRDWWUDFWDQW��
IRU� LQÀDPPDWRU\� FHOOV��ZKLOH� 7*)�ǃ�� LV�PDQGDWRU\� WR�
VWLPXODWH�WKH�IRUPDWLRQ�RI�D�SURYLVLRQDO�(&0�E\�ORFDO�
¿EUREODVWV� �%DUULHQWRV� HW� DO��� ������� 7KH� SURYLVLRQDO�
(&0�EHKDYHV�DV�D�VFD̆ROG�IRU�PLJUDWLRQ�RI�VHYHUDO�LQ-
ÀDPPDWRU\� FHOOV�� &RQFRPLWDQWO\�� GDPDJHG� HSLWKHOLDO�
FHOOV�DOVR�UHOHDVH�LQÀDPPDWRU\�VLJQDOV��VWLPXODWLQJ�WKH�
SUROLIHUDWLRQ�DQG�UHFUXLWPHQW�RI� LQÀDPPDWRU\�FHOOV� LQ�
WKH� ZRXQG�� :RXQGHG� WLVVXHV� IXUWKHU� SURGXFH� PDWUL[�
PHWDOORSURWHLQDVH¶V� �003��� ZKLFK� GLVUXSW� WKH� EDVH-
PHQW� PHPEUDQH�� WKXV� DOORZLQJ� DQG� IDFLOLWDWLQJ� WKH�
UHFUXLWPHQW�RI�GL̆HUHQW�NLQG�RI�FLUFXODWLQJ�DQG�LQÀDP-
matory cells. At this stage, chemical signals such as cyto-
kines and chemokines, recruit endothelial cells to form 
QHZ� EORRG� YHVVHOV� LQ� WKH� ZRXQGHG� DUHD�� 1HXWURSKLOV�
DQG�PDFURSKDJHV�DUH�WKH�PRVW�DEXQGDQW�LQÀDPPDWRU\�
cells at the early stages of process. The former provides 
an important source of cytokines, activating additional 
cells to increase the immune response; the latter cleans 
XS�WLVVXH�GHEULV�DQG�GHDG�FHOOV�E\�SKDJRF\WRVLV��0DFUR-
SKDJHV�KROG�ERWK�SUR��DQG�DQWL�¿EURWLF�DFWLYLW\��2Q�WKH�
KDQG��WKH\�UHFUXLW�RWKHU�LQÀDPPDWRU\�FHOOV��PDLQO\�7�
cells, and on the other, they prevent the development of 
¿EURVLV�HOLPLQDWLQJ�SUR�¿EURWLF�IDFWRUV��&RQFRPLWDQWO\��
DFWLYDWHG�7�FHOOV�SURGXFH�SUR�¿EURWLF�F\WRNLQHV�� LQFOX-
GLQJ�,/����DQG�7*)�ǃ� WR� UHFUXLW�DGGLWLRQDO�¿EUREODVWV�
�/L� HW� DO��� ������� )LEUREODVWV�� WKH� SULQFLSDO� VRXUFH� RI�
(&0� FRPSRQHQWV�� UHVSRQG� WR� VLJQDOV� E\� SUROLIHUDWLQJ�
and migrating toward to the site of damage. The re-
FUXLWHG� ¿EUREODVWV�� LQ� WKH� SUROLIHUDWLRQ� SKDVH�� UHEXLOG�
WKH� (&0�� UHSODFLQJ� WKH� SURYLVLRQDO� RQH� ZLWK� ¿EULOODU�
collagen-rich ECM with higher mechanical strength 
�9DQ�'H�:DWHU� HW� DO��� ������� %HVLGHV� SURGXFLQJ� (&0�
SURWHLQV��¿EUREODVWV�DUH�DOVR�LQYROYHG�LQ�LWV�PDLQWHQDQ-
FH�DQG�UHDEVRUSWLRQ��7KH�UHFLSURFDO�FURVVWDON�EHWZHHQ�
¿EUREODVWV�DQG�PDFURSKDJHV�LV�D�NH\�HOHPHQW�LQ�¿EURVLV�
�)ULHGPDQ���������)LEUREODVWV�SURGXFH�SUR�¿EURWLF�VL-
gnals to activate macrophages themselves and in turn, 
PDFURSKDJHV�VWLPXODWH�WKH�¿EUREODVW� WR�P\R¿EUREODVW�
DFWLYDWLRQ� �3DNVKLU� DQG� +LQ]�� ������� )LEUREODVWV� DUH�
TXLHVFHQW�PHVHQFK\PDO�FHOOV��EXW�XSRQ�7*)�ǃ��VLJQDO��
WKH\� DUH� DFWLYDWHG� LQWR� P\R¿EUREODVWV�� +DOOPDUNV� RI�
P\R¿EUREODVWV�DUH�KLJK� OHYHOV�RI�D�VPRRWK�PXVFOH�DF-
WLQ��Į�60$��H[SUHVVLRQ�DQG�D�PDUNHGO\�HQKDQFHG�FRQ-
WUDFWLOH�DFWLYLW\�GXH�WR�WKH�LQFRUSRUDWLRQ�RI�Į�60$�LQWR�
VWUHVV�¿EHUV��'DUE\�HW�DO����������E\�JHQHUDWLQJ�KLJK�LQ-
WUDFHOOXODU�WHQVLRQ�LQ�WKH�(&0��+LQ]�HW�DO����������2QFH�

DFWLYDWHG�� P\R¿EUREODVWV� WKHPVHOYHV� VHFUHWH� 7*)�ǃ��
VXVWDLQLQJ� WKHLU�RZQ�DFWLYDWLRQ�E\�D�SRVLWLYH� IHHGEDFN�
PHFKDQLVP�� 7KH� P\R¿EUREODVWV� DUH� UDUHO\� IRXQG� LQ�
KHDOWK\� WLVVXH� DQG� WKH\� FDQ� GL̆HUHQWLDWH� IURP� VHYHUDO�
SUHFXUVRU�FHOOV��*DEELDQL��������$PRQJ�WKHVH�FHOOV��WLV-
VXH�UHVLGHQW�¿EUREODVWV�DUH�WKH�SULQFLSDO�VRXUFH�RI�P\R-
¿EUREODVWV��7KH\�FDQ�DOVR�RULJLQDWH�IURP�RWKHU�VRXUFHV��
LQFOXGLQJ� FLUFXODWLQJ� ERQH� PDUURZ�GHULYHG� ¿EURF\WHV�
�4XDQ�HW�DO����������SHULF\WHV��.LGD�DQG�'ẊHOG���������
epithelial and endothelial cells (Carew et al., 2012). 
(SLWKHOLDO�FHOOV�FDQ�DFTXLUH�D�P\R¿EUREODVW�SKHQRW\SH�
XQGHUJRLQJ� WR� D� ELRORJLFDO� SURFHVV�� FRPPRQO\� NQRZQ�
as epithelial-mesenchymal transition (EMT). This pro-
FHVV� WULJJHUV� ELRFKHPLFDO� FKDQJHV� LQ� HSLWKHOLDO� FHOOV��
which lose polarity and acquire mesenchymal features, 
LQFOXGLQJ� HQKDQFHG� PLJUDWRU\� DELOLW\�� LQYDVLYHQHVV��
and mainly increased production of ECM components 
�.DOOXUL�DQG�:HLQEHUJ���������,W�KDV�EHHQ�UHFHQWO\�GH-
PRQVWUDWHG� WKDW� HQGRWKHOLDO� FHOOV� FDQ� DOVR�GL̆HUHQWLD-
WH� LQWR�P\R¿EUREODVWV�� WKURXJK� DQ� (07�OLNH� SURFHVV��
called endothelial-mesenchymal transition (EndoMT) 
�3LHUD�9HOD]TXH]�HW�DO����������%RWK�(07�DQG�(QGR07�
FDQ�EH�LQGXFHG�E\�7*)�ǃ��3DUGDOL��������$OO�WKHVH�SUH-
FXUVRU�FHOOV�DPSOLI\�WKH�SRRO�RI�P\R¿EUREODVWV��+LQ]�HW�
DO����������0\R¿EUREODVWV�V\QWKHVL]H�DQG�UHOHDVH�HOHYD-
WHG�DPRXQW�RI�PDWUL[�FRPSRQHQWV��FRQWULEXWLQJ�WR�WKH�
H[FHVVLYH�(&0�REVHUYHG�LQ�¿EURWLF�GLVHDVHV��7KH�¿EURWLF�
PDWUL[��LQ�WKH�UHPRGHOLQJ�SKDVH��FRQVLVWV�SUHGRPLQDQ-
WO\�RI�¿EULOODU�FROODJHQ�W\SHV�,�,,,��.DUVGDO�HW�DO����������
('�$�¿EURQHFWLQ��:KLWH�HW�DO����������EDVHPHQW�PHP-
EUDQH�FROODJHQ�W\SH�,9��PDWULFHOOXODU�SURWHLQ�3HULRVWLQ�
�3(567�� �.LL� DQG�+LWR�� ������ ODPLQLQ� DQG� RWKHU� OHVV�
DEXQGDQW� HOHPHQWV�� 0\R¿EUREODVWV� H[HUW� PHFKDQLFDO�
IRUFHV�RQ�(&0�WKURXJK�ELQGLQJ�DPRQJ�LQWHJULQ��(&0�
FRPSRQHQWV� DQG� F\WRVNHOHWRQ�¿ODPHQWV� �=KRQJ� HW� DO���
�������7KXV��P\R¿EUREODVWV� FDQ� UHPRGHO�ERWK� FKHPL-
FDO�DQG�SK\VLFDO�SURSHUWLHV�RI�(&0�FRQWULEXWLQJ�WR�SUR-
JUHVVLRQ�RI�¿EURVLV��+LQ]���������7KH�PHFKDQLFDO�VWUHVV�
RI�(&0��GXH�WR�LQFUHDVHG�WLVVXH�VWL̆QHVV�DQG�GHFUHDVHG�
HODVWLFLW\��HQKDQFHV�P\R¿EUREODVWV�DFWLYDWLRQ�DQG�WKHQ�
SURJUHVVLRQ�RI�¿EURVLV��)��.OLQJEHUJ��������7KHUHIRUH��
FRPPXQLFDWLRQ� LQ� EHWZHHQ� PDFURSKDJHV� DQG� P\R¿-
EUREODVWV� SURPRWHV� ¿EURVLV� �+LQ]�� ������� ,Q� WKH� ODVW�
SKDVH�� P\R¿EUREODVWV� VWLPXODWH� ZRXQG� FRQWUDFWLRQ��
SURFHVV�IRU�WKH�HOLPLQDWLRQ�RI�VFDU��WKH�UH�HSLWKHOLDOL]D-
tion and then the regeneration of the damaged tissue. 
7KH�DSRSWRVLV�RI�LQÀDPPDWRU\�FHOOV�DQG�P\R¿EUREODVWV�
is the last fundamental step completing the wound re-
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pair process (Mescher 2017). However, if the controlled 
GHDWK�IDLOV��WKLV�OHDGV�WR�DQ�XQEDODQFH�EHWZHHQ�EHQH¿-
FLDO�ZRXQG�UHSDLU�DQG�RUJDQ�¿EURVLV�DQG�LW�SURYRNHV�D�
SURORQJHG�DFWLYLW\�RI�PDFURSKDJHV��E\�DFWLYDWLQJ�P\R-
¿EUREODVWV�� DQG� P\R¿EUREODVWV� E\� UHPRGHOLQJ� (&0�
�6LQGULODUX�DQG�6FKDŬHWWHU�.RFKDQHN���������7KH�SHU-
VLVWHQW�DFFXPXODWLRQ�DQG�VWL̆HQLQJ�RI�(&0�VXSSRUWV�D�
SRVLWLYH�IHHGEDFN�ORRS�WKURXJK�ELRPHFKDQLFDO�IRUFHV�E\�
sustaining activation of cells – macrophages and myo-
¿EUREODVWV�±�EH\RQG�WKHLU�OLIHWLPH��3DUNHU�HW�DO����������
0RUHRYHU��GXULQJ�¿EURVLV��WKH�V\QWKHVLV�RI�QHZ�FROODJHQ�
E\�P\R¿EUREODVWV� H[FHHGV� WKH� UDWH� RI� LWV� GHJUDGDWLRQ��
LQFUHDVLQJ� WKH� DPRXQW� RI�PDWUL[� �3DUGR� DQG� 6HOPDQ��
�������7KLV�LV�GXH�WR�WKH�LPEDODQFH�RI�FROODJHQ�WXUQR-
YHU�� UHJXODWHG� E\� 003� DQG� WKHLU� LQKLELWRUV�� VXFK� DV�
WLVVXH�LQKLELWRUV�RI�PHWDOORSURWHLQDVHV��7,03V���ZKLFK�
promote the production instead of the degradation.

0DVWHU�GULYHUV�RI�¿EURWLF�UHVSRQVH

7KH� DFWLYDWHG� P\R¿EUREODVWV� DUH� FRQVLGHUHG� WKH�
PDLQ�H̆HFWRUV�RI�¿EURVLV��E\�SURGXFLQJ�D�ODUJH�DPRXQW�
RI�PDWUL[�SURWHLQV��+LQ]�HW�DO����������0DFURSKDJHV�DQG�
7�FHOOV��LQVWHDG��UHOHDVH�ELRFKHPLFDO�VLJQDOV�WR�PRGXOD-
WH� WKH� ¿EUREODVWV� DFWLYLW\� DQG� WKH�PDWUL[�PHWDEROLVP��
$PRQJ� WKHVH� VLJQDOV� LQYROYHG� LQ� WKH� SURFHVV�� 7*)�ǃ��
LV� FRQVLGHUHG� WKH�NH\�PHGLDWRU� RI� WKH�¿EURWLF� UHVSRQ-
VH��6WHZDUW�HW�DO����������7*)�ǃ�EHORQJV�WR�D�F\WRNLQHV�
family that regulate several physiological processes. 
7KHUH�DUH�WKUHH�GL̆HUHQW�LVRIRUPV��7*)�ǃ���7*)�ǃ��DQG�
7*)�ǃ���EXW�DPRQJ�WKHVH��7*)�ǃ��LV�WKH�SUHYDOHQW�DQG�
XELTXLWRXVO\�RQH��7KH�PDFURSKDJHV�DUH�UHVSRQVLEOH�WR�
UHJXODWH�ERWK�WKH�VHFUHWLRQ�DQG�WKH�DFWLYDWLRQ�RI�ODWHQW�
7*)�ǃ��7*)�ǃ��LV�V\QWKHVL]HG�DV�ODWHQW�SUHFXUVRU�FRP-
SOH[�� QRQ�FRYDOHQWO\� ERXQG� WR� ODWHQF\�DVVRFLDWHG� SUR-
WHLQ��/$3���5REHUWVRQ�HW�DO����������7KH�ODWHQW�FRPSOH[�
LV�PDLQO\�VWRUHG�LQ�WKH�PDWUL[��FRYDOHQWO\�FURVV�OLQNHG�WR�
(&0�SURWHLQV��:HUE��������NHHSLQJ�7*)�ǃ�LQ�DQ�LQDFWL-
YH�IRUP��ZKLFK�FDQQRW�LQWHUDFW�ZLWK�LWV�UHFHSWRUV��6HYH-
UDO�SURWHDVHV�FDQ�FDWDO\]H�WKH�GLVVRFLDWLRQ�RI�/$3�IURP�
7*)�ǃ��� WKHQ�� 7*)�ǃ�� EHFRPHV� DFWLYDWHG� DQG� LW� FDQ�
ELQG�WR�UHFHSWRUV��0XUJHU�HW�DO����������8SRQ�ELQGLQJ�WR�
WUDQVPHPEUDQH�UHFHSWRUV��7*)�ǃ��FDQ�DFW�WKURXJK�WZR�
GL̆HUHQW�VLJQDOOLQJ�SDWKZD\��FDQRQLFDO�RU�QRQ�FDQRQL-
FDO��7KH�FDQRQLFDO�VLJQDOOLQJ�SDWKZD\��NQRZQ�DV�6PDG�
dependent, involves the phosphorylation and activa-
WLRQ�RI�6PDG��DQG�6PDG��WKDW�IRUP�D�FRPSOH[��ZKLFK�
VXEVHTXHQWO\� ELQGV� WR� 6PDG��� 7KH� DFWLYDWHG� FRPSOH[�

FDQ�WUDQVORFDWHV�WR�WKH�QXFOHXV�DQG�D̆HFW�WKH�WUDQVFULS-
WLRQ�RI�VSHFL¿F�WDUJHW�JHQHV��+LOO���������,Q�YLYR�VWXGLHV�
KDYH�FRQ¿UPHG� WKH�7*)�ǃ�6PDG�� LQYROYHPHQW� LQ� WKH�
¿EURJHQHVLV�EHFDXVH�6PDG��QXOO�PLFH�EHFDPH�UHVLVWDQW�
WR�¿EURWLF�GLVHDVH��=KDR�HW�DO����������+RZHYHU��7*)�ǃ��
can also activate the non-canonical pathway, known as 
6PDG�LQGHSHQGHQW��ZKLFK�LQYROYHV�DOWHUQDWLYH�VLJQDOLQJ�
pathways, including mitogen-activated protein kinases 
�0$3.V���%KRZPLFN�HW�DO����������:QW�ǃ�FDWHQLQ�VLJQD-
OLQJ��SKRVSKDWLG\O�LQRVLWRO���NLQDVH��3,�.�$.7���%DNLQ�
HW�DO����������S���DQG�1RWFK�VLJQDOLQJ��=KDQJ���������
7*)�ǃ�LV�V\QWKHVL]HG�DQG�VHFUHWHG�ERWK�E\�PDFURSKD-
JHV�DQG�¿EUREODVWV��WKXV�DFWLQJ�WKURXJK�ERWK�SDUDFULQH�
DQG�DXWRFULQH�ZD\��8SRQ�7*)�ǃ�VWLPXODWLRQ��¿EUREODVWV�
DUH�DFWLYDWHG�LQ�DFTXLULQJ�P\R¿EUREODVWV�SKHQRW\SH��$V�
PHQWLRQHG� DERYH�� 7*)�ǃ� LQFUHDVHV� WKH� SRRO� RI�P\R¿-
EUREODVWV�DOVR�E\�LQGXFLQJ�(07�DQG�(QGR07��UHVSHFWL-
YHO\��LQ�HSLWKHOLDO�DQG�HQGRWKHOLDO�FHOOV��;X�HW�DO����������
7*)�ǃ� VLJQDOLQJ� LQFUHDVHV�(&0�V\QWKHVLV�� GHSRVLWLRQ��
DQG�FRQWUDFWLRQ�E\�P\R¿EUREODVWV��,W�PDLQO\�HQKDQFHV�
H[SUHVVLRQ� RI� FROODJHQ� W\SHV� ,�� ,,,� DQG�9,�� ¿EURQHFWLQ�
DQG�SURWHRJO\FDQV��0DVVDJXH���������7*)�ǃ��DOVR�LQKL-
ELWV�(&0�GHJUDGDWLRQ��E\�LQGXFLQJ�GRZQ�UHJXODWLRQ�RI�
003�H[SUHVVLRQ�DQG�E\�LQFUHDVLQJ�7,03V�H[SUHVVLRQ��
WKURXJK� WKH� 6PDG�� DFWLYLW\� �<XDQ� DQG� 9DUJD�� �������
Remodeling of ECM is paramount for the progression 
RI� ¿EURVLV�� DV�ZHOO� DV� IRU� LWV� UHJUHVVLRQ�� ,Q� VNLQ�¿EUR-
EODVWV�� 7*)�ǃ�� LQGXFHV� WKH� H[SUHVVLRQ� RI� SURFROODJHQ�
/\V\O�K\GUR[\ODVH����3/2'����D�JHQH�FRGLQJ�IRU�DQ�LP-
SRUWDQW�HQ]\PH�IRU�WKH�K\GUR[\ODWLRQ�RI�O\VLQH�UHVLGXHV�
LQ�FROODJHQ��YDQ�GHU�6ORW�HW�DO����������6XFK�PRGL¿FDWLRQ�
HQKDQFHV�WKH�QXPEHU�RI�FURVV�OLQNV�DPRQJ�S\U\GROLQH�
UHVLGXHV� WKDW� VWDELOL]H�FROODJHQ�¿EULOV��PDNLQJ� LW�PRUH�
GL̇FXOW� WR� GHJUDGH� E\� HQ]\PHV� �5LFDUG�%OXP� HW� DO���
�������/\V\O�R[LGDVH�OLNH����/2;/���LV�DQRWKHU�LPSRU-
WDQW�HQ]\PH�IRU�WKH�UHPRGHOLQJ�RI�(&0�FRPSRQHQWV��,W�
FDWDO\]HV�WKH�GHDPLQDWLRQ�RI�O\VLQH�UHVLGXHV�RI�FROODJHQ�
monomers promoting the formation of cross-linkages 
�*UDX�%RYH� HW� DO��� ������� /2;/��EHORQJV� WR� WKH�/\V\O�
R[LGDVH� IDPLO\�� FRPSRVHG� RI� ¿YH�PHPEHUV� �/2;� DQG�
IRXU� /2;/� YDULDQWV��� 7KH� FURVV�OLQNDJHV� FDWDO\]HG� E\�
/2;/�DUH� LPSRUWDQW� IRU� FROODJHQ� VWDELOL]DWLRQ�DV�ZHOO�
DV�PDWUL[�LQWHJULW\�DQG�HODVWLFLW\��,W�LV�QRWHZRUWK\�WKDW�
/2;/�H[SUHVVLRQ�DQG�DFWLYLW\�DUH�HQKDQFHG�LQ�KHSDWLF�
VWHOODWH� FHOOV� �+6&V��� LQYROYHG� LQ� OLYHU� ¿EURVLV� �/LX� HW�
DO����������7KHVH�PRGL¿FDWLRQV�RQ�FROODJHQ�UHVXOW�LQ�LQ-
FUHDVHG�PDWUL[�VWL̆QHVV��ZKLFK�DFWLYDWHV�WKH�P\R¿EUR-
EODVW�YLD�PHFKDQLFDO�IRUFHV��,NHQDJD�HW�DO����������WKXV�
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DOORZLQJ�WKH�SHUVLVWHQFH�RI�¿EURVLV��+LQ]���������,W�KDV�
EHHQ�GHPRQVWUDWHG�WKDW�LQKLELWLRQ�RI�/2;/��PLWLJDWHV�
WKH�SURJUHVVLRQ�RI�OLYHU�¿EURVLV�DQG�SURPRWHV�LWV�UHVR-
OXWLRQ��,NHQDJD�HW�DO����������7KH�H[SUHVVLRQ�DQG�DFWLYLW\�
RI�/2;/��DUH�LQFUHDVHG�E\�3HULRVWLQ��3(567���.XPDU�
HW�DO����������D�QRQVWUXFWXUDO�H[WUDFHOOXODU�PDWUL[�SUR-
tein. Periostin can directly interact with ECM compo-
QHQWV��VXFK�DV�¿EURQHFWLQ��FROODJHQ��HODVWLQ��DQG�SURPR-
WHV�WKH�¿EULOORJHQHVLV��32671�VWLPXODWHV�WKH�H[SUHVVLRQ�
RI� LQWUD�� DQG� H[WUDFHOOXODU� FROODJHQ� DQG� ¿EURQHFWLQ� LQ�
+6&V��GXULQJ�KHSDWLF�¿EURVLV��0RUHRYHU��7*)�ǃ�VLJQD-
OLQJ�VWLPXODWHV�32671�DQG��LQ�WXUQ��32671�IDYRUV�WKH�
SKRVSKRU\ODWLRQ�RI�6PDG�����HYHQ�LQ�DEVHQFH�RI�7*)�ǃ�
VLJQDOLQJ��.XPDU�HW�DO����������

,Q�DGGLWLRQ��RWKHU�SURWHLQV�HQKDQFH�WKH�¿EURWLF�UH-
VSRQVH�GRZQVWUHDP�RI�7*)�ǃ�� E\� LQFUHDVLQJ� WKH� FRQ-
WUDFWLOH�SKHQRW\SH�RI�¿EUREODVWV��DV�ZHOO�DV�E\�IDFLOLWDWLQJ�
the release of several ECM components from activated 
¿EUREODVWV��7KH�(&0�LV�QRW�DQ�LQHUW�VFD̆ROG��DV�LW� LV�D�
dynamic regulator of the cell/microenvironment cross 
WDON��,QGHHG��(&0�PRGXODWHV�WUḊF�DQG�DFWLYLW\�RI�VHYH-
ral signaling molecules (cytokines, growth factors, etc.) 
DFWLQJ�XSRQ�ERWK�FHOOV�DQG� WKHLU�PLOLHX��$Q� LPSRUWDQW�
(&0�UHODWHG�SUR�¿EURWLF�PHGLDWRU�LV�WKH�FRQQHFWLYH�WLV-
VXH�JURZWK� IDFWRU� �&7*)���PHPEHU�RI�D� VPDOO�SURWHLQ�
IDPLO\�� ORFDOL]HG�LQ�WKH�(&0��'H�:LQWHU�HW�DO���������
&7*)�LV�D�PDWULFHOOXODU�SURWHLQ��D�QRQ�VWUXFWXUDO�SUR-
tein found in the ECM) that modulates cell functions 
WKURXJK�FHOO�PDWUL[�LQWHUDFWLRQV��&KHQ�DQG�/DX���������
&7*)� LV� H[SUHVVHG� E\� HQGRWKHOLDO� FHOOV� DQG� E\� ¿EUR-
EODVWV��$IWHU�EHLQJ�VHFUHWHG�E\�FHOOV��&7*)�LQWHUDFWV�ZLWK�
several molecules, mainly cytokines and growth factors. 
7KLV�LQWHUDFWLRQ�FDQ�D̆HFW���SRVLWLYHO\�RU�QHJDWLYHO\���WKH�
signal transduction, regulating several processes, such 
DV�FHOO�DGKHVLRQ��PLJUDWLRQ��(&0�GHSRVLWLRQ�DQG�P\R¿-
EUREODVWV�DFWLYDWLRQ��&7*)�SOD\V�D�FHQWUDO�UROH�LQ�WLVVXH�
UHPRGHOLQJ� DQG� LWV� H[SUHVVLRQ� VHHPV� WR� EH� FRUUHODWHG�
ZLWK�REVHUYHG�FOLQLFDO�EHKDYLRU��([SHULPHQWDO�GDWD�RQ�
KXPDQ�¿EURVLV�GHPRQVWUDWHG�WKDW�&7*)�H[SUHVVLRQ�DS-
SHDUV�DVVRFLDWHG�ZLWK�WKH�GHJUHH�RI�¿EURVLV��,JDUDVKL�HW�
DO����������&7*)�LQGXFHV�VHYHUDO�SUHFXUVRU�FHOOV�WR�GL̆H-
UHQWLDWH� LQWR�P\R¿EUREODVWV�� LQFOXGLQJ�HSLWKHOLDO� FHOOV��
through EMT process (Lee at al., 2010). Moreover, it in-
FUHDVHV�WKH�H[SUHVVLRQ�RI�FROODJHQ�W\SH�,��¿EURQHFWLQ�DQG�
LQWHJULQ� LQ� ¿EUREODVWV� DQG� SURPRWHV� WKHLU� GHSRVLWLRQ�
DQG�UHPRGHOLQJ��)UD]HU�HW�DO��� �������&7*)�FDQ�DFW�DV�
DQ�H[WUDFHOOXODU�DGDSWHU�E\�ELQGLQJ�WR�7*)�ǃ��DQG�KHO-
SLQJ�LW�WR�ELQG�WR�LWV�UHFHSWRUV��SRWHQWLDWLQJ�LWV�DFWLYLW\�

�������7KXV��WKH�RYHUH[SUHVVLRQ�RI�&7*)�HQKDQFHV�WKH�
SUR�¿EURWLF� UHVSRQVH�RI�7*)�ǃ��([SHULPHQWDO�GDWD�RQ�
WUDQVJHQLF�PLFH�ZLWK�RYHUH[SUHVVLRQ�RI�&7*)�LQ�¿EUR-
EODVWV�GHPRQVWUDWHG�D�PRUH�DFFHOHUDWHG�¿EURVLV�GHYH-
ORSPHQW�ZLWKRXW�DQ\�RWKHU�SUR�¿EURWLF�VWLPXOXV��6RQ-
Q\ODO�HW�DO����������([SHULPHQWDO�GDWD�KDYH�KLJKOLJKWHG�
WKDW� 7*)�ǃ�� LQGXFHV� &7*)� H[SUHVVLRQ� YLD� 6PDG�GH-
SHQGHQW� VLJQDOLQJ�� 6PDG�� ELQGV� WKH� &7*)� SURPRWHU�
LQGXFLQJ�WKH�P\R¿EUREODVW�GL̆HUHQWLDWLRQ�DQG�FROODJHQ�
V\QWKHVLV��'XQFDQ�HW�DO����������7KXV��&7*)�LV�FRQVLGH-
UHG�DV�D�GRZQVWUHDP�PHGLDWRU�RI� WKH�H̆HFWV�RI�7*)�ǃ�
RQ�¿EUREODVWV��*URWHQGRUVW��������0RUHRYHU��&7*)�FDQ�
DOVR�LQGXFH�WKH�H[SUHVVLRQ�RI�7*)�ǃ�LWVHOI��WULJJHULQJ�D�
SRVLWLYH�IHHGEDFN�ORRS��<DQJ�HW�DO����������7KLV�FDQ�FRQ-
WULEXWH�WR�WKH�SURJUHVVLRQ�RI�¿EURVLV��

%HVLGH� 7*)�ǃ�� RWKHU� SUR�¿EURWLF� DQG� SUR�LQÀDP-
PDWRU\� F\WRNLQHV� DFW� GXULQJ� ¿EURVLV�� HVSHFLDOO\� E\� 7�
FHOOV�WKDW�DFWLYDWH�PDFURSKDJHV�DQG�¿EUREODVWV��:\QQ��
������ DQG� GLUHFWO\� VWLPXODWH� FROODJHQ� V\QWKHVLV� LQ� ¿-
EUREODVWV� �2ULHQWH� HW� DO��� ������ WKURXJK�6PDG��7*)�
ǃ�LQGHSHQGHQW� PHFKDQLVPV� �.DYLUDWQH� HW� DO��� �������
6HYHUDO�¿QGLQJV�LQGLFDWH�WKDW�F\WRNLQHV�VHFUHWHG�E\�DF-
tivated immune cells (T-cells as well as macrophages), 
VXFK� DV� ,/����� ,/��� DQG� ,/��� FDQ� SURPRWH� DQ� LQÀDP-
PDWRU\�¿EURVLV� SURQH�PLFURHQYLURQPHQW� LQ� D� 7*)�ǃ�
LQGHSHQGHQW�ZD\� �.DYLUDWQH� HW� DO��� ������� 6WXGLHV� RQ�
F\WRNLQH�GH¿FLHQW�PLFH� KDG� GHPRQVWUDWHG� WKH� LPSRU-
WDQW�OLQN�EHWZHHQ�7�FHOO�UHVSRQVH�DQG�WKH�GHYHORSPHQW�
RI�¿EURVLV��LQYROYLQJ�,/���DQG�,/����&KLDUDPRQWH�HW�DO���
������� VXJJHVWLQJ� WKDW� HDFK� F\WRNLQHV� OLNHO\� VXSSRUW� D�
VSHFL¿F�UROH�GXULQJ�VXFK�SURFHVV��,/����LQYROYHG�PDLQO\�
LQ�OXQJ�¿EURVLV��(PXUD�HW�DO����������LV�DOPRVW�PRUH�HI-
¿FLHQW�RI�7*)�ǃ�DV�SUR�¿EURWLF�PHGLDWRU��/HWWHULR�DQG�
5REHUWV���������)LEUREODVWV�H[SUHVV�,/���5HFHSWRUV��,/�
�5���DQG�XSRQ�,/���VWLPXODWLRQ��WKH\�V\QWKHVL]H�H[WUD-
FHOOXODU�PDWUL[�FRPSRQHQWV��VXFK�DV�FROODJHQ�W\SH�,��,,,�
DQG�¿EURQHFWLQ� �)HUWLQ�HW�DO�� �������ZKLOH� LQ�PLFH� WUH-
DWHG�ZLWK� ,/��� LQKLELWRUV� LW�ZDV�GHPRQVWUDWHG�D� UHGX-
ced deposition of collagen and decreased development 
RI�¿EURVLV��2QJ�HW�DO����������2WKHU�VWXGLHV�VKRZHG�WKDW�
,/����DFWV�DV�WKH�H̆HFWRU�F\WRNLQH�RI�¿EURVLV�ZKHQ�,/���
LV�LQKLELWHG��.HDQH�HW�DO����������1RWLFHDEO\��ERWK�,/����
DQG�,/��FRQYHUJH�WR�WKH�VDPH�UHFHSWRU��ZKLFK�WUDQVGX-
FH�LQWHUOHXNLQ�VWLPXODWLRQ�WKURXJK�WKH�67$7�VLJQDOLQJ�
SDWKZD\��=XUDZDVNL�HW�DO����������+RZHYHU��TXLWH�SDUD-
GR[LFDOO\�� DFWLYDWLRQ�RI� WKH� VDPH�SDWKZD\�E\�GL̆HUHQW�
H̆HFWRUV��,/��DQG�,/����UHVSHFWLYHO\��IRVWHUV�WKH�GHYH-
ORSPHQW� RI� GL̆HUHQW� RXWFRPHV� DQG� WKH� HPHUJHQFH� RI�
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GLYHUVH� W\SHV�RI�SXOPRQDU\�GLVHDVHV� �=KX�HW�DO��� ������
5DQNLQ�HW�DO����������7KLV�FRQXQGUXP�FDQ�SDUWO\�EH�H[-
SODLQHG�E\� WKH� IDFW� WKDW� ,/����PD\� LQYROYH� DOWHUQDWLYH�
SDWKZD\V�XVXDOO\�LQDFFHVVLEOH�WR�,/���:HEE�HW�DO��������
�%OHDVH� HW� DO��� �������0RUHRYHU�� ,/����DFWLYDWHV�SUHIH-
UHQWLDOO\� WKH�7*)�ǃ�VLJQDOLQJ�±�E\�VWLPXODWLQJ�PDFUR-
SKDJHV�WR�SURGXFH�ODWHQW�7*)��ǃ�±�ZKLOH�XSUHJXODWLQJ�
WKH� V\QWKHVLV� RI� WKRVH� HQ]\PHV� �003�DQG� FDWKHSVLQ��
WKDW�DFWLYDWH�7*)��ǃ�WKURXJK�WKH�FOHDYDJH�RI�/$3��/D-
QRQH� HW� DO�� ������� ,QGHHG�� LQ� WUDQVJHQLF�PLFH� RYHUH[-
SUHVVLQJ�,/����DQG�WUHDWHG�ZLWK�DQ� LQKLELWRU�RI�7*)�ǃ�
GHYHORSPHQW�RI�¿EURVLV�ZDV�PDUNHGO\�UHGXFHG��/HH�HW�
DO��� �������+RZHYHU�� ,/���� FDQ� WULJJHU� ¿EURWLF� SXOPR-
QDU\�SURFHVVHV�HYHQ�LQ�WKH�DEVHQFH�RI�7*)�ǃ�60$'�VL-
JQDOLQJ��1DNDR�HW�DO����������.DYLUDWQH�0��������7KHVH�
FRQWURYHUVLDO�¿QGLQJV�ZDUUDQW�D�FRQYLQFLQJ�H[SODQDWLRQ�
WKDW� SUREDEO\� UHTXLUH� FRQVLGHULQJ� WKH� ,/����PHGLDWHG�
LQYROYHPHQW�RI�RWKHU�F\WRNLQHV�LQ�¿EURVLV�GHYHORSPHQW��
1RWLFHDEO\�� VLJQL¿FDQW� H[SHULPHQWDO� GDWD� KDYH� EHHQ�
UHFHQWO\� FROOHFWHG� DERXW� WKH�SRWHQWLDO� SUR�¿EURWLF� UROH�
VXVWDLQHG�E\�,QWHUOHXNLQ����,/�����,/���LV�D�SUR�LQÀDP-
PDWRU\�DQG�SUR�¿EURWLF�F\WRNLQH��SURGXFHG�E\�VHYHUDO�
FHOOV��LQFOXGLQJ�PDFURSKDJHV�DQG�7�FHOOV��,/���ELQGV�WR�
LWV� UHFHSWRU�� ,/��5�� DQG� WKHQ� WKLV� FRPSOH[� DVVRFLDWHV�
with a second receptor on the cell surface - glycopro-
WHLQ������JS�����+LEL�HW�DO�����������WR�IRVWHU�D�QXPEHU�
of intracellular processes (Rose-John, 2012). IL-6 has 
KLJKHU�ḊQLW\�WR�,/��5�WKDQ�JS�����WKHUHIRUH�RQO\�FHOOV�
H[SUHVVLQJ�,/��5�FDQ�UHVSRQG�WR�WKH�VLJQDO�LQGXFHG�E\�
this cytokine (Jostock et al., 2001). However, IL-6R is 
IRXQG�RQO\�LQ�IHZ�FHOO�W\SHV��ZKLOH�JS����LV�XELTXLWRXVO\�
H[SUHVVHG�� ,/��5� LV� PDLQO\� H[SUHVVHG� E\� KHSDWRF\WHV�
DQG�7�FHOOV��OLPLWLQJ�WKH�SRRO�RI�FHOOV�DEOH�WR�UHVSRQG�WR�
IL-6 signaling. However, IL-6 can signal through an al-
WHUQDWLYH�SDWKZD\��NQRZQ�DV�WUDQV�VLJQDOLQJ��E\�ZKLFK�
,/���UHFRJQL]HV�DQG�ELQGV� WR�D�VROXEOH� IRUP�RI� ,/��5��
L�H�� V,/��5�� IRUPHG� E\� D� SURWHRO\WLF� FOHDYDJH� �5RVH�
-RKQ�DQG�+HLQULFK���������,/���KDV�DQ�ḊQLW\�WR�V,/��5�
FRPSDUDEOH�WR�WKDW�RI�,/��5�RQ�WKH�FHOO�PHPEUDQH��7KH�
FRPSOH[�,/���V,/��5�FDQ�ELQG�WR�JS�����WKXV�DFWLYDWLQJ�
WUDQV�VLJQDOLQJ�GHSHQGHQW�FDVFDGHV��7DJD�HW�DO����������
IL-6 trans signaling increases the pool of cells that can 
UHVSRQG� WR� ,/���� ,Q� ERWK� SDWKZD\V�� WKH� GLPHUL]DWLRQ�
of gp130 leads to activation of receptor-associated Ja-
QXV�.LQDVHV��-$.V��+HLQULFK�HW�DO����������DQG�6LJQDO�
7UDQVGXFHUV� DQG� $FWLYDWRUV� RI� 7UDQVFULSWLRQ� �67$7V��
that, after phosphorylation, can translocate to the cell 
nucleus where they act as a transcription factors to re-

JXODWH�JHQH�H[SUHVVLRQ�+HLQULFK�HW�DO����������,/���SOD\V�
D�UROH�LQ�WKH�GHYHORSPHQW�RI�¿EURVLV�LQ�WKH�OXQJ��/H�HW�
DO����������E\�LQGXFLQJ�WKH�WUDQVIRUPDWLRQ�RI�¿EUREODVWV�
LQWR�P\R¿EUREODVWV��&RQYHUVHO\��LQKLELWLRQ�RI�,/���WUDQV�
VLJQDOLQJ�DWWHQXDWHV�SXOPRQDU\�¿EURVLV��/H�HW�DO���������
Levels of IL-6 and sIL-6R are elevated in systemic scle-
URVLV� �+DVHJDZD�HW�DO��� �������FRUUHODWLQJ�ZLWK�GLVHDVH�
VHYHULW\��,Q�KHDUW��OLYHU��VNLQ�DQG�NLGQH\�¿EURVLV��7DQD-
ND�HW�DO����������,/���LQGXFHV�FROODJHQ�,�H[SUHVVLRQ��ERWK�
through classical and trans-signaling manner. IL-6 
WUDQV� VLJQDOLQJ� LQFUHDVHV� FROODJHQ� ,� H[SUHVVLRQ� E\� DF-
WLYDWLQJ�67$7��DQG�60$'��DQG�E\�V\QWKHVL]HV�*UHP-
OLQ���� DQ� DQWDJRQLVW� RI� ERQH� PRUSKRJHQHWLF� SURWHLQ�
�%03���2¶5HLOO\�6��������2YHU�H[SUHVVLRQ�RI�67$7��KDV�
EHHQ� REVHUYHG� LQ� WLVVXH� RI� SDWLHQWV� ZLWK� OXQJ� ¿EURVLV�
�2¶'RQRJKXH��������ZKLOH��GHOHWLRQ�RI�,/���JHQH�UHVXOWV�
LQ�UHGXFHG�OXQJ�¿EURVLV�LQ�DQLPDO�PRGHOV��6DLWR��������
,Q�VFDU�WLVVXH��GHUPDO�¿EUREODVWV�H[SUHVV�KLJK�OHYHOV�RI�
JS����RQ�FHOO�PHPEUDQH�DQG�,/���VLJQDOLQJ�SURPRWHV�
WKH�SUROLIHUDWLRQ� RI� ¿EUREODVWV� DQG� WKH� LQFUHDVHG�SUR-
duction of ECM components, including collagen and 
¿EURQHFWLQ��5D\�HW�DO���������

9LWDPLQ�'��ELRORJ\

Vitamin D is the major regulator of calcium home-
RVWDVLV� DQG� QRUPDO� ERQH� PLQHUDOL]DWLRQ� LQ� WKH� ERG\�
(Hoenderop et al., 2005). However, in the last years it 
EHFDPH� FOHDU� WKDW� 9LWDPLQ�'� DOVR� SOD\V� QRQ�FDOFHPLF�
H̆HFWV� PRGXODWLQJ� RWKHU� ELRORJLFDO� IXQFWLRQV�� 9LWD-
min D, despite its name, is not a vitamin rather it is 
the important precursor to the seco-steroid hormone, 
�Į���GHK\GUR[\�FROHFDOFLIHURO�� FRPPRQO\� NQRZQ� DV�
&DOFLWULRO��&DOFLWULRO�PHGLDWHV�VHYHUDO�ELRORJLFDO�SURFHV-
VHV�LQ�PDQ\�WLVVXHV��,W�LV�REWDLQHG�IURP�GLHWDU\�VRXUFHV�
or from de novo synthesis. In the skin, the ultraviolet 
UD\¶V� HQHUJ\� FRQYHUWV� WKH� VXEVWUDWH� ��GHK\GURFKROH-
VWHURO� WR� SUH�YLWDPLQ� '�� IROORZHG� E\� WKHUPDO� LVRPH-
UL]DWLRQ� WR� LWDPLQ� '�� �'XVVR� DQG� %URZQ�� ������� 7KH�
DFWLYDWLRQ�PHWDEROLVP�LV�FKDUDFWHUL]HG�E\�WZR�K\GUR[\-
ODWLRQ�VWHSV��ZKLFK�LQ�WXUQ�DUH�SULQFLSDOO\�FDWDO\]HG�E\�
WZR� 3���� F\WRFKURPH� HQ]\PHV� �-RQHV� DQG� 3URVVHU��
�������9LWDPLQ�'�� FLUFXODWHV�ERXQG� WR� WKH�9LWDPLQ�'�
%LQGLQJ� 3URWHLQ� �9%3��� UHDFKLQJ� WKH� OLYHU� ZKHUH� WKH�
¿UVW� K\GUR[\ODWLRQ� RFFXUV�� FDWDO\]HG� E\� YLWDPLQ� '�
��K\GUR[\ODVH� �&<3�5��� WR� \LHOG� ���K\GUR[\YLWDPLQ�
'�� ����2+�'��� FDOFLGLRO� �-RQHV�DQG�3URVVHU���������$�
IXUWKHU� K\GUR[\ODWLRQ� KDSSHQV� LQ� WKH� NLGQH\�� ZKHUH�
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���2+�'�� LV� K\GUR[\ODWHG� E\� DQRWKHU�PHPEHU� RI� WKH�
F\WRFKURPH�3����IDPLO\����Į�K\GUR[\ODVH��&<3��%���±�
WR�REWDLQ�FDOFLWULRO�������2+��'����L�H��WKH�PRVW�DFWLYH�
IRUP�RI�9LWDPLQ�'�� �-RQHV�DQG�3URVVHU���������&DOFL-
WULRO�H[HUWV�LWV�QXFOHDU�H̆HFWV�E\�ELQGLQJ�WR�WKH�VSHFL¿F�
9LWDPLQ�'�5HFHSWRU��9'5���D�PHPEHU�RI� WKH�VWHURLG±
thyroid–retinoid receptor, which is a superfamily of 
ligand-activated transcription factors (Christakos et al., 
�������9'5�LV�XELTXLWRXVO\�SUHVHQW� LQWR�WKH�F\WRVRO�RI�
D�QXPEHU�RI�FHOOV��7KH�FRPSOH[�LQ�EHWZHHQ�9LWDPLQ�'��
and its receptor regulates from 3% to 5% of the human 
JHQRPH�� YLD� ERWK� JHQRPLF� DQG� QRQ�JHQRPLF� PHFKD-
QLVPV� �'H/XFD�������� WKXV�PRGXODWLQJ� VHYHUDO� ELROR-
JLFDO�SURFHVVHV��%RXLOORQ�HW�DO����������&DOFLWULRO�ELQGV�
to VDR fostering its phosphorylation. It is worth of in-
terest that activated VDR translocates to the nucleus 
DQG�WKHQ�LW�KHWHURGLPHUL]HV�ZLWK�5HWLQRLG�;�5HFHSWRU�
(RXR) (Christakos et al., 2003). The RXR is a nuclear 
UHFHSWRU�DFWLYDWHG�E\���FLV�UHWLQRLF�DFLG��SOD\LQJ�DQ�LP-
portant role in regulating retinoid signaling(Heyman et 
DO���������7KH�&DOFLWULRO�9'5�5;5�FRPSOH[�UHFRJQL]HV�
DQG�ELQGV�WR�9'5�(OHPHQW��9'5(��RQ�SURPRWHU�UHJLRQ�
RI�WDUJHW�JHQHV�DQG�UHJXODWH�WKHLU�H[SUHVVLRQ�UHFUXLWLQJ�
transcriptional co-activators or co-repressors(Pike and 
Meyer, 2012).

9LWDPLQ�'�DQG�¿EURVLV�
HSLGHPLRORJLFDO�DQG�FOLQLFDO�GDWD

$OWKRXJK�¿EURVLV�ZDV� LQLWLDOO\� WKRXJKW� WR�EH� DQ� LU-
UHYHUVLEOH�SURFHVV��H[SHULPHQWDO�GDWD�VXJJHVW� WKH�SRV-
VLELOLW\�RI�UHVROXWLRQ�RI�¿EURWLF�GLVHDVHV��-XQ�DQG�/DX��
�������7KH�UHVROXWLRQ�RFFXUV�ZKHQ�WKH�FDXVH�RI� LQMXU\�
LV�HOLPLQDWHG��EXW� WKLV�PD\�QRW�EH�SRVVLEOH�GXH� WR� WKH�
multifactorial feature of this group of disorders. Ini-
WLDOO\�� WKHUDSHXWLF� WUHDWPHQWV�RI�¿EURWLF�GLVHDVHV�ZHUH�
FRPSRVHG�RI�DQWL�LQÀDPPDWRU\�GUXJV��+RZHYHU��WKHVH�
WUHDWPHQWV�ODFN�ḢFDF\�EHFDXVH�WKH\�EORFN�RQO\�WKH�LQ-
ÀDPPDWRU\�FDVFDGH��EXW�QRW�WKH�XQGHUO\LQJ�¿EURWLF�UH-
sponse. Therefore, understanding the molecular mecha-
QLVPV�WKDW�UHJXODWHV�WKH�¿EURWLF�FDVFDGH�LQ�HYHU\�RUJDQ�
SURYLGHV�PRUH� VSHFL¿F� WDUJHW� IRU�DQWL�¿EURWLF� WKHUDS\��
7KHUH�DUH�WKUHH�SRVVLEOH�WKHUDSHXWLF�WDUJHWV�WKDW�SOD\�D�
FULWLFDO� UROH� LQ� WKH� UHVROXWLRQ�RI�¿EURVLV�� ��� WKH�P\R¿-
EUREODVWV�����WKH�¿EURWLF�(&0�����WKH�F\WRNLQHV�VWRUP��
$V�UHSRUWHG�LQ�OLWHUDWXUH��VHYHUDO�FRPSRXQGV�KDYH�EHHQ�
SURSRVHG�DV�SRVVLEOH�GUXJV��$PRQJ�WKHVH��H[SHULPHQ-
WDO�GDWD�GHPRQVWUDWHG�WKDW�9LWDPLQ�'�KDV�DQWL�¿EURWLF�

properties. Epidemiological data have prompted to spe-
FXODWH�DERXW�D�GLUHFW�UHODWLRQVKLS�EHWZHHQ�9LWDPLQ�'��
GH¿FLHQF\� DQG� RFFXUUHQFH� RI� ¿EURVLV�UHODWHG� GLVHDVHV�
�+ROLFN�� ������� %HVLGH� QR� XQDQLPRXV� FRQVHQVXV� KDV�
EHHQ�UHDFKHG�LQ�LGHQWLI\LQJ�WKH�RSWLPDO�VHUXP�OHYHOV�RI�
9LWDPLQ�'���WKH�FXW�R̆�KDV�EHHQ�VHW�DW���QJ�P/�ZKLOH�
the optimal range of the seco-steroid from 30 to 60 ng/
P/��1DPHO\��WKH�UROH�RI�9LWDPLQ�'��LQ�¿EURVLV�KDV�EHHQ�
largely demonstrated in several organs, in particularly 
in the liver and kidney, the two organs where vitamin 
'��LV�PHWDEROL]HG��$V�D�SURRI�RI�FRQFHSW��VXSSOHPHQWD-
tion of Vitamin D assumption in patients with chronic 
GLVHDVHV��VXFK�DV�NLGQH\�¿EURVLV��UHVXOWV�LQ�DPHOLRUDWLRQ�
RI� PHGLFDO� FRQGLWLRQ� �.RYHVG\� HW� DO��� ������� 2YHUDOO��
SUHOLPLQDU\� FOLQLFDO� GDWD� VHHPV� WR� FRQ¿UP� DQ� DQWL�¿-
EURWLF�DFWLYLW\�RI�YLWDPLQ�'���7DQ�HW�DO���������

0HFKDQLVPV�RI�9LWDPLQ�'
LQ�RUJDQ�¿EURVLV

7KH�P\R¿EUREODVW�LV�PDLQ�WDUJHW�RI�LQKLELWRU\�DFWLRQ�
RI� �����2+��'�� GXULQJ� ¿EURVLV� SURFHVVHV� �7DR� HW� DO���
�������7KH�9LWDPLQ�'��LQWHUIHUHV�ZLWK�WKH�SUR�¿EURWLF�
IXQFWLRQ�RI�7*)�ǃ��UHSUHVVLQJ�WKH�H[SUHVVLRQ�RI�FROOD-
JHQ� LQ� VHYHUDO� FHOO� W\SHV� HW� DO��� ������� 6XFK� LQKLELWRU\�
H̆HFW�RI������2+��'��RQ�FROODJHQ�H[SUHVVLRQ�KDV�DOVR�
EHHQ� FRQ¿UPHG� LQ� H[SHULPHQW� FRQGXFWHG� RQ� UDWV�� ,Q�
WKHVH� H[SHULPHQWV�� UDW�KHSDWLF� FHOOV� WUHDWHG�ZLWK�9LWD-
PLQ�'��GHPRQVWUDWHG�GRZQ�UHJXODWLRQ�RI�SUR�¿EURWLF�
JHQHV� LQGXFHG� E\� 7*)�ǃ�� �$EUDPRYLWFK� HW� DO��� �������
&DOFLWULRO�� ERXQG� WR� 9'5�5;5� KHWHURGLPHU�� GHFUH-
DVHV� WKH� H[SUHVVLRQ� RI� WDUJHW� JHQHV� RI� 7*)�ǃ�6PDG��
VLJQDOLQJ��6XFK�H̆HFW�FDQ�EH�H[HUWHG�WKURXJK�PXOWLSOH�
PHFKDQLVPV�� VXSSRUWHG� E\� PDQ\� GL̆HUHQW� VFLHQWL¿F�
HYLGHQFHV�� ([SHULPHQWDO� DQDO\VLV� RQ� KHSDWLF� ¿EURVLV�
UHYHDOHG� WKH�FRPSHWLWLYH�ELQGLQJ�RI�9'5�5;5�RQ� WKH�
6PDG��%LQGLQJ�(OHPHQW��6%(���SUHVHQW�RQ�WKH�SURPR-
WHU�RI�SUR�¿EURWLF�JHQHV��,QGHHG��WKURXJK�&KLS�RQ�&KLS�
DQDO\VLV��LW�KDV�EHHQ�KLJKOLJKWHG�WKDW�6PDG��DQG�9'5�
UHFRJQL]H�WKH�VDPH�ELQGLQJ�VLWHV�RQ�VSHFL¿F�JHQHV��'LQJ�
HW�DO����������0D\EH��WKLV�FRPSHWLWLRQ�DW�JHQRPLF�OHYHO�
LV�GXH�WR�WKH�DFWLRQ�RI�VSHFL¿F�KLVWRQH�DFHW\OWUDQVIHUD-
se (HAT) which cause a remodeling of the chromatin, 
making it in an open status and allowing the docking of 
WKH�WUDQVFULSWLRQ�IDFWRUV��.RX]DULGHV���������)RU�H[DP-
SOH�� S���� KLVWRQH� DFHW\OWUDQVIHUDVH� LV� D� 7*)�ǃ�� WDU-
JHW�JHQH�DQG�LV�KLJKO\�H[SUHVVHG�LQ�QRUPDO�¿EUREODVWV�
DQG�P\R¿EUREODVWV�GXULQJ�¿EURVLV� �*KRVK�DQG�9DUJD��
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�������&KURPDWLQ�UHPRGHOLQJ�LQGXFHG�E\�S����DOORZV�
WKH�RSHQLQJ�RI�WKH�9'5�ELQGLQJ�VLWHV�YHU\�FORVH�WR�WKRVH�
6PDG��UHFRJQL]HV��7KLV�LV�D�FULWLFDO�VWHS��DV�RSHQLQJ�WKH�
chromatin is mandatory for any epigenetic modulation. 
7KH�ELQGLQJ�RI�9'5�XSRQ�9'5(�FDXVHV�6PDG�� WR�EH�
GLVORGJHG�IURP�FKURPDWLQ�FDXVLQJ�D�EORFNDJH�RI�SUR�¿-
EURWLF�JHQHV�H[SUHVVLRQ��DV�ERWK�9'5(�DQG�6%(�FRPSH-
WH�IRU�WKH�VDPH�ELQGLQJ�VLWHV��,Q�RWKHU�H[SHULPHQWDO�VWX-
GLHV�RQ�KHSDWLF�¿EURVLV��XVLQJ�FR�LPPXQRSUHFLSLWDWLRQ�
analysis, VDR directly interacts with the phosphory-
ODWHG�6PDG��� LQKLELWLQJ� WKH�ELQGLQJ�RI�6PDG�� WR�6%(�
DQG�WKH�VXEVHTXHQW�DFWLYDWLRQ�RI�LWV�WDUJHW�JHQHV��'LQJ�
HW� DO��� ������� 7KLV� LQWHUDFWLRQ� UHSUHVVHV� WKH� 7*)�ǃ��
LQGXFHG� VWLPXODWRU\� H̆HFW� RQ� VRPH� VSHFL¿F� IHDWXUHV�
RI� WKH� ¿EURWLF� SURFHVV�� LQFOXGLQJ� FROODJHQ� UHOHDVH� DQG�
P\R¿EUREODVWV�DFWLYDWLRQ��=HUU�HW�DO����������0\R¿EUR-
EODVWV��DV�PHQWLRQHG�DERYH��FDQ�RULJLQDWH�IURP�HSLWKH-
lial and endothelial cells, downstream of EMT activa-
WLRQ� LQGXFHG�E\�7*)�ǃ���7KLV�SDWKZD\� LV�VXVWDLQHG�E\�
the activation of several transcription factors, including 
6PDG�DQG�6QDLO��,NXVKLPD�DQG�0L\D]RQR���������(07�
LV�D�SURFHVV�E\�ZKLFK�HSLWKHOLDO�FHOOV�ORVH�WKHLU�VSHFL¿F�
markers and acquire mesenchymal traits. Epithelial 
FHOOV� ORVH�FHOO�FHOO�DGKHVLRQV�DQG�FHOO�H[WUDFHOOXODU�PD-
WUL[�MXQFWLRQV��LQ�WKH�PHDQWLPH��WKH\�PLVV�WKHLU�SRODULW\�
DQG�UHRUJDQL]H�WKH�F\WRVNHOHWRQ�ZKLOH�SURPRWLQJ�D�UH-
programming of several genes. This transition genera-
WHV�FHOOV�ZLWK�PDUNHG�PRWLOLW\��DEOH�LQ�GHJUDGLQJ�WKH�H[-
WUDFHOOXODU�PDWUL[��6XFK�IHDWXUHV�OHDG�WR�WKH�DFTXLVLWLRQ�
of a migratory and invasive phenotype. Vitamin D is a 
negative modulator of EMT mechanism, via the tran-
VFULSWLRQDO�DFWLYLW\�RI�9'5��)LVFKHU�DQG�$JUDZDO���������
([SHULPHQWDO�GDWD�GHPRQVWUDWHG�WKDW�9LWDPLQ�'�FRXOG�
DWWHQXDWH�UHQDO�¿EURVLV��E\�LQKLELWLQJ�WKH�(07�SURFHVV�
�1LHWR��������6SHFL¿FDOO\��9LWDPLQ�'�DQG�7*)�ǃ��KDYH�
EHHQ� GHPRQVWUDWHG� WR� H[HUW� RSSRVLWH� UROH� LQ� UHVSHFW�
WR�(07��SUREDEO\�DFFRUGLQJO\�WR�D�UHFLSURFDO�IHHGEDFN�
LQKLELWRU\�ORRS��7*)�ǃ��LQGHHG��WULJJHUV�WKH�H[SUHVVLRQ�
RI�9'5�DQG�9'5�LQ�WXUQ�LQKLELWV�WKH�(07�SURFHVV�LQ-
GXFHG�E\�7*)�ǃ��5LFFD�DQG�FRZRUNHUV�KDG�DQDO\]HG�WKH�
FURVV�WDON�EHWZHHQ�WKH�WZR�PROHFXOHV�E\�WUHDWLQJ�QRUPDO�
HSLWKHOLDO�FHOOV�ZLWK�&DOFLWULRO�EHIRUH��WRJHWKHU�DQG�DIWHU�
7*)�ǃ�DGGLWLRQ��5LFFD�HW�DO����������&DOFLWULRO�WUHDWPHQW�
represses the EMT process, through the up-regulation 
of epithelial marker, such as E-cadherin, and reduces 
WKH�FHOO�SUROLIHUDWLRQ�UDWH��$Q�LQWHUHVWLQJ�¿QGLQJ�LV� LQ-
FUHDVH� LQ� 9'5� V\QWKHVLV� XSRQ� 7*)�ǃ�� VWLPXOXV�� 7KH�
XS�UHJXODWLRQ�RI�9'5�LQGXFHG�E\�7*)�ǃ��LV�VLJQL¿FDQ-

WO\�KLJKHU� WKDQ� WKDW�H[HUWHG�E\�FDOFLWULRO� WRZDUG�9'5��
L�H��LWV�RZQ�UHFHSWRU��7*)�ǃ�GHSHQGHQW�9'5�LQGXFWLRQ�
KDV�EHHQ�GHPRQVWUDWHG�LQ�GL̆HUHQW�FHOO�OLQHV��EHLQJ�QRW�
UHVWULFWHG�WR�IHZ�FHOO�W\SHV��3UREDEO\��WKH�LQFUHDVHG�H[-
SUHVVLRQ�RI�9'5�LV�D�FRPSRQHQW�RI�D�PRUH�FRPSOH[�DX-
WR�LQKLELWRU\�QHJDWLYH�IHHGEDFN�ORRS��HQDFWHG�E\�7*)�ǃ�
XSRQ�LWV�V\QWKHVLV�DQG�UHOHDVH��6WURVFKHLQ�HW�DO����������
,QGHHG�� DPRQJ� WKH� WDUJHW� JHQHV� DFWLYDWHG� E\� 7*)�ǃ��
6PDG��� LQ� WXUQ�� QHJDWLYHO\� UHJXODWHV� 7*)�ǃ� DFWLYLW\�
�<DQ�DQG�&KHQ���������6PDG��FRPSHWHV�ZLWK�6PDG����
IRU�ELQGLQJ�WR�UHFHSWRUV��WKXV�LQKLELWLQJ�WKH�7*)�ǃ�GH-
SHQGHQW� VLJQDOLQJ� �<DQ� DQG� &KHQ�� ������� 1RWLFH� WKDW�
6PDG��SURWHLQ�OHYHOV�DUH�GRZQUHJXODWHG�GXULQJ�NLGQH\�
¿EURVLV��ZKLOH�6PDG��GH¿FLHQF\�PLFH�DUH�PRUH�VXVFHS-
WLEOH�WR�¿EURVLV��&KXQJ�HW�DO���������7KLV�GDWD�VXJJHVWV�D�
UHJXODWRU\�UROH�RI�6PDG��LQ�¿EURWLF�GLVHDVHV��7KH�DXWR�
LQKLELWRU\� UHJXODWLRQ�RI�7*)�ǃ� FRUUHODWHV�ZLWK�GDWD�RI�
Ding and coworkers indicating a genomic competition 
IRU� WKH�ELQGLQJ�VLWHV�EHWZHHQ�9'5�DQG�6PDG���ZKLFK�
immediately increases downstream of the interaction 
RI� 7*)�ǃ� ZLWK� LWV� UHFHSWRU�� $V� SUHYLRXVO\�PHQWLRQHG��
WKH�LQKLELWRU\�DFWLRQ�RI�9LWDPLQ�'RQ�(07�RFFXUV�RQO\�
LI�FHOOV�DUH�WUHDWHG�ZLWK�9LWDPLQ�'�EHIRUH��RU�WRJHWKHU��
7*)�ǃ�DGGLWLRQ��,QVWHDG��ZKHQ�9LWDPLQ�'�LV�DGGHG�DI-
WHU� 7*)�ǃ�� VWLPXODWLRQ�� QR� VLJQL¿FDQW� LQKLELWLRQ� RQ�
7*)�ǃ�UHODWHG�SDWKZD\V� FDQ�EH�REVHUYHG�DQG�YLWDPLQ�
'�UHVXOW�XQDEOH�LQ�DQWDJRQL]LQJ�WKH�PDLQ�¿EURVLV�UHOD-
ted molecular features. Vitamin D, in fact, can increa-
VH�WKH�H[SUHVVLRQ�RI�(�FDGKHULQ��DQG�LQ�WXUQ�PD\�EORFN�
(07��RQO\�ZKHQ�LV�DGGHG�EHIRUH�RU�VLPXOWDQHRXVO\�ZLWK�
7*)�ǃ���7KLV�¿QGLQJ�VXJJHVWV�WKDW��WR�UHYHUW�WKH�PHVHQ-
FK\PDO�SKHQRW\SH��9LWDPLQ�'�PXVW�EH�DOUHDG\�SUHVHQW�
when EMT is induced. Therefore, the supplementation 
of Vitamin D seems to have a protecting role against the 
RQVHW�RI�¿EURWLF�GLVHDVHV�

/LYHU�FHOOV�XVXDOO\�SUHVHQW�D�ORZ�H[SUHVVLRQ�RI�9'5��
5HFHQW�VWXGLHV�KDG�GHPRQVWUDWHG�D�KLJK�H[SUHVVLRQ�RI�
WKH�UHFHSWRU�LQ�WKH�KHSDWLF�VWHOODWH�FHOOV��+6&V���,V�LQWH-
UHVWLQJ�WR�REVHUYH�WKDW�WKH�PRVW�UHOHYDQW�UHOHDVH�RI�FRP-
SRQHQWV�RI�(&0�SURGXFHG�GXULQJ�KHSDWLF�¿EURVLV�FDQ�EH�
DVFULEHG� WR� WKRVH�FHOOV��+6&V��JHQHUDOO\�� DUH�TXLHVFHQW�
and play the role of storage site for Vitamin A (retinoic 
DFLG�� LQ� WKH� ERG\� �%DWDOOHU� DQG� %UHQQHU�� ������� )RO-
ORZLQJ�OLYHU�LQMXU\��+6&V�DUH�DFWLYDWHG�E\�F\WRNLQHV�DQG�
JURZWK� IDFWRUV�� WKHQ�� WKH\�GL̆HUHQWLDWH� LQWR�P\R¿EUR-
EODVWV��EHJLQQLQJ�WR�SUROLIHUDWH��SURGXFH�F\WRNLQHV�DQG�
UHOHDVH� WKH� DEXQGDQW�(&0� FRPSRQHQWV� �/HH� DQG�)UL-
HGPDQ���������,Q�KHSDWLF�¿EURVLV��9LWDPLQ�'�UHSUHVVHV�
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WKH�SURGXFWLRQ�RI�FROODJHQ�E\�VWURPDO�+6&V��WKURXJK�D�
VDR-mediated mechanism. In addition, Calcitriol sup-
SUHVVHV�WKH�SUROLIHUDWLRQ�RI�KHSDWLF�VWHOODWH�FHOOV��+6&V��
DQG� LQÀXHQFHV� WKH� H[SUHVVLRQ� RI� FROODJHQ� Į� ,� ERWK� DW�
WUDQVFULSWLRQDO� DQG� WUDQVODWLRQDO� OHYHO�� WKXV� LQKLELWLQJ�
OLYHU�¿EURVLV��$EUDPRYLWFK�HW�DO����������,QGHHG��9'5�
QXOO� PLFH� GHYHORS� VSRQWDQHRXV� OLYHU� ¿EURVLV�� FRQ¿U-
PLQJ�WKH�LPSRUWDQW�UROH�RI�WKH�9'5�VLJQDOLQJ�WR�LQKLELW�
WKH�SUR�¿EURWLF�WUDQVFULSWLRQDO�DFWLYLW\�LQ�+6&V��'LQJ�HW�
DO����������0RUHRYHU��'LQJ�DQG�FRZRUNHUV��DQDO\]LQJ�D�
PDPPDOLDQ�PRGHO�RI�OLYHU�¿EURVLV��VKRZHG�WKDW�FR�WUH-
atment with a Vitamin D analogue caused a reduction 
LQ�WKH�KDOOPDUNV�RI�¿EURVLV��6SHFL¿FDOO\��FROODJHQ�GHSR-
VLWLRQ�DQG�WKH�H[SUHVVLRQ�RI�SUR�¿EURWLF�JHQHV�VXFK�DV�
&2/�$��7,03��DQG�7*)�ǃ���'LQJ�HW�DO���������9LWDPLQ�
'�FRXQWHUDFWV�¿EURVLV�LQKLELWLQJ�WKH�H[SUHVVLRQ�RI�FRO-
ODJHQ�,�DQG�,,,�DQG�LQFUHDVLQJ�WKH�H[SUHVVLRQ�RI�003���
D�PHWDOORSURWHLQDVH�HVVHQWLDO�LQ�WKH�GHJUDGDWLRQ�RI�H[-
WUDFHOOXODU�PDWUL[�LQ�¿EURVLV��7KH�7*)�ǃ�VLJQDOLQJ�DOVR�
DFWLYDWHV�+6&V��ZKLFK�LQ�WXUQ�VHFUHWH�WKH�PDWULFHOOXODU�
SURWHLQV��VXFK�DV�&7*)��/LX�HW�DO����������7KH�H[SUHV-
VLRQ�RI�&7*)�LQ�KHSDWLF�¿EURVLV�LQFUHDVHV��EXW�XSRQ�9L-
WDPLQ�'�WUHDWPHQW��LWV�H[SUHVVLRQ�OHYHO�GHFUHDVHV�

As previously mentioned, Periostin is involved in li-
YHU�¿EURVLV��WKURXJK�WKH�VWLPXODWLRQ�RI�/2;/���FROODJHQ�
DQG�¿EURQHFWLQ�UHOHDVH�E\�+6&V�� ,W� LV�ZRUWK�RI�QRWLQJ�
that Calcipotriol, an analog of Vitamin D, can decrease 
3HULRVWLQ�H[SUHVVLRQ�LQ�+6&V��=KDQJ�HW�DO���������

7KH� 9LWDPLQ�'� LV� DOVR� LQYROYHG� LQ� WKH� UHQDO� ¿EUR-
VLV��7KH�NLGQH\�¿EURVLV� LV� D�KDOOPDUN�RI� FKURQLF� UHQDO�
diseases correlating with organ failure. Paricalcitol, a 
9LWDPLQ� '�� DQDORJ�� GHFUHDVHV� LQWHUVWLWLDO� ¿EURVLV�� WKH�
(07� SURFHVV� DQG� WKH� LQÀDPPDWLRQ� UHVSRQVH� �7DQ� HW�
DO����������E\� LQKLELWLQJ�ERWK�7*)�ǃ�H[SUHVVLRQ��(&0�
FRPSRQHQWV� UHOHDVH� DQG� WKH� WUDQVLWLRQ�RI� WXEXODU� HSL-
WKHOLDO� FHOOV� WR�P\R¿EUREODVWV� �<DQJ�DQG�/LX�������,Q�
NLGQH\�¿EURVLV��7*)�ǃ�DQG�DQJLRWHQVLQ�,,��$QJ�,,��DUH�
WKH�PDMRU�SUR�¿EURWLF�GULYHUV��:ROI���������7KH�5HQLQ�
$QJLRWHQVLQ�6\VWHP��5$6��LV�DFWLYDWHG�LQ�D�QXPEHU�RI�
kidney diseases, thus triggering an enhanced release of 
$QJ,,��7KH�5$6�LV�DOVR�DFWLYDWHG�LQ�OXQJ�¿EURVLV�DQG�LW�
LV�D�SDWKRJHQLF�IDFWRU� LQ�WKLV�W\SH�RI�¿EURVLV��:DQJ�HW�
DO��� ������� 7KH� 5$6� LQFOXGHV� $QJLRWHQVLQRJHQ� �$*7���
5HQLQ�DQG�DQJLRWHQVLQ�FRQYHUWLQJ�HQ]\PH��$&(���$Q-
J,,��DFWLYDWHG�E\�UHQLQ�DQG�$&(��SOD\V�D�FUXFLDO�UROH�LQ�
¿EURVLV��WKURXJK�LWV�UHFHSWRUV��E\�VWLPXODWLQJ�WKH�7*)�ǃ�
pathway, ECM production and driving EMT process to 
P\R¿EUREODVWV�DFWLYDWLRQ��,Q�WKH�NLGQH\��P\R¿EUREODVWV�

GL̆HUHQWLDWH�IURP�WXEXODU�HSLWKHOLDO�FHOOV��ZKLFK�ORVH�WKH�
HSLWKHOLDO�PDUNHU�� OLNH�(�FDGKHULQ�� DQG�H[SUHVVĮ�60$�
������� 9LWDPLQ�'�� SOD\V� D� SURWHFWLYH� UROH�� E\� VSHFL¿-
FDOO\�DQWDJRQL]LQJ�5$6��GRZQVWUHDP�RI�9'5�DFWLYDWLRQ�
�/L���������6WXGLHV�RQ�9'5�QXOO�PLFH�KDYH�GHPRQVWUD-
WHG�WKDW�WKH�DFWLYDWLRQ�RI�5$6�DQG�WKH�VXEVHTXHQW�$Q-
J,,�RYHUH[SUHVVLRQ�SOD\�D�SLYRWDO�UROH�LQ�UHQDO�¿EURVLV��
&RQYHUVHO\��WUHDWPHQW�ZLWK�DQ�LQKLELWRU�RI�WKH�UHFHSWRU�
RI�$QJ,,�EORFNV� WKH�¿EURQHFWLQ�DQG�FROODJHQ� ,� H[SUHV-
VLRQ��2Q� WKH� RWKHU� KDQG��9LWDPLQ�'� VXSSUHVVHV� UHQLQ�
DQG�$*7��<XDQ�HW�DO����������ZKLOH�9'5�GHOHWLRQ�OHDGV�
WR�5$6�DFWLYDWLRQ�DQG�RYHUSURGXFWLRQ�RI�$QJ,,��ZKLFK�
LQGXFHV�(07�SURFHVV�DQG�HQKDQFHV�UHQDO�¿EURVLV�E\�VWL-
PXODWLQJ�7*)�ǃ�V\QWKHVLV��/L�HW�DO���������

Moreover, VDR may regulate (directly or indirectly) 
RWKHU�WDUJHWV�LQYROYHG�LQ�UHQDO�¿EURVLV�VXFK�DV�:QW�ǃ�
FDWHQLQ�VLJQDOLQJ��+H�HW�DO����������,Q�WKH�DGXOW�NLGQH\��
WKH�:QW�ǃ�FDWHQLQ� VLJQDOLQJ� EHFRPHV� VLOHQW� DIWHU� GLI-
IHUHQWLDWLRQ��EXW� LW�FDQ�EH�UHDFWLYDWHG�XSRQ�LQMXU\��+H�
HW� DO��� ������� 7KH�:QW� VLJQDOLQJ� SDWKZD\V� FRPSULVHV�
D� GLYHUVH� IDPLO\� RI� VHFUHWHG� OLSLG�PRGL¿HG� VLJQDOLQJ�
JO\FRSURWHLQV� WKDW� H[HUW� WKHLU� ELRORJLFDO� IXQFWLRQ� YLD�
ǃ�FDWHQLQ�SDWKZD\��:QW�WUDQVGXFHV�WKH�VLJQDO�WKURXJK�
LQWHUDFWLRQ�ZLWK�FHOO�PHPEUDQH�UHFHSWRU�RI�WKH�)UL]]OHG�
family and co-receptors, LRP5/6, leading to the de-pho-
VSKRU\ODWLRQ�RI�ǃ�FDWHQLQ� �+ZDQJ�HW� DO��� �������8SRQ�
GH�SKRVSKRU\ODWLRQ��ǃ�FDWHQLQ�VWDELOL]HV�DQG�WUDQVORFD-
WHV�LQWR�WKH�QXFOHXV�ZKHUH�LW�ELQGV�WR�DQG�DFWLYDWHV�VHYH-
UDO�WUDQVFULSWLRQ�IDFWRUV��WKXV�UHJXODWLQJ�WKH�H[SUHVVLRQ�
RI� VHYHUDO� WDUJHW�JHQHV� �5DR�DQG�.�KO���������%HVLGHV�
:QW�� RWKHU� PROHFXODU� IDFWRUV� FDQ� DFWLYDWH� ǃ�FDWHQLQ��
A major regulator is the integrin-linked kinase (ILK), 
LQGXFHG�E\�7*)�ǃ���$QJ,,��*6.�ǃ�RU�RWKHU�SUR�¿EURWLF�
IDFWRUV�� 7*)�ǃ�� FDQ� DOVR� IRVWHUǃ�FDWHQLQ� DFWLYDWLRQ� E\�
up-regulating MMP-7 that trigger E-cadherin degrada-
WLRQ�� WKXV� UHOHDVLQJ�ǃ�FDWHQLQ��ZKLFK� LV� XVXDOO\� OLQNHG�
WR�(�FDGKHULQ�EHKLQG�WKH�FHOO�PHPEUDQH��:KHQ�UHOHD-
VHG�IURP�LWV�DVVRFLDWLRQ�ZLWK�(�FDGKHULQ��ǃ�FDWHQLQ�FDQ�
WUDQVORFDWH�WR�WKH�QXFOHXV��,Q�DGGLWLRQ��:QW�ǃ�FDWHQLQ�
VLJQDOLQJ� UHJXODWHV� WKH�H[SUHVVLRQ�RI�RWKHU� FULWLFDO� JH-
QHV�� LQFOXGLQJ� ¿EURQHFWLQ�� 003���� ¿EUREODVW�VSHFL¿F�
SURWHLQ� �� �)VS���� 6QDLO� DQG� FRPSRQHQWV� RI� 5$6� �/LX��
2011). The activation of these genes suggests a funda-
PHQWDO�UROH�RI�WKLV�SDWKZD\�LQ�PRGXODWLQJ�¿EURVLV��7KH�
LQGXFWLRQ�RI�)LEURQHFWLQ�OHDGV�XS�WR�LQFUHDVHG�SURGXF-
WLRQ�DQG�GHSRVLWLRQ�RI�(&0�FRPSRQHQWV��)VS��LV�D�PDU-
NHU� RI� DFWLYDWHG�P\R¿EUREODVWV�� SURGXFHG� E\� UHVLGHQW�
¿EUREODVWV��8SRQ�WLVVXH�LQMXU\��ǃ�FDWHQLQ�LV�KLJKO\�XS�UH-
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JXODWHG�LQ�UHQDO�WXEXODU�HSLWKHOLDO�FHOOV�DQG�VHTXHQWLDOO\�
LW�LQGXFHV�6QDLO��H[SUHVVLRQ��6QDLO��LV�D�NH\�(07�UHODWHG�
WUDQVFULSWLRQ�IDFWRU��<RVKLQR�HW�DO����������JLYHQ�WKDW�LW�
VSHFL¿FDOO\� UHSUHVVHV� WKRVH� IDFWRUV� ±� DV� (�FDGKHULQ� ±
that play a major role in assuring cell-cell adhesion and 
WLVVXH�DUFKLWHFWXUH��0RUHRYHU��6QDLO��LV�QRW�RQO\�D�WDUJHW�
RI�ǃ�FDWHQLQ�VLJQDOLQJ�EXW�LW�LV�LQ�WXUQ�UHJXODWHG�E\�WKR-
VH�IDFWRUV�WKDW�QHJDWLYHO\�UHJXODWH�ǃ�FDWHQLQ��DV�*6.�ǃ�
$FWLYDWHG�:QW� LQKLELWV� *6.�ǃDFWLYLW\�� ZKLOH� DOORZLQJ�
WKH�VLPXOWDQHRXV�UHOHDVH�RI�ǃ�FDWHQLQ�DQG�6QDLO���7KLV�
OHDGV� WR� V\QHUJLVWLF� H̆HFWV� LQ�SURPRWLQJ�(07� �*DUFtD�
GH�+HUUHURV�DQG�%DXOLGD���������,Q�YLHZ�RI�WKH�UROH�WKDW�
:QW�ǃ�FDWHQLQ�VLJQDOLQJ�SOD\V�LQ�NLGQH\�¿EURVLV��LV�SD-
UDPRXQW�WR�EORFN�WKDW�SDWKZD\��1RWLFHDEO\��9LWDPLQ�'�
FDQ� LQKLELW�:QW�ǃ�FDWHQLQ�VLJQDOLQJ�E\� WKUHH�GL̆HUHQW�
PHFKDQLVPV��)LUVWO\��9LWDPLQ�'�IDFLOLWDWHV�WKH�UHFLSUR-
FDO�9'5�ǃ�FDWHQLQ�LQWHUDFWLRQ��SUHYHQWLQJ�WKH�ELQGLQJ�
RI� ǃ�FDWHQLQ� WR� LWV�7&)� �7�FHOO� IDFWRUV�� WUDQVFULSWLRQDO�
IDFWRUV� �3DOPHU� HW� DO��� ������� 6HFRQG�� 9LWDPLQ� '� XS�
regulates the epithelial markers, mainly E-cadherin, 
WKXV� FRXQWHUDFWLQJ� GLUHFWO\� (07��5H�H[SUHVVLRQ� RI� (�
FDGKHULQ�DOORZVǃ�FDWHQLQ� F\WRSODVP� WUDQVORFDWLRQ�DQG�
LWV�VXEVHTXHQW�LQWHUDFWLRQ�ZLWK�(�FDGKHULQ�FORVH�WR�WKH�
adherens junctions (Palmet et al., 2001). Third, Vitamin 
'�WULJJHUV�WKH�H[SUHVVLRQ�RI�LQKLELWRUV�RI�:QW�VLJQDOLQJ��
VXFK�DV�'LFNNRSI��'..�����'..���LQKLELWV�WKH�:QW�VL-
JQDOLQJ�ELQGLQJ�WR�/53�����L�H��WR�WKH�UHFHSWRUV�RI�:QW��
WKXV�SUHYHQWLQJ�:QW�)UL]]OHG�/53����LQWHUDFWLRQ��6H-
PHQRY�HW�DO����������+RZHYHU��LQKLELWRU\�DFWLYLW\�RI�9L-
WDPLQ�'LV� LQ� WXUQ�KDPSHUHG�E\�6QDLO��� ,QGHHG��6QDLO��
UHSUHVVHV�9'5�H[SUHVVLRQ�E\�ELQGLQJ�WR�WKUHH�(�ER[HV�
LQ� WKH� 9'5� JHQH� SURPRWHU��0RUHRYHU�� 6QDLO�� UHGXFHV�
WKH�KDOI�OLIH�RI�9'5�51$��3DOPHU�HW�DO���������7KH�RYH-
UH[SUHVVLRQ� RI� 6QDLO�� LQ� SDWKRORJLFDO� FRQGLWLRQV�� SUH-
YHQWV�WKH�H[SUHVVLRQ�RI�(�FDGKHULQ�DQG�VXEVHTXHQWO\�LW�
EORFNV�WKH�DFWLRQ�DQWL�¿EURWLF�RI�9LWDPLQ�'��7KLV�OHDGV�
WR� ǃ�FDWHQLQ� WUDQVORFDWLRQ� WR� WKH� QXFOHXV� DQG� WKH� H[-
pression of related target genes. Vitamin D can act as a 
PRGXODWRU�RI�LPPXQH�UHVSRQVH��E\�DWWHQXDWLQJ�LQÀDP-
PDWRU\�SURFHVV�DQG�E\�GRZQUHJXODWLQJ�WKH�SUR�LQÀDP-
PDWRU\�F\WRNLQH��HVSHFLDOO\�,/����6NURERW�HW�DO����������
,QGHHG��D�IHZ�UHSRUWV�LQGLFDWH�WKDW�YLWDPLQ�'�H[HUW�DQ�
LQKLELWRU\� UROH� RQ� ,/�� UHOHDVH� LQ� ¿EUREODVWV�� SUREDEO\�
WKURXJK�WKH�0$3.���SDWKZD\��1RQQ�HW�DO���������<HW��
VWXGLHV�RQ�WKH�UHODWLRQVKLSV�EHWZHHQ�YLWDPLQ�'�DQG�,/��
are still on their infancy and further investigations are 
warranted.

+RZHYHU�� WKH� GLVSDUDWH� H[SHULPHQWDO� ¿QGLQJV� FRO-
OHFWHG� XQWLO� QRZ� VKRXOG� EH� ³UH�LQWHUSUHWHG´� DFFRUGLQJ�
RQ� D� YHU\� GL̆HUHQW� WKHRUHWLFDO� SHUVSHFWLYH� LQ� RUGHU� WR�
gain a more comprehensive appraisal of the physiologi-
FDO�UROH�RI�YLWDPLQ�'���2YHUDOO��GDWD�DYDLODEOH�FODLP�IRU�
D� UHOHYDQW�PRUSKRJHQHWLF� UROH� VXVWDLQHG� E\� &DOFLWULRO�
in modulating the cell-microenvironment cross talk in 
D�QXPEHU�RI�GL̆HUHQW� WLVVXHV�� DV�ERQH�� VNLQ�� OLYHU�DQG�
LPPXQH�V\VWHP��7R�YLQGLFDWH� VXFK�D�K\SRWKHVLV��6RQ-
nenschein and coworkers have shown that calcitriol, at 
SK\VLRORJLFDO�GRVHV��D̆HFWV� WKH�PDPPDU\�JODQG�GHYH-
ORSPHQW�FRQWULEXWLQJ�WR�WKH�SURSHU�VKDSLQJ�RI�HSLWKH-
OLXP��+DVDQ�HW�DO����������,Q�D�PRGHO�LQ�ZKLFK�PHFKDQL-
cal forces mediate cell shaping during morphogenesis, 
WKH�DXWKRUV�REVHUYHG�KRZ�PDPPDU\�FHOOV�HPEHGGHG�LQ�
W\SH�,�FROODJHQ�PDWUL[�PDQLSXODWH�WKH�¿EHUV�RI�FROODJHQ�
WR�RUJDQL]H�WKH��'�VWUXFWXUHV��VXFK�DV�GXFWV�DQG�DFLQL�
�6SHURQL�HW�DO���������7KH�RUJDQL]HG�FROODJHQ�¿EHUV�FRQ-
VWUDLQ� WKH�FHOOV�RQ�ELRORJLFDO�SURFHVVHV�� LQFOXGLQJ�SUR-
liferation, apoptosis, and motility, whereas Vitamin D, 
LQ�WXUQ��FRQVWUDLQV�WKH�FROODJHQ�¿EHUV�RUJDQL]DWLRQ��DI-
IHFWLQJ�WKH�PHFKDQLFDO�IRUFHV�LQGXFHG�E\�WKH�FHOOV�DQG�
ultimately cell population density in a dose-dependent 
manner. This study highlights that Vitamin D act as a 
³PLFURHQYLURQPHQW� RUJDQL]HU´� RI� PRUSKRJHQHVLV� WKDW�
D̆HFW�ERWK�FHOOV�DQG�WKHLU�VWURPD�

&RQFOXVLRQV

9LWDPLQ�'� FDQ� LQKLELW� DQG� UHGXFH� WKH� SURJUHVVLRQ�
RI�¿EURVLV�WKURXJK�YDULRXV�PHFKDQLVPV��DV�UHSRUWHG�LQ�
)LJ�����3ULQFLSDOO\��YLWDPLQ�'�DQWDJRQL]HV�7*)�ǃ�GHSHQ-
GHQW�SDWKZD\V�E\� LQWHUDFWLQJ�ZLWK�6PDG���SUHYHQWLQJ�
LWV�WUDQVFULSWLRQDO�IXQFWLRQ��RU�E\�ELQGLQJ�WR�WKH�ELQGLQJ�
VLWHV�RQ�WKH�WDUJHW�JHQHV�SURPRWHU��EORFNLQJ�WKH�ELQGLQJ�
RI�6PDG��WR�WKH�VDPH�VLWHV��%\�DWWHQXDWLQJ�WKH�7*)�ǃ�
SDWKZD\�� 9LWDPLQ�'� UHGXFHV� WKH� H[SUHVVLRQ� RI� SUR�¿-
EURWLF�WDUJHW�JHQHV��WKH�WUDQVIRUPDWLRQ�RI�¿EUREODVWV�LQ�
P\R¿EUREODVWV�DQG�WKH�VXEVHTXHQW�(07��0RUHRYHU��YL-
WDPLQ�'�DOVR�LQKLELWV�RWKHU�SUR�¿EURWLF�PHGLDWRUV�VXFK�
DV�/2;/���32671��DQG�,/����EORFNLQJ�WKH�H[FHVVLYH�DF-
FXPXODWLRQ�RI� VHYHUDO�FRPSRQHQWV�RI� WKH�H[WUDFHOOXODU�
PDWUL[��

%\� UHGXFLQJ� WKH� VWL̆QHVV� RI� WKH�PDWUL[��9LWDPLQ�'�
LQWHUIHUHV�ZLWK�WKH�PHFKDQLFDO�IRUFHV�WKDW�DFWLYDWH�¿EUR-
EODVWV�SUHVHQW�LQ�WLVVXH�VWURPD��2YHUDOO��WKHVH�HYLGHQFHV�
suggest a potential role of Vitamin D as a potential drug 
IRU�WKH�WUHDWPHQW�RI�¿EURWLF�GLVHDVHV�
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)LJXUH�� ,QWHUDFWLRQ� RI� YLWDPLQ� '�� ZLWK� ¿EURVLV�UHODWHG�
SDWKZD\V.� 8SRQ� 7*)�ǃ� LQWHUDFWLRQ� ZLWK� LWV� UHFHSWRU�� 6PDG����
FRPSOH[HV� WUDQVORFDWH� LQWR� WKH�QXFOHXV� DQG� D̆HFW� WKH� WUDQVFULSWLRQ�
RI�VSHFL¿F� WDUJHW�JHQHV�E\�DFWLQJ�XSRQ�WKH�6PDG��%LQGLQJ�(OHPHQW�
�6%(��� SUHVHQW� RQ� WKH� SURPRWHU� RI� SUR�¿EURWLF� JHQHV�� 9LWDPLQ� '��
FRPSHWH�ZLWK�6PDG�HOHPHQWV�IRU�ELQGLQJ�WR�WKH�6%(��GRZQVWUHDP�RI�
WKH� KHWHURGLPHUL]DWLRQ� RI� WKH� 9'5�5;5� UHFHSWRUV�� WKXV� LQKLELWLQJ�

WKH�7*)�ǃ�GHSHQGHQW�FDQRQLFDO�VLJQDOOLQJ�SDWKZD\. Vitamin D3 can 
DOVR�GLUHFWO\�LQKLELW�3HULRVWLQ��3(567��DQG�,/���UHOHDVH��ZKLFK�DUH�DF-
WLYDWHG�XSRQ�D�YDULHW\�RI�SUR�¿EURWLF�VWLPXOL��2YHUDOO��WKHVH�SDWKZD\V�
SURPRWH�WKH�WUDQVIRUPDWLRQ�RI�¿EUREODVWV�LQWR�P\R¿EUREODVWV��ZKLOH�
HQDFWLQJ�(07� LQ� QXPHURXV� FHOOV�� $EEUHYLDWLRQV��5;5��5HWLQRLG�;�
5HFHSWRU�� /\V\O� R[LGDVH�OLNH� ��� /2;/��� 9LWDPLQ�'�5HFHSWRU�� 9'5��
Epithelial Mesenchymal Transition, EMT.
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Introduction

Cells reveal the structural organization to promptly 
adapt their mechanobiological environment in realiza-
tion of fundamental vital cellular functions [1,2]. The 
mechanobiology properties of living cells are media-
ted by the cytoskeleton (CSK) representing a dynamic 
QHWZRUN�RI�¿ODPHQWRXV�SURWHLQV�FRPSRVHG�RI�DFWLQ�¿OD-
PHQWV��PLFURWXEXOHV��DQG�LQWHUPHGLDWH�¿ODPHQWV�>���@��
Components of the CSK play a key role in motility, tran-
VSRUW�DQG�FHOO�GLYLVLRQ��SURYLGLQJ�HVVHQWLDO� VFDɣROGLQJ�
on which metabolic processes occur. Therefore, cytoske-
letal morphology is thought to be a valuable indicator 
of cell injury and functionality [5]. Inner cytoskeleton 
structure also provides ‘privileged’ pathways along 
which enzymes and substrates are coherently organi-
zed and oriented, in order to optimize their interactions 

[6,7]. The variety of the mechanisms of structural re-
laxation could be associated with fundamental property 
RI� WKH� FHOOV� TXDOL¿HG� DV� WKH� FHOO� SODVWLFLW\� DQG� WKH� FHOO�
damage [8].

Plastic deformation as the unique mechanism of the 
defects induced momentum transfer and the structural 
PHPRU\�SURYLGHV�VSHFL¿F�&6.�RUJDQL]DWLRQ�LQ�PHFKD-
nobiological environment. The cell plasticity can be 
considered as the leading mechanism providing the vi-
tal CSK properties, including the cell self-organization 
up to the cell division. The cell division being the vitali-
ty ground has also natural links to the defects behavior 
that provides the evolutionary controlled cell division 
(due to the preceded plasticity) or the fragility due to the 
pathological CSK changes leading to the spontaneous 
cell division. The duality of defects in the realization of 
the vital cellular functions (plasticity, damage, damage-
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failure transitions) is stimulating for the consideration 
of the CSK structure as out-of-equilibrium system with 
defects taking into account the fundamentals of defects 
in the matter properties as the localization of the sym-
metry groups [9]. Multiscale mesoscopic approach in 
the simulations of biological systems with defects (bio-
logical molecules, cell and tissue) are analyzed in the 
mechanobiology statement to link the qualitative chan-
JHV� RI� EHKDYLRU� RI�PHVRVFRSLF� V\VWHPV� DV� WKH� VSHFL¿F�
type of criticality (structural-scaling transitions) [10]. 
The mesoscopic approach is considered as the “middle-
out” paradigm for the description of coherent dynamic 
behaviors in biological systems and depends upon the 
choice of leading mechanisms and corresponding meso-
scopic thermodynamic (and kinetic) parameters [11,12]. 
The mechanobiology in the combination with molecular 
genetic approach could provide the actual direction for 
REMHFWL¿FDWLRQ� RI� SDWKRORJLFDO� WHQGHQFLHV� LQ� WKH� OLYLQJ�
cells in the case of cancer. The methodologies, nume-
rical and experimental techniques coming from mecha-
nobiological approach and combined with multi-scale 
signal processing are the ground of the advanced con-

cepts of biological systems evolution related to the role 
RI�FROOHFWLYH�SKHQRPHQD�>��@��³,Q�VLWX´�VWXG\�RI�WKH�FHOO�
mechanobiology by the laser interference microscopy 
�/,0��ZLWK�WKH�IROORZLQJ�GH¿QLWLRQ�RI�³PHDQLQJIXO´�FRO-
lective degrees of freedom allows the determination of 
dynamic stability of biological systems, including tissue, 
and they qualitative changes with “damage” accumula-
tion with an application to cancer progression.

Open complex dynamics: 
DNA and cell transformation

The open states or the bubbles appear as the areas of 
local denaturation due to the breaking of the H-bonds, 
that leads to the local opening of the base pairs, Figure 
1. The open complexes develop due to the activation of 
VSHFL¿F� VXEVHWV� RI� JHQH� H[SUHVVLRQ� SDWWHUQV� UHYHDOLQJ�
the intrinsic stochasticity in gene expression, wide ran-
JH�RI�JHQH�SDWWHUQV�SURYLGLQJ�GLɣHUHQW�SRVVLEOH�SKHQRW-
ypes [11]. The open states provides the DNA transfor-
mation as the mechanisms of the cell plasticity and the 
cell division.

Figure 1: DNA structure and open complex formation.

Conformational transitions, the formation of opening 
states in the processes of the DNA-protein recognition 
are the consequence of the large-amplitude motions le-
DGLQJ� WR� WKH� H[SUHVVLRQ� VFHQDULR� >��@��0HVRVFRSLF�GH-
VFULSWLRQ�RI�RSHQ�FRPSOH[HV�DVVXPHV� WKH�GH¿QLWLRQ�RI�
LQWHUQDO�³PHVRVFRSLF´�YDULDEOHV�UHÀHFWLQJ�WKH�FRKHUHQW�
behavior of the “minimal molecular set” of the breaking 
of the H-bonds. This set is close to 50 genes linked to 
the level of perturbation needed to trigger a multiscale 
VSDWLDO�WHPSRUDO�WUDQVLWLRQ�LQ�WKH�V\VWHP�>��@��7KH�HQ-
semble of “minimal set”, associated with the open com-

plexes, are responsible for the “structural memory” and 
realization of the cell plasticity, the cell damage, pattern 
formation, morphology and the shape fractality [10]. 
The open complexes as a typical mesoscopic defects 
are associated with the local unwinding, opening of the 
double helix. Biological processes involve ensembled 
molecular components (open complexes) responsible 
for mesoscopic properties, spatial-temporal multiscale 
organization according to epigenetic (thermodynamic) 
landscape in which system’s transitions are realized 
[15]. Thermodynamic aspects of the open states can 
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be considered as the key problem for the understan-
ding of the DNA functioning. Statistical approach to 
describe the collective behavior of the DNA distortion 
modes allowed the formulation of thermodynamics of 
the open complexes and the evolution equation in the 
JHQHUDOL]HG� *LQ]EXUJ�/DQGDX� IRUP� UHÀHFWLQJ� VSHFL¿F�
type of criticality named as the structural-scaling tran-
sition [9]. Structural parameters associated with open 
complexes and corresponding localized untwisting mo-
des were introduced as the localization of the symmetry 
group of distortion tensor. The microscopic parameter 
S ik that is associated with the open complex represents 
the local distortion spreading on the small segment 2d 
(about 50 base pairs) with the opening normal distor-
tion mode               to the segment area                                                 

with orientation   ... The mean value of the open complex 
for uni-axial case             corresponds to the minimum 
of the out-of-equilibrium free energy in the Ginzburg-
Landau form

             
      (1)
where ı is the external constraint. The value of į is the 
second structural parameter and represents the ratio of 
two characteristic scales į �G�O�3 the length G��Ga���
��QP� of the DNA segment of open complex nuclea-
tion and the distance l between open complexes. The 
bifurcation points į* �����įc � separate qualitative dif-
ferent areas of the free energy non-linearity: transition 
from the uni-modal to the bimodal form at į* ��� with 
qualitative changes of the metastability at įc � from the 
¿QLWH�WR�WKH�LQ¿QLWH�GHSWK�RI�WKH�VHFRQG�PLQLPD���7KH�
į�� parameter and the critical values į* �����įc � play 
the role that is similar to the characteristic temperatu-
res in the Ginzburg-Landau theory. The gradient term 
LQ�����GHVFULEHV�WKH�QRQ�ORFDO�LQWHUDFWLRQ�LQ�WKH�GLVWRU-
WLRQ�¿HOG��$�%�&�' and ǒ are the phenomenological pa-
rameters.

The Ginzburg-Landau free energy
as the epigenetic landscape

The state space of the cells is related to the ‘epige-
netic landscape’ due to ‘causal interactions between 
genes and their products, which bring the phenotype 
into being’ [11, 16, 17]. An epigenetic landscape can be 
LQWHUSUHWHG�DV�D�IUHH�HQHUJ\�SUR¿OH�EDVHG�RQ�WKH�HQWLUH�
ensemble of simultaneous interactions having the num-

ber for simple organism the order of 107200, that could 
be reconstructed to introduce on the scale of DNA the 
meaningful mesoscopic variables. The idea of an ‘epige-
netic landscape’ was proposed by Waddington [18, 19, 
20] as the sequence of the valleys with the free energy 
PLQLPD� LQ� WHUPV� RI� WKH� YDULDEOHV� UHÀHFWLQJ� WKH� FRKH-
rent gene-by-gene behavior. These variables can signi-
¿FDQWO\�DɣHFW�QRQOLQHDU�SURFHVVHV��WKXV�VZLWFKLQJ�FHOOV�
between distinct phenotypes, by analogy with phase 
transition in physical systems [21]. Collective behavior 
of these variables (collective modes) could provide the 
reprogramming of cell states, that could be not rea-
lized by interactions between genes due very high ki-
QHWLF�EDUULHUV�RI�WKH�HSLJHQHWLF�ODQGVFDSH�>�����@��7KH�
HQHUJ\� SUR¿OHV� FRXOG� EH� FRQVLGHUHG� LQ� WKH� IUDPHZRUN�
of the Ginzburg-Landau free energy using the internal 
YDULDEOHV�UHÀHFWLQJ�WKH�FRKHUHQW�JHQH�E\�JHQH�EHKDYLRU�
as the expression unit related to the open complex. The 
ÀDWQHVV�RI�HSLJHQHWLF� ODQGVFDSH�XQGHU� WUDQVLWLRQ� IURP�
XQLPRGDO� WR� ELPRGDO� HQHUJ\� SUR¿OH� LV� WKH� VLJQ� RI� WKH�
critical point, where the sharp increase of the relaxation 
time corresponds to the development of a global pha-
VH�WUDQVLWLRQ�LQ�WKH�ZKROH�JHQH�H[SUHVVLRQ�SUR¿OH��WKH�
P51$�H[SUHVVLRQ�>��@��ZLWK�WKH�VKLIW�LQ�WKH�IUHTXHQF\�
SUR¿OHV� WR� WKH�FRKHUHQW�P51$�H[SUHVVLRQ�PRGHV��$F-
cording to these results the critical dynamics of gene 
expression shows the singularity induced scaling that 
is characteristic for out-of-equilibrium critical systems. 
The open complexes and the mRNA coherent expres-
sion modes appear due to the decomposition of the free 
HQHUJ\� PHWDVWDELOLW\�� 7KLV� PHWDVWDELOLW\� KDV� GLɣHUHQW�
nature for corresponding ranges of the “governing” 
structural-scaling parameter transforming the unimo-
GDO� SRWHQWLDOV� LQWR� ELPRGDO� SRWHQWLDOV� ZLWK� ¿QLWH� DQG�
LQ¿QLWH�GHSWK�GHSHQGLQJ�RQ�WKH�į���range [10].

Globally convergent dynamics of
gene expression as an attractor states

Temporal development in gene-expression collecti-
ve modes was studied to analyze the expression groups 
sorted according to normalized root-mean-square-
ÀXFWXDWLRQ� �1PVI) and related to an early response 
�WKH�¿UVW����PLQ��WR�JURZWK�IDFWRUV�LQ�D�0&)���EUHDVW�
FDQFHU�FHOO�SRSXODWLRQ�>�������@��7KH�DYHUDJHG�YDOXHV�RI�
1UPVI FDQ� EH� FRQVLGHUHG quantitative as relationship 
with the mRNA expression. The hill-like distribution 
IXQFWLRQ�PDUNV�D�G\QDPLFDO�VWDEOH�SUR¿OH�RI�H[SUHVVLRQ�
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WKDW�LQ�WXUQ�LV�GH¿QHG�DV�FRKHUHQW�H[SUHVVLRQ�VWDWH�IRU�
a set of genes. As the consequence, it was assumed that 
WKH� QUPVI can be considered as the order parameter 
for gene expressions stems with consolidated gene ex-
pression scales. It was noted [22] that the QUPVI should 
be related to the physical plasticity of genomic DNA: a 
higher nrmsf should be associated with a more pliable 
DNA structure. 1UPVI , as the spatial/temporal varian-
FH��VKRXOG�FRUUHVSRQG�WR�WKH�GHJUHH�RI�ÀXFWXDWLRQ�IUHH-
dom in statistical thermodynamics. The log-normal law 
and the power law that are characteristic for the critical 
scenario, could link chromatin aggregation and gene 
expression as coordinated transitional behaviors at the 
chromosome level with coarse grain dynamics. Kinetics 
for the open complex parameter can be presented by the 
evolution equations for mentioned structural variables 
[10]:

      (2)

where ǫp and ǫį� DUH� WKH�NLQHWLF�FRHɤFLHQWV��7KH�SDWK�
of the bifurcation point į* leads to penetration into the 
metastability area and the generation of the collecti-
YH� ¿QLWH�DPSOLWXGH� GLVWRUWLRQ� PRGHV� ZLWK� EUHDWKHU�
(įoį*) and solitary wave (į*!į!įc) dynamics (Figure 
2).The solitary wave solution has the form Ǐ�ǅ� Ǐ�[�±�
9W�, where the wave amplitude, velocity and the width 
of the wave front are given by the self-similar solution:

      

� � � � � � ���

The velocity of solitary wave is 9� �ǒ$�Sa�±�SP���ǅ
��, 

where �Sa�±�SP� is the p-jump in the metastability area. 
A transition through the bifurcation point įc leads to 
the qualitative change of the double-wall potential into 
WKH�IRUP�ZLWK�LQ¿QLWH�VHFRQG�PLQLPXP�GHSWK��7KHVH�
qualitative changes in the metastable potential lead to 
VSHFL¿F�RSHQ�FRPSOH[�G\QDPLFV��JHQHUDWLRQ�RI�FROOHFWL-
ve distortion modes with “blow-up” kinetics [9].

6SHFL¿F�W\SH�RI�VHOI�VLPLODU�VROXWLRQ�GHWHUPLQHV�WKH�
kinetics of distortion modes for totc on the set of spatial 
scales LH� �N/c������N� ��������. :

      
� � � � � � ���

where P� !� ��� � ĭ��!� � are the parameters related to 
the nonlinearity of free energy release in metastabi-
lity, Lc and tc are spatial and temporal parameters of 
“blow-up” self-similar solution. The existence of the 
set of collective modes and consequent transforma-
tion of these modes according to the į� kinetics from 
the breather to solitary and blow-up dynamics illustra-

      A     B                C

Figure 2: A - Phase diagram of open complex parameter p versus external constraint ı���%�±�)UHH�HQHUJ\�³HSLJHQHWLF´�ODQGVFDSH��&�±�6HOI�VLPLODU�
solutions corresponding to breathers (S1), solitary wave (S2), blow-up (S�) attractors.
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tes the globally convergent open complex dynamics 
LQ� WKH�SUHVHQFH�RI� WKUHH�GLɣHUHQW� DWWUDFWRUV��)LJXUH���
7KH� YDOXH� RI� VWUXFWXUDO�VFDOLQJ� SDUDPHWHU� UHÀHFWV� WKH�
current susceptibility of the DNA ensemble to the nu-
cleation and growth of the open complexes in the pre-
sence of the DNA constraint and the thermal bath. The 
kinetics of structural-scaling parameter provides the 
VFHQDULR� RI� WKH� VSLQRGDO� GHFRPSRVLWLRQ� LQ� GLɣHUHQW�
areas of metastability due to the initiation of the open 
complex collective modes. These modes represent th-
ree types of the self-similar solutions of the evolution 
equations (2) for the open complex parameter p in 
characteristic areas of structural-scaling parameter: 
breathers, autosolitary waves and blow-up dissipative 
structures. The phase spaces of these attractors are lin-
ked to the sets of mentioned collective modes. The sets 
of collective open complex modes (breathers, solitary 
and blow-up modes), that could co-exist generally in 
the DNA double helix structure, represent the collecti-
ve variables subject the non-linear dynamics of out-of-
equilibrium biological system to a few preferred global 
VWDWHV��7KH�VROXWLRQV����������KDYH�WKH�QDWXUH�RI�WKH�VHOI�
similar intermediate asymptotic that allows the consi-
deration of mentioned collective modes as the eigen-
IXQFWLRQ�VSHFWUXP�RI�QRQOLQHDU�SUREOHPV�>�������@�WKDW�
explains the gene expression as the resonance pattern 
IRUPLQJ�ZLWKRXW�PRGL¿FDWLRQ�RI� WKH�'1$¶V� VHTXHQFHV�
[26]. The “evolution arrow” follows from the kinetics of 
structural-scaling parameter į that realizes the natural 
tendency for transformation of breather and solitary 
modes into the blow-up modes. The interpretation of 
biological regulation within the framework of nonlinear 
dynamics of open complexes can be linked to the dri-

ving factor of the į - kinetics providing the evolution 
pathway though the areas of different attractors to rea-
lize the gene expression scenario and the cell evolution 
[27]. This analysis demonstrates temporal development 
of gene-expression as global phase transition [28, 29, 
��@��7KH�UREXVW�RUJDQL]DWLRQ�LQ�FHOOV��ZKHQ�WKH�H[SUHV-
sion mechanism of thousands of genes are coordina-
ted by a few key transcription factors can be linked to 
DWWUDFWRU� VWDWHV� LQ� WKH� JHQH�H[SUHVVLRQ� ODQGVFDSH� >����
���� ��@� SURYLGLQJ� WKH� µSKHQRW\SLF� VWDWHV¶�� 7KH� DWWUDF-
tor concept envisages the system as evolving toward a 
preferred (minimal energy) state due to appearance of 
µJOREDOO\� FRQYHUJHQW¶� VROXWLRQV� >���� ���� ���� ��@�� 7KHVH�
solutions attract the system dynamics in the presence 
of stochastic fluctuations related to a gene-by-gene in-
teraction. Attractor states are realized in the presence 
of a rugged non-equilibrium free energy landscape in 
the terms of mentioned variables as the generalization 
RI�WKH�/DQGDX�WKHRU\�RI�WKH�SKDVH�WUDQVLWLRQV�>������@�

The generalization of the Landau theory for ther-
modynamics of the DNA ensemble was developed in 
[10] using the “effective field” approach by Leontovich 
>��@� IRU� WKH� VWDWLVWLFDO� WKHUPRG\QDPLFV� RI� WKH� RXW�RI�
equilibrium “slow driven systems”. In the presence of 
the free energy metastability (1) the į� kinetics plays 
the role of the ”intelligent agents” (Maxwell’s demons) 
that used to drive the system due to the metastability 
GHFRPSRVLWLRQ�>��@��7KLV�VFHQDULR�FRXOG�FODULI\�D�IXQGD-
mental question concerning the problem of cell dyna-
mics controlling genome-wide expression - What is the 
‘driving force’ that attracts the entire system toward a 
few preferred global states, thus making the genome act 
DV�D�VLQJOH�LQWHJUDWHG�V\VWHP"�>������@�

                           a                                                     b                                                 c                                                                                           d
Figure 3: Cell structure and DNA transformation: A - cell structure, B - histone topology, C - histone package, D - cell division [https://
en.wikipedia.org/wiki/Chromatin#/media/File:Chromatin_Structures.png].
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The sequence of generation of these modes can be 
used for the explanation of the DNA transformation 
associated with the cell plasticity and the cell divi-
VLRQ�� )LJXUH� �� >��@�� 7KH� IURQW� RI� DXWRVROLWDU\� ZDYH�
mode has the sharp curvature  ǒ� � ��S� �� �V�I  (V is 
the longitudinal DNA axis) separating the portions 
of DNA strands with breather and autosolitary wave 
dynamics that can be associated naturally with tran-
sition to the histon topology of the DNA strand (Fi-
JXUH��D��LQ�WKH�FRQGLWLRQ�RI�FRQWLQXRXVO\�LQFUHDVLQJ�
curvature along the V-axis under įoįc. 

The solitary wave dynamics of the open complexes 
provides the active transcription action caused by 
the DNA plasticity and the meeting point (centrome-
re) of two strands with inverse curvature can be con-
sidered as analogue of “sitting dislocation” with the 
high energy barrier. Double helix becomes more con-
densed due to the histon topology dynamics. Nume-
rous scenario of the histone topology lead to the DNA 
SDFNDJH��³KLVWRQH�ODWWLFH´��)LJXUH��E��F��ZLWK�OHVV�DF-
tive genes and new correlation in the open complex 
ensemble providing the path of the įc critical point. 
It leads to the excitation of blow-up open complex 
dynamics inside of histone topology, rupture of the 
DNA strands and the formation of small p chromoso-
PH�DUPV��)LJXUH���G��DV�WKH�SUHFXUVRU�RI�WKH�FHOO�GL-
YLVLRQ�>��@��7KH�FKURPRVRPH�FRQVLVWV�RI�WKH�FRQGHQ-
sed structure of the DNA double-helix (10,000 times 
than in the normal DNA double-strand). The com-
pact form of chromosomes has four arm structure as 
a pair of sister strands attached by each other at the 
centromere. The long T�� chromosome arms appear 
due to the tripping of some labile histon stitching 
(centromere) with low energy barrier after the rup-
ture of the DNA strands in histones. Finally, due 
to this act of replication a chromosome consists of 
two sister chromatids. The DNA transformation oc-
curs in order for the proper separation of the genetic 
material between daughter cells under the cell cycle 
�)LJXUH� �G��� 6LPLODU� VFHQDULR�ZDV� GLVFXVVHG� LQ� >��@�
in early response to growth factors in a MCF-7 bre-
ast cancer cell population to characterize the distinct 
expression domains: static, transit and dynamic do-
mains according to the degree of temporal variation 
in expression.

Laser Interference Microscopy of cell 
dynamics: ductile-brittle transition in 
CSK structure as cancer precursor

Open complexes as mesoscopic defects are respon-
sible for two mechanisms in condensed matter associa-
WHG�ZLWK�SODVWLFLW\�DQG�GDPDJH�IDLOXUH� WUDQVLWLRQ�>��@��
This is characteristic for the cells under the influence of 
physiological and pathological conditions through the 
qualitative transformation in the CSK structure. This 
transformation occurs as the sequence of critical events 
due to the path of critical points į*  ,� įc in the attrac-
tors space. The breathers and auto-solitary modes are 
responsible for the cell plasticity, which indicates me-
chanobiological properties reflecting the natural CSK 
transformation and the transition to the third attractor 
with the phase space related to the blow-up collective 
modes providing the cell differentiation dynamics. This 
scenario of collective modes transformation reflects 
the duality of the open complex dynamics in the duc-
tile-brittle CSK cycle. The structural-scaling transition 
events occur in the presence of the į�kinetics as the spi-
nodal decomposition of the metastable free energy rele-
ase caused by the dynamics of the open complex para-
meter considering the open complexes as mesodefects 
ensemble. The qualitative different robust statistics 
(the log-normal and the power statistics), is characte-
ristic for ductile and brittle behaviors can be used for 
the identification of the normal and cancerous CSK sta-
WHV�>��@��7KH�&6.�F\FOH�RI�WKH�QRUPDO�FHOOV�LV�DVVRFLDWHG�
with spatial-temporal distributed collective modes of 
open complexes, which follow to the multifractal dyna-
mics associated with mentioned attractor types and the 
log-normal statistics of finite amplitude open complex 
fluctuations. This stochastic multiplicativity of open 
complex dynamics from the breathers to auto-solitary 
and blow-up modes provides the evolutionary “ductile” 
stability of the normal cells up to the stage of the cell 
division. The qualitative different scenario is observed 
for the cancer cells with pronounced “brittle” dynamics 
leading to the power law statistics that is characteristic 
IRU� VHOI�RUJDQL]HG� IUDJPHQWDWLRQ� >��@� DQG� DQRPDORXV�
cell fragility for the arbitrary constraint. The cancer cell 
behavior can be linked to the activity of the third attrac-
tor įoįc under the initiation of the convergent multi-
scale “blow-up” dissipative structures subordinated en-
tirely the CSK dynamics. The study of the cell dynamics 
as the optical thickness fluctuations were conducted at 
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the Perm Federal Research Center of the Urals Branch 
RI�WKH�5XVVLDQ�$FDGHP\�RI�6FLHQFHV�XVLQJ�WKH�0,0�����
Laser Interference Microscope. Study of the nonlinear 
CSK dynamics using the data of the Laser Interferen-
ce Microscopy (LIM) is the impact opportunity for the 
objectification of the cell states and cytological cancer 
diagnosis analyzing the time series of phase thickness 
fluctuations (in the “cross-sections” of the nucleus, 
the nucleolus, cytoplasm). The main advantages of the 
0,0����� ODVHU�PLFURVFRSH� DUH� KLJK� UHVROXWLRQ� LQ� WKH�
ODWHUDO�SODQH���������QP��DQG�YHUWLFDO������QP���WKH�IUH-
TXHQF\�UHFRUGLQJ�RI�SKDVH�LPDJHV�����+]��DQG�WKH�SUH-
sence of an object table that allows the positioning the 
REMHFW��SRVLWLRQLQJ�DFFXUDF\�LV�����QP��>��@�

The results of typical measurements are presented 
LQ�)LJXUH���>����������@��,Q�WKHVH�ILJXUHV��WKH�DGKHVLRQ�
region of living cells (green color), a thin layer of cyto-
plasm (yellow color), nuclei (red color) and nucleolus 

(dark red color) are clearly visualized. High spatial and 
temporal resolution of the LIM pattern allowed the 
analysis of dynamic processes in living cells using LIM 
track diagrams in different cell cross-sections (Figure  
5, 6). Optically dense area corresponds to the cell nu-
clei. These data were obtained by laser interference mi-
FURVFRS\�RQ�����QRQ�FDQFHURXV�DQG�FDQFHU�FHOOV�

Wavelet transform maximum modulus method 
�:700��>��������@�ZDV�XVHG�WR�DQDO\]H�WKH�/,0�GDWD�
(Figure 5, 6) and to establish the correlation between 
the finite amplitude temporal fluctuation of the pha-
se thickness (associated with the cell thickness in the 
nucleus cross-sections) and qualitative different CSK 
dynamics providing the cell plasticity and fragility. 1D 
realization of the WTMM method was used to process 
the LIM data, that allowed one to get the singularity 
spectrum I�Į� corresponding to the mono- and multi-
fractal dynamics (Figure 7) [27,50,51]. Both scenarios 

Figure 4:�3KDVH�LPDJHV�RI�WKH�FHOOV���D��0&)�����E��+(.�������F��0&)�����G��+&7�����8QLWV�RI�PHDVXUHPHQWV��[��\�±��PNP��Ʃ̗�±�QP�
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display fat-tail distributions (log-normal and power 
laws) that are characteristic for the critical systems 
dynamics subject to the collective modes providing the 
spinodal decomposition of free energy metastability 
�IUHH�HQHUJ\�UHOHDVH��>���������@��7KH�ORJ�QRUPDO�PXO-

tiplicative statistics reflects the influence on the CSK 
dynamics the mentioned types of collective modes in 
the course of the normal cell evolution as the structural-
scaling transition in the open complex ensemble. The 
power law statistics reflects the cell fragility that is the 

Figure 5: Typical phase images registered at different time, difference frame, track diagram and 1D signal of the normal human breast epithe-

OLDO�FHOO�0&)���$��8QLWV�RI�PHDVXUHPHQWV��[��\�Ɋ�PNP�¨̗�Ɋ�QP�

Figure 6: Typical phase images registered at different time, difference frame, track diagram and 1D signal of the cancer human breast epithelial 

FHOO�0&)����8QLWV�RI�PHDVXUHPHQWV��[��\�Ɋ�PNP�¨̗�Ɋ�QP�
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consequence of pathological structural changes (corre-
sponding to the range of structural-scaling parameter 
į�įc ) leading to the subjection of the CSK dynamics 
to multiscale blow-up modes. These results allow the 
conclusion concerning the duality of multiscale open 
complex dynamics responsible for the evolutionary cell 
transformation as the ductile structural-scaling transi-
tion in the cell division and the brittle dynamics leading 
to the cell fragility and the cancer development.

Entropy: convergent and divergent cell 
dynamics 

The structural-scaling transitions in nonlinear out-
of-equilibrium systems are characterized by dynami-
cally unstable motions in the terms of an exponential 
divergence on initially adjacent trajectories [55]. The 
measure of exponential divergence is the Kolmogorov-
Sinai entropy (or the so-called K-entropy). The K-en-
tropy is related to the average rate of divergence of ini-
tially adjacent trajectories [i�N� and hence the Lyapunov 
exponents Ǌi 

      (5)

Instead (5) the K-entropy can be introduced as the 
characteristics of dynamic divergence '�N� of the tra-
jectories [i�N� [56]

      

      (6)

as the average time of the current trajectories diver-
gence k to the initial one. If we introduce the corre-
sponding probability distribution of the trajectory 
divergence at the point in time t

I('��W),   ��I�'��W�G'� ���

the entropy of the system can be defined as

S(t) = ��1n I�'��W�I('��W)G'����������������� � (7)

The distribution I('��W) can be used to introduce two 
characteristics of the system dynamics: an average di-
vergence at the point in time t and the effective “volu-
me” of the divergence 

      (8) 
     

With small deviation of                         from the ave-
rage value      , the entropy (7) can be determined by the 
analogue of the Boltzmann formula

S(tǼȱƽȱŗ�ȱ̇D(t).    (9)

8VLQJ�����DQG�����ZH�FDQ�¿QG�WZR�HTXLYDOHQW�UHODWLRQV�

      (10)

Figure 7: Typical multifractal spectra of LIM data: "blue" is the normal breast cell, "red" is the cancer breast cell (carcinoma).
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The latter definition can be considered as the analogue 
of the uncertainty relation: the large trajectory diver-
gence has the higher entropy. Using (10) the statistical 
analogue of the .-entropy can be introduced as the ave-
rage rate of the entropy change in a time �W±t�)

      (11)

It follows from (11) that kVWDW determines the entropy 
production averaged over a finite time interval. Local 
entropy change reads as the entropy balance equation

      (12)

It is seen that the entropy production has not fixed 
sign and increases or decreases as the average trajectory 
divergence.

Development of collective open complex modes 
(breathers, auto-solitary, blow-up) is the consequence 
of the local instability due to the subordination of the 
cell dynamics to the set of the self-similar solutions. 
Singular nature of the open complex as defects allows 
the consideration of open complex collective modes as 
the string objects [25] with the interactions responsible 
for dramatic change in the symmetry properties and the 
WUDQVIRUPDWLRQ�SDWWHUQ� LQ�)LJXUH����7KH� ILUVW�V\PPHW-
ry breaking occurs in the course of mutual excitation of 
the breathers as the expression template related to the 
epigenetic landscape. The scale renormalization in the 
breather ensemble provides the long range correlation 
in more coarser epigenetic landscape, the second sym-
metry breaking due to the metastabilty decomposition 
in the range į*!�į !�įc with the generation of auto-soli-
tary modes and realization of the transcriptional dyna-
mics, the histone topology and the histone package. The 
scaling related to the auto-solitary modes leads to the 
second bifurcation at į  įc eading to the generation of 
blow-up open complex modes providing the cell divi-
sion scenario. This pathway of the normal cell evolution 
occurs in the presence of three attractors excited conse-
quently due to the structural-scaling transition and the 
convergence of trajectories related to the open complex 
dynamics of mentioned collective modes. As the conse-
quence, this dynamics is characterized by the minimum 

of the entropy production. The multiply “resonance” 
excitation of the third blow-up attractor localized on 
the set of the fundamental lengths Lk is characteristic 
for the cancer cells revealing the divergent dynamics 
and the spontaneous fragility. The resonance excitation 
of the multiply blow-up modes is typical for the epi-
genetic landscape with pronounced coarsening of the 
metastable potential in the presence of the infinite se-
cond minima. The mutual resonance blow-up kinetics 
of the open complexes leads to the spontaneous DNA 
fragmentation and low viscosity that is observed for the 
strongly coupled systems [25]. The low viscosity could 
provide the anomalous proliferation as the metastasis 
mechanism.

Conclusion

The mechanobiology of living cells is associated with 
the cytoskeleton (CSK) dynamic network (filamentous 
proteins, actin filaments, microtubules, intermediate 
filaments) revealing the fundamental property of the 
cells qualified as the cell plasticity and the cell dama-
ge. Plasticity is the phenomenon inherently linked to 
the collective behavior of mesodefects in the “biological 
crystals” (the open complexes in the DNA double he-
lix) and provides the unique mechanism of the defects 
induced momentum transfer and the structural memo-
ry as the expression scenario. The cell plasticity can be 
considered as the leading mechanism providing the vi-
tal CSK properties, including the DNA transformation, 
expression dynamics, the cell division. Open complex 
mechanisms of plasticity and fragility are analyzed as 
specific type of critical phenomena in condensed mat-
WHU�ZLWK�PHVRGHIHFWV�±�WKH�VWUXFWXUDO�VFDOLQJ�WUDQVLWLRQ��
The expression dynamics, the self-organization of DNA 
and the cells are linked to the collective modes of the 
open complexes (breathers, auto-solitary waves, blow-
up dissipative structures) responsible for the configura-
tion mobility of the CSK structure and the cell division. 
The gene expression and the cell division being the vi-
tality ground have natural links to the defects behavior 
and provides the evolutionary meaningful mechanisms 
of self-organization for normal cell dynamics or patho-
logical scenario of defects induced fragility as the can-
cer precursor. Study of the nonlinear CSK dynamics was 
conducted analyzing the time series of phase thickness 
fluctuations after the Laser Interference Microscopy 
in the cell "cross-sections" containing the nucleus, the 
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nucleolus, cytoplasm. The application of the WTMM 
method allowed the demonstration of the links of tem-
poral correlations of finite-amplitude phase thickness 
fluctuation, dynamics of collective modes of open com-
plexes and qualitative different CSK dynamics that are 
characteristic for the cell plasticity and fragility. The 
phase thickness fluctuations display the fat-tail distri-
butions, the log-normal and the power laws, with multi- 
and monofractal singularity spectrum. The multifractal 
singularity spectrum in the case of the cell plasticity 
reflects the temporal sequences of the phase thickness 
fluctuation in the presence of mentioned open complex 
“singular” collective modes (breathers, auto-solitary, 
blow-up). The monofractal singularity spectrum and 
the power law of the phase thickness fluctuation are the 
consequence of the shifting of the CSK dynamics into 
the area of the attractor with the blow-up open complex 
dynamics, that leads to the spontaneous CSK fragmen-
tation (the cell fragility). The open complex dynamics, 
which follows to the structural-scaling transition, al-
lows the interpretation of the normal and cancer cell 
evolution scenario. The structural CSK susceptibility to 
both scenario is given by the values of structural-scaling 
parameter charactering the nonlinearity (metastabili-
ty) of the epigenetic landscape and corresponding open 
complex kinetics. The pathological changes of the CSK 
structure in the presence of the “monofractal” blow-up 
open complex dynamics leads to the cancer progression.
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When told that people say that it looked as if the sun 

went round the Earth, Wittgenstein asked, “what would 

it have looked like if it had looked as if the Earth turned 

on its axis?” — Anscomb (1959, p. 151)

Introduction

In multicellular organisms, development general-
ly proceeds from a single-celled zygote through a suc-
cession of embryonic or immature forms until some 
stable, species- or variety-typical, adult morphology is 
DFKLHYHG�� ,Q� FRPSHWHQW� RUJDQLVPV�� LQFOXGLQJ� VWDU¿VK��
planaria, salamanders, and deer, lost limbs, damaged 
organs, or even the entire body may be regenerated 
until this same stable, species- or variety-typical, adult 

morphology is restored (Birnbaum and Sánchez Alva-
rado, 2008). Thus, regeneration and regulative deve-
lopment are individual cases of a more general biolo-
gical process: anatomical homeostasis, which is able to 
UREXVWO\�DFKLHYH�D�VSHFL¿F� ODUJH�VFDOH�JHRPHWU\�GHVSL-
te drastic perturbations such as amputation and from 
GL̆HUHQW�VWDUWLQJ�FRQGLWLRQV��)RU�H[DPSOH��JHQRPLFDO-
ly-normal tadpoles altered to have their craniofacial 
organs in the wrong locations largely become normal 
frogs (Vandenberg, Adams and Levin, 2012). Similarly, 
some embryos can be cut in half, fused with others, or 
implanted with aggressive cancer cells, and still result 
in perfectly normal bodies (Mintz and Illmensee, 1975). 
7KHVH� NLQGV� RI� H[DPSOHV� LOOXVWUDWH� KRZ� DQDWRPLFDO�
homeostasis can reach the same large-scale anatomy 
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from diverse starting conditions and other perturba-
tions (Pezzulo and Levin, 2016). We will refer to such 
a stable endpoint of development or regeneration, ave-
raged over species- or variety-typical outcomes, as the 
“target morphology” of the species or variety (Levin, 
2011). In regulative development and regeneration, the 
WDUJHW�PRUSKRORJ\�LV�RSHUDWLRQDOO\�GH¿QHG�DV�WKDW�VKD-
pe which, once achieved, causes further growth and re-
PRGHOLQJ�WR�VWRS���)LJXUH�����,QGLYLGXDO�RUJDQLVPV�PD\�
alter their size once their target morphology is reached, 
EXW�GR�QRW�VLJQL¿FDQWO\�DOWHU�WKHLU�LQWHUQDO�RUJDQL]DWLRQ�
RU� H[WHUQDO� VKDSH�� 6LJQL¿FDQW� GHSDUWXUHV� IURP� WDUJHW�
PRUSKRORJ\��H�J��GL̆HUHQW�QXPEHUV�RI�GLJLWV�RU�XQXVXDO�
craniofacial morphologies, are generally considered pa-
thological, even if they may be long-term viable. Such 
departures must be possible, however, for morphology 
to evolve under natural selection; all speciation events 

and morphological innovations initially represented a 
“birth defect” relative to the parent lineage.

The concept of target morphology is clearly applica-
ble below the scale of the whole, multicellular organism. 
Tissues and some organs have the capacity to restore 
structure at their appropriate level. Individual cells, e.g. 
muscle cells or neurons, have characteristic morpholo-
JLHV�WKDW�DUH�WKH�W\SLFDO�HQGSRLQWV�RI�GL̆HUHQWLDWLRQ�IRU�
cells of that type in that organism or even across a major 
phylogenetic lineage. Metabolic cycles and gene regu-
latory networks have the capacity to retain their dyna-
mics in the face of environmental changes and some 
mutations. One can even view the tertiary structures of 
macromolecules under typical physiological conditions 
(and short timescales) as target morphologies. As at 
WKH�ZKROH�RUJDQLVP�VFDOH�� VLJQL¿FDQW�GHSDUWXUHV� IURP�
target morphology by cells or macromolecules are ge-

Figure 1: 7KH�FRQFHSW�RI�WDUJHW�PRUSKRORJ\��D��,Q�VH[XDOO\�UHSURGXFLQJ�RUJDQLVPV�VXFK�DV�X. laevis, a single zygotic cell placed in an appropriate 
HQYLURQPHQW�GHYHORSV�LQWR�DQ�DGXOW�WKDW�UHSOLFDWHV�WKH�PRUSKRORJ\�RI�WKH�SDUHQW�V���$W�WKH�FHOOXODU�OHYHO��GHYHORSPHQW�LQYROYHV�D�WHVW�RSHUDWH�H[LW�
�72(��F\FOH�WKDW�¿QGV�DQG�¿[HV�HUURUV��WKXV�PDLQWDLQLQJ�WKH�LQWHJULW\�RI�WKH�SURFHVV��E��$�IUDJPHQW�H[FLVHG�IURP�D�UHJHQHUDWLRQ�FRPSHWHQW�DQLPDO�
such as the planarian D. japonica and placed in an appropriate environment regenerates cells and tissues to replicate the adult form. c) Can the 
“shape” of the phylogeny of life since the last universal common ancestor (LUCA), including its major features such as endosymbiosis, multicellu-
larity, and social organization be regarded as a “target morphology” of evolution? d) If some sample of the phylogeny of life since LUCA were to be 
placed in an appropriate planetary environment, would it “regenerate” a phylogenetic outcome with the same general characteristics?
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nerally considered pathological, and indeed generally 
disrupt “normal” function. But what about higher levels 
of organization and temporal scales larger than the life-
time of the individual organism?

Here, we ask whether the concept of target morpho-
logy could be usefully applied above the spatio-temporal 
scale characteristic of an individual organism. Can the 
typical sizes and organizations of ant hills, wolf packs, 
RU� KXPDQ� VRFLDO� JURXSV�� IRU� H[DPSOH�� EH� FRQVLGHUHG�
“targets” of inter-organism social interactions? Can cli-
PD[�FRPPXQLWLHV�EH�FRQVLGHUHG�WDUJHWV�RI�LQWHU�SRSX-
lation interactions that constitute ecosystem-scale suc-
cession? Can biosphere-scale evolution, in particular, 
be considered to have a target morphology? What con-
straints did the structures of the last universal common 
ancestor (LUCA) and the environment in which it lived 
place on the evolutionary process that produced life as 
we know it? What constraints do molecular and cell bio-
logy place on evolution, and conversely, what aspects 
RI� LQIRUPDWLRQ�SURFHVVLQJ� DW� GL̆HUHQW� VFDOHV� IDFLOLWDWH�
UREXVWQHVV�WRZDUG�VSHFL¿F�RXWFRPHV�GHVSLWH�QRLVH�DQG�
uncertainty at lower scales? If the “tape” of Terrestrial 
evolution could, in Gould’s (1989) metaphor, be run 
DJDLQ�� FRXOG� ZH� H[SHFW� WR� VHH� PDMRU� WUDQVLWLRQV� VXFK�
as the rise of eukaryotes or multicellularity (Maynard 
Smith and Szathmáry, 1995; Szathmáry, 2015) replica-
WHG"�&RXOG�ZH�H[SHFW�WR�VHH�D�³FRJQLWLYH�QLFKH´��3LQNHU��
2010) occupied by an omnivorous, social generalist?

The idea that evolution might, like organismal de-
velopment, be directed toward some target is obviously 
controversial and often rejected out of hand. Evolution 
must, after all, cope with unpredictable events such as 
EROLGH�LPSDFWV�FDXVLQJ�PDVV�H[WLQFWLRQV��H�J��6FKXOWH�HW�
DO����������,W�LV�LPSRUWDQW��KRZHYHU��WR�H[DPLQH�OLPLWD-
tions on our observations which shape our intuitions on 
such questions. As Wittgenstein put it on being told that 
people say that it looked as if the sun went round the 
Earth, “what would it have looked like if it had looked as 
LI�WKH�(DUWK�WXUQHG�RQ�LWV�D[LV"´��$QVFRPE��������S�������

Consider an observer gathering data at the indi-
vidual cell level during embryogenesis. Imagine this 
observer had never heard of development and did not 
already know the fact, so obvious to us that we rarely 
question it, that it always ends up making the same 
large-scale anatomy. Seeing the amount of stochastic 
behavior, frequent failures, diversity of even genetically 
identical cells’ behaviors, and variability in biochemical 
and biomechanical properties, would they be able to in-

fer that despite all the noise, there is a single morpho-
logical attractor at which all of this messy activity will 
LQHYLWDEO\�DUULYH��HYHQ�LI�VLJQL¿FDQWO\�SHUWXUEHG"�:RXOG�
the #1 fact of embryogenesis – its invariant outcome – 
be apparent at a small scale of spatio-temporal obser-
vations? No such small-scale observations, we suggest, 
would reveal this emergent property, just as small-scale 
observations of gas molecules in the interior of a large 
but unobserved container would not reveal the gas pres-
sure measurable outside the container or the inevitable 
large-scale outcomes of thermodynamic manipulations. 
Could it be that our observations of individual biologi-
cal species and small – even with paleontology – num-
bers of generations are likewise too constrained by their 
small scale to make plausible the idea that evolutiona-
ry processes may also operate over a space with very 
strong attractors, to which populations converge despi-
te the stochastic events at the mutation and selection 
levels? Are major transitions such as multicellularity, in 
particular, attractors in the landscape of evolution?

This controversy goes to the heart of evolutionary 
theory: it concerns whether the core evolutionary pro-
cesses of variation and selection are mechanistically 
coupled. In organismal development, these processes 
FOHDUO\�DUH�FRXSOHG��RQO\�VSHFL¿F�FHOO�W\SHV�DUH�SURGXFHG�
DW�DQ\�JLYHQ�VWDJH��DQG�WKHVH�FHOOV�DVVHPEOH�LQWR�VSHFL¿F�
micro-environments into which later-developing cells 
are born or migrate and must afterwards function. Va-
riation and selection are, in contrast, uncoupled in Dar-
winian evolution; while Darwin (1859) rejected “chance” 
variation in favor of unknown causes (e.g. p. 131), these 
causes are presented as prior to and hence independent 
of selection. The Neo-Darwinian movement of the mid-
20th century largely discredited “orthogenetic” concep-
tions of evolutionary variation as somehow directed or 
constrained (see Ulett, 2014 for a historical review), re-
placing them with a conception of variation as strictly 
random. Selection, in this case, “does all the work” in 
evolution; as Monod (1972) puts it, “from a source of 
noise natural selection alone and unaided [draws] all 
the music of the biosphere” (p. 118). While the past 
¿YH�GHFDGHV� KDYH� \LHOGHG� DQ� LQFUHDVLQJO\�PHFKDQLVWLF�
and non-random understanding of variation at the le-
vel of the genome (e.g. Kitts et al., 1982; Lichten and 
*ROVPDQ��������+DOO�HW�DO���������)RVWHU��������&DOOLQDQ�
et al., 2005; Lemons and McGinnis, 2006; Mitchell et 
al., 2009; Stern and Orgogozo, 2009; Uller et al., 2018), 
if these mechanisms are both mutually uncorrelated 
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and uncorrelated with later-acting selection, variation 
UHPDLQV�H̆HFWLYHO\�UDQGRP�DQG�HYROXWLRQDU\�KLVWRU\�UH-
mains purely contingent, producing diversity at all sca-
les with selection as the sole constraint (McShea, 1994; 
McShea and Brandon, 2010). This Neo-Darwinian con-
clusion has its prominent critics, e.g. Conway-Morris 
(2003; 2010) and Orgogozo (2015) who point out that it 
FDQQRW�DGHTXDWHO\�H[SODLQ�REVHUYHG�FDVHV�RI�FRQYHUJHQW�
evolution, but it nonetheless remains the dominant 
YLHZ� ZLWKLQ� HYROXWLRQDU\� ELRORJ\�� $VWUR�H[RELRORJLVWV�
DQG�DUWL¿FLDO�OLIH�UHVHDUFKHUV��LQ�FRQWUDVW��PDNH�LW�WKHLU�
business to attempt predictions of how evolution might 
proceed from various initial conditions (e.g. DesMarais 
and Walter, 1999; Chyba and Hand, 2005; Kaltenegger, 
2017; Lenton et al., 2018). The operational assumption 
LQ�WKHVH�¿HOGV�LV�WKDW�HYROXWLRQ�LV�QRW�purely contingent, 
but can rather be characterized as a dynamical system 
governed by both bottom-up (e.g. variation) and top-
down (e.g. selection) constraints. Given reasonable as-
sumptions about the dynamics and the constraints, the 
possibility of some level of predictability is simply taken 
for granted.

Here we introduce two lines of argument for a deep 
mechanistic coupling between variation and selection, 
and hence for a view of evolutionary processes as se-
arch processes in a space with invariant attractors. The 
¿UVW�LV�WKDW�WKH�SURFHVVHV�ZH�FKDUDFWHUL]H�DV�³HYROXWLRQ´�
DQG�³GHYHORSPHQW´�GL̆HU�SULPDULO\�LQ�VFDOH��,QGHHG�DV�
SRLQWHG�RXW�SUHYLRXVO\��+HUPLGD��������)LHOGV�DQG�/H-
vin, 2018; Mariscal and Doolittle, 2018), all of life since 
LUCA can be viewed as a single, continuous cell lineage; 
hence evolution can be viewed as a developmental pro-
cess with LUCA as the “zygotic” founder cell. Viewing 
evolution as a developmental process naturally raises 
the questions of what variants are possible at each sta-
JH��DQG�RI�KRZ�VXFK�YDULDQWV�PLJKW�EH�H[SHFWHG�WR�VXUYL-
ve under selective constraints largely imposed by other 
RUJDQLVPV��)LHOGV�DQG�/HYLQ������D���7KH�VHFRQG� OLQH�
RI�DUJXPHQW�EXLOGV�RQ�)ULVWRQ¶V��������REVHUYDWLRQ�WKDW�
all living systems face a thermodynamic requirement 
WR�PLQLPL]H�WKH�YDULDWLRQDO� IUHH�HQHUJ\��9)(��±�H̆HF-
tively, the unpredictability – of their environments. We 
have argued previously that the transition to multicel-
OXODULW\�FDQ�EH�YLHZHG�DV�D�9)(�PLQLPL]DWLRQ�VWUDWHJ\�
�)LHOGV� DQG� /HYLQ�� ������� %ULHÀ\�� UHSURGXFWLYH� �L�H��
VWHP�� FHOOV� FDQ�EH� H[SHFWHG� WR�SURGXFH� ³ERGLHV´� FRP-

prising non-reproductive (i.e. somatic) progeny as pro-
WHFWLRQ� DJDLQVW� VẊFLHQWO\�FKDOOHQJLQJ� HQYLURQPHQWV��
If the transition to multicellularity can be understood in 
H̆HFWLYHO\�WKHUPRG\QDPLF�WHUPV��DV�D�JHQHUDO�UHVSRQVH�
to selective pressures that works independently of mi-
nor details or contingencies, might not the other major 
transitions be similarly understandable? Could we not 
H[SHFW�DQ\�HYROXWLRQDU\�³WDSH´�UXQ�ORQJ�HQRXJK�WR�JHQH-
rate social multicellulars and a cognitive niche? Could 
ZH�QRW�H[SHFW�WKDW�PRUSKRJHQHWLF�PHFKDQLVPV�GHYHOR-
ped at the cellular scale, e.g. developmental bioelectrici-
ty (Levin and Martyniuk, 2018), would be co-opted into 
whole-organism scale mechanisms, e.g. bioelectric me-
chanisms for controlling organism-scale behavior such 
DV�QHUYRXV�V\VWHPV��)LHOGV��%LVFKRI�DQG�/HYLQ�������"

,Q�ZKDW�IROORZV��ZH�¿UVW�UHYLHZ�WDUJHW�PRUSKRORJLHV�
at the molecular (§2.1), organismal (§2.2) and ecosy-
stem (§2.3) scales. In each case, we consider where and 
how the information specifying the target morphology 
LV�VWRUHG�DQG�KRZ�WKLV�LQIRUPDWLRQ�LV�DFFHVVHG�DQG�H[-
pressed as the target morphology is being generated. 
We discuss, in each case, how top-down constraints 
arising at larger scales regulate processes at the scale 
of interest. We then address the question posed in our 
WLWOH�� IRFXVLQJ� VSHFL¿FDOO\� RQ� WKH�PDMRU� WUDQVLWLRQV� WR�
cellularity (§3.1), endosymbiosis (§3.2), multicellularity 
��������VRFLDO�JURXSV���������DQG�¿QDOO\� WKH�HPHUJHQFH�
of a cognitive niche (§3.5). In contrast to the standard, 
multilevel-evolution view that these transitions repre-
sent selection for increased cooperation (Buss, 1987; 
Maynard Smith and Szathmáry, 1995; Michod, 1999; 
Szathmáry, 2015), we suggest that in each transition co-
operative structures develop once a toolkit of pre-adap-
ted communication and regulation capabilities has been 
assembled. In line with our previous model of multicel-
OXODULW\� �)LHOGV� DQG� /HYLQ�� ������� ZH� VXJJHVW� WKDW� WKH�
GULYHU�RI�WKLV�SURFHVV�LV�LQ�HYHU\�FDVH�9)(�PLQLPL]DWLRQ��
i.e. that the major transitions are thermodynamic at-
tractors. We outline, in §4, a new “picture” of evolution 
as a sequence of phase transitions that each incorporate 
smaller-scale systems into larger-scale organizations. 
As the larger-scale organizations are, in every case, mi-
cro-environments that both provide new resources and 
impose new selective constraints, the products of this 
evolutionary process are multi-scale, heterogeneous 
communities, i.e. holobionts (Bordenstein and Theis, 
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�������:H� FRQFOXGH� LQ� ��� E\� VXJJHVWLQJ� H[SHULPHQWDO�
approaches that could test these ideas.

1. Target morphologies:
from macromolecules to ecosystems

Toward the end of Wonderful Life (1989), Gould 
speculates that had the early chordate Pikaia not sur-
vived the Middle Cambrian, “we are wiped out of future 
history – all of us, from shark to robin to orangutan” 
(p. 323). A tiny change in evolutionary history, in other 
ZRUGV��FRXOG�SURGXFH�DQ�HQWLUHO\�GL̆HUHQW�ODWHU�RXWFR-
me. With no ability to rewind the “tape” of evolution of 
life on Earth and run it again, we are left with “just hi-
VWRU\´�WR�H[SODLQ�WKH�ODQGVFDSH�RI�RUJDQLVPV�DQG�WKHLU�
relations that we see around us.

Contrast this with organismal development, where 
tiny changes occasionally produce informative mon-
VWURVLWLHV��EXW�W\SLFDOO\�UHVXOW�LQ�HLWKHU�QR�GL̆HUHQFH�DW�
all, minor variants, or lethality. We know this because 
we have, in fact, observed the tape run many times. Gi-
ven only a genome, a zygote, or even an early embryo 
DQG�UHTXLUHG�WR�HPSOR\�¿UVW�SULQFLSOHV��QRW�FRPSDUDWL-
YH�PHWKRGV��ZH�PLJKW�EH�QR�EHWWHU�R̆�LQ�SUHGLFWLQJ�WKH�
adult form than we would be trying to predict humans 
from Pikaia. Yet developmental biology has the goal of 
achieving an understanding that supports such predic-
tability. Why, as Conway-Morris (2010) asks, has evolu-
tionary biology seemingly abandoned that goal?

It is perhaps useful to compare the situation in evo-
lutionary biology to that in physical cosmology, another 
setting in which “rerunning the tape” is not possible. 
Like the evolution of life, the evolution of the physical 
universe is characterized by a sequence of major tran-
sitions (e.g. from pure radiation to elementary parti-
cles to atoms) that progressively generate a hierarchy 
RI� VFDOH�VSHFL¿F� VWUXFWXUHV� �+DZNLQJ�� ������ 6PROLQ��
1997). Theoretical models of this process postulate, at 
each scale, local physical interactions constrained by 
global boundary conditions. Central to these models are 
IRUPDO�QRWLRQV�RI�FRPSOH[LW\�WKDW�FDSWXUH�RUJDQL]DWLR-
nal structure instead of, or in addition to, diversity of 
form (Lineweaver, Davies and Ruse, 2013). Such mo-
GHOV� KDYH� JHQHUDWHG� VLJQL¿FDQW� HPSLULFDO� SUHGLFWLRQV��
PDQ\�RI�ZKLFK�KDYH�EHHQ�H[WHQVLYHO\�WHVWHG��H�J��&\EXUW�
et al., 2016). The success of such models suggests that a 
similar, multiscale approach may be useful for studying 
HYROXWLRQ��7KH\�GHPRQVWUDWH��IRU�H[DPSOH��WKDW�³QRLVH´�

on one scale may resolve into predictability at a smaller 
scale, or self-organize into predictability, in response to 
overlying constraints, at a larger scale.

In the sections that follow, we consider three scales 
at which biological processes uncontroversially generate 
target morphologies. All of these processes are obviously 
evolved processes, and the details of the morphologies 
that they produce have obviously been shaped by selec-
tion. The claim that they are evolved processes, howe-
ver, tells us nothing about how they work. Understan-
ding how they work, and indeed, understanding how 
selection might have shaped them, requires understan-
ding them as combinations of underlying dynamics and 
overlying constraints, as emphasized by Polanyi (1968), 
Rosen (1986), Kaufmann (1993), McShea (2016), and 
many others. In such systems, the dynamics may be go-
verned by large-scale attractors – i.e. target morpholo-
gies – that are undetectable by small-scale, local obser-
vations but are obvious when the system is observed 
at the scale of its overlying constraints. In none of the 
cases considered here has such an understanding of the 
coupling between dynamics and constraints been fully 
achieved, and it remains unknown whether it can be ful-
ly achieved. It has, however, in every case been partially 
achieved, and even this partial achievement yields sub-
stantial predictive power.

1.1 Macromolecular tertiary structure

%RWK�51$V�DQG�SURWHLQV�IROG�LQWR�FRPSOH[��VHTXHQ-
FH�VSHFL¿F� VHFRQGDU\� DQG� WHUWLDU\� VWUXFWXUHV� DV� WKH\�
are being synthesized. These structures are essential to 
function, and their integrity is maintained through the 
FRXUVH�RI�RIWHQ�FRPSOH[�FRQIRUPDWLRQDO�FKDQJHV�LQYRO-
ved in reversible binding and catalysis. It is reasonable 
to regard these tertiary structures as “morphologies” 
and to regard the “correct” functional structure into 
which an RNA or protein polymer folds as the “target 
morphology” of that polymer. One can then ask what in-
IRUPDWLRQ�VSHFL¿HV�WKLV�WDUJHW�PRUSKRORJ\�DQG�KRZ�WKDW�
information is deployed to correctly construct the target 
morphology. Predictive answers to these questions not 
RQO\� KDYH� H[SODQDWRU\� SRZHU� IRU� QDWXUDO� V\VWHPV�� EXW�
also clear medical and technological relevance.

Theoretical studies of RNA folding began with the 
DVVXPSWLRQ�WKDW�WKH�¿QDO�VWUXFWXUH�ZDV�VSHFL¿HG��XQGHU�
physiological conditions, by the RNA sequence (e.g. Ti-
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noco, Uhlenbeck and Levine, 1971; DeLisi and Crothers, 
1971). In the ensuing decades it has become clear that 
the sequence information is “read” in stages during fol-
GLQJ��DQG�WKDW�SDUWV�RI�WKH�VHTXHQFH�FDQ�HQFRGH�GL̆H-
UHQW�³LQVWUXFWLRQV´�LQ�WKH�FRQWH[W�RI�GL̆HUHQW�SDUWLDOO\�
folded structures (Chen, 2008). It is also now clear that 
³ERWWRP�XS´� VHTXHQFH� LQIRUPDWLRQ� LV� LQVẊFLHQW� WR�
specify the mature structure of most functional RNAs; 
D�P\ULDG�RI�SURWHLQV��VRPH�VSHFL¿F�WR�SDUWLFXODU�51$V�
or classes of RNAs, are also required for correct folding 
(Pan and Sosnick, 2006). These ancillary proteins are, 
therefore, also contributors of instructive information 
WR�WKH�IROGLQJ�SURFHVV��)URP�WKH�51$¶V�SHUVSHFWLYH��WKH\�
are parts of the environment that provide top-down in-
formation or, in the more usual language, constraints.

Early research on protein folding similarly assu-
PHG� WKDW� WKH� LQIRUPDWLRQ� VSHFLI\LQJ� WKH�¿QDO� VWUXFWX-
re resided in the sequence (e.g. Kuntz, 1972; Nagano, 
1973). The most straightforward interpretation of this 
assumption, that protein folding minimizes the free 
energy of interaction of its amino acids, is computatio-
QDOO\�LQWUDFWDEOH��H�J��)UDHQNHO���������UDLVLQJ�WKH�TXH-
VWLRQ�RI�KRZ�1DWXUH�FRXOG�ḢFLHQWO\�VROYH�WKLV�SUREOHP��
There is now considerable evidence that proteins fold 
incrementally, with already-folded domains providing 
higher-level constraints on the folding of later domains 
as well as on domain assembly (Dill and MacCallum, 
2012). Additional high-level constraints may be provi-
ded by chaperone proteins (Saibil, 2013) or other cofac-
tors present in the “typical” environment. Hence as in 
the case of RNA, information at multiple scales is requi-
red to achieve the molecular-scale target morphology.

1.2 Organismal morphology

By considering the genome to be the sole carrier of 
inherited information, Modern Synthesis evolutionary 
theory committed itself to the genome as the sole driver 
RI�GHYHORSPHQW��+HQFH�ZH�KDYH��IRU�H[DPSOH��³>G@HYH-
lopmental biology can be seen as the study of how infor-
mation in the genome is translated into adult structure, 
and evolutionary biology of how the information came 
WR�EH�WKHUH�LQ�WKH�¿UVW�SODFH´��6]DWKPiU\�DQG�0D\QDUG�
6PLWK�� ������S�� ������7KLV� H[WUHPH�YLHZ�KDV�EHHQ� FUL-
ticized from multiple perspectives (e.g. Pigliucci and 
Müller, 2010; Danchin et al., 2011; Laland et al., 2015; 
Booth, Mariscal and Doolittle, 2016; Gawne, McKenna 
and Nijhout, 2018) but still remains prominent.

That supra-genomic information can be inheri-
ted has been known at least since the work of Beisson 
and Sonneborn (1965) demonstrating inheritance of 
H[SHULPHQWDOO\�LQGXFHG� DOWHUDWLRQV� RI� FRUWLFDO� SDWWHUQ�
in Paramecium� �VHH�+DUROG�� ������ )LHOGV� DQG� /HYLQ��
2018 for reviews of multiple studies along these lines 
that illustrate the stable and yet re-writable nature of 
target morphology on a single cell level). Indeed it is cle-
ar that any daughter cell, even if produced by asymme-
tric cleavage, inherits not only multiple active cytosolic 
molecules, including mRNAs, but also intact cytoske-
letal components, an organized cell membrane, and 
organelles from its parent. We have previously termed 
this spatially-organized, functionally-intact informa-
tion the “architectome” and shown that it is inherited in 
addition to the genome, transcriptome, and proteome 
�)LHOGV� DQG� /HYLQ�� ������� (YROXWLRQ� LV�� WKHUHIRUH�� QRW�
just the evolution of the genome and its products, but 
also the evolution of the architectome. The genome and 
architectome scales are coupled bottom-up over evolu-
tionary time by the incorporation of evolved gene pro-
ducts into the evolving architectome; they can also be 
H[SHFWHG� WR� EH� FRXSOHG� WRS�GRZQ� WKURXJK� FRQVWUDLQWV�
RQ�JHQH�H[SUHVVLRQ�LPSRVHG�E\�WKH�DUFKLWHFWRPH��3H]-
zulo and Levin, 2016).

Bioelectricity provides one mechanism for top-down 
FRQWURO� RI� JHQH� H[SUHVVLRQ�� %LRHOHFWULF� ILHOGV� KDYH�
long been known to influence morphological chan-
ges in single cells and developmental processes in 
multicellular organisms (Matthews, 1903; Burr and 
Northrop, 1935; Lund, 1947; Waris, 1950). More re-
cently, electric circuits in non-neural cell groups have 
been revealed as containing instructive information 
IRU� RUJDQ� PRUSKRJHQHVLV� DQG� D[LDO� SDWWHUQLQJ� LQ� D�
wide range of animal models and human channelo-
SDWKLHV��%DWHV��������VHH�/HYLQ��3H]]XOR�DQG�)LQNHO-
stein, 2017; McLaughlin and Levin, 2018 for more 
recent reviews). It has now been shown, using rege-
nerating planaria (Dugesia) as a model system, that 
stable tissue-wide bioelectric prepatterns can dri-
ve a global change of the bodyplan to a two-headed 
symmetrical form, and are heritable without genetic 
change (Durant et al, 2017; Durant et al, 2019). Addi-
WLRQDO�H[DPSOHV�RI�WKH�WDUJHW�PRUSKRORJ\�EHLQJ�VSHFL-
fically re-written include trophic memory in deer an-
tlers and crab claws (reviewed in Lobo et al., 2014), 
as well as the results of repeated amputations in sala-
manders (Bryant et al., 2017).
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Single genomes can support multiple target morpho-
ORJLHV�� LQ� XQLFHOOV� �H�J�� DPRHERLG� DQG� ÀDJHOODWH� IRUPV�
in Naegleria gruberi, Brunet and King, 2017) and fa-
FXOWDWLYH�PXOWLFHOOXODUV� �H�J�� FKRDQRÀDJHOODWHV�� DV�ZHOO�
as in obligate multicellulars including metazoa. Target 
PRUSKRORJ\�FDQ�EH�SUHVHUYHG�GHVSLWH�VLJQL¿FDQW�JHQH-
tic change, e.g. in planaria (Dugesia) which maintained 
D�¿[HG�PRUSKRORJ\�DQG�EHKDYLRUDO� UHSHUWRLUH�RYHU����
\HDUV� RI� DVH[XDO� UHSURGXFWLRQ� GHVSLWH� WKH� DFFXPXOD-
tion of non-synonymous codon substitutions in 74% 
of predicted genes (Nishimura et al., 2015). On the 
other hand, small changes in the genome, or in envi-
ronmental conditions including bioelectric signaling, 
GLHW��WR[LQV��SDUDVLWHV��DQG�FRPPHQVDO�EDFWHULD�HWF��FDQ�
SURGXFH� ODUJH� FKDQJHV� LQ� ¿QDO�PRUSKRORJ\� DV�ZHOO� DV�
function. Homeotic transformations can move substan-
tial components of intact, functional morphology from 
one part of the body to another through the localized 
co-regulation of large numbers of genes (e.g. Gehring 
and Hiromi, 1986). In planaria, homeotic replacements 
of posterior structures with anterior structures can be 
H̆HFWHG�E\�HLWKHU�JHQHWLF�RU�ELRHOHFWULF�PDQLSXODWLRQV�
(Lobo and Levin, 2015), with bioelectrically-induced re-
placements typically more accurately-scaled that gene-
tically-induced replacements (Durant et al., 2019).

The development of mechanistic models, typically 
incorporating assumptions about physical forces as well 
as biochemical and/or cellular communication pro-
cesses, has been a mainstay of developmental biology 
for decades (e.g. Thompson, 1942; Turing, 1952; Wol-
SHUW��������*LHUHU�DQG�0HLQKDUGW��������DQG�KDV�ÀRX-
rished more recently as sophisticated gene-regulatory 
network (GRN, e.g. Engler et al., 2009; Hecker et al., 
2009; Briscoe and Kicheva, 2017; Herrera-Delgado et 
al., 2018) and organism-scale cell-cell communication 
(e.g. Pietak and Levin, 2016) models have become fe-
DVLEOH��6XFK�PRGHOV�DOO�LQFRUSRUDWH��HLWKHU�H[SOLFLWO\�RU�
implicitly, both bottom-up and top-down constraints 
on the developmental dynamics at the scale of interest. 
While the assumptions and mechanisms implemented 
E\� VXFK�PRGHOV� DUH� LQHYLWDEO\� VLPSOL¿HG� FRPSDUHG� WR�
the actual biology, they are nonetheless capable of cor-
rectly predicting the outcomes of not-yet performed 
H[SHULPHQWV��DQG�KHQFH�RI�PRWLYDWLQJ�DQG�GLUHFWLQJ�H[-
perimental work (e.g. Raspopovic et al., 2014; Chernet, 
)LHOGV�DQG�/HYLQ��������/RER�DQG�/HYLQ��������3DL�HW�DO���
2018; Streichan et al., 2018; Lee, Richtsmeier and Kraft, 
2019; Pietak et al., 2019).

1.3 Ecosystem-level structure

Recognizable large-scale ecosystems such as 
grasslands or forests have been known to develop by 
long-term successional processes for over a century 
(for a historical review, see Connell and Slayter, 1977). 
7KH�VWDEOH��³FOLPD[´�HQGSRLQWV�RI�VXFK�SURFHVVHV�KDYH�
well-defined structures and internal self-stabilizing 
dynamics, and can be considered “target morpholo-
gies” in a natural sense. Smaller-scale multi-organi-
sm communities that incorporate abiotic materials in 
specific, reproducible configurations, such as termite 
mounds, have well-defined target morphologies in an 
even more obvious sense, and have been proposed to 
EH� LQGLYLGXDO� ³H[WHQGHG� RUJDQLVPV´� ZLWK� KHWHURJH-
neous genomes (Turner, 2004). With the discovery 
of ubiquitous, obligate microbiomes and the rise of 
the holobiont concept (Guerrero, Margulis and Ber-
langa, 2013; Gilbert, 2014; Bordenstein and Theis, 
2015), it is now clear that all multicellular organisms 
are “ecosystems” in some sense, making the ana-
logy between organismal morphology and ecosystem 
morphology even more direct. Stereotypical changes 
in microbiome structure as the “host” body ages (e.g. 
Miller, 2016) suggest that the concepts of “succes-
sion” and “development” are strongly coupled within 
KRORELRQWV�� )RU� H[DPSOH�� WKH� DFWLYLW\� RI� FRPPHQVDO�
microbiota can strongly influence the morphogene-
sis of its host organism, such as the induction of se-
cond heads and alteration of visual system structure 
by bacteria in regenerating planaria (Williams et al., 
2020).

As in the case of organismal development, studies 
of ecosystem succession have relied on mathematical 
modeling almost since their inception (Connell and 
Slayter, 1977). Such models typically employ abstract 
“spaces” with dimensions, e.g. principal components, 
representing populations or subpopulations or their 
properties (Lockwood and Lockwood, 1993; Levin 
HW� DO��� ������ /RJRIHW� DQG� /HVQD\D�� ������ )XNDPL� HW�
al., 2005). “Morphology” in this case corresponds to 
a probability distribution, or a stable dynamics over 
such distributions in a system such as Lotka-Volterra, 
in this abstract space. In considering the possibility 
of a target morphology for an evolutionary process, 
ZH�FDQ�H[SHFW�WKLV�PRUH�DEVWUDFW��RUJDQL]DWLRQDO�VHQ-
se of morphology to be more relevant than the idea of 
a three-dimensional shape.
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2. Are major evolutionary
transitions predictable?

The central idea of cladistics is that any correct 
phylogeny depicts an organismal lineage. As noted ear-
lier, if we think of a phylogeny of life on Earth as depic-
ting a cell lineage, it becomes clear that all of life can be 
FRQVLGHUHG�D� VLQJOH�� VSDWLR�WHPSRUDOO\�H[WHQGHG� OLYLQJ�
entity. This entity has, in particular, a spatio-temporally 
continuous cytoplasm enclosed by a spatio-temporally 
FRQWLQXRXV�PHPEUDQH��)LHOGV�DQG�/HYLQ���������7KLV�LV�
LOOXVWUDWHG�LQ�)LJXUH����7KH�DQDORJ\�ZLWK�D�FHOO� OLQHDJH�
describing a developmental process is obvious.

When we think of life as a single entity in this way, 
evolution becomes an interaction between processes 
internal to this entity, including variation, competition, 

DQG�FRRSHUDWLRQ��DQG�SURFHVVHV�H[WHUQDO�WR�WKLV�HQWLW\��
In this it is fully analogous to development, where va-
ULDWLRQ�LV�GL̆HUHQWLDWLRQ��FRRSHUDWLRQ�LV�ZHOO�UHFRJQL]HG�
±�WR�WKH�H[WHQW�RI�GH¿QLQJ biological individuals as units 
RI� PD[LPXP� FRRSHUDWLRQ� �4XHOOHU� DQG� 6WUDVVPDQQ��
������6WUDVVPDQQ�DQG�4XHOOHU��������±�DQG�FRPSHWL-
tion is increasingly being demonstrated (Gogna, Shee 
and Moreno, 2015; Madan, Gogna and Moreno, 2018; 
Gawne, McKenna and Levin, 2020). While the deve-
lopmental processes of individual organisms are “evol-
ved” while evolution itself clearly is not, this distinction 
DV�QRWHG�DERYH�KDV�QR�H[SODQDWRU\�SRZHU��(YROXWLRQ�LV��
moreover, increasingly recognized to be a learning pro-
cess, one that results not only in adaptation, but also 
in increased evolvability (Watson and Szathmáry, 2016; 
Kouvaris et al., 2017).

Figure 2: Representation of a sample of phylogeny as a cell lineage starting from LUCA. Whether LUCA had a DNA genome (red lines) is left 
RSHQ��(QGRV\PELRWLF�HYHQWV�DUH�QRW�VKRZQ��VHH�)LHOGV�DQG�/HYLQ��������IRU�OLQHDJH�GLDJUDPV�WKDW�LQFOXGH�WKHP�
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Viewing evolution as a space- and time-dependent 
interaction between a living entity and its environment 
allows powerful and general information-theoretic tools 
to be brought to bear on the question of its predictabi-
OLW\��)ULVWRQ��������DUJXHG�WKDW�DOO�OLYLQJ�V\VWHPV�IDFH�D�
thermodynamic requirement to minimize the variatio-
QDO�IUHH�HQHUJ\��9)(��±�H̆HFWLYHO\��WKH�XQSUHGLFWDELOLW\�
±�RI�WKHLU�HQYLURQPHQWV��(QYLURQPHQWDO�9)(�LV��PRUHR-
YHU�� GH¿QHG�DW� D� VSHFL¿F� ORFXV�� WKH�ERXQGDU\� WKURXJK�
which the system interacts with its environment, cha-
racterized in mathematical terms as a Markov blanket 
�0%��3HDUO��������VHH�)ULVWRQ��������)ULVWRQ�HW�DO���������
)LHOGV�DQG�/HYLQ�������IRU�IXUWKHU�GLVFXVVLRQ���.XFKOLQJ�
HW�DO���������VKRZHG�WKDW�0%V�FDQ�EH�GH¿QHG��DQG�9)(�
minimization within the MB characterized in terms of 
DSSUR[LPDWH�%D\HVLDQ� LQIHUHQFH�� LQ� V\VWHPV� VDWLVI\LQJ�
very general physical assumptions; these assumptions 
can be generalized still further when the system-envi-
ronment interaction is describing using quantum inste-
DG�RI�FODVVLFDO�SK\VLFV��)LHOGV�DQG�0DUFLDQz��������)LHOGV�
and Glazebrook, 2020). We have shown previously that 
under appropriate environmental conditions, MBs can 
VXSSRUW�SKDVH�WUDQVLWLRQV�WR�PRUH�FRPSOH[�LQWHUQDO�RU-
JDQL]DWLRQV��)LHOGV�DQG�/HYLQ���������:H�DUJXH�LQ�ZKDW�
follows that such conditions occur ubiquitously and at 
multiple scales over evolutionary history, and drive a 
sequence of phase transitions to larger and more com-
SOH[�RUJDQL]DWLRQDO�VWUXFWXUHV�

2.1 Cellularity

Origin-of-life proposals are notoriously diverse and 
controversial, and the structure of the biosphere prior 
to LUCA remains primarily a topic of speculation (Cor-
nish-Bowden and Cárdenas, 2017; Bartlett and Wong, 
2020). Whether life had one origin or many, and whe-
ther LUCA was the product of a single lineage or many 
both remain unclear. The structure of LUCA itself is lar-
gely unknown, though it seems reasonable to assume 
that LUCA was a membrane-bound cell (or protocell, 
Szathmáry, 2015) with both nucleic acids and proteins. 

Selection clearly favored cellular life. Are there, ho-
ZHYHU��SULQFLSOHV�RQ�WKH�EDVLV�RI�ZKLFK�ZH�FRXOG�H[SHFW�
cellular life to develop an any suitable environment? 
)ULVWRQ��������R̆HUV�D�KHXULVWLF�³SURRI´�WKDW�DQ\�V\VWHP�
with an MB will approach a stable, self-sustaining dyna-
mics within the MB, concluding that as living systems 
DW�OHDVW�DSSUR[LPDWHO\�VDWLVI\�WKH�FRQGLWLRQV�UHTXLUHG�WR�

maintain an MB, life is “(almost) inevitable” (p. 1). An 
MB, however, is a set of states, not a physical structu-
UH� VXFK� DV� D�PHPEUDQH��+HQFH� JLYHQ�)ULVWRQ¶V� UHVXOW��
the key question becomes that of principles on the ba-
VLV�RI�ZKLFK�ZH�FRXOG�H[SHFW�WKH�HPHUJHQFH�RI�SK\VLFDO�
boundaries, the states of which constitute MBs for wha-
tever systems the boundaries enclose. All current cells 
are bounded by membranes, but it cannot be ruled out 
that earlier “cells” – ancestors of LUCA – were bounded 
by protein capsids, other non-lipid biotic structures, or 
even abiotic structures.

It is useful to think of this question of boundaries 
in more abstract, cybernetic terms. Homeostasis can 
be considered a form of memory, a record of what has 
worked in the past (Ashby, 1956). The processes that 
PDLQWDLQ�KRPHRVWDVLV�FDQ��DV�)ULVWRQ��������HPSKDVL-
zes, be considered inferential: they are processes that 
FRPSDUH�H[WHUQDO�FRQGLWLRQV�WR�WKH�PHPRU\�DQG�DGMXVW�
RQH�RU�WKH�RWKHU��ZKDW�)ULVWRQ�FDOOV�³DFWLYH�LQIHUHQFH�´�
The most fundamental requirement of any such process 
LV�WKDW�³H[WHUQDO�FRQGLWLRQV´�DQG�³PHPRU\´�EH�VHSDUD-
tely accessible. Maintaining homeostasis, therefore, 
requires a boundary. Some approaches to the origin of 
life postulate abiotic boundaries, e.g. mineral surfaces 
(Szathmáry, 2015), but any free-living life form requires 
a boundary that it can regenerate, particularly following 
replication. Hence the origin of the chemistry required 
to regenerate boundaries may be the principle problem 
to be solved by emergent protocellular life forms. As 
Cornish-Bowden and Cárdenas (2017) put it, “Under-
standing how the transition to an organism with a lar-
ge coding capacity can have happened is a more chal-
lenging problem than understanding how LUCA could 
have evolved to Homo sapiens” (p. 72).

Importantly, we are just starting to understand how a 
VẊFLHQWO\�SURWHFWHG�QRW�\HW�FHOOXODU�V\VWHP�FRXOG�KDYH�
EHHQ�ERWK�VWDEOH�DQG�VẊFLHQWO\�UREXVW�WR�H[SORUH�WKH�
space of possibilities leading to cellularity. Recent work 
has highlighted the capabilities of subcellular compo-
nents, such as molecular networks that show learning 
and adaptation (Watson et al., 2010; Herrera-Delgado 
HW�DO����������FHOO�IUHH�V\VWHPV�WKDW�VKRZ�FRPSOH[�VHOI�
DVVHPEO\�RI�F\WRVNHOHWDO�VWUXFWXUHV��&KHQJ�DQG�)HUUHOO��
2018), and dynamic, responsive motile behavior of cell 
fragments (Albrecht-Buehler, 1980; Euteneuer and 
Schliwa, 1984; Sun et al., 2013). Moreover, syncytial sy-
stems like Physarum (Vallverdú et al., 2018), giant cells 
such as algae (Coneva and Chitwood, 2015), Acetabula-
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ria (Mandoli, 1998), and glass sponges (Leys, 2015) de-
PRQVWUDWH�KRZ�ÀH[LEOH�WKH�LGHD�RI�D�³FHOO´�LV��(YROXWLRQ�
clearly pushes the limits of cellularity to make it look 
and behave like multicellularity.

2.2 Endosymbiosis

Once regenerable boundaries become available, the 
ORJLF�RI�9)(�PLQLPL]DWLRQ�LV�VẊFLHQW�WR�GULYH�LQFUHD-
VHV�LQ�FRPSOH[LW\��2QH�QHHG�RQO\�SRVWXODWH�D�VẊFLHQWO\�
YDULDEOH�HQYLURQPHQW�DQG�DQ�DELOLW\�RI�FHOOV�WR�H[FKDQJH�
information.

:LWKLQ�D�9)(�PLQLPL]DWLRQ�RU�DFWLYH�LQIHUHQFH�IUD-
mework, the primary driver of evolution is predictabi-
OLW\��)ULVWRQ��������)ULVWRQ�HW�DO���������.XFKOLQJ�HW�DO���
�������)RU�D�FHOO�HTXLSSHG�ZLWK�D�PHPRU\��WKH�PRVW�SUH-
dictable state is the state of its own memory: homeosta-
VLV�LV�SUHFLVHO\�WKH�SURFHVV�RI�NHHSLQJ�WKLV�VWDWH�¿[HG��,I�
cells are capable of both communicating the states of 
their memories to other cells and receiving such com-
munications, then the states of other cells also become 
SUHGLFWDEOH��&HOO�VXUIDFH�PDUNHUV�DQG�GL̆XVLEOH�VLJQDOV�
are such means of communication. As a means of com-
municating not just the state of the memory, but a fun-
ctional component of the memory, lateral gene transfer 
�/*7��LV�DQ�HYHQ�PRUH�ḢFLHQW�PHDQV�RI�LQFUHDVLQJ�PX-
tual predictability, one that microbes make particular 
use of in challenging environments (Robbins, Krishtal-
ka and Wooley, 2016). Indeed LGT can be viewed as 
“endosymbiosis” at the scale of the genome.

If the states of other cells are more predictable than 
the state of the open environment, any cell that asso-
ciates closely with other cells achieves an increase in 
SUHGLFWLYH�VXFFHVV��L�H��D�GHFUHDVH�LQ�9)(��+HQFH�IDFXO-
WDWLYH�PXOWLFHOOXODULW\�LV�D�GLUHFW�SUHGLFWLRQ�RI�WKH�9)(�
minimization framework. Any evolutionary process ca-
SDEOH�RI�SURGXFLQJ�FHOOXODU�OLIH�FDQ�EH�H[SHFWHG�WR�JHQH-
rate facultatively multicellular life. The appearance of 
microbial stromatolites 3,500 million years ago (MYA), 
i.e. shortly after LUCA (Stal, 2012), is therefore not sur-
prising.

)DFXOWDWLYHO\�PXOWLFHOOXODU� PLFURELDO� V\VWHPV� H[KL-
bit division of labor, even in single-species systems 
VXFK� DV� 0\[REDFWHULD� �0XxR]�'RUDGR� HW� DO��� �������
In many systems, division of labor includes both divi-
VLRQ�RI�PHWDEROLF�ODERU�DQG�GL̆HUHQWLDO�H[SRVXUH�WR�WKH�
open environment (Stal, 2012; Ereshefsky and Pedroso, 
2015). If such systems are considered “individuals” as 
Ereshefsky and Pedroso (2015) suggest, their “inter-

nal” protected components have many of the features 
RI�HQGRV\PELRQWV��LQWHUQDO�ORFDWLRQ��VSHFL¿F�PHWDEROLF�
functions, and only partial reproductive independen-
ce (Booth and Doolittle, 2015). Such facultative en-
dosymbiosis appears both quite common and very old.

The transition from facultative endosymbiosis to the 
obligate, cellular endosymbiosis found in eukaryotes 
UHSUHVHQWV��IURP�D�9)(�SHUVSHFWLYH��DQ�LQFUHDVH�LQ�SUH-
dictive power. Cellular symbiosis renders the presence 
and contribution of the metabolic partner secure from 
the “host” perspective, and the availability of protec-
tion from the open environment secure from the en-
dosymbiont’s perspective. Hence this transition can be 
H[SHFWHG�LQ�DQ\�HYROXWLRQDU\�SURFHVV�GULYHQ�E\�9)(�PL-
nimization. As Booth and Doolittle (2015) point out, the 
idea that eukaryogenesis was unique and highly impro-
bable may largely be the result of ascertainment bias.

By coupling reproductive cycles, obligate en-
dosymbiosis assures that components that work well 
WRJHWKHU� VWD\� WRJHWKHU�� )URP� DQ� LQIRUPDWLRQ�SURFHV-
sing perspective, this represents an increase in compu-
WDWLRQDO�SRZHU��RQH� WKDW�HQDEOHV�PRUH�ḢFLHQW� VHDUFK�
RI�¿WQHVV� ODQGVFDSHV� WKDW� DUH� UXJJHG�RQ�PXOWLSOH� VFD-
les (Watson and Pollack, 2003). A capability for more 
ḢFLHQW� VHDUFK� LV�� H̆HFWLYHO\�� HYROYDELOLW\�� +HQFH� RQH�
FDQ�H[SHFW�HYROXWLRQDU\�SURFHVVHV� WR�JHQHUDWH��YLD�HQ-
dosymbiotic or other reproductive-coupling processes, 
systems that are progressively more evolvable. Multi-
cellular organisms possessing obligate, endosymbiotic 
microbiomes, and hence living and reproducing as ho-
lobionts, are not surprising from this perspective.

2.3 Multicellularity

:H� H[WHQG� WKH� DERYH� FRQVLGHUDWLRQV� RI� WKH� DGYDQ-
tages for predictability of facultative multicellularity to 
WKH�FDVH�RI�REOLJDWH�PXOWLFHOOXODULW\�LQ�)LHOGV�DQG�/HYLQ�
(2019). In obligate multicellulars, there is an asymmet-
U\�LQ�WKH�EHQH¿WV�FRQIHUUHG�E\�FRPPXQLFDWLRQ��RQH�DOVR�
observed in facultative multicellulars such as Myxo-

bacteria and Dictyostelium: only a fraction of the cells 
involved get to reproduce. This fraction ranges from 
URXJKO\� ���� LQ� DVH[XDO� SODQDULD� �(OOLRWW� DQG� 6iQFKH]�
Alvarado, 2012) to roughly 5% in C. elegans hermaphro-
dites (Sulston and Horvitz, 1977) to much less than 1% 
in insects or vertebrates.

:K\�ZRXOG�HYROXWLRQ�JHQHUDWH�ODUJH��FRPSOH[��PXO-
ticellular systems in which most of the component cells 
KDYH�]HUR�LQGLYLGXDO�UHSURGXFWLYH�¿WQHVV"�:H�VXJJHVWHG�
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LQ�)LHOGV�DQG�/HYLQ��������WKDW�UHSURGXFWLYH��L�H��VWHP��
cells faced with suitably-challenging environments as-
VHPEOH� VRPDWLF� ERGLHV� RXW� RI� H[SHQGDEOH�� UHSURGXF-
tively-suppressed progeny to keep the environment 
at bay while avoiding the risk of competition for their 
SURWHFWHG�VWDWXV�DQG�UHSURGXFWLYH�¿WQHVV��7KLV� ³LPSH-
rial” model of multicellularity requires a means of en-
forcing reproductive suppression over long distances, 
a problem for which specialized signaling systems in-
FOXGLQJ�QHXURQV�SURYLGH�D�VROXWLRQ��)LHOGV��%LVFKRI�DQG�
/HYLQ�� ������ )LHOGV� DQG� /HYLQ�� ����E��� +HUH� DJDLQ��
9)(�PLQLPL]DWLRQ� DQG�KHQFH� WKH� SUHVHUYDWLRQ� RI�PH-
mory correlates with signaling capability. As in the case 
of facultative multicellulars that limit reproduction to 
only some cells, the division of labor between stem and 
VRPDWLF�FHOOV�LV�H[WUHPH�IURP�D�¿WQHVV�SRLQW�RI�YLHZ��DQG�
the signaling can be regarded as coercive instead of co-
operative.

2.4 Social groups

0LFURELDO� VWURPDWROLWHV� DUH� DUJXDEO\� WKH� ¿UVW� VR-
cial groups; indeed any facultative multicellular can be 
regarded as a “social group” at the cellular level. Such 
JURXSV�DUH�KHOG�WRJHWKHU�E\�VSHFL¿F�IRUPV�RI�FRPPXQL-
cation – in this case, intercellular signaling with emer-
gent “conventions” such as quorum sensing – and typi-
FDOO\�H[KLELW�GLYLVLRQ�RI�ODERU�

%H\RQG� WKH� FHOOXODU� OHYHO�� D�9)(�PLQLPL]DWLRQ� IUD-
mework favors social group formation whenever it in-
creases net predictability, i.e. whenever the states or 
behavior of other in-group members are more predic-
table, by the average in-group member, than the states 
or behaviors of out-group members, including the open 
HQYLURQPHQW��:KLOH�LQFUHDVHG�SUHGLFWDELOLW\�LV�H[SHFWHG�
to be the case in general within a species, predictability 
LV� DOVR�KLJK� LQ� ³H[WHQGHG�RUJDQLVP´�FRRSHUDWLYHV� �H�J��
Turner, 2004) and in the vast array of symbiotic, mu-
tualist, and facilitated arrangements between disparate 
VSHFLHV� �H�J�� %URQVWHLQ�� ������� )URP� WKLV� SHUVSHFWLYH��
QRQ�VRFLDO�RUJDQLVPV�DUH�WKH�H[FHSWLRQ�UHTXLULQJ�H[SOD-
nation, e.g. in terms of required range size or hunting 
style for solitary carnivores.

2.5 The cognitive niche

When interactions between cells and multicellular 
organisms are conceptualized in terms of memory, in-

formation processing, and communication, it is natural 
to regard them as “cognitive” (Pattee, 1982; Stewart, 
1996; Baluška and Levin, 2016; Levin, 2019). Indeed, 
WKH� LGHD� WKDW� 9)(�PLQLPL]DWLRQ� LPSOHPHQWV� DSSUR[L-
mate Bayesian inference originated in cognitive neuro-
VFLHQFH��)ULVWRQ���������,I�HYROXWLRQ�LV�YLHZHG�DV�GULYHQ�
DW�PXOWLSOH� VFDOHV�E\�9)(�PLQLPDWLRQ�DV� VXJJHVWHG� LQ�
the previous sections, all of life can be regarded as oc-
cupying a cognitive niche, an idea reminiscent of both 
the Gaia hypothesis (Lovelock and Margulis, 1974; Len-
ton et al., 2018) and biosemiotic thinking (Maturana 
and Varela, 1980; Kull et al., 2011).

The term “cognitive niche” is nonetheless applied 
primarily to the niche we humans occupy, one that de-
mands abstraction, analogical reasoning, and planning 
as well as memory, perceptual processing, and situa-
WLRQ�DSSURSULDWH�DFWLRQ��,W�LV�RIWHQ�LGHQWL¿HG�VSHFL¿FDOO\�
with human-like generative language capabilities (Pin-
NHU���������&DQ�ZH�H[SHFW�VXFK�D�QLFKH�WR�EH�RFFXSLHG��
eventually, in a generic evolutionary scenario allowed to 
run long enough?

As higher cognitive capabilities are clearly useful 
for reducing environmental uncertainty, including un-
certainty about what other organisms and particularly 
FRQVSHFL¿FV��$GROSKV��������DUH�OLNHO\�WR�GR�QH[W��RQH�
PLJKW�H[SHFW�DQ�³DGYDQFHG´�FRJQLWLYH�QLFKH�WR�DULVH�DQG�
EH�¿OOHG�SXUHO\�RQ�9)(�PLQLPL]DWLRQ�JURXQGV��+RZH-
YHU��RQH�ZRXOG�DOVR�H[SHFW�WR�VHH�VXEVWDQWLDO�SUH�DGDS-
tation in organisms occupying niches that required les-
VHU�� EXW� VWLOO� VLJQL¿FDQW�� FRJQLWLYH� FDSDELOLWLHV�� 6WXGLHV�
in both cognitive ethology, e.g. of analogical reasoning 
LQ�WRRO�XVH��)LHOGV���������DQG�FRPSDUDWLYH�JHQHWLFV��H�J��
of the role of FOXP2�LQ�FRPPXQLFDWLRQ�DELOLW\��)LVKHU�
DQG� 6FKDŬ�� ������ SURYLGH� FRPSHOOLQJ� HYLGHQFH� IRU�
such pre-adaptation. Both molecular and bioelectric 
VLJQDOLQJ��IRU�H[DPSOH��HQRUPRXVO\�SUH�GDWH�WKHLU�HP-
ployment by neurons. The earliest function of neurons, 
moreover, may have been the control of cell prolifera-
WLRQ� DQG� GL̆HUHQWLDWLRQ�� IXQFWLRQV� WKDW� QHXURQV� VWLOO�
SURYLGH�WRGD\��)LHOGV��%LVFKRI�DQG�/HYLQ���������+HQFH�
nervous systems themselves may be a pre-adaptation 
IRU�FRPSOH[�EHKDYLRUV�DQG�KHQFH�JHQHUDO�LQWHOOLJHQFH�

3. Reassessing evolutionary “direction”

As Orgogozo (2015) emphasizes, the question of the 
SUHGLFWDELOLW\�RI�HYROXWLRQ�FDQ�EH�SRVHG�DW�GL̆HUHQW�VFD-
les and levels of abstraction. Here we have posed the 
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question both abstractly and at large scale: are the 
major transitions of Terrestrial evolution predicta-
EOH"�:RXOG�ZH�H[SHFW�D�JHQHULF�HYROXWLRQDU\�SURFHVV�
running anywhere to produce cells, facultative multi-
cellulars, endosymbionts, obligate multicellulars, and 
social groups? If we regard the predicted outcome as 
a target morphology, the “morphology” being targeted 
in this case is a multi-scale organizational structure. 
:H�DUH�DVNLQJ�� H̆HFWLYHO\�� LI�ZH�FDQ�H[SHFW�D�JHQHULF�
evolutionary process to produce smart, social holo-
bionts.

As discussed above, the basic ingredients needed 
WR� JHW� VXFK� D� SURFHVV� R̆� WKH� JURXQG� DUH� ERXQGDULHV��
memory, information processing, and communica-
tion. The boundary must be impermeable to whatever 
implements the memory but permeable to whatever 
implements communication: these are the conditions 
WKDW�GH¿QH�DQ�0%��:LWKLQ�WKH�0%��LW�LV�VẊFLHQW�WKDW�
WKH� LQIRUPDWLRQ� SURFHVVLQJ� V\VWHP� LPSOHPHQW� 9)(�
minimization, i.e. that its fundamental goal is to incre-
ase predictability.

Given such a starting point – a bounded “cell” that 
can talk to other cells – an evolutionary process will 
display major transitions if it is able to replicate this 
basic organizational structure on larger and larger sca-
les. The key to achieving larger scales is, however, built 
into the system. Aggregating small entities will produ-
FH�D�ODUJH�HQWLW\��DQG�VPDOO�HQWLWLHV�FDQ�EH�H[SHFWHG�WR�
aggregate for protection from their environment. The 
pre-adaptation needed by the small entities to act as 
a larger unit is communication. This communication 
can be cooperative, but can also be coercive. Both com-
munication styles were discovered, on Earth, by bacte-
ULD��:H�ZRXOG�H[SHFW�WKHP�WR�EH�GLVFRYHUHG�DW�DQ�HDUO\�
stage in any evolutionary process.

These considerations suggest that the “direction” 
RI�HYROXWLRQ�LV�QRW�WRZDUG�KLJKHU�FRPSOH[LW\�SHU�VH�DV�
often believed, but rather toward larger scales. Dyna-
PLFV�DW� ODUJHU�VFDOHV� LV�QRW�PRUH�FRPSOH[�WKDQ�G\QD-
mics at smaller scales; large-scale dynamics rather 
replicates smaller-scale dynamics using larger compo-
QHQWV��&RPSOH[LW\�DW�WKH�ZKROH�V\VWHP�OHYHO�LQFUHDVHV�
due to the hierarchization resulting from this embed-
ding (McShea, 2016).

The basic algorithm driving both evolution and de-
YHORSPHQW��9)(�PLQLPL]DWLRQ��UHPDLQV�DW�OHDVW�DSSUR-
[LPDWHO\�¿[HG�DFURVV�VFDOHV��(YLGHQFH�WKDW�SKHQRPHQD�
as diverse as GRNs and metabolic networks (Agrawal, 

2002; Barabási and Oltvai, 2004), functional networ-
ks in the mammalian brain (Bassett and Bullmore, 
2006), and human social networks (Newman, 2001) 
all share the same small-world architecture suggests 
WKDW� WKH� DUFKLWHFWXUH� RI� PHPRU\� PD\� DOVR� EH� ¿[HG�
across scales. Whether communication capabilities are 
VLPLODUO\� ¿[HG�� H�J�� ZKHWKHU� FHOO�FHOO� FRPPXQLFDWLRQ�
systems have a “grammar” with structural properties 
resembling those of human languages, remains to be 
determined.

4. Future work and predictions

7KHVH� LGHDV� VXJJHVW� D�QXPEHU�RI� H[SHULPHQWDO� DS-
SURDFKHV��)LUVW�� LW�ZLOO� EH� LPSRUWDQW� WR�GHYHORS�PXOWL-
scale computer models that include both developmental 
and evolutionary scales. Some of this has been done in 
WKH�¿HOG�RI�DUWL¿FLDO�OLIH��YLD�³DUWL¿FLDO�HPEU\RJHQ\´�H�J��
Stanley and Miikkulainen, 2003; Andersen, Newman 
and Otter, 2006; 2009; Stanley, 2007; Cussat-Blanc et 
al., 2010; Pollack and Lowell, 2018) but further advan-
ces will require richer, more biorealistic virtual envi-
URQPHQWV�VSHFL¿FDOO\�LQFOXGLQJ�FHOOV�DV�DOORVWDWLF�DJHQWV�
SXUVXLQJ�LQIRWD[LV�DQG�VXUSULVH�PLQLPL]DWLRQ��DQG�WKH�
ability to form multicellular collectives whose large-sca-
le shape and behavior are subject to selection. In such 
simulations, we predict the scaling of simple, adaptive 
homeostatic loops at the cellular level to multicellular 
anatomical homeostasis, and the discovery of similar 
plasticity toward system-level targets on multiple scales 
including the physiological, anatomical, and even evo-
lutionary.

6HFRQG�� ZHWODE� H[SHULPHQWV� LQ� V\QWKHWLF� PRUSKR-
logy, especially those incorporating evolutionary dyna-
mics (Kriegman et al., 2020), and model systems used 
IRU�WKH�VWXG\�RI�RULJLQV�RI�PXOWLFHOOXODULW\��5DWFOL̆�HW�DO���
������/LEE\�HW�DO���������VKRXOG�HQDEOH�VSHFL¿F�WHVWV�RI�
RXU�K\SRWKHVLV�UHJDUGLQJ�WKH�VWDELOLW\�RI�VSHFL¿F�HYROX-
tionary transitions to the vagaries and noise of events 
DW� WKH� ORZHU� OHYHOV�� $Q� HVSHFLDOO\� LQWHUHVWLQJ� FRQWH[W�
LV� WKH�XVH�RI�ELRHOHFWULF�G\QDPLFV� LQ�EDFWHULDO�ELR¿OPV�
�3ULQGOH�HW�DO���������5DWFOL̆�HW�DO���������+XPSKULHV�HW�
DO���������<DQJ�HW�DO���������VXJJHVWLQJ�H[SHULPHQWV�LQ�
repeated evolution of bacterial and yeast populations 
to determine how frequently discoveries, such as using 
bioelectrics to organize structure and physiology in 
such “proto-bodies”, occur despite variable genetic and 
environmental conditions.
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5. Conclusions

We have suggested here that reconceptualizing evo-
lutionary biology to look more like developmental bio-
logy leads to novel insights and predictions (see also 
)LHOGV�DQG�/HYLQ������E��DQG�WKDW�VXFK�D�UHFRQFHSWXDOL-
zation is indeed underway already. Target morphologies 
LQ�WKH�IRUP�RI�ODUJH�VFDOH�DWWUDFWRUV�DUH�WR�EH�H[SHFWHG�
in this setting; we suggest that the major evolutionary 
transitions are such attractors, and that their replica-
WLRQ� LQ� PXOWLSOH� ³URXQGV´� RI� HYROXWLRQ� FRXOG� EH� H[-
SHFWHG��1HZ�WKHRUHWLFDO�DQG�H[SHULPHQWDO�WHFKQRORJLHV�
R̆HU�WKH�SRVVLELOLW\�RI�WHVWLQJ�HYROXWLRQDU\�SURFHVVHV�LQ�
controlled settings with known initial states and adju-
stable constraints. Both physics and computer science, 
in particular, have well-developed theoretical vocabula-
ULHV�DQG�WRRONLWV�WKDW�KDYH�\HW�WR�EH�DSSOLHG�H[WHQVLYHO\�
to biological problems.

Acknowledgements

We thank Michael Reed and Elizabeth Crone for 
useful pointers to references in the ecological literatu-
re. M.L gratefully acknowledges support by the Barton 
)DPLO\�)RXQGDWLRQ�DQG� WKH�7HPSOHWRQ�:RUOG�&KDULW\�
)RXQGDWLRQ��1R��7:&)�����$%����

7KH� DXWKRUV� GHFODUH� QR� FRQÀLFWV� RI� LQWHUHVW� UHJDU-
ding this work.



70

Does Evolution Have a Target Morphology?

References

Albrecht-Buehler, G 1980, “Autonomous movements 
of cytoplasmic fragments”, Proceedings of the 
National Academy of Sciences USA, vol. 77, 6639-
6643.

Andersen, T, Newman, R & Otter, T 2006, 
“Development of virtual embryos with emergent 
self-repair”, in S Kumar, GS Hornby, J Bongard 
(eds) Developmental Systems: Papers from the 
$$$,�)DOO�6\PSRVLXP��7HFKQLFDO�5HSRUW�)6����
03), AAAI, Palo Alto, CA.

Andersen, T, Newman, R & Otter, T 2009, “Shape 
homeostasis in virtual embryos”, Artificial Life, 
vol. 15, 161-183.

Anscomb, GEM 1959, An Introduction to 
Wittgenstein’s Tractatus, Hutchinson, London.

Ashby, WR 1956, Introduction to Cybernetics. 
Chapman and Hall, London.

$JUDZDO��+�������³([WUHPH�VHOI�RUJDQL]DWLRQ�LQ�
QHWZRUNV�FRQVWUXFWHG�IURP�JHQH�H[SUHVVLRQ�
data”, Physical Review Letters, vol. 89, 268702.

%DOXãND��)�	�/HYLQ��0�������³2Q�KDYLQJ�QR�KHDG��
cognition throughout biological systems”, 
)URQWLHUV�LQ�3V\FKRORJ\��YRO���������

Barabási, A-L & Oltvai, ZN 2004, “Network biology: 
Understanding the cell’s functional organization”, 
Nature Reviews Genetics, vol. 5, 101-114.

Bartlett, S & Wong, ML 2020, “Defining Lyfe in the 
8QLYHUVH��)URP�WKUHH�SULYLOHJHG�IXQFWLRQV�WR�IRXU�
pillars”, Life, vol. 10, 42.

Bassett, DS & Bullmore, E 2006, “Small world brain 
networks”, The Neuroscientist, vol. 12, 512-523.

Bates, E 2015, “Ion channels in development 
and cancer”, Annual Review of Cell and 
Developmental Biology, vol. 31, 231-247.

Beisson, J & Sonneborn, TM 1965, “Cytoplasmic 
LQKHULWDQFH�RI�WKH�RUJDQL]DWLRQ�RI�WKH�FHOO�FRUWH[�
in Paramecium aurelia”, Proceedings of the 
National Academy of Sciences USA, vol. 53, no. 2, 
275-282.

Birnbaum, KD & Sánchez Alvarado, A 2008, “Slicing 
across kingdoms: Regeneration in plants and 
animals”, Cell, vol. 132, no. 4, 697-710.

%RRWK��$�	�'RROLWWOH��:)�������³(XNDU\RJHQHVLV��
how special really?” Proceedings of the National 
Academy of Sciences USA, vol. 112, 10278-10285.

%RRWK��$��0DULVFDO��&�	�'RROLWWOH��:)�������³7KH�
Modern Synthesis in the light of microbial 
genomics”, Annual Review of Microbiology, vol. 
70, 279-297.

Bordenstein, SR & Theis, KR 2015, “Host biology 

in light of the microbiome: Ten principles of 
holobionts and hologenomes”, PLoS Biology, vol. 
13, no. 8, e1002226.

Briscoe, J & Kicheva, A 2017, “The physics of 
development 100 years after D’Arcy Thompson’s 
³2Q�*URZWK�DQG�)RUP´��0HFKDQLVPV�RI�
Development, vol. 145, 26-31.

Bronstein, JL 2009, “The evolution of facilitation 
and mutualism”. Journal of Ecology, vol. 97, 
1160-1170.

Brunet, T & King N 2017, “The origin of animal 
multicellularity and cell differentiation” 
Developmental Cell, vol. 43, 124-140.

%U\DQW��'0��6RXVRXQLV��.��)DUNDV��-(��%U\DQW��
S, Thao, N, Guzikowski, AR, Monaghan, JR, 
Levin, M & Whited, JL 2017, “Repeated removal 
of developing limb buds permanently reduces 
appendage size in the highly-regenerative 
$[RORWO´��'HYHORSPHQWDO�%LRORJ\��YRO�����������

%XUU��+6�	�1RUWKURS��)6&�������³7KH�HOHFWUR�
G\QDPLF�WKHRU\�RI�OLIH´��4XDUWHUO\�5HYLHZ�RI�
Biology, vol. 10, no. 3, 322-333.

Buss, LW 1987, The Evolution of Individuality. 
Princeton Univ Press, Princeton, NJ.

Callinan, PA, Wang, J, Herke, SW, Garber, 
RK, Liang, P & Batzer, MA 2005, “Alu 
retrotransposition- mediated deletion”, Journal 
of Molecular Biology, vol. 348, 791-800.

Chen, S-J 2008, “RNA folding: Conformational 
statistics, folding kinetics, and ion electrostatics”, 
Annual Review of Biophysics, vol. 37, 197-214.

&KHQJ��;�	�)HUUHOO��-(�������³6SRQWDQHRXV�
emergence of cell-like organization in Xenopus 
HJJ�H[WUDFWV´��6FLHQFH��YRO���������������

&KHUQHW��%7��)LHOGV��&�	�/HYLQ��0�������³/RQJ�UDQJH�
gap junctional signaling controls oncogene-
mediated tumorigenesis in Xenopus laevis 
HPEU\RV´��)URQWLHUV�LQ�3K\VLRORJ\��%LRSK\VLFV��
vol. 5, 519.

&K\ED��&)�	�+DQG��.3�������³$VWURELRORJ\��7KH�
study of the living universe”, Annual Review of 
Astronomy and Astrophysics, vol. 43, 31-74.

Coneva, V & Chitwood, DH 2015, “Plant architecture 
without multicellularity: quandaries over 
patterning and the soma-germline divide in 
VLSKRQRXV�DOJDH´��)URQWLHUV�LQ�3ODQW�6FLHQFH��YRO��
6, 287.

Connell, JH & Slayter, RO 1977, “Mechanisms of 
succession in natural communities and their 
role in community stability and organization”, 
American Naturalist, vol. 111, 1119-1144.

Conway-Morris, S 2003, Life’s Solution: Inevitable 
Humans in a Lonely Universe. Cambridge 
University Press, Cambridge, UK.



Does Evolution Have a Target Morphology?

71

Conway-Morris, S 2010, “Evolution: Like any 
other science it is predictable”, Philosophical 
Transactions of the Royal Society B, vol. 365, 
133-145.

Cornish-Bowden, A & Cárdenas, M 2017, “Life before 
LUCA”, Journal of Theoretical Biology, vol. 434, 
68-74.

Cussat-Blanc, S, Pascalie, J, Luga, H & Duthen, Y 
2010, “Three simulators for growing artificial 
creatures”, IEEE Congress on Evolutionary 
Computation, pp. 1-8. IEEE, New York.

&\EXUW��5+��)LHOGV��%'��2OLYH��.$�	�<HK��7+�������
“Big bang nucleosynthesis: Present status”, 
Reviews of Modern Physics, vol. 88, 015004. 

'DQFKLQ��(��&KDUPDQWLHU��$��&KDPSDJQH��)$��
Mesoudi, A, Pujol, B & Blanchet, S 2011, “Beyond 
DNA: Integrating inclusive inheritance into an 
H[WHQGHG�WKHRU\�RI�HYROXWLRQ´��1DWXUH�5HYLHZV�
Genetics, vol. 12, 475-486. 

Darwin, C 1859, On the Origin of Species by Means 
of Natural Selection, or the Preservation of 
)DYRXUHG�5DFHV�LQ�WKH�6WUXJJOH�IRU�/LIH��0XUUD\��
London. Available online at http://darwin-online.
org.uk/Variorum/1859

DeLisi, C & Crothers, DM 1971, “Prediction of RNA 
secondary structure”, Proceedings of the National 
Academy of Sciences USA, vol. 68, 2682-2685.

DesMarais, DJ & Walter, MR 1999, “Astrobiology: 
([SORULQJ�WKH�RULJLQV��HYROXWLRQ��DQG�GLVWULEXWLRQ�
of life in the universe”, Annual Review of Ecology 
and Systematics, vol. 30, 397-420.

Dill, KA & MacCallum, JL 2012, “The Protein-folding 
problem, 50 years on”, Science, vol. 338, 1042-
1046.

'XUDQW��)��0RURNXPD��-��)LHOGV��&��:LOOLDPV��
K, Adams, DS & Levin M. 2017, “Long-term, 
stochastic editing of regenerative anatomy via 
targeting endogenous bioelectric gradients”, 
Biophysical Journal, vol. 112, no. 10, 2231-2243.

'XUDQW��)��%LVFKRI��-��)LHOGV��&��0RURNXPD��-��
LaPalme, J, Hoi, A & Levin, M 2019, “The role 
of early bioelectric signals in the regeneration 
of planarian anterior/posterior polarity”, 
Biophysical Journal, vol. 116, 948-961.

Elliott, SA & Sánchez Alvarado, A 2012, “The 
history and enduring contributions of planarians 
to the study of animal regeneration”, Wiley 
Interdisciplinary Reviews: Developmental 
Biology, vol. 2, no. 3, 301-326.

Engler, AJ, Humbert, PO, Wehrle-Haller, B & 
Weaver, VM 2009, “Multiscale modeling of form 
and function”, Science, vol. 324, 208-212.

Ereshefsky, M & Pedroso, M 2015, “Rethinking 
evolutionary individuality”, Proceedings of the 

National Academy of Sciences USA, vol. 112, 
10126-10132.

Euteneuer, M & Schliwa, M 1984, “Persistent, 
directional motility of cells and cytoplasmic 
fragments in the absence of microtubules”, 
Nature, vol. 310, 58-61.

)LHOGV��&�������³,PSOHPHQWDWLRQ�RI�VWUXFWXUH�
mapping by event-file binding and action 
planning: A model of tool-improvisation 
analogies”, Psychological Research, vol. 75, 129-
142.

)LHOGV��&��%LVFKRI��-�	�/HYLQ��0������0RUSKRORJLFDO�
coordination: A common ancestral function 
unifying neural and non-neural signaling”, 
3K\VLRORJ\��YRO������������)LHOGV��&�	�*OD]HEURRN��
-)�������³5HSUHVHQWLQJ�PHDVXUHPHQW�DV�D�
thermodynamic symmetry breaking. Symmetry, 
vol. 12: 810.

)LHOGV��&�	�/HYLQ��0�������³0XOWLVFDOH�PHPRU\�DQG�
bioelectric error correction in the cytoplasm-
cytoskeleton-membrane system”, Wiley 
Interdisciplinary Reviews: Systems Biology and 
Medicine, vol. 10, e1410.

)LHOGV��&�	�/HYLQ��0�������³6RPDWLF�PXOWLFHOOXODULW\�
as a satisficing solution to the prediction-error 
minimization problem”, Communicative and 
Integrative Biology, vol. 12, 119-132.

)LHOGV��&�	�/HYLQ��0�����D��³,QWHJUDWLQJ�
evolutionary and developmental thinking into 
a scale-free biology”, BioEssays, in press (doi: 
10.1002/bies.201900228).

)LHOGV��&�	�/HYLQ��0�����E��³'RHV�UHJHQHUDWLRQ�
recapitulate phylogeny? Planaria as a model of 
ERG\�D[LV�VSHFLILFDWLRQ�LQ�DQFHVWUDO�HXPHWD]RD´��
Communicative and Integrative Biology, vol. 13, 
27-38.

)LHOGV��&�	�0DUFLDQz��$�������³0DUNRY�EODQNHWV�
are general physical interaction surfaces”, 
Physics of Life Reviews, in press (doi: 10.1016/j.
plrev.2019.08.004).

)LVKHU��6(�	�6FKDUII��&�������³)2;3��DV�D�PROHFXODU�
window into speech and language”, Trends in 
Genetics, vol. 25, 166-177.

)RVWHU��3/�������³$GDSWLYH�PXWDWLRQ��,PSOLFDWLRQV�
for evolution”, BioEssays, vol. 22, 1067-1074.

)UDHQNHO��$6�������³&RPSOH[LW\�RI�SURWHLQ�IROGLQJ´��
Bulletin of Mathematical Biology, vol. 55, 1199-
1210.

)ULVWRQ��.-�������³7KH�IUHH�HQHUJ\�SULQFLSOH��
A unified brain theory?” Nature Reviews 
Neuroscience, vol. 11, 127-138.

)ULVWRQ��.-�������³/LIH�DV�ZH�NQRZ�LW´��-RXUQDO�RI�WKH�
Royal Society Interface, vol. 10, 20130475.

)ULVWRQ��.��/HYLQ��0��6HQJXSWD��%�	�3H]]XOR��*�������



72

Does Evolution Have a Target Morphology?

“Knowing one’s place: A free-energy approach to 
pattern regulation”, Journal of the Royal Society 
Interface, vol. 12, 20141383.

)XNDPL��7��%H]HPHU��70��0RUWLPHU��65�	�YDQ�GHU�
Putten, WH 2005, “Species divergence and trait 
FRQYHUJHQFH�LQ�H[SHULPHQWDO�SODQW�FRPPXQLW\�
assembly”, Ecology Letters, vol. 8, 1283-1290.

*DZQH��5��0F.HQQD��.=�	�1LMKRXW��+)�������
“Unmodern synthesis: Developmental hierarchies 
and the origin of phenotypes”, BioEssays, vol. 40, 
1600265. 

Gawne, R, McKenna, K & Levin, M 2020, 
“The strategies of the parts: Competitive 
and coordinative interactions between 
characters produce adaptive developmental 
outcomes”, BioEssays, in press (doi: 10.1002/
bies.201900245).

Gehring, WJ & Hiromi, Y 1986, “Homeotic genes 
DQG�WKH�KRPHRER[´��$QQXDO�5HYLHZ�RI�*HQHWLFV��
vol. 20, 147-173.

Gierer, A & Meinhardt, H 1972, “A theory of 
biological pattern formation”, Kybernetik, vol. 12, 
no.1, 30-39.

*LOEHUW��6)�������³6\PELRVLV�DV�WKH�ZD\�RI�HXNDU\RWLF�
life: The dependent co-origination of the body”, 
Journal of Biosciences, vol. 39, 201-209. 

Gogna, R, Shee, K & Moreno, E 2015, “Cell 
competition during growth and regeneration”, 
Annual Review of Genetics, vol. 49, 697-718. 

Gould, SJ 1989, Wonderful Life. Norton, New York.
Guerrero, R, Margulis, L & Berlanga, M 2013, 

“Symbiogenesis: The holobiont as a unit of 
evolution”, International Microbiology, vol. 16, 
133-143. 

Hall, RM, Collis, CM, Kim, M-J, Partridge, 
SR,Recchia, GD &. Stokes, HW 1999, “Mobile 
gene cassettes and integrons in evolution”, 
Annals of the New York Academy of Sciences, vol. 
870, 68-80.

Hawking, SW 1988, A Brief History of Time, Bantam 
Dell, New York.

Hecker, M, Lambeck, S, Toepfer, S, van Someren, 
E & Guthke, R 2009, “Gene regulatory network 
inference: Data integration in dynamic models – 
A review”, Biosystems, vol. 96, 86-103.

Hermida, M 2016, “Life on Earth is an individual”, 
Theory in the Biosciences, vol. 135, 37-44.

Herrera-Delgado, E, Perez-Carrasco, R, Briscoe, 
J & Sollich, P 2018, “Memory functions reveal 
structural properties of gene regulatory 
networks”, PLoS Computational Biology, vol. 14, 
no. 2, e1006003. 

Humphries, J, Xiong, L, Liu, J, Prindle, A, Yuan, 

)��$UMHV��+$��7VLPULQJ��/�	�6�HO��*0�������
“Species-independent attraction to biofilms 
through electrical signaling”, Cell, vol. 168, 200-
209.

Kaltenegger, L 2017, “How to characterize habitable 
worlds and signs of life”, Annual Review of 
Astronomy and Astrophysics, vol. 55, 433-485.

.DXIIPDQ��6$�������7KH�2ULJLQV�RI�2UGHU��2[IRUG�
8QLYHUVLW\�3UHVV��2[IRUG��8.�

Kitts, P, Symington, L,Burke, M, Reed, R & Sherratt, 
D 1982, “Transposon-specified site-specific 
recombination”, Proceedings of the National 
Academy of Sciences USA, vol. 79, 46-50. 

Kouvaris K, Clune J, Kounios L, Brede M & Watson 
RA 2017, “How evolution learns to generalise: 
Using the principles of learning theory to 
understand the evolution of developmental 
organisation”, PLoS Computational Biology, vol. 
13, no. 4, e1005358.

Kriegman, S, Blackiston, D, Levin, M & Bongard, 
J 2020, “A scalable pipeline for designing 
reconfigurable organisms”, Proceedings of the 
National Academy of Sciences USA, vol. 117, 
1853-1859.

.XFKOLQJ��)��)ULVWRQ��.��*HRUJLHY��*�	�/HYLQ��0�
2020, “Morphogenesis as Bayesian inference: A 
variational approach to pattern formation and 
FRQWURO�LQ�FRPSOH[�ELRORJLFDO�V\VWHPV´��3K\VLFV�RI�
Life Reviews, in press. https://doi.org/10.1016/j.
plrev.2019.06.001

Kull, K, Deacon, T, Emmeche, C, Hoffmeyer, J 
	�6WMHUQIHOW��)�������³7KHVHV�RQ�ELRVHPLRWLFV��
Prolegomena to a theoretical biology” in C 
Emmeche, K Kull (eds) Towards a Semiotic 
Biology: Life Is the Action of Signs, pp. 25-41. 
Imperial College Press: London, UK.

Kuntz, ID 1972, “Protein folding”, Journal of the 
American Chemical Society, vol. 94, 4009-4012.

/DODQG��.1��8OOHU��7��)HOGPDQ��0:��6WHUHOQ\��
K,Müller, GB, Moczek, A, Jablonka, E & Odling-
6PHH��-�������³7KH�H[WHQGHG�HYROXWLRQDU\�
synthesis: its structure, assumptions and 
predictions”, Proceedings of the Royal Society B, 
vol. 282: 20151019.

Lee, C, Richtsmeier, JT & Kraft, RH 2019, “A 
coupled reaction-diffusion-strain model 
predicts cranial vault formation in development 
and disease”, Biomechanics and Modeling in 
Mechanobiology, vol. 18, 1197-1211.

Lemons, D & McGinnis, W 2006, “Genomic 
HYROXWLRQ�RI�+R[�JHQH�FOXVWHUV´��6FLHQFH��YRO�������
1918-1922. 

Lenton, TM, Daines, SJ, Dyke, JG, Nicholson, AE, 



Does Evolution Have a Target Morphology?

73

Wilkinson, DM & Williams, HTP 2018, “Selection 
for Gaia across multiple scales”, Trends in 
Evolution and Ecology, vol. 33, 633-645.

Levin, M 2011, “The wisdom of the body: future 
techniques and approaches to morphogenetic 
fields in regenerative medicine, developmental 
biology and cancer”, Regenerative Medicine, vol. 
6: 667- 673.

Levin, M 2014a, “Molecular bioelectricity: How 
endogenous voltage potentials control cell 
behavior and instruct pattern regulation in vivo”, 
Molecular Biology of the Cell, vol. 25, no. 24, 
3835-3850.

Levin, M 2014b, “Endogenous bioelectrical networks 
store non-genetic patterning information during 
development and regeneration”, Journal of 
Physiology, vol. 592, no. 11, 2295-2305.

Levin, M 2019, “The computational boundary of 
a “self”: Developmental bioelectricity drives 
multicellularity and scale-free cognition”, 
)URQWLHUV�LQ�3V\FKRORJ\��YRO�����������

Levin, M & Martyniuk, CJ 2018, “The bioelectric 
code: An ancient computational medium 
for dynamic control of growth and form”, 
Biosystems, vol. 164, 76-93.

/HYLQ��0��3H]]XOR��*�	�)LQNHOVWHLQ��-0�������
“Endogenous bioelectric signaling networks: 
([SORLWLQJ�YROWDJH�JUDGLHQWV�IRU�FRQWURO�RI�
growth and form”, Annual Review of Biomedical 
Engineering, vol. 19, 353-387.

Levin, S, Greenfell, B, Hastings, A & Perelson, 
AS 1997, “Mathematical and computational 
challenges in population biology and ecosystems 
science”, Science, vol. 275, 334-343.

Leys, SP 2015, “Elements of a ‘nervous system’ in 
VSRQJHV´��-RXUQDO�RI�([SHULPHQWDO�%LRORJ\��YRO��
218, 581-591.

Libby, E, Conlin, PL, Kerr, B & Ratcliff, WC 2016, 
“Stabilizing multicellularity through ratcheting”, 
Proceedings of the Royal Society B, vol. 371, 
20150444.

Lichten, M & Golsman, ASH 1995, “Meiotic 
recombination hotspots”, Annual Review of 
Genetics, vol. 29, 423-444.

Lineweaver, CH, Davies, PCW & Ruse, M 2013 
³:KDW�LV�FRPSOH[LW\"�,V�LW�LQFUHDVLQJ"´�LQ�&+�
Lineweaver, PCW. Davies & M Ruse (eds) 
&RPSOH[LW\�DQG�WKH�$UURZ�RI�7LPH��SS��������
Cambridge University Press, Cambridge, UK.

Lobo, D & Levin, M 2015, “Inferring regulatory 
QHWZRUNV�IURP�H[SHULPHQWDO�PRUSKRORJLFDO�
phenotypes: A computational method reverse-
engineers planarian regeneration”, PLoS 

Computational Biology, vol. 11, e1004295.
Lobo, D, Solano, M, Bubenik, GA & Levin, M 2014, 

³$�OLQHDU�HQFRGLQJ�PRGHO�H[SODLQV�WKH�YDULDELOLW\�
of the target morphology in regeneration”, 
Journal of the Royal Society Interface, vol. 11, 
20130918.

Lockwood, JA & Lockwood, DR 1993, “Catastrophe 
theory: A unified paradigm for rangeland 
ecosystem dynamics”, Journal of Rangeland 
Management, vol. 46, no. 4, 282-288.

Logofet, DO & Lesnaya, EV 2000, “The mathematics 
of Markov models: What Markov chains can 
really predict in forest successions”, Ecological 
Modelling, vol. 126, 285-298.

Lovelock, JE & Margulis, L 1974, “Atmospheric 
homeostasis by and for the biosphere: The Gaia 
hypothesis”, Tellus, vol. 26, no. 1-2, 2-10.

/XQG��(-�������%LRHOHFWULF�)LHOGV�DQG�*URZWK��
8QLYHUVLW\�RI�7H[DV�3UHVV��$XVWLQ��7;�

Madan, E, Gogna, R & Moreno, E 2018, “Cell 
competition in development: Information from 
flies and vertebrates”, Current Opinion in Cell 
Biology, vol. 55, 150-157.

0DQGROL��')�������³(ODERUDWLRQ�RI�ERG\�SODQ�
and phase change during development of 
$FHWDEXODULD��+RZ�LV�WKH�FRPSOH[�DUFKLWHFWXUH�
of a giant cell built?” Annual Review of Plant 
Physiology and Plant Molecular Biology, vol. 49, 
173-198.

0DULVFDO��&�	�'RROLWWOH��:)�������³/LIH�DQG�OLIH�
only: A radical alternative to life definitionism”, 
Synthese, in press. https://doi.org/10.1007/
s11229-018-1852-2

Mathews, AP 1903, “Electrical polarity in the 
hydroids”, American Journal of Physiology, vol. 
8, no. 4, 294-299.

0DWXUDQD��+5�	�9DUHOD��)-�������$XWRSRLHVLV�DQG�
Cognition: The Realization of the Living. D. 
Reidel, Dordrecht.

Maynard Smith, J & Szathmáry, E 1995, The Major 
7UDQVLWLRQV�LQ�(YROXWLRQ��2[IRUG�8QLYHUVLW\�
3UHVV��2[IRUG��8.�

McLaughlin, KA & Levin, M 2018, “Bioelectric 
signaling in regeneration: Mechanisms of ionic 
controls of growth and form”, Developmental 
Biology, vol. 433, no. 2, 177-189.

McShea, DW 1994, “Mechanisms of large-scale 
evolutionary trends”, Evolution, vol. 48, 1747-
1763.

McShea, DW 2016, “Hierarchy: The source of 
teleology in evolution”, in N Eldredge, T Pievani, 
E Serrelli, I Temkin (eds), Evolutionary Theory: A 
Hierarchical Perspective, pp. 86-102. University 



74

Does Evolution Have a Target Morphology?

of Chicago Press, Chicago. 
0F6KHD��':�DQG�%UDQGRQ��51�������%LRORJ\¶V�)LUVW�

Law, University of Chicago Press, Chicago.
Miller, WB 2016, “The eukaryotic microbiome: 

Origins and implications for fetal and neonatal 
OLIH´��)URQWLHUV�LQ�3HGLDWULFV��YRO��������

Mitchell, A,Romano, GH, Groisman, B, Yona, A, 
Dekel, E, Kupiec, M, Dahan, O & Pilpel, Y 2009, 
“Adaptive prediction of environmental changes 
by microorganisms”, Nature, vol. 460, 220-224.

Michod, RE 1999, Darwinian Dynamics. Princeton 
University Press, Princeton, NJ.

Mintz, B & Illmensee, K 1975, “Normal genetically 
mosaic mice produced from malignant 
teratocarcinoma cells”, Proceedings of the 
National Academy of Sciences USA, vol. 72, no. 9, 
3585-3589.

Monod, J 1972, Chance and Necessity. Random 
House, New York.

0XxR]�'RUDGR��-��0DUFRV�7RUUHV��)-��*DUFtD�
%UDYR��(��0RUDOHGD�0XxR]��$�	�3pUH]�-�������
³0\[REDFWHULD��0RYLQJ��NLOOLQJ��IHHGLQJ��DQG�
VXUYLYLQJ�WRJHWKHU´��)URQWLHUV�LQ�0LFURELRORJ\��
vol. 7, 781.

Nagano, K 1973, “Logical analysis of the mechanism 
of protein folding: I. Predictions of helices, 
ORRSV�DQG�ǃ�VWUXFWXUHV�IURP�SULPDU\�VWUXFWXUH´��
Journal of Molecular Biology, vol. 75, 401-420.

Newman, MEJ 2001, “The structure of scientific 
collaboration networks”, Proceedings of the 
National Academy of Sciences USA, vol. 98, 
404–409.

Nishimura, O, Hosoda, K, Kawaguchi, E, Yazawa, S, 
Hayashi, T, Inoue, T, et al. 2015, “Unusually large 
QXPEHU�RI�PXWDWLRQV�LQ�DVH[XDOO\�UHSURGXFLQJ�
clonal planarian Dugesia japonica”, PLoS One, 
vol. 10, no. 11, e0143525

Orgogozo, V 2015, “Replaying the tape of life in the 
WZHQW\�ILUVW�FHQWXU\´��,QWHUIDFH�)RFXV��YRO�����
20150057.

3DL��93��3LHWDN��$��:LOORFT��9��<H��%��6KL��1�4�	�
Levin, M 2018, “HCN2 Rescues brain defects 
by enforcing endogenous voltage pre-patterns”, 
Nature Communications, vol. 9, 998.

Pan, T & Sosnick, T 2006, “RNA folding during 
transcription”, Annual Review of Biophysics and 
Biolmolecular Structure, vol. 35, 161-175.

Pattee, HH 1982, “Cell psychology”, Cognition and 
Brain Theory, vol. 5, 325-341.

Pearl, J 1988, Probabilistic Reasoning in Intelligent 
Systems: Networks of Plausible Inference. 
Morgan Kaufmann, San Mateo, CA.

Pezzulo, G & Levin, M 2016, “Top-down models 

LQ�ELRORJ\��([SODQDWLRQ�DQG�FRQWURO�RI�FRPSOH[�
living systems above the molecular level”, Journal 
of the Royal Society Interface, vol. 13, 20160555.

3LHWDN��$�	�/HYLQ��0������³([SORULQJ�LQVWUXFWLYH�
physiological signaling with the Bioelectric Tissue 
6LPXODWLRQ�(QJLQH´��)URQWLHUV�LQ�%LRHQJLQHHULQJ�
and Biotechnology, vol. 4, 55.

Pietak, A, Bischof, J, LaPalme, J, Morokuma. J & 
/HYLQ��0�������³1HXUDO�FRQWURO�RI�ERG\�SODQ�D[LV�
in regenerating planaria”, PLoS Computational 
Biology, vol. 15, no. 4, e1006904

Pigliucci, M & Müller, CB 2010, “Elements of an 
H[WHQGHG�HYROXWLRQDU\�V\QWKHVLV´�LQ�0�3LJOLXFFL�
	�&%�0�OOHU��HGV��(YROXWLRQ�±�7KH�([WHQGHG�
Synthesis, pp. 3-17. MIT Press, Cambridge, MA. 

Pinker, S 2010, “The cognitive niche: Coevolution of 
intelligence, sociality, and language”, Proceedings 
of the National Academy of Sciences USA, vol. 
107, 8993-8999.

Polanyi, M 1968, “Life’s irreducible structure. 
Live mechanisms and information in DNA 
are boundary conditions with a sequence of 
boundaries above them”, Science, vol. 160, 1308-
1312.

Pollack, J & Lowell, J 2018, “Developmental 
encodings promote the emergence of hierarchical 
PRGXODULW\´��3URFHHGLQJV�RI�$/,)(�������7KH�
)LIWHHQWK�,QWHUQDWLRQDO�&RQIHUHQFH�RQ�WKH�
Synthesis and Simulation of Living Systems, pp. 
344-351. MIT Press, Cambridge, MA.

Prindle, A, Liu, J, Asally, M, Ly, S, Garcia-Ojalvo, 
J & Süel, GM 2015, “Ion channels enable 
communication in bacterial communities”, 
Nature, vol. 527, 59-63.

4XHOOHU��'&�	�6WUDVVPDQQ��-(�������³%H\RQG�
society: The evolution of organismality”, 
Philosophical Transactions of the Royal Society 
B, vol. 364, 3143-3155. 

Raspopovic, J, Marcon, L, Russo, L & Sharpe, 
J 2014, “Modeling digits. Digit patterning Is 
FRQWUROOHG�E\�D�%PS�6R[��:QW�7XULQJ�QHWZRUN�
modulated by morphogen gradients”, Science, 
vol. 345, 566-570. 

5DWFOLII��:&��'HQLVRQ��5)��%RUHOOR��0�	�
7DYLVDQR��0�������³([SHULPHQWDO�HYROXWLRQ�RI�
multicellularity”, Proceedings of the National 
Academy of Sciences USA, vol. 109, 1595-1600.

5DWFOLII��:&��)DQNKDXVHU��-'��5RJHUV��':��*UHLJ��
D & Tavisano, M 2016, “Origins of multicellular 
evolvability in snowflake yeast”, Nature 
Communications, vol. 6, 6102.

Robbins, RJ, Krishtalka, L & Wooley, JC 2016, 
“Advances in biodiversity: Metagenomics and the 



Does Evolution Have a Target Morphology?

75

unveiling of biological dark matter”, Standards in 
Genomic Science, vol. 11, 69.

5RVHQ��5�������³2Q�LQIRUPDWLRQ�DQG�FRPSOH[LW\��
LQ�-/�&DVWL�	�$�.DUOTYLVW��HGV��&RPSOH[LW\��
Language, and Life: Mathematical Approaches, 
pp. 174-196. Springer, Berlin.

Saibil, H 2013, “Chaperone machines for protein 
folding, unfolding and disaggregation”, Nature 
Reviews Molecular Cell Biology, vol. 14, 630-642.

Schulte, P, Alegret, L, Arenillas, I, Arz, JA et al. 
������³7KH�&KLF[XOXE�DVWHURLG�LPSDFW�DQG�
PDVV�H[WLQFWLRQ�DW�WKH�&UHWDFHRXV�3DOHRJHQH�
boundary”, Science vol. 327, 1214-1218.

6PROLQ��/�������7KH�/LIH�RI�WKH�&RVPRV��2[IRUG�
8QLYHUVLW\�3UHVV��2[IRUG��8.�

Stal, LJ 2012, “Cyanobacterial mats and 
stromatolites” in BA Whitton (ed) Ecology of 
Cyanobacteria II: Their Diversity in Space and 
Time, pp. 65-125. Springer, Berlin.

Stanley, KO 2007, “Compositional pattern producing 
networks: A novel abstraction of development”, 
Genetic Programming and Evolvable Machines, 
vol. 8, 131-162.

6WDQOH\��.2�	�0LLNNXODLQHQ��5�������³$�WD[RQRP\�
for artificial embryology”, Artificial Life, vol. 9, 
93-130.

Stern, DL & Orgogozo, V 2009, “Is evolution 
predictable?” Science, vol. 323, 746-751.

Stewart, J 1996, “Cognition = Life: Implications for 
higher-level cognition”, Behavioral Processes, vol. 
35, 311-326.

6WUDVVPDQQ��-(�	�4XHOOHU��'&�������³7KH�VRFLDO�
organism: Congresses, parties and committees”, 
Evolution, vol. 64, 605-616.

6WUHLFKDQ��6-��/HIHEYUH��0)��1ROO��1��:LHVFKDXV��
()�	�6KUDLPDQ��%,�������³*OREDO�PRUSKRJHQHWLF�
flow is accurately predicted by the spatial 
distribution of myosin motors”, Elife, vol. 7, 
e27454.

Sulston, JE & Horvitz, HR 1977, “Post-embryonic 
cell lineages of the nematode, Caenorhabditis 
elegans”, Developmental Biology, vol. 56, 110-
156.

Sun, Y, Do, H, Gao, J, Zhao, R, Zhao, M & Mogilner, 
A 2013, “Keratocyte fragments and cells utilize 
competing pathways to move in opposite 
directions in an electric field”, Current Biology, 
vol. 23, 569-574.

Szathmáry, E 2015, “Toward major evolutionary 
transitions theory 2.0”, Proceedings of the 
National Academy of Sciences USA, vol. 112, 
10104-10111.

Szathmáry, E & Maynard Smith, J 1995, “The major 

evolutionary transitions”, Nature, vol. 374, 227-
232.

7KRPSVRQ��'$:�������2Q�*URZWK�DQG�)RUP��
Cambridge University Press, Cambridge, UK.

Tinoco, I, Uhlenbeck, O & Levine, MD, 1971, 
“Estimation of secondary structure in ribonucleic 
acids”, Nature, vol. 230, 362-367.

Turing, AM 1952, “The chemical basis of 
morphogenesis”, Philosophical Transactions of 
the Royal Society B, vol. 237, 37-72.

7XUQHU��-6�������³([WHQGHG�SKHQRW\SHV�DQG�
H[WHQGHG�RUJDQLVPV´��%LRORJLFDO�3KLORVRSK\��YRO��
19, 327-352.

Ulett, MA 2014, “Making the case for orthogenesis: 
The popularization of definitely directed 
evolution (1890–1926)”, Studies in the History 
and Philosophy of Biology and Biomedical 
Science, vol. 45, 124-132.

Uller, T, Moczek, AP, Watson, RA, Brakefield, PM 
& Laland, KN 2018, “Developmental bias and 
evolution: A regulatory network perspective”, 
Genetics, vol. 209, 949-966.

Vallverdú, J, Castro, R, Mayne, R, Talanov, M, 
/HYLQ��0��%DOXãND��)��*XQML��<��'XVVXWRXU��$��
Zenil, H & Adamatzky, A 2018, “Slime mould: 
The fundamental mechanisms of biological 
cognition”, Biosystems, vol. 165, 57-70.

Vandenberg, LN, Adams, DS & Levin, M 2012, 
“Normalized shape and location of perturbed 
craniofacial structures in the Xenopus tadpole 
reveal an innate ability to achieve correct 
morphology”, Developmental Dynamics vol. 241, 
no. 5, 863-878.

Waris, H 1950, “Cytophysiological studies on 
Micrasterias II. The cytoplasmic framework and 
its mutation”, Physiologia Plantarum, vol. 3, no. 
3, 236-246.

Watson, RA, Buckley, CL, Mills, R & Davies, A 
2010, “Associative memory in gene regulation 
networks”, Proceedings of the Alife XII 
Conference, pp. 194-202. MIT Press, Cambridge, 
MA.

Watson, RA & Pollack, JB 2003, “A computational 
model of symbiotic composition in evolutionary 
transitions”, BioSystems, vol. 69, 187-209.

Watson, RA & Szathmáry, E 2016, “Can evolution 
learn?” Trends in Ecology and Evolution, vol. 31, 
147-157.

:LOOLDPV��.��%LVFKRI��-��/HH��)��0LOOHU��.��/D3DOPH��
J, Wolfe, B & Levin, M 2020, “Regulation of 
D[LDO�DQG�KHDG�SDWWHUQLQJ�GXULQJ�SODQDULDQ�
regeneration by a commensal bacterium”, 
Mechanisms of Development, vol. 163, 103614.



76

Does Evolution Have a Target Morphology?

Wolpert, L 1969, “Positional information and 
the spatial pattern of cellular differentiation”, 
Journal of Theoretical Biology, vol. 25, no. 1, 
1-47.

<DQJ��&�<��%LDOHFND�)RUQDO��0��:HDWKHUZD[��&��
Larkin, JW, Prindle, A, Liu, J, Garcia-Ojavlo, J & 
Süel, GM 2020, “Encoding membrane-potential-
based memory within a microbial community”, 
Cell Systems, vol. 10, 417-423.



Stochastic or Deterministic? That is the Question
Andras Paldia*

a École Pratique des Hautes Études, Inserm U938, St-Antoine Research Center, 34 rue Crozatier, 75012, Paris, France

*Corresponding author: Andras Paldi - andras.paldi@ephe.psl.eu

Commentary on: .XSLHF��--�������$�SUREDELOLVW�WKHRU\�IRU�FHOO�GL̆HUHQWLDWLRQ��HPEU\RQLF�PRUWDOLW\�DQG�'1$�&�YDOXH�SDUDGR[��
Organisms: Journal of Biological Sciences��YRO�����QR����SS���������'2,��������������������������

Citation:�3DOGL��$��������³6WRFKDVWLF�RU�'HWHUPLQLVWLF"�7KDW�LV�WKH�4XHVWLRQ´��Organisms: Journal of Biological Sciences��YRO�����
QR������������SS���������'2,���������������������������

Reprint - Classics in Biology
9RO�����1R����������
,661�����������
2SHQ�DFFHVV�MRXUQDO�OLFHQVHG�XQGHU�&&�%<
'2,��������������������������

77

6FLHQWL¿F�SURJUHVV�GHSHQGV�HVVHQWLDOO\�RQ�QHZ�LGHDV��
1HYHUWKHOHVV�� LQ� ELRORJ\�� LW� LV� XVXDOO\� GL̇FXOW� WR� WUDFH�
EDFN�ZLWK�SUHFLVLRQ�WKHLU�RULJLQ��7KHUH�DUH�PXOWLSOH�UHD-
VRQV�IRU�WKLV��3HUKDSV�WKH�PRVW�LPSRUWDQW�RI�WKHP�LV�WKH�
VLPSOH� IDFW�� WKDW� WUXO\�QHZ� LGHDV� DUH�XVXDOO\�PHW�ZLWK�
GRXEW�DQG�UHFHLYH�OLWWOH�DWWHQWLRQ�DW�WKH�PRPHQW�RI�WKHLU�
SXEOLFDWLRQ��XVXDOO\�LQ�D�VSHFLDOL]HG�MRXUQDO��7KH�SDSHU�
HQWLWOHG� ³$� SUREDELOLVW� WKHRU\� IRU� FHOO� GL̆HUHQWLDWLRQ��
HPEU\RQLF�PRUWDOLW\�DQG�'1$�&�YDOXH�SDUDGR[´�E\�-�-�
.XSLHF�UHSURGXFHG�LQ�WKLV�LVVXH�RI�³2UJDQLVPV´�LV�D�JRRG�
H[DPSOH�� ,W�ZDV�SXEOLVKHG� LQ������DQG�UHSUHVHQWV� WKH�
¿UVW�VWHS�WRZDUG�D�QHZ�WKHRU\�RI�FHOO�GL̆HUHQWLDWLRQ��WKH�
WKHRU\�FDOOHG�RQWRSK\ORJHQHVLV��$FFRUGLQJ�WR�WKH�PDLQ�
SURSRVLWLRQV� RI� WKH�SDSHU� GL̆HUHQWLDO� JHQH� H[SUHVVLRQ�
GXULQJ�FHOO�GL̆HUHQWLDWLRQ�DQG�HPEU\RQDO�GHYHORSPHQW�
LV�SURYRNHG�E\�UDQGRP�LQWHUDFWLRQV�EHWZHHQ�PROHFXOHV��
7KH� DSSDUHQWO\� SUHGHWHUPLQHG� JHQH� H[SUHVVLRQ� SDW-
WHUQV�WKDW�FKDUDFWHULVH�WKH�GH¿QHG�FHOO�SKHQRW\SHV�DUH�
WKH�UHVXOWV�RI�D�VHOHFWLYH�VWDELOL]DWLRQ�RI�VRPH�SDWWHUQV�
WKURXJK� LQWHUDFWLRQV� EHWZHHQ� WKH� FHOOV�� 7KLV� ZD\� RI�
IUDPLQJ�RQH�RI�WKH�PRGHUQ�ELRORJ\¶V�FHQWUDO�TXHVWLRQV�
FDOOV�IRU�WKH�VDPH�UHDVRQLQJ�&KDUOHV�'DUZLQ�SURSRVHG�
WR�H[SODLQ�WKH�HYROXWLRQ�RI�ELRORJLFDO�VSHFLHV��7KH�LGHD�
WKDW�VSRQWDQHRXV�YDULDWLRQ�IROORZHG�E\�VHOHFWLYH�VWDEL-
OL]DWLRQ� RI� VRPH�RI� WKHVH� YDULDQWV� FDQ� DFFRXQW� IRU� WKH�
HPHUJHQFH�RI�QHZ�FHOO�W\SHV�GXULQJ�RQWRJHQHVLV�SODFHV�
WKH�HYROXWLRQ�RI�WKH�VSHFLHV�DQG�FHOO�W\SHV�RQ�WKH�VDPH�
WKHRUHWLFDO�JURXQG�

7KH�WKHRU\�RXWOLQHG�LQ�WKH������SDSHU�DQG�GHYHORSHG�
IXUWKHU� LQ� KLV� VXEVHTXHQW� SXEOLFDWLRQV� E\� -�-�� .XSLHF�
IRXQG� D� IDYRUDEOH� HFKR� LQ� WKH� FRPPXQLW\� RI� WKHRUHWL-
FDO�ELRORJLVWV�DQG�SKLORVRSKHUV�DQG�VWLPXODWHG�IXUWKHU�
WKLQNLQJ�DQG�GLVFXVVLRQV��7KLV�ZDV�QRW�WKH�FDVH�LQ�WKH�
FRPPXQLW\� RI� H[SHULPHQWDO� ELRORJLVWV�� 7KH� SDSHU� UH-
PDLQHG�YLUWXDOO\�XQGHWHFWHG�IRU�PDQ\�\HDUV��:LWK�KLQ-
GVLJKW�� WKLV� LV�QRW� VXUSULVLQJ��6XFK�D� WKHRU\� FRXOG�QRW�
JDLQ�KLJK�SRSXODULW\�GXULQJ�WKH�KH\GD\�RI�WKH�PROHFX-
ODU�JHQHWLFV��7KH�ODWWHU�FRQVLGHUV�WKDW�HPEU\RQDO�GHYH-
ORSPHQW�LV�D�VHTXHQFH�RI�PROHFXODU�DQG�FHOOXODU�HYHQWV�
SURJUDPPHG�E\� WKH�JHQRPH�DQG� WKHUH� LV�QR�SODFH� IRU�
UDQGRP�FKDQJHV�LQ�GHYHORSPHQW��6XFK�D�GHWHUPLQLVWLF�
IUDPLQJ�RI�WKH�LVVXH�LV�FORVHO\�UHODWHG�WR�WKH�SUH�'DUZL-
QLDQ�YLHZ�RI�ELRORJLFDO�GLYHUVLW\�DQG�KDV�EHHQ�FULWLFL]HG�
PDQ\�WLPHV��<HW��D�VRIWHU�WKDQ�WKH�RULJLQDO�YHUVLRQ�RI�WKH�
JHQHWLF�SURJUDP�QDUUDWLYH�LV�VWLOO�GRPLQDWLQJ�WKH�VFLHQ-
WL¿F�OLWHUDWXUH��7KLV�YHUVLRQ�DFNQRZOHGJHV�WKH�H[LVWHQFH�
RI� VRPH� YDULDWLRQV� GXULQJ� RQWRJHQHVLV�� EXW� FRQVLGHUV�
WKHP� DV� HQYLURQPHQWDOO\�� LQGXFHG� WKDW� DUH� FRXQWH-
UDFWHG�E\�WKH�UREXVWQHVV�RI�WKH�'1$�HQFRGHG�SURJUDP��
7KH�PROHFXODU�JHQHWLF�YLVLRQ�PDNHV�SUHGLFWLRQV�RQ�LQ-
GLYLGXDO�FHOOV��JHQHV�DQG�PROHFXOHV�RQ�WKH�EDVLV�RI�WKH�
DYHUDJHV� PHDVXUHG� H[SHULPHQWDOO\� RQ� SRSXODWLRQV��
7KH�YDULDWLRQ�EHWZHHQ�FHOOV�RU�PROHFXOHV�LV�GHOLEHUDWHO\�
LJQRUHG�EHFDXVH�FRQVLGHUHG�LUUHOHYDQW��:KLOH�YDULDWLRQ�
LV�LQ�WKH�blind spot�RI�PROHFXODU�JHQHWLFV��LW�LV�WKH�PRVW�
LPSRUWDQW�HOHPHQW�RI�WKH�SUREDELOLVWLF�PRGHO�SURSRVHG�



78

Stochastic or Deterministic? That is the Question

E\� .XSLHF�� 8QWLO� UHFHQWO\�� LW� ZDV� WHFKQLFDOO\� FKDOOHQ-
JLQJ�WR�PHDVXUH�YDULDWLRQ�DPRQJ�WKH�FHOOV��7KLV�LV�QRZ�
FKDQJLQJ��WKH�UHVROXWLRQ�RI�WKH�DQDO\WLFDO�WHFKQLTXHV�LV�
LQFUHDVLQJ�� ,W� LV� EHFRPLQJ� HDV\� WR� GHWHFW� VLQJOH�PROH-
FXODU� HYHQWV� LQ� LQGLYLGXDO� FHOOV�� DQDO\]H� WKH�P51$�RU�
SURWHLQ�FRPSRVLWLRQ�RI�VLQJOH�FHOOV�RU�PHDVXUH�WKH�G\QD-
PLF�FKDQJHV�RI�LQGLYLGXDO�FHOOV�LQ�YLYR��1RZ��DOPRVW����
\HDUV�DIWHU� LWV�SXEOLFDWLRQ�ZH�UHDOL]H�WKDW�WKH�EDVLF�DV-
VXPSWLRQV�DQG�SUHGLFWLRQV�IRUPXODWHG�LQ�.XSLHF¶V������
DQG�ODWHU�SDSHUV��.XSLHF�������������������������DUH�
FRQ¿UPHG�ZLWKRXW�H[FHSWLRQ�

7KH�¿UVW�VXFK�DVVXPSWLRQ�LV�VWRFKDVWLF�JHQH�H[SUHV-
VLRQ��7UDQVFULSWLRQ�RI� WKH� JHQHV�� DV� DQ\�RWKHU�ELRFKH-
PLFDO� UHDFWLRQ� LQ� WKH� FHOO�� GHSHQGV� RQ� WKH� LQWHUDFWLRQ�
EHWZHHQ�PROHFXODU�VSHFLHV��HDFK�UHSUHVHQWHG�E\�D�VPDOO�
QXPEHU� RI� FRSLHV� LQ� WKH� FHOO�� )RU� H[DPSOH�� WKHUH� DUH�
XVXDOO\�RQO\� WZR�FRSLHV�RI�D�JLYHQ�JHQH� LQ�HXNDU\RWHV��
7KH�QXPEHU�RI�WUDQVFULSWLRQ�IDFWRU�PROHFXOHV�RI�D�JLYHQ�
W\SH�LV�PXFK�ORZHU�WKDQ�WKH�QXPEHU�RI�ELQGLQJ�VLWHV�RI�
WKDW�IDFWRU��7KHUHIRUH��WKH�UDWH�RI�JHQH�WUDQVFULSWLRQ�LV�
OLPLWHG�E\�WKHLU�GL̆XVLRQ�DQG�GL̆XVLRQ�LV�D�UDQGRP�SUR-
FHVV��$OWKRXJK�VSRUDGLF�GDWD�KDG�EHHQ�SXEOLVKHG�HDUOLHU�
�+XPH��������� WKH�VFLHQWL¿F�FRPPXQLW\�EHFDPH�DZD-
UH�RI�WKH�LQKHUHQW�UDQGRPQHVV�RI�JHQH�H[SUHVVLRQ�DIWHU�
WKH�SXEOLFDWLRQ�RI�D�NH\�SDSHU��(ORZLW]�HW�DO��������7KLV�
UHSRUW�� XVLQJ� ÀXRUHVFHQW� PLFURVFRS\�� SURYLGHG� YLVXDO�
GHPRQVWUDWLRQ�RI�WKH�VWRFKDVWLFLW\�LQ�OLYLQJ�FHOOV��6LQFH�
WKHQ��WKH�SKHQRPHQRQ�JDLQHG�VXEVWDQWLDO�LQWHUHVW�DQG�
WKH�XELTXLW\�RI�WKH�VWRFKDVWLF�QDWXUH�RI�JHQH�H[SUHVVLRQ�
LV�QRW�D�VXUSULVH�DQ\PRUH��$�GLUHFW�FRQVHTXHQFH�RI�WKH�
UDQGRPQHVV�RI�JHQH�H[SUHVVLRQ�LV�WKH�VSRQWDQHRXV�JH-
QHUDWLRQ�RI�SKHQRW\SLF� YDULDELOLW\�� ,QGHHG�� VXEVWDQWLDO�
GL̆HUHQFHV�EHWZHHQ�FHOOV�ZLWKLQ�WKH�VDPH�WLVVXH�RU�FOR-
QDO�SRSXODWLRQV�KDYH�EHHQ�GHWHFWHG��7KH�YDULDWLRQ�ZDV�
PXFK�KLJKHU�WKDQ�H[SHFWHG��,Q�WKH�FODVVLFDO�YLHZ��VXFK�
YDULDELOLW\� LV�D�QXLVDQFH� WKDW�VHUYHV�DV�DQ� LPSHGLPHQW�
WR� UHOLDEOH�EHKDYLRU� �5DM�	�2XGHUQDUGHHQ������&HOO���
,Q�.XSLHF¶V�IUDPLQJ�LW�LV�WKH�RSSRVLWH��VSRQWDQHRXV�YD-
ULDWLRQ� LV�HVVHQWLDO� WR�PDLQWDLQ�WKH�FDSDFLW\�RI� WKH�FHOO�
WR� UHVSRQG� WR� HQYLURQPHQWDO� FKDQJHV�DQG�� HYHQWXDOO\��
WR�GL̆HUHQWLDWH��7KH�UHTXLUHPHQW�RI�FRQWLQXRXV�SKHQRW-
\SLF�ÀXFWXDWLRQ�LV�WKH�VHFRQG�LPSRUWDQW�DVVXPSWLRQ�RI�
WKH�PRGHO�

+RZHYHU�� LI� YDULDWLRQ� LV� DQ� REVWDFOH� WKDW� WKH� OLYLQJ�
FHOO�PXVW�RYHUFRPH�WR�DFKLHYH�QRUPDO�IXQFWLRQ��DV�FRQ-
VLGHUHG�E\� WKH�GHWHUPLQLVWLF� YLVLRQ�� WKHQ� WKHUH� VKRXOG�
EH�HYROYHG�PHFKDQLVPV�E\�ZKLFK�WKH�H̆HFWV�RI�QRLVH�DUH�
PLQLPL]HG��0DQ\�VWXGLHV�ZHUH�FRQGXFWHG�WR�LQYHVWLJD-

WH� WKH�H̆HFW�RI� UHJXODWRU\� IHHG�EDFN�RU� IRUZDUG� ORRSV��
FDVFDGHV� DQG� QHWZRUNV� RQ� ³QRLVH´� SURSDJDWLRQ� DQG� D�
QXPEHU�RI�LQWHUHVWLQJ�LQGLYLGXDO�H[DPSOHV�ZHUH�GHVFUL-
EHG� �(OGDU� 	� (ORZLW]� ������� 1HYHUWKHOHVV�� RQH� RI� WKH�
PRVW�LPSRUWDQW�GLVFRYHULHV�ZDV�WKH�GHPRQVWUDWLRQ�WKDW�
WKH�FDSDFLW\�RI�WKH�OLYLQJ�FHOO�WR�UHGXFH�PROHFXODU�ÀXF-
WXDWLRQV� LV� IXQGDPHQWDOO\� OLPLWHG� �/HVWDV� ������� 7KLV�
VWXG\�GHPRQVWUDWHG�WKDW� WKH�QRLVH��YDULDWLRQ� LQ�DEXQ-
GDQFLHV� RI� WKH�PROHFXODU� FRPSRQHQWV�� GHFUHDVHV�ZLWK�
WKH�TXDGUDWLF�URRW�RI�WKH�QXPEHU�RI�VLJQDOLQJ�HYHQWV��,Q�
RWKHU�WHUPV��LW�UHTXLUHV�VL[WHHQ�WLPHV�PRUH�LQYHVWPHQW�
WR�VLPSO\�GRXEOH�WKH�DFFXUDF\�RI�D�UHJXODWRU\�SURFHVV��
7KH�FHOO�VLPSO\�FDQ¶W�D̆RUG�VXFK�D�KLJK�HQHUJHWLF�FRVW�
UHTXLUHG�WR�UHGXFH�WKH�ÀXFWXDWLRQV�WR�D�OHYHO�ZKHUH�UH-
JXODWRU\�V\VWHPV�FDQ�ZRUN�LQ�D�GHWHUPLQLVWLF�ZD\��6WD-
ELOLW\� LV�QRW�DQ�LQWULQVLF�SURSHUW\�RI�DQ�LQGLYLGXDO�FHOO��
FRQVWDQW�YDULDWLRQ�LV��7KHUHIRUH��VWRFKDVWLF�YDULDWLRQ�UH-
SUHVHQWV�D�FRQVWUDLQW�WKDW�FDQ¶W�EH�GLVPLVVHG��WKH\�KDYH�
WR�EH�SDUW�RI�WKH�H[SODQDWRU\�VFKHPH�RI�WKH�VWDELOLW\�RI�
ELRORJLFDO�V\VWHPV�

7KH� WKLUG� DVVXPSWLRQ� RI� WKH� .XSLHF� PRGHO� VWDWHV�
SUHFLVHO\��WKDW�VWDELOLW\�RI�FHOO�VWDWHV�LQ�PXOWLFHOOXODU�RU-
JDQLVPV�LV�WKH�UHVXOW�RI�FHOO�WR�FHOO�RU�FHOO�HQYLURQPHQW�
LQWHUDFWLRQV�� ,Q� WKLV� ZD\�� PXOWLFHOOXODU� RUJDQLVPV� DUH�
DQDORJRXV�WR�DQ�HFRV\VWHP�ZKHUH�FHOOV�DUH� LQGLYLGXDOV�
DQG�FHOO�W\SHV�DUH�VSHFLHV��,Q�IDFW��WKH�UROH�RI�FHOO�WR�FHOO�
LQWHUDFWLRQV�LQ�HPEU\RQDO�GHYHORSPHQW�LV�DOUHDG\�ZHOO�
NQRZQ��7KH�RQO\�GL̆HUHQFH�EHWZHHQ� WKH�GHWHUPLQLVWLF�
DQG�SUREDELOLVWLF�H[SODQDWLRQ�LV�WKDW�WKH�IRUPHU�FRQVL-
GHUV�FHOO�WR�FHOO� LQWHUDFWLRQV�DV�DQ� LQGXFHU�RI�FKDQJHV��
FRQWUDU\�WR�WKH�ODWWHU��WKDW�VHHV�WKHP�DV�VWDELOL]LQJ�IRUFH��
6RPH�UHFHQW�REVHUYDWLRQV�KRZHYHU��DUH�QRW�RQO\�FRPSD-
WLEOH�ZLWK�WKH�SUREDELOLVWLF�PRGHO��EXW�GLUHFWO\�UHIXWH�WKH�
GHWHUPLQLVWLF� LQWHUSUHWDWLRQ��)RU�H[DPSOH�� LQ� WKH�'UR-
VRSKLOD�HPEU\R�HDUO\�H[SUHVVHG�JHQHV�H[KLELW�WKH�VDPH�
GHJUHH�RI�WUDQVFULSWLRQDO�YDULDELOLW\��3UHFLVH�H[SUHVVLRQ�
SUR¿OH� LQ� WKH� HPEU\R� LV� JHQHUDWHG� E\� VSDWLRWHPSRUDO�
DYHUDJLQJ��/LWWOH�HW�DO��������

$Q�H[SOLFLW�SUHGLFWLRQ�RI�WKH�SUREDELOLVWLF�PRGHO�IRU-
PXODWHG�E\�.XSLHF�LV�WKH�WUDQVLWRU\�LQFUHDVH�RI�FHOO�WR�
FHOO�YDULDWLRQ��7KLV�SUHGLFWLRQ�LV�QRZ�¿UPO\�FRQ¿UPHG��
7KH�¿UVW�REVHUYDWLRQV�RQ�KHPDWRSRLHWLF�VWHP�FHOOV�ZHUH�
SXEOLVKHG�DV�HDUO\�DV�������+X�HW�DO���������7KH\�VKRZ-
HG�WKDW�EHIRUH�FRPPLWWLQJ�WR�D�FHOO� IDWH�� WKHVH�FHOOV�JR�
WKURXJK�D�SHULRG�RI�GLVRUGHUHG�JHQH�H[SUHVVLRQ��ZKHQ�
PDQ\�GL̆HUHQW�JHQHV�W\SLFDO�IRU�PXWXDOO\�H[FOXVLYH�FHOO�
IDWHV� DUH� FR�H[SUHVVHG�� 7KH� DXWKRUV� FDOOHG� WKLV� VWDWH�
DV� ³PXOWLOLQHDJH�SULPHG´�� 7KLV� REVHUYDWLRQ� KDV� EHHQ�
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FRQ¿UPHG� VHYHUDO� WLPHV� �3LQD� HW� DO�� ������0RXVV\� HW�
DO��������6LPLODU�REVHUYDWLRQV�ZHUH� UHSRUWHG�RQ�RWKHU�
H[SHULPHQWDO� FHOO� V\VWHPV� DOVR� �5LFKDUG� HW� DO�� ������
0RMWDKHGL�HW�DO��������5HFHQWO\��WKH�ULVH�WKHQ�IDOO�SUR¿-
OH�RI�WKH�WUDQVFULSWLRQDO�YDULDWLRQ�KDV�EHHQ�UHSRUWHG�WR�
EH�D�XQLYHUVDO�IHDWXUH�RI�FHOOXODU�GL̆HUHQWLDWLRQ��*DR�HW�
DO�������

7KH� ����� SDSHU� ZDV� WKH� ¿UVW� VWHS� RQ� D� ORQJ� URDG��
1RZ�� ��� \HDUV� ODWHU�� IDU� EH\RQG� WKH� LQLWLDO� WKHRUHWLFDO�
VSHFXODWLRQV�DQG�FRQMHFWXUHV��ZLWK�D�VXEVWDQWLDO�ERG\�RI�
HYLGHQFH�DV�VXSSRUW��WKH�SUREDELOLVW�WKHRU\�RI�FHOO�GL̆H-
UHQWLDWLRQ�LV�RQ�WKH�ZD\�WR�EHFRPH�DQ�DOWHUQDWLYH�WR�WKH�
GHWHUPLQLVWLF�YLHZ�RI�RQWRJHQHVLV�DQG�WR�KHOS�GH¿QLWL-
YHO\�JHWWLQJ�ULG�RI�WKH�FU\SWLF�¿QDOLVP�KLGGHQ�LQ�LW�
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Abstract
$�SUREDELOLVWLF�WKHRU\�IRU�FHOO�GL̆HUHQWLDWLRQ�LV�SURSRVHG�LQ�ZKLFK�LW�LV�SRVWXODWHG�WKDW�GL̆HUHQWLDO�JHQH�H[SUHVVLRQ�LV�SURYRNHG�E\�
UDQGRP�HYHQWV��$Q�DQDO\VLV�RI�GHWHUPLQLVW�WKHRULHV�LV�PDGH��DQG�WZR�SUHGLFWLRQV�EDVHG�RQ�WKH�SUREDELOLVWLF�WKHRU\�DUH�FRPSDUHG�
WR�H[SHULPHQWDO�IDFW��$�SUREDELOLVWLF�PRGHO�RI�JHQH�UHJXODWLRQ�LV�DOVR�JLYHQ��7KLV�WKHRU\�FDQ�DFFRXQW�IRU�VHYHUDO�SKHQRPHQD��GLI-
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Introduction

,Q�WKLV�DUWLFOH�D�WKHRU\�IRU�FHOO�GL̆HUHQWLDWLRQ�LV�SUH-
VHQWHG�LQ�ZKLFK�GL̆HUHQWLDO�JHQH�H[SUHVVLRQ�LQ�WKH�GLI-
IHUHQW� FHOO� OLQHV� FRQVWLWXWLQJ�DQ�RUJDQLVP� LV� WKH� UHVXOW�
RI� UDQGRP� HYHQWV� ZKLFK� RFFXU�ZLWKLQ� WKH� FHOOV� DW� WKH�
OHYHO�RI�LQWHUDFWLRQV�EHWZHHQ�UHJXODWRU\�PROHFXOHV�DQG�
JHQHV��,Q�WKH�IUDPH�RI�WKLV�WKHRU\��LQWHUDFWLRQV�EHWZHHQ�
WKH�GL̆HUHQW�FHOO�W\SHV�GR�QRW�SOD\�DQ\�LQGXFWLYH�UROH�LQ�
GL̆HUHQWLDO�JHQH�H[SUHVVLRQ��EXW�LQWHUYHQH�VHFRQGDULO\�
WR�FRQWURO�DQG�FR�RUGLQDWH�WKH�GHYHORSPHQW�RI�WKH�GLI-
IHUHQW�WLVVXHV�

7KUHH�HOHPHQWV�KDYH�OHG�PH�WR�HODERUDWH�WKLV�WKHR-
U\���L��WKH�LGHD�WKDW�F\EHUQHWLF�FRQFHSWV�FDQQRW�GHVFULEH�
ELRORJLFDO� UHDOLW\� EHFDXVH� LW� LV� UDGLFDOO\� GL̆HUHQW� IURP�
WKH�PDFKLQH�ZRUOG���LL��7KH�DQDO\VLV�RI�GHWHUPLQLVW�PR-
GHOV�RI�FHOO�GL̆HUHQWLDWLRQ���LLL��7KH�ZRUN�RI�*HLVVOHU�HW�
DO���*HLVVOHU�HW�DO����������ZKLFK�VKRZV�WKDW�WKH�VXUYLYDO�
SUREDELOLW\�RI�DQ�HPEU\R�LV�LQGHSHQGHQW�RI�WKDW�RI�WKH�
RWKHU�HPEU\RV�FDUULHG�E\�WKH�VDPH�IHPDOH��7KLV�ZLOO�EH�
DQDO\]HG�LQ�WKH�WKLUG�SDUW�RI�WKLV�DUWLFOH�

6LQFH�WKH�H[SHULPHQWV�RI�6SHPDQQ�DQG�0DQJROG�LQ�
WKH�HDUO\�WZHQWLHV��ZKLFK�JDYH�ULVH�WR�WKH�FRQFHSW�RI�LQ-

GXFWLRQ��PRVW� RI� WKH�PRGHOV� WKDW�KDYH�EHHQ�SURSRVHG�
WR�H[SODLQ�FHOO�GL̆HUHQWLDWLRQ�KDYH�D�FRPPRQ�EDVLV�� LW�
LV�FRQVLGHUHG� WKDW�D�FHOO� LV�GHWHUPLQHG� WR�GL̆HUHQWLDWH�
EHFDXVH�LW�KDV�UHFHLYHG�VSHFL¿F�LQIRUPDWLRQ��7KLV�LQIRU-
PDWLRQ�LV�JHQHUDOO\�WKRXJKW�WR�FRPH�IURP�DQRWKHU�FHOO�
LQ�WKH�IRUP�RI�D�UHJXODWRU\�PROHFXOH���)LJXUH���

'L̆HUHQFHV�EHWZHHQ�PRGHOV�GHSHQG�RQ���L��WKH�FKH-
PLFDO�QDWXUH�RI� WKH�UHJXODWRU\�PROHFXOHV�� �LL�� WKH� W\SH�
RI�FRQWURO�RI�WKH�UHJXODWRU\�PROHFXOHV��DFWLYDWLRQ�RU�UH-
SUHVVLRQ���LLL���WKH�GLUHFW�DFWLRQ�RI�WKHVH�UHJXODWRU\�PR-
OHFXOHV�DW�WKH�FKURPDWLQ�OHYHO��RU�E\�WKH�LQWHUPHGLDU\�RI�
PHPEUDQH�VLJQDOV�

7KHVH�PRGHOV�FRQWDLQ�D�FRQWUDGLFWLRQ�VLQFH�WKH�FHOO��
ZKLFK�WUDQVPLWV�WKH�LQIRUPDWLRQ��&HOO���LQ�)LJXUH�����LV�
DOUHDG\�GL̆HUHQW� IURP�WKH�RQH� WKDW� UHFHLYHV� WKH� LQIRU-

Figure 1
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�FHOO���RI�)LJXUH����DW�WKH�EHJLQQLQJ�RU�WKH�SURFHVV�EH-
FDXVH�LW�V\QWKHVL]HV�RQH�RU�VHYHUDO�LQIRUPDWLYH�PROHFX-
OHV�QRW�V\QWKHVL]HG�E\�WKH�RWKHU�FHOO��,Q�RUGHU�WR�UHVROYH�
WKLV� FRQWUDGLFWLRQ�� WKH�PRUSKRJHQHWLF� JUDGLHQW� WKHRU\�
LV�XVXDOO\�XVHG��'DYLGVRQ�DQG�%ULWWHQ��������

7KH�LPSOLFLW�QHJDWLYH�K\SRWKHVLV�RI�WKHVH�PRGHOV�LV�
WR�FRQVLGHU�WKDW�HPEU\RQLF�FHOOV��ZKHQ�OHIW�WR�WKHPVHO-
YHV��DUH�LQ�D�VWDEOH�VWDWH��WKDW�WKH\�UHSOLFDWH�LGHQWLFDOO\�
DQG� WKDW� WKH\� FDQQRW� H[SUHVV� RWKHU� JHQHV�ZLWKRXW� WKH�
DFWLRQ�RI�DQ�LQGXFWRU�

7KLV� K\SRWKHVLV� KDV� QHYHU� EHHQ� �DQG� PD\EH� FDQ-
QRW�EH��H[SHULPHQWDOO\�GHPRQVWUDWHG��7KH� IDFW� WKDW� LQ�
FHUWDLQ� FDVHV� FHOO�GL̆HUHQWLDWLRQ�RU�D� VSHFL¿F�JHQH�H[-
SUHVVLRQ�FDQ�EH�LQGXFHG�FKHPLFDOO\��E\�KRUPRQHV��IRU�
H[DPSOH��SURYHV�WKDW�FHOOV�DUH�LQGXFLEOH�IRU�FHUWDLQ�JH-

QHV��EXW�LW�GRHV�QRW�SURYH�WKDW�WKLV�LV�WUXH�IRU�DOO�JHQHV�
DQG�WKDW��LQ�JHQHUDO��FHOOV�FDQQRW�H[SUHVV�GL̆HUHQW�JHQHV�
ZLWKRXW�DQ�LQGXFWLRQ�

2Q� WKH� FRQWUDU\�� WKH� SUREDELOLVWLF� WKHRU\¶V� LQLWLDO�
K\SRWKHVLV�DVVXPHV�WKDW��EHFDXVH�RI� LQWHUQDO�DQG�UDQ-
GRP�HYHQWV�ZKLFK�FDXVH�FHUWDLQ�JHQHV�WR�EH�DFWLYDWHG�RU�
UHSUHVVHG��HXNDU\RWLF�FHOOV�FDQ�GL̆HUHQWLDWH�ZLWKRXW�WKH�
LQWHUYHQWLRQ�RI�H[WHUQDO�VLJQDOV�

7KH�WKHRUHWLFDO�IUDPHZRUN��ZKLFK�LV�WKXV�GH¿QHG��DO-
ORZV�XV�WR�FRQFHLYH�WKDW�WZR�FHOOV�EHFRPH�GL̆HUHQW�IURP�
HDFK�RWKHU�HYHQ�WKRXJK�WKH\�DUH�LGHQWLFDO�DW�WKH�EHJLQ-
QLQJ�RI�WKH�SURFHVV��LQ�)LJXUH���EHORZ��FHOOV���DQG���DUH�
LGHQWLFDO��$FFRUGLQJ�WR�ZKHWKHU�WKH�UDQGRP�HYHQW�D�RU�
E�RFFXUV�LQ�HLWKHU�RI�WKHP��WKH\�DUH�WUDQVIRUPHG�LQWR�D�
W\SH�$�RU�%�FHOO�UHVSHFWLYHO\�

Figure 2

7KH�LPSOLFLW�QHJDWLYH�K\SRWKHVLV�RI�WKHVH�PRGHOV�LV�
WR�FRQVLGHU�WKDW�HPEU\RQLF�FHOOV��ZKHQ�OHIW�WR�WKHPVHO-
YHV��DUH�LQ�D�VWDEOH�VWDWH��WKDW�WKH\�UHSOLFDWH�LGHQWLFDOO\�
DQG� WKDW� WKH\� FDQQRW� H[SUHVV� RWKHU� JHQHV�ZLWKRXW� WKH�
DFWLRQ�RI�DQ�LQGXFWRU�

7KLV� K\SRWKHVLV� KDV� QHYHU� EHHQ� �DQG� PD\EH� FDQ-
QRW�EH��H[SHULPHQWDOO\�GHPRQVWUDWHG��7KH� IDFW� WKDW� LQ�
FHUWDLQ� FDVHV� FHOO�GL̆HUHQWLDWLRQ�RU�D� VSHFL¿F�JHQH�H[-
SUHVVLRQ�FDQ�EH�LQGXFHG�FKHPLFDOO\��E\�KRUPRQHV��IRU�
H[DPSOH��SURYHV�WKDW�FHOOV�DUH�LQGXFLEOH�IRU�FHUWDLQ�JH-
QHV��EXW�LW�GRHV�QRW�SURYH�WKDW�WKLV�LV�WUXH�IRU�DOO�JHQHV�
DQG�WKDW��LQ�JHQHUDO��FHOOV�FDQQRW�H[SUHVV�GL̆HUHQW�JHQHV�
ZLWKRXW�DQ�LQGXFWLRQ�

2Q� WKH� FRQWUDU\�� WKH� SUREDELOLVWLF� WKHRU\¶V� LQLWLDO�
K\SRWKHVLV�DVVXPHV�WKDW��EHFDXVH�RI� LQWHUQDO�DQG�UDQ-
GRP�HYHQWV�ZKLFK�FDXVH�FHUWDLQ�JHQHV�WR�EH�DFWLYDWHG�RU�
UHSUHVVHG��HXNDU\RWLF�FHOOV�FDQ�GL̆HUHQWLDWH�ZLWKRXW�WKH�
LQWHUYHQWLRQ�RI�H[WHUQDO�VLJQDOV�

7KH�WKHRUHWLFDO�IUDPHZRUN��ZKLFK�LV�WKXV�GH¿QHG��DO-
ORZV�XV�WR�FRQFHLYH�WKDW�WZR�FHOOV�EHFRPH�GL̆HUHQW�IURP�
HDFK�RWKHU�HYHQ�WKRXJK�WKH\�DUH�LGHQWLFDO�DW�WKH�EHJLQ-
QLQJ�RI�WKH�SURFHVV��LQ�)LJXUH���EHORZ��FHOOV���DQG���DUH�
LGHQWLFDO��$FFRUGLQJ�WR�ZKHWKHU�WKH�UDQGRP�HYHQW�D�RU�

E�RFFXUV�LQ�HLWKHU�RI�WKHP��WKH\�DUH�WUDQVIRUPHG�LQWR�D�
W\SH�$�RU�%�FHOO�UHVSHFWLYHO\�

%HIRUH�UDLVLQJ�WKH�TXHVWLRQ�RU�WKH�QDWXUH�RI�WKH�UDQ-
GRP�HYHQWV�ZKR�SURYRNH�FHOO�GL̆HUHQWLDWLRQ�� WZR�SUH-
GLFWLRQV�EDVHG�RQ�WKLV�K\SRWKHVLV�FDQ�EH�PDGH�DQG�FRP-
SDUHG�WR�H[SHULPHQWDO�IDFWV�

)LUVW� 3UHGLFWLRQ�� ,I� WKH� DSSHDUDQFH� RI� WKH�GL̆HUHQW�
FHOO� W\SHV� WKDW�FRQVWLWXWH�DQ�RUJDQLVP�GHSHQGV�RQ� WKH�
RFFXUUHQFH� RI� UDQGRP�HYHQWV�� WKLV� SKHQRPHQRQ�PXVW�
RQO\�KDYH�D�FHUWDLQ�SUREDELOLW\�WR�VXFFHHG�HDFK�WLPH�WKDW�
LW�RFFXUV��7KHUHIRUH��LW�PXVW�DOVR�KDYH�D�FHUWDLQ�IDLOXUH�
SUREDELOLW\�

6HFRQG�3UHGLFWLRQ��,Q�RUGHU�WR�VXFFHHG��HDFK�RI�WKH�
UDQGRP�HYHQWV�OHDGLQJ�WR�D�FHOO�W\SH�PXVW�RFFXU�DW�OHDVW�
RQFH�ZLWKLQ�RQH�RI�WKH�FHOOV�WKDW�FRQVWLWXWH�WKH�HPEU\R��
,I�WKLV�GRHV�QRW�KDSSHQ��RQH�RU�VHYHUDO�FHOO�W\SHV�ZLOO�EH�
PLVVLQJ�DQG�LW�ZLOO�EH�D�IDLOXUH�

7KH� IDLOXUH�SUREDELOLW\� VKRXOG�EH� D� IXQFWLRQ�RI�� RQ�
WKH�RQH�KDQG��WKH�SUREDELOLWLHV�RI�WKH�UDQGRP�HYHQWV�LQ�
HDFK�FHOO�OHDGLQJ�WR�WKH�GL̆HUHQW�FHOO�W\�SHV��DQG��RQ�WKH�
RWKHU�KDQG�� WKH�QXPEHU� RI� FHOOV��ZKLFK� FRQVWLWXWH� WKH�
HPEU\R�WKH�JUHDWHU�WKLV�QXPEHU��WKH�VPDOOHU�WKH�IDLOXUH�
SUREDELOLW\��ZLOO�EH�
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7KHVH� SUHGLFWLRQV� DUH� FRPSDWLEOH� ZLWK� VRPH� H[-
SHULPHQWDO� IDFWV��7KHUH� LV�DOZD\V�D�FHUWDLQ�IDLOXUH�UDWH�
LQ�HPEU\RJHQHVLV��7KLV�SKHQRPHQRQ�KDV�PDLQO\�EHHQ�
VWXGLHG� E\� DJUR�ELRORJLVWV� ZLWK� WKH� SXUSRVH� RI� LQFUH-
DVLQJ� WKH� SUR¿WDELOLW\� RI� VWRFN�� $FFRUGLQJ� WR� 9DQGH-
SODVVFKH��9DQGHSODVVFKH�������³$OO�VSHFLHV�KDYH��������
��HPEU\RQLF�PRUWDOLW\�ZKLFK�RFFXUV�EHIRUH��GXULQJ�DQG�
VKRUWO\�DIWHU�LPSODQWDWLRQ��VR�WKDW�RQH�LV�LQFOLQHG�WR�EH-
OLHYH� WKDW� HPEU\RQLF�PRUWDOLW\� LV�� DW� OHDVW� WR� D� FHUWDLQ�
H[WHQW��D�QRUPDO�SKHQRPHQRQ�´

6HYHUDO�K\SRWKHVHV��HLWKHU�JHQHWLF�RU�SK\VLRORJLFDO��
KDYH�EHHQ�PDGH�WR�H[SODLQ�WKH�FDXVH�RU�HPEU\RQLF�PRU-
WDOLW\� �%LVKRS��������9DULRXV� IDFWRUV�PD\� LQÀXHQFH� LW��
EUHHG��DJH��JHQRW\SH��WHPSHUDWXUH��IRU�UHYLHZV�RQ�WKLV�
VXEMHFW� �(GH\�� ������$\DORQ�� ������)HFKKHLPHU�� ������
*XVWDYVVRQ�� ������� %XW� QR� GH¿QLWLYH� H[SODQDWLRQ� EDV�
EHHQ�JLYHQ� IRU� WKLV�SKHQRPHQRQ��7KH�SUREDELOLVW� WKH-
RU\�SURYLGHV� D� VLPSOH� DQG� FRKHUHQW� H[SODQDWLRQ� VLQFH�
LW�SUHGLFWV�D� IDLOXUH�SUREDELOLW\� IRU�FHOO�GL̆HUHQWLDWLRQ��
0RUHRYHU�LW�FDQ�JLYH�DQ�H[SODQDWLRQ�IRU�FHUWDLQ�H[SHUL-
PHQWDO�UHVXOWV�WKDW�FODVVLFDO�WKHRULHV�FDQ�KDUGO\�DFFRXQW�
IRU��$OOLVRQ��$OOLVRQ��������KDV�VKRZQ�WKDW�LQ�VKHHS�WKH-
UH�LV�D�UHODWLRQVKLS�EHWZHHQ�WKH�VXUYLYDO�SUREDELOLW\�RI�
DQ�HPEU\R�DQG�WKH�QXPEHU�RI�HPEU\RV�FDUULHG�VLPXO-
WDQHRXVO\�E\�WKH�JHVWDWLQJ�IHPDOH��:KHQ�WKH�QXPEHU�RI�
HPEU\RV� FDUULHG� VLPXOWDQHRXVO\�E\� WKH� IHPDOH� LQFUHD-
VHV��WKH�VXUYLYDO�SUREDELOLW\�RI�HDFK�HPEU\R�GHFUHDVHV��
*HLVVOHU�HW�DO���*HLVVOHU�HW�DO���������KDYH�GRQH�D�PDWKH-
PDWLFDO�DQDO\VLV�RI�WKHVH�UHVXOWV��7KH\�KDYH�VKRZQ�WKDW�
WKH� VXUYLYDO� RI� D� IHUWLOLVHG� RYXP�GHSHQGV� RQO\� RQ� WKH�
QXPEHU�RI�RYD�FDUULHG�ZLWK�LW�DQG�LV�LQGHSHQGHQW�RI�WKH�
VXUYLYDO�RU�GHDWK�RI�WKRVH�FDUULHG�ZLWK�LW�

1RZ��LI�WKH�VXUYLYDO�SUREDELOLW\�RI�RQH�HPEU\R�LV�LQGH-
SHQGHQW�RI�WKRVH�RI�WKH�RWKHU�HPEU\RV�FDUULHG�E\�WKH�VDPH�
IHPDOH�� WKLV� LQGLFDWHV� WKDW� WKH�GHWHUPLQLQJ�FDXVH�RI� WKLV�
SUREDELOLW\�LV�LQWHUQDO�DQG�QRW�H[WHUQDO�WR�WKH�HPEU\R�

7KH�K\SRWKHVHV�WKDW�FDQ�EH�PDGH�ZLWKLQ�WKH�IUDPH�
RI� FODVVLFDO� WKHRULHV� WR� H[SODLQ� HPEU\RQLF� PRUWDOLW\�
DUH�KDUGO\�DEOH�WR�DFFRXQW�IRU�WKLV�UHVXOW��,Q�WKH�FDVH�RI�
K\SRWKHVHV� ZKLFK� SRVWXODWH� WKDW� LQ� JLYHQ� FRQGLWLRQV��
WKHUH�LV�D�OLPLW�WR�WKH�QXPEHU�RI�HPEU\RV�WKDW�FDQ�GHYH-
ORS�LQVLGH�WKH�VDPH�IHPDOH��9DQGHSODVVFKH����������WKLV�
OLPLW�EHLQJ�GHWHUPLQHG�E\�IDFWRUV�VXFK�DV�WKH�SK\VLFDO�
VSDFH�RI�WKH�XWHUXV��QXWULWLYH�FRQGLWLRQV��KRUPRQDO�LP-
EDODQFH��HWF���WKH�VXUYLYDO�SUREDELOLWLHV�RI�WKH�HPEU\RV�
VKRXOG�EH�GHSHQGHQW���)RU�H[DPSOH��IURP�WKH�PRPHQW�
WKDW�WKH�PD[LPXP�QXPEHU�RI�HPEU\RV�KDYLQJ�D�QRUPDO�

GHYHORSPHQW� LV�UHDFKHG�WKH�VXUYLYDO�SUREDELOLW\�RI� WKH�
UHPDLQLQJ�HPEU\RV�VKRXOG�EHFRPH�]HUR��

,Q�WKH�FDVH�RI�JHQHWLFDO�K\SRWKHVHV��DW� OHDVW�DQ� LP-
SRUWDQW�SDUW�RI�PXWDWLRQV��FKURPRVRPDO�DEQRUPDOLWLHV�
DQG�DEHUUDWLRQV�UHVXOW�IURP�HUURUV�WKDW�RFFXU�EHIRUH�IH-
FXQGDWLRQ�DQG�WKHUH�LV�QR�UHDVRQ�IRU�WKH�QXPEHU�RI�WKH-
VH�HUURUV�WR�LQFUHDVH�ZKHQ�WKH�QXPEHU�RI�UHOHDVHG�RYD�
LQFUHDVHV��+RZHYHU�RQH�PLJKW�SRVWXODWH�WKDW�WKH�QXP-
EHU�RI�UHPDLQLQJ�HUURUV�RFFXUULQJ�GXULQJ�RU�VKRUWO\�DI-
WHU�IHFXQGDWLRQ�LQFUHDVHV�LI�WKH�QXPEHU�RI�UHOHDVHG�RYD�
LQFUHDVHV��%XW� VXFK� D�K\SRWKHVLV� LV� LQFRPSDWLEOH�ZLWK�
WKH�UHVXOWV�RI�*DWHV��*DWHV��������ZKR��E\�WKH�WUDQVSODQ-
WDWLRQ�RI�EODVWRF\VWV�IURP�IHPDOHV�ZKLFK�KDG�EHHQ�LQGX-
FHG�WR�VXSHU��RYXODWH�LQ�WR�QRQ�WUHDWHG�IHPDOHV��IRXQG�
WKDW�WKHVH�EODVWRF\VWV�ZHUH�JHQHWLFDOO\�DQG�SK\VLRORJL-
FDOO\�QRUPDO�

7KH� SUREDELOLVWLF� WKHRU\� H[SODLQV� WKLV� UHVXOW� LQ� WKH�
IROORZLQJ�ZD\��ZKHQ�WKH�QXPEHU�RI�HPEU\RV�FDUULHG�E\�
WKH�VDPH�IHPDOH�LQFUHDVHV��WKH�QXPEHU�RI�FHOOV�FRQVWLWX-
WLQJ�HDFK�HPEU\R�LQ�HDFK�SKDVH�RI�LWV�GHYHORSPHQW�GH-
FUHDVHV��7KLV�K\SRWKHVLV�LV�SODXVLEOH�DQG�FDQ�EH�WHVWHG���
1RZ�� WKH�VXUYLYDO�SUREDELOLW\� LV�DV�ZH�KDYH�SUHYLRXVO\�
VHHQ��VHFRQG�SUHGLFWLRQ��GHSHQGHQW�RQ�WKH�QXPEHU�RI�
FHOOV�ZKLFK� FRQVWLWXWH� WKH� HPEU\R�� ,I� WKLV� QXPEHU�GH-
FUHDVHV��WKH�VXUYLYDO�SUREDELOLW\�ZLOO�DOVR�GHFUHDVH��%XW�
LQ�WKLV�FDVH��WKH�VXUYLYDO�SUREDELOLW\�RI�RQH�HPEU\R�UH-
PDLQV� LQGHSHQGHQW� RI� WKH� VXUYLYDO� SUREDELOLW\� RI� WKH�
RWKHU�HPEU\RV�VLQFH�LW�LV�RQO\�GHSHQGHQW�RQ�WKH�QXPEHU�
RI� FHOOV�DQG�QRW�RQ� WKH� IDLOXUH�RU� VXUYLYDO�RI� WKH�RWKHU�
HPEU\RV�� 7KH� IDFW� WKDW� WKLV� SUREDELOLW\� GHFUHDVHV� KDV�
IRU� LWV�XOWLPDWH�H̆HFW� WKDW��VWDWLVWLFDOO\�� WKH�QXPEHU�RI�
VXUYLYLQJ�HPEU\RV�GHFUHDVHV�LI�WKH�QXPEHU�RI�HPEU\RV�
FDUULHG�E\�WKH�VDPH�JHVWDWLQJ�IHPDOH�LQFUHDVHV�

$�UHODWLRQ�EHWZHHQ�WKH�QXPEHU�RI�FHOOV�DQG�WKH�YLDEL-
OLW\�RI�HPEU\RV�KDV�DOUHDG\�EHHQ�GHVFULEHG��:X��������

Probabilistic theory of
gene regulation in eucaryotic cells

'HWHUPLQLVW�PRGHOV�RI�JHQH� UHJXODWLRQ� LQ�HXNDU\R-
WLF�FHOOV�SUHVXSSRVH�WKH�H[LVWHQFH�RI�VSHFL¿F�UHJXODWRUV�
ZKLFK� VSHFL¿FDOO\� DFWLYDWH� RU� UHSUHVV� GL̆HUHQW� JHQHV�
GXULQJ� FHOO� GL̆HUHQWLDWLRQ�� 7KHVH� PRGHOV� DUH� XVXDOO\�
HODERUDWHG�E\�D�UH�WKLQNLQJ�RI�WKH�0RQRG�-DFRE�PRGHO�
RI� WKH� ODFWRVH�RSHURQ�RI�(��&ROL��+HUH�DJDLQ�� WKLV� LV�DQ�
XQGHPRQVWUDWHG�K\SRWKHVLV�EHFDXVH�WKHVH�PRGHOV�PXVW�
SUHVXSSRVH�D�ZLGH�GLYHUVLW\�RI�UHJXODWRUV��QRW�\HW�GLVFR-
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YHUHG�H[SHULPHQWDOO\�LQ�RUGHU�WR�H[SODLQ�WKH�GLYHUVLW\�RI�
WLVVXHV�ZKLFK�FRQVWLWXWH�DQ�RUJDQLVP�

3UREDELOLVWLF�PRGHO�RI�JHQH�UHJXODWLRQ�LQ�HXNDU\R-
WLF�FHOOV��7KLV�PRGHO�LV�EDVHG�RQ�WZR�EDVLF�SULQFLSOHV�����
WKH�PROHFXOHV�ZKLFK�LQWHUDFW�ZLWK�'1$�DQG�DFWLYDWH�RU�
UHSUHVV�JHQHV�DUH�QRQ�VSHFL¿F�UHJXODWRUV��(DFK�UHJXOD-
WRU�LQ�WKH�FHOO¶V�QXFOHXV�LV�SUHVHQW�LQ�D�TXDQWLW\�VPDOOHU�
WKDQ� WKH�1�QXPEHU� RU�'1$� VHTXHQFHV�ZLWK�ZKLFK� LW�
FDQ�LQWHUDFW�

7KH�FKRLFH�RI�WKH�T�'1$�VHTXHQFHV�DPRQJ�WKH�SRV-
VLEOH�1�VHTXHQFHV��ZLWK�ZKLFK�WKH�T�UHJXODWRU\�PROH-
FXOHV�LQWHUDFW�LQ�D�FHOO��RFFXUV�LQ�D�VWRFKDVWLF�ZD\�

7KHUH� LV� WKHUHIRUH�D�FRPELQDWLRQ�RI�GLVWULEXWLRQDO�
SRVVLELOLWLHV�RI�WKH�T�PROHFXOHV�� WDNHQ�WKH�1�'1$�VH-
TXHQFHV�� (DFK� RI� WKHVH� GLVWULEXWLRQV� FRUUHVSRQGV� WR�
WKH�DFWLYDWLRQ�RU�UHSUHVVLRQ�RI�T�GL̆HUHQW�JHQHV��RU�VHW�
RI�JHQHV��

$W� WKH� WLPH�RI�'1$�UHSOLFDWLRQ�� LQ�HDFK�FHOO� WKH�T�
UHJXODWRU\�PROHFXOHV�DUH�UHGLVWULEXWHG�RYHU�WKH�1�VH-

TXHQFHV�DQG�D�GL̆HUHQW�GLVWULEXWLRQ�RU�WKH�T�PROHFXOHV�
RYHU�WKH�1�VHTXHQFHV�PD\�UHVXOW��+RZHYHU��WKH�WUDQVL-
WLRQ�RI�RQH�GLVWULEXWLRQ�WR�DQRWKHU�RQH�LV�QRW�HTXLSUR-
EDEOH�IRU�DOO�SRVVLEOH�GLVWULEXWLRQV�

7KH�SUREDELOLW\�RI�WUDQVLWLRQ�I�URP�RQH�GLVWULEXWLRQ�
WR�DQRWKHU�LV�D�IXQFWLRQ�RI�WKH�UHODWLYH�SRVLWLRQV�RI�WKH�
GL̆HUHQW�UHJXODWRU\�VHTXHQFHV�RI�'1$��'L̆HUHQW�SDUD-
PHWHUV�PLJKW� LQWHUYHQH� WR�GHWHUPLQH� WKLV�SUREDELOLW\�
VR�WKDW�LW�LV�QRW�QHFHVVDULO\�GLUHFWO\�SURSRUWLRQDO�WR�WKH�
GLVWDQFH� VHSDUDWLQJ� WKH�'1$�VHTXHQFHV��:LWK�D�YLHZ�
WR�VLPSOLFLW\��,�KDYH�RQO\�FRQVLGHUHG�GLVWDQFH�DORQJ�WKH�
'1$�FKDLQ�DV�GHWHUPLQLQJ�WKH�SUREDELOLW\�RI�WUDQVLWLRQ�
LQ� WKH� IROORZLQJ� H[DPSOHV�� 7KLV� GRHV� QRW� FKDQJH� WKH�
ORJLF�RI�WKH�WKHRU\��

/HW�XV�FRQVLGHU�� IRU�H[DPSOH��D�YHU\�VLPSOH�FDVH� LQ�
ZKLFK�T ���DQG�1� �����)LJXUH�����:KHQ�WKH�UHJXODWRU\�
PROHFXOH�LV�LQ�1���LW�KDV�DQ�HTXDO�SUREDELOLW\�RI�PRYLQJ�
LQWR�1��RU�1��

Figure 3

7KH� IRXU�'1$�VHTXHQFHV�1O��1���1��DQG�1��ZLWK�
ZKLFK�WKH�UHJXODWRU\�PROHFXOH�FDQ�LQWHUDFW�KDYH�D�GL-
VWDQFH�RI�GO��G���G���EHWZHHQ�WKHP��+RZHYHU�WKHVH�WK-
UHH�GLVWDQFHV�DUH�QRW�HTXDO�VR�WKDW��G����G����GO��:KHQ�
WKH�UHJXODWRU\�PROHFXOH�LV�LQ�1O��WKH�SUREDELOLW\�IRU�LW�
WR�PRYH�LQWR�1��DW�WKH�WLPH�RI�'1$�UHSOLFDWLRQ�LV�KL-
JKHU�WKDQ�WKH�SUREDELOLW\�IRU�LW�WR�PRYH�LQWR�1��ZKLFK�
LV� IXUWKHU�DZD\��DQG�HYHQ�KLJKHU�WKDQ�WKH�SUREDELOLW\�
IRU�LW�WR�PRYH�LQWR�1��ZKLFK�LV�VWLOO�IXUWKHU�DZD\�

:KHQ�WKH�UHJXODWRU�LV�LQ�1���WKH�QHDUHVW�VHTXHQFH�
LV�1���7KHUHIRUH��WKH�KLJKHVW�SUREDELOLW\�LV�WKDW�LW�ZLOO�
PRYH�LQWR�1��

6LPLODUO\��ZKHQ�WKH�UHJXODWRU�LV�LQ�1���WKH�KLJKHVW�
SUREDELOLW\�LV�WKDW�LW�ZLOO�PRYH�LQWR�1��

,Q�DQ� HPEU\RQLF� FHOO�ZKLFK� VWDUWV�GLYLGLQJ�DQG� LQ�
ZKLFK�WKH�UHJXODWRU\�PROHFXOH�LV�LQ�1���WKH�VXFFHVVLYH�

WUDQVLWLRQ� LQWR�1���1�� DQG�1�� LV�PRVW� SUREDEOH� DQG�
HDFK� RI� WKHVH� VLWXDWLRQV�ZLOO� FDXVH� GL̆HUHQW� JHQHV� WR�
EH�DFWLYDWHG�RU�UHSUHVVHG��6R�WKDW�WKH�UHODWLYH�SRVLWLRQ�
RI� WKH� IRXU� VHTXHQFHV�1O��1���1�� DQG�1�� LQ� UHODWLRQ�
WR�RQH�DQRWKHU�GHWHUPLQHV�WKH�GL̆HUHQWLDWLRQ�SURJUDP�
ZKLFK�KDV�WKH�KLJKHVW�SUREDELOLW\�RI�EHLQJ�DFKLHYHG�

:LWK�PRUH�JHQHV�RU�PRUH�UHJXODWRUV�RQH�FDQ�REWDLQ�
VHYHUDO�FHOO�OLQHV�

)RU�H[DPSOH��OHW�XV�QRZ�FRQVLGHU�WKH�FDVH�LQ�ZKLFK�
RQH�UHJXODWRU\�PROHFXOH�FDQ�LQWHUDFW�ZLWK�VHYHQ�UHJX-
ODWRU\�VHTXHQFHV���)LJXUH�����7KHVH�GL̆HUHQW�VHTXHQFHV�
DUH�VHSDUDWHG�IURP�HDFK�RWKHU�E\�WKH�GLVWDQFHV�G���G����
G���G���G��DQG�G���1��LV�HTXLGLVWDQW�IURP�1��DQG�1���G�
O� �G���G����G�����GO��G����G����G��
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$PRQJ�WKH�HPEU\RQLF�FHOOV�ZKLFK�DUH�LQ�WKH�SURFHVV�
RI�GLYLGLQJ��LQ�FHUWDLQ�FDVHV�WKH�UHJXODWRU�ZLOO�PRYH�LQWR�
1��DQG� LQ�RWKHU� FDVHV� LQWR�1��� ,Q� WKH� FHOOV�ZKHUH� WKH�
UHJXODWRU�KDV�PRYHG� LQWR�1��� WKH�SUREDELOLW\� WR�PRYH�
RQ�ZLOO�EH�KLJKHVW�LQ�1��DQG�1��VXFFHVVLYHO\��LQ�WKH�FHOOV�
ZKHUH�LW�KDV�PRYHG�LQWR�1���WKH�SUREDELOLW\�WR�PRYH�RQ�
ZLOO�EH�KLJKHVW�LQ�1�DQG�1��VXFFHVVLYHO\��,Q�WKLV�FDVH��
WKH�LQLWLDO�FHOO�ZKHUH�WKH�UHJXODWRU�ZDV�LQ�1��ZLOO�KDYH�
JLYHQ�ULVH�WR�WZR�GL̆HUHQW�FHOO�OLQHV�

7KH�UHODWLYH�SRVLWLRQ�RI�WKH�GL̆HUHQW�VHTXHQFHV�DORQJ�
WKH�'1$�FKDLQ�GH¿QHV�D�NLQG�RI�³VXSHUFRGH´�ZKLFK�GH-
WHUPLQHV�WKH�FHOO�GL̆HUHQWLDWLRQ�SURJUDP��7KLV�GL̆HUHQ-
WLDWLRQ�SURJUDP�KDV�D�FHUWDLQ�SUREDELOLW\�WR�EH�DFKLHYHG��
WKDW�LV��LW�DOVR�KDV�D�FHUWDLQ�UHYHUVH�SUREDELOLW\�QRW�WR�EH�
DFKLHYHG�

$V� ZH� KDYH� VHHQ� SUHYLRXVO\�� WKLV� SURSRVDO�� ZKLFK�
PD\�VHHP�SDUDGR[LFDO�� LV�QRW� LQFRPSDWLEOH�ZLWK�H[SH-
ULPHQWDO�IDFWV�

1XPHURXV�PRGHOV�RI�YDU\LQJ�FRPSOH[LW\�FDQ�EH�FRQ-
VWUXFWHG�ZLWK�WKH�VDPH�RSHUDWLQJ�PRGH��7KHVH�PRGHOV�
ZRXOG�GL̆HU�IURP�HDFK�RWKHU�E\�WKH�YDOXH�RI�T�DQG�1��WKH�
QXPEHU�RI�QRQ�VSHFL¿F�UHJXODWRUV�LQYROYHG��WKH�W\SH�RI�
FRQWURO�DQG�WKH�FKHPLFDO�QDWXUH�RI�WKH�UHJXODWRUV�

,Q�UHDOLW\��LW�LV�XQOLNHO\�WKDW�WKHUH�LV�D�VLQJOH�PRGHO��
YDOLG�IRU�DOO�SKDVHV�RI�FHOO�GL̆HUHQWLDWLRQ�DQG�IRU�DOO�VSH-
FLHV�

7R�P\�NQRZOHGJH�� WKHUH� LV� DV� \HW�QR�GLUHFW� H[SHUL-
PHQWDO� SURRI� LQ� IDYRU� RI� WKLV� W\SH� RI� JHQH� UHJXODWLRQ��
+RZHYHU�FHUWDLQ�LQWHUHVWLQJ�FRQVHTXHQFHV�RI�WKHVH�PR-
GHOV�FDQ�EH�FRQVLGHUHG�

,I� WKH� UHODWLYH� SRVLWLRQ� RI� WKH� GL̆HUHQW� UHJXODWRU\�
VHTXHQFHV�GHWHUPLQHV�WKH�GL̆HUHQWLDWLRQ�SURJUDP��WKH�
SRUWLRQV� RI� '1$� EHWZHHQ� WKHVH� VHTXHQFHV�� LQFOXGLQJ�
WKH�QRQ�FRGLQJ�SRUWLRQ�V��SOD\�DQ�HVVHQWLDO�UROH�EHFDXVH�
WKH\� GHWHUPLQH� WKH� SUREDELOLW\� RI� WUDQVLWLRQ� IURP�RQH�
VHTXHQFH�WR�DQRWKHU�RI�WKH�UHJXODWRU\�PROHFXOHV�

7KLV�FRXOG�SDUWO\�H[SODLQ�ZK\�WKH�HXFDU\RWHV�KDYH�DQ�
H[FHVV�RI�'1$�ZKLFK�KDV�EHHQ�FDOOHG�WKH�³&�YDOXH�SDUD-
GR[´��WR�ZKLFK�QR�FOHDUO\�GH¿QHG�IXQFWLRQ�KDV�EHHQ�DVVL-

JQHG��DQG�ZKLFK�KDV�JLYHQ�ULVH�WR�WKH�FRQFHSW�RI�³VHO¿VK�
'1$´��2UJHO�DQG�&ULFN��������

7KH� UROH� RU� FHUWDLQ� SRUWLRQV� RI� QRQ�FRGLQJ� '1$�
PLJKW�EH� WR�NHHS� WKH�JHQHV�DW�D�FHUWDLQ�GLVWDQFH� IURP�
HDFK�RWKHU�LQ�RUGHU�WR�PDLQWDLQ�WKH�UHODWLYH�SRVLWLRQ�RI�
WKHVH�JHQHV��WKDW�LV�WKH�GL̆HUHQWLDWLRQ�SURJUDP�

)URP�DQ� HYROXWLRQLVW� SRLQW� RI� YLHZ�� LW�PD\� DOVR�EH�
DGYDQWDJHRXV�IRU�RUJDQLVPV�WR�KDYH�ELWV�RI�QRQ�FRGLQJ�
'1$�LQ�UHVHUYH�ZKLFK��E\�FKDQJLQJ�WKHLU�SRVLWLRQ�LQ�WKH�
'1$�PROHFXOH�� ZRXOG�PRGLI\� WKH� UHODWLYH� SRVLWLRQ� RI�
WKH�JHQHV��FDXVLQJ�WKH�GL̆HUHQWLDWLRQ�SURJUDP�WR�YDU\�

0RUHRYHU�� LI� FHUWDLQ� RI� WKH�1� JHQHV�� ZKLFK� FDQ� EH�
UHJXODWHG� E\� UHJXODWRU\� PROHFXOHV� DUH� UHSHDWHG� VHYH-
UDO� WLPHV�� WKH\�KDYH� D�KLJKHU�SUREDELOLW\� WR�EH� DFWLYD-
WHG�RU�UHSUHVVHG��7KH�UHSHWLWLRQ�RI�D�JHQH�WKDW�SOD\V�DQ�
LPSRUWDQW� UROH� GXULQJ� FHOO� OLIH� RU� DW� D� FHUWDLQ� VWDJH� RI�
GHYHORSPHQW��JLYHV�WKLV�JHQH�D�KLJKHU�SUREDELOLW\�WR�EH�
H[SUHVVHG�RU�UHSUHVVHG�WKDQ�LI�LW�RQO\�RFFXUV�RQFH�LQ�WKH�
JHQRPH�

Role of cell interactions

'XULQJ�GHYHORSPHQW��FHOOV�QRW�RQO\�GL̆HUHQWLDWH�EXW�
DOVR�JLYH�ULVH�WR�WKH�RUJDQL]HG�VWUXFWXUH��ZKLFK�FRQVWL-
WXWHV�DQ�DGXOW�RUJDQLVP��7KLV�LPSOLHV�D�FR�RUGLQDWLRQ�LQ�
WKH�GHYHORSPHQW�RI�WKH�GL̆HUHQW�WLVVXHV�

,Q�WKH�IUDPH�RI�WKH�SUREDELOLVWLF�WKHRU\�WKLV�LV�DFKLH-
YHG� E\�PHDQV� RI� FHOO� LQWHUDFWLRQV�ZKLFK� LQWHUYHQH� VH-
FRQGDULO\�WR�FRRUGLQDWH�WKH�GHYHORSPHQW�RI�WKH�GL̆HUHQW�
WLVVXHV�ZKLFK�¿UVW�HPHUJHG�LQ�D�UDQGRP�PDQQHU��,W�LV�
QRW�D�QHZ�LGHD�WKDW�FHOO�LQWHUDFWLRQV�SOD\�D�UROH�LQ�GHYH-
ORSPHQW��KRZHYHU��LQ�WKH�IUDPH�RI�WKH�SUREDELOLVWLF�WKH-
RU\�WKHVH�LQWHUDFWLRQV�KDYH�QR�SULPDU\�LQGXFWLYH�UROH�LQ�
FHOO�GL̆HUHQWLDWLRQ��

7KLV�PHDQV� WKDW� GL̆HUHQWLDWLRQ� LV� DFKLHYHG� LQ� WZR�
VWHSV��DW�HDFK�SKDVH���*HQH�UHJXODWLRQ�RFFXUV�LQ�D�VWR-
FKDVWLF�PDQQHU��FI��VHFWLRQ�����'L̆HUHQW�FHOO�W\SHV�HPHU-
JH�EXW� WKH\�PLJKW� FKDQJH� WKHLU�GHWHUPLQDWLRQ�DW� HDFK�
UHSOLFDWLRQ�� 7KH\� UHPDLQ� WRWLSRWHQW�� 1R� RUJDQL]DWLRQ�

Figure 4
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FDQ�HPHUJH��'L̆HUHQW�FHOO�W\SHV�LQWHUDFW�DQG�WKH�UHVXOW�
RI� WKLV� LQWHUDFWLRQ� LV� WKDW� WKH\� EHFRPH� PRQRSRWHQW��
7KH\�FDQQRW�FKDQJH�WKHLU�GHWHUPLQDWLRQ�DQ\�ORQJHU��$Q�
RUJDQL]DWLRQ�FDQ�DSSHDU��,Q�WKLV�ZD\��WKH�PXOWLSOLFDWLRQ�
RI�RQH�FHOO�W\SH�FDQQRW�RFFXU�LQGHSHQGHQWO\�RI�WKH�PXO-
WLSOLFDWLRQ�RI�WKH�RWKHU�FHOO�W\SHV��WKHUH�LV�D�FRRUGLQDWLRQ�
LQ�WKH�GHYHORSPHQW�RU�WKH�GL̆HUHQW�WLVVXHV�

Conclusion

,W�PD\�VHHP�SDUDGR[LFDO� WR�H[SODLQ�D�SKHQRPHQRQ�
VXFK�DV�FHOO�GL̆HUHQWLDWLRQ��ZKLFK�VHHPV�WR�EH�UHSHDWHG�
LQ�H[DFWO\� WKH�VDPH�ZD\�HDFK�WLPH�WKDW� LW�RFFXUV��E\�D�
WKHRU\�EDVHG�RQ�WKH�RFFXUUHQFH�RI�UDQGRP�HYHQWV��7KH�
SUREDELOLVWLF� WKHRU\� H[SODLQV� WKLV� SDUDGR[� LQ� WKH� IRO-
ORZLQJ�ZD\��ZKHQ�ZH�WKLQN�RI��RU�ORRN�DW��FHOO�GL̆HUHQ-
WLDWLRQ��ZH�XVXDOO\�RQO\�FRQVLGHU�FDVHV�WKDW�VXFFHHG��VR�
WKDW�LW�VHHPV�DOZD\V�WR�EH�DQ�LGHQWLFDO�SURFHVV��%XW�LI�ZH�
FRQVLGHU�WKH�FDVHV�ZKHQ�HPEU\RQLF�PRUWDOLW\�RFFXUV��ZH�
PXVW�FRQVLGHU�WKDW�WKLV�SURFHVV�LV�QRW�DOZD\V�WKH�VDPH��
2QO\�RQH��RU�D�YHU\�IHZ��RXW�RI�WKH�GL̆HUHQW�PDQQHUV�LQ�
ZKLFK�WKH�GL̆HUHQWLDWLRQ�SURJUDP�PD\�RFFXU�OHDGV�WR�D�
YLDEOH�HPEU\R�

,Q� WKH� IXWXUH�� WKH�SUREDELOLVWLF� WKHRU\� RI� FHOO� GL̆H-
UHQWLDWLRQ�SUHVHQWHG�KHUH�VKRXOG�EH�FRPSOHPHQWHG�E\�
D�WKHRU\�RU�FHOO�LQWHUDFWLRQV��LQ�RUGHU�WR�DFFRXQW�IRU�WKH�
ZKROH�SURFHVV�RI�HPEU\RQLF�GHYHORSPHQW�

+RZHYHU�� WKH� SUREDELOLVWLF� WKHRU\� DOUHDG\�SUHVHQWV�
GL̆HUHQW�FKDUDFWHULVWLFV�DQG�DGYDQWDJHV���D��LW�H[SODLQV�
FHOO�GL̆HUHQWLDWLRQ�ZLWKRXW�UHIHUULQJ�WR�D�SUHIRUPDWLR-
QLVW�FRQFHSW�VXFK�DV�WKH�PRUSKRJHQHWLF�JUDGLHQW���E��LW�
GRHV�QRW�QHHG�D�ZLGH�GLYHUVLW\�RI�VSHFL¿F�UHJXODWRUV���F��
LW�FDQ�H[SODLQ�WKH�'1$�&�YDOXH�SDUDGR[���DQG��G��LW�FDQ�
H[SODLQ�HPEU\RQLF�PRUWDOLW\�
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The relevance of
Theca/Granulosa cell studies

The reciprocal interaction in between theca (TCs) 

and granulosa (GCs) cells plays a pivotal role in al-

lowing ovary to display a wide range of physiological 

functions, including steroidogenesis and reproduction 

capabilities. For instance, changes in the respective 

proportion among GCs and TCS have been correlated 

to progression or recovery from Polycystic Ovary Syn-

drome (Bevilacqua, et al. 2019). To investigate how 

these cells cooperate, it is important to understand 

how they work in isolation. Therefore, segregation 

of the two cell clusters constitutes a pre-requisite for 

planning functional studies on the ovary.

GCs are a homogeneous population of cells, a 

IHZ� GL̆HUHQFHV� EHWZHHQ� FXPXOXV� DQG� PXUDO� FHOOV�
notwithstanding. On the contrary, theca cells surroun-

ding the antral follicle are a mixed population, com-

posed of an inner (theca interna) and an outer layer 

of cells (theca externa) harbouring some appreciable 

morphological and functional features. The theca in-

terna contains cells committed to endocrine function. 

7KH�WKHFD�H[WHUQD�LV�D�¿EURXV��FRQQHFWLYH�WLVVXH�OD\HU�
GHULYHG� IURP� ¿EUREODVW�OLNH� FHOOV�� ,Q� PDQ\� PDPPD-

lian species, theca cells associated with follicles under-

going atresia, still survive and remain in the ovarian 

stroma as nests of endocrine cells, known as seconda-

ry interstitial glands (Erickson, et al. 1985). Therefore, 

hereafter we shall refer to these isolated populations 

DV� WKHFD�LQWHUVWLWLDO� FHOOV� �7,&V��� JLYHQ� WKDW� ERWK� FHOO�
populations have been demonstrated to express high 

levels of enzymes involved in androstenedione synthe-

VLV��DV��ǃ�+\GUR[\VWHURLG�GHK\GURJHQDVH���ǃ�+6'+��
�0DJṘQ�DQG�(ULFNVRQ��������&RPSOHWH�VHSDUDWLRQ�RI�
these clusters is deprived of physiological utility, whi-

le a number of methodological hurdles make almost 

unpractical to actually separate them.

,QGHHG�� WR� DGGUHVV� VXFK� GL̇FXOWLHV�� VHYHUDO� GL̆H-

UHQW�DSSURDFKHV�KDYH�EHHQ�VR�IDU�SXEOLVKHG��DV�EULHÀ\�
sketched in the followings:

���0DJṘQ�HW�DO��LVRODWH�*&V�DQG�7KHFD�LQWHUVWLWLDO�
FHOOV� �7,&V�� IURP� K\SRSK\VHFWRPL]HG� LPPDWXUH� UDW�
ovaries. Four days after hypophysectomy ovaries are 
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collected, cut into 4-6 pieces, and digested in a collage-

QDVH�'1DVH�VROXWLRQ����PJ�PO�RI�FROODJHQDVH�����SJ�G�
RI�'1DVH�����PJ�PO�RI�%6$�LQ�0HGLXP������0DJṘQ�
and Erickson 1988).

The cell suspension thus obtained is carefully lay-

ered on top of a linear (20-70%) or a discontinuous 

Percoll gradient. and centrifuged (4°C) at 400 x g for 

���PLQ�� 7KH� GL̆HUHQW� FHOO� SRSXODWLRQV� DUH� VHSDUDWHG�
LQ�GL̆HUHQW�EDQGV�GHSHQGLQJ�RQ� WKHLU� VSHFL¿F�GHQVL-
W\��$IWHU�PHDVXULQJ�WKH�SRVLWLRQV�RI�WKH�FHOO�EDQGV��WKH�
bands are individually collected by aspiration. 

$IWHU�VHSDUDWLRQ�ZLWK�D�OLQHDU�3HUFROO�JUDGLHQW��WKH�
purity of the cells is low (65%). For better cell purity 

cells were separated by a discontinuous gradient. This 

is important because the discontinuous gradient gene-

rates density steps which act as a thermodynamic bar-

rier for the single cells. For this, the cells are blocked in 

WKH�VSHFL¿F�EDQG�DQG�LW�LV�SRVVLEOH�WR�LVRODWH�WKHP�ZLWK�
a higher level of purity (93%).

Each cell fraction is then washed with medium and 

resuspended in a known volume of medium supple-

mented with 100 units/ml penicillin, 100 μg/ml strep-

tomycin sulfate and 2 mM L-glutamine.

+RZHYHU��HYHQ�WKRXJK�WKH�FHOO�SXULW\�LV�DERYH������
the use of hypophysectomized rats is a “complicated” 

method for studying the endocrine regulation of ova-

ULDQ�7,&�GL̆HUHQWLDWLRQ�DQG�QRW�GL̆HUHQWLDWHG�SUHRYX-

ODWRU\�7,�FHOOV�
The successful purity rates achieved by the Magof-

¿Q¶V� PHWKRG� QRWZLWKVWDQGLQJ�� WKLV� WHFKQLTXH� RI� FHOO�
segregation has been left aside by the next generation 

of studies. Likely, this method was discarded as the in-

vestigation was focused on human ovary cells, usually 

showing larger sizes than those provided by rodents, 

for which a direct mechanical approach was found 

equally reliable.

��� ,Q� WKH� SDSHU� E\� /LX� �/LX� HW� DO�� ������� FHOOV� DUH�
LVRODWHG�IURP���ZHHN�ROG�PLFH��,Q�WKLV�VWXG\��*&V�DUH�
obtained by puncturing the antral follicles with hypo-

dermic needles, while the remaining tissue is dige-

sted with collagenase. With this method, GCs result 

LQ� DQ� DOPRVW� SXUH� SRSXODWLRQ�� +RZHYHU�� DV� DOUHDG\�
KLJKOLJKWHG� �0D� DQG�+DR� ������� WKLV� DSSURDFK� GRHV�
QRW�DOORZ�WR�REWDLQ�7,&V�ZLWK�HQRXJK�SXULW\��L�H��7,&V�
resulted usually contaminated in high proportion by 

GCs from secondary and preantral follicles. Likely, 

this unwarranted contamination arises as large folli-

cles are mixed together with small follicles, in which 

*&V�FDQ�KDUGO\�EH�VHJUHJDWHG�IURP�7,&V�
Such shortcomings hinder the reliability of the 

technique and the possibility to recruit a number of 

7,&V�ZLWK�VẊFLHQW�SXULW\�IRU�SODQQLQJ�VXFFHVVLYH�IXQ-

ction-related studies.

Isolation of Theca/interstitial and 
Granulosa cells from antral follicles

To address these issues, herein we describe an im-

SURYHG�PHWKRG�IRU�WKH�LVRODWLRQ�RI�7,&V�DQG�*&V�IURP�
the murine ovary.

The method is in fact an in-depth revised version 

RI� RQH� DOUHDG\� GHVFULEHG� WHFKQLTXH� �,QQRFHQWL�� HW� DO��
�������ZLWK�VRPH�PRGL¿FDWLRQV�

We isolated ovaries from adult (6/8-week-old) fe-

PDOH�&'��PLFH����K�DIWHU�VXEFXWDQHRXV�LQMHFWLRQ�ZLWK�
PMSG (Pregnant Mare Serum Gonadotropin) to sti-

mulate folliculogenesis.

$IWHU� ��� KRXUV� RI� 306*� WUHDWPHQW�� WKH� DQLPDOV�
ZHUH� NLOOHG� XVLQJ� &2��� $OO� DQLPDO� SURFHGXUHV� KDYH�
been approved by the local ethics committee for ani-

mal research.

Ovaries were removed, placed in CMF (Calcium-

Magnesium free PBS) and freed from the surrounding 

tissues under a stereomicroscope. To avoid contamina-

WLRQ�E\�VPDOO�IROOLFOHV��ZH�¿UVW�GLVVHFWHG�ODUJH�IROOLFOHV�
away from the ovarian stroma, and then GCs were col-

lected by puncturing and gently pressing these follicles 

with 25 gauge-needles in M2 medium supplemented 

ZLWK������%6$��*&�VXVSHQVLRQ�ZDV�WKHQ�FHQWULIXJHG�DW�
�����USP�IRU���PLQ�DQG�UHVXVSHQGHG�LQ�'0(0�ZLWK�
5% FBS, 1% Glutamine, 1% P/S and Gentamicin 0.4 

PJ�P/�� $IWHU� WKUHH� ZDVKHV� ZLWK� WKH� VDPH�PHGLXP��
GCs were cultured at a density of 1 x 106 cells in 60 

mm dish.

7KH� UHVLGXDO� WLVVXH� �7,&V�� ZDV� VPRRWKO\� VFUDSHG�
to eliminate adherent GCs and digested by incubation 

ZLWK�D�FROODJHQDVH�'1DVH�VROXWLRQ�FRQWDLQLQJ��PJ�P/�
FROODJHQDVH�,9����PJ�P/�'1DVH�DQG���PJ�P/�%6$�LQ�
'0(0�IRU���KRXU�XQGHU�DJLWDWLRQ��$W�WKH�HQG�RI�WKLV�SH-

riod, we blocked collagenase with medium supplemen-

WHG�ZLWK����)%6��¿OWHUHG� WKH� FHOO� VXVSHQVLRQ��ZDVKHG�
WKH� GLVSHUVHG� FHOOV� WKUHH� WLPHV� ZLWK� '0(0� ZLWK� ���
FBS, 1% Glutamine, 1% P/S and Gentamicin 0.4 mg/

mL. The cells were then cultured in 60 mm dishes.
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,GHQWL¿FDWLRQ�RI�WKHFD�LQWHUVWLWLDO
and Granulosa cells

Morphology
,VRODWHG�FHOOV�ZHUH�REVHUYHG�DW�GL̆HUHQW� WLPHV������

���DQG�����K���7,&V�DQG�*&V�ZHUH�REVHUYHG�XQGHU�OLJKW�
PLFURVFRSH��VKRZLQJ�GL̆HUHQW�PRUSKRORJLFDO�FKDUDFWH-

ULVWLFV��7,&V�KDYH�D�¿EUREODVW�OLNH�SKHQRW\SH��D�IXVLIRUP�
or triangular shape, while GCs are polygonal or cuboi-

dal, as previously described (Tian et al. 2015).

1R� PRUSKRORJLFDO� VLJQV� RI� DSRSWRVLV� KDYH� EHHQ�
observed neither at 72 nor at 120 hours (Figure 1).

Molecular characterization
7R� IXUWKHU� LQYHVWLJDWH� *&V� DQG� 7,&V� SRSXODWLRQV��

FHOOV�ZHUH�O\VHG�LQ�O\VLV�EX̆HU�IRU�51$�H[WUDFWLRQ�
7KH� WZR� FHOO� SRSXODWLRQV� GLVSOD\� D� GL̆HUHQW�PROH-

FXODU� SUR¿OH��ZKLFK� KHOSV� LQ� UHFRJQL]LQJ� WKHLU�PXWXDO�
GL̆HUHQFHV��1DPHO\�� VHYHUDO�PDUNHUV�GL̆HU�VLJQL¿FDQ-

tly between the two cell populations, as reported in the 

OLWHUDWXUH��+DW]LURGRV�HW�DO��������
:H�LQYHVWLJDWHG�WKH�H[SUHVVLRQ�RI�)6+�UHFHSWRU��)6+�

5��� ��Į�K\GUR[\ODVH� �&<3��$���� �ǃ�+\GUR[\VWHURLG�
GHK\GURJHQDVH���ǃ+6'��JHQHV�E\�UHDO�WLPH�3&5�

$V� H[SHFWHG�� WKH� H[SUHVVLRQ� RI� )6+�5�ZDV�PDLQO\�
REVHUYHG� LQ�*&V��ZKLOH� LQ�7,&V� LWV� H[SUHVVLRQ�ZDV� DO-
most undetectable. On the contrary, expression of 

&<3��$��DQG��ǃ+6'��WZR�PDUNHUV�RI�WKHFD�HQGRFULQH�
FHOOV��ZDV�IRXQG�PRVWO\�LQ�7,&V��)LJXUH�����6WDWLVWLFDOO\��
GLVWULEXWLRQ�ZDV�KLJKO\�VLJQL¿FDQW�RQ�DYHUDJH�

This selective compartmentalization of gene expres-

VLRQ� HSLWRPL]HV� WKH� GL̆HUHQFHV� EHWZHHQ� WKH� WZR� FHOO�
SRSXODWLRQV��1RWLFHDEO\��WKHVH�VSHFL¿F�SDWWHUQV�RI�JHQH�
H[SUHVVLRQ�UHÀHFW�D�YHU\�EDVLF�GLVWLQFWLRQ�LQ�ELRORJLFDO�
function and physiological properties among the two 

groups.

7,&V�DUH�LQYROYHG�LQ�WKH�DQGURJHQ�V\QWKHVLV�DQG�WKH�
SURGXFWLRQ� RI� DQGURVWHQHGLRQH� DQG� WHVWRVWHURQH�� ,Q�
turn, both these androgens are the very basic substra-

tes necessary to GCs to synthesize 17-beta-estradiol and 

RWKHU�HVWURJHQV��*&V�UHVSRQG�WR�)6+�VWLPXODWLRQ�ZLWK�
an increased expression of aromatase and a consequent 

increase of estradiol. 

,W�LV�QRWHZRUWK\�WKDW�RQO\�D�IHZ�*&V�H[SUHVV�&<3��$��
DQG��ǃ+6'��ZKHUHDV� RQO\� D� VPDOO� SURSRUWLRQ�RI�7,&V�
VKRZ�GHWHFWDEOH�OHYHOV�RI�)6+�5�P51$�

The method we propose, although being similar to 

that described by Liu (Liu et al. 2017), presents some 

Figure 1:�0RUSKRORJLFDO�FKDUDFWHULVWLFV�RI�*&V�DQG�7,&V��OLJKW�PLFURVFRSH��0DJQL¿FDWLRQ����[�
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FULWLFDO�GL̆HUHQFHV��7R�DYRLG�WKH�PL[�EHWZHHQ�*&V�DQG�
7,&V��PRVWO\� GHSHQGLQJ� RQ� WKH� FRPSUHVHQFH� RI� VPDOO�
follicles, we isolated preantral follicles with a 25 gau-

ge-needles, under the stereomicroscope, and then we 

discarded them. This approach helps in eliminating 

granulosa cells from preantral follicles that otherwise 

might pollute theca cells. Consequently, we were able to 

UHFRYHU�ERWK�7,&V�DQG�*&V�ZLWK�D�KLJK�GHJUHH�RI�SXULW\�
)XUWKHU�VWXGLHV�DUH�ZDUUDQWHG�WR�FRQ¿UP�WKH�VXLWD-

bility of the proposed method and to improve isolation 

techniques for TCs and GCs.
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³7KH�¿UVW�SULQFLSOH�LV�WKDW�\RX�PXVW�QRW�IRRO�\RXUVHOI��
DQG�\RX¶UH�WKH�HDVLHVW�SHUVRQ�WR�IRRO�´

Richard Feynman
Introduction

One of Heraclitus’ fragments reads: “Nature loves to 
KLGH´� �+DGRW� ������� 7KLV�PD\� VLPSO\� UHÀHFW� WKDW� ÀR-
wers disappear from trees until spring is back, but at the 
same time contains the insight that reality is somehow 
concealed under the appearances, which is what we 
have access to. Nature seems to have her secrets and 
keep them. So do magicians. In their performances, we 
are aware that something important is concealed, at the 
same time that we often fail to know what that is. And 
yet, we want to know. Curiosity leads to amusement 
and amazement, even triggering bewilderment. As the 
FRQWUDVW�EHWZHHQ�H̆HFW�DQG�WULFN�SHUYDGHV�WKH�ZRUOG�RI�
magic, so does the tension between phenomenon and 
mechanism engross the minds of scientists (especially 

upon forgoing Goethean science and Husserlian phe-
nomenology). We struggle to avoid appearances and 
LOOXVLRQ��5RVVHW�������%DU¿HOG��������$VWRQLVKHG�E\�WKH�
spectacle of nature, scientists ask: “what’s the trick?!” 

Here we draw an analogy between magic and scien-
ce. We situate the task of the scientist in the context of 
WKH�VSHFWDWRU�RI�D�PDJLF�H̆HFW��%\�PHDQV�RI�WKLV�DQDORJ\��
RQH�FDQ�WKHQ�HPSKDVL]H�FHUWDLQ�DVSHFWV�RI�WKH�VFLHQWL¿F�
practice that are seldom explicitly considered, and then 
turn those challenges into opportunities for science. We 
argue that extrapolating from illusionism into the pro-
FHVV�RI�VFLHQWL¿F�GLVFRYHU\�FDQ�LPSURYH�RXU�VWXG\�RI�WKH�
inner workings of nature.

:KDW�LV�PDJLF"�)RU�RXU�SXUSRVHV�KHUH��OHW�XV�GH¿QH�
magic or illusionism (we use both terms as synonyms) 
as the art to provoke in the spectator the so-called “illu-
sion of impossibility”. This is an illusion that consists of 
a cognitive dissonance that results from the contradic-
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tion between the expectations created by the magician 
GXULQJ�WKH�SUHVHQWDWLRQ�RI�WKH�H̆HFW�DQG�ZKDW�WKH�VSHF-
WDWRU�SHUFHLYHV�DQG�H[SHULHQFHV�GXULQJ�WKH�¿QDO�FOLPD[��
'XULQJ�D�PDJLF�VKRZ��VHYHUDO�H̆HFWV�DUH�XVXDOO\�SHUIRU-
med, the structure of which consists of a presentation 
stage followed by one or several climaxes. At the end 
of an “impossible” trick, spectators react with various 
emotions, often a brief surprise followed by admira-
tion, enchantment, and sometimes unease (Camí et al. 
2020). 

,Q�HYHU\�PDJLF�H̆HFW�� WZR�GL̆HUHQW�ZRUOGV�FRH[LVW��
7KH�¿UVW�ZRUOG�LV�ZKDW�WKH�6SDQLVK�PDJLFLDQ�$UWXUR�GH�
Ascanio called its “external life”, which consists of what 
the audience experiences during the presentation of 

WKH� H̆HFW��7KH� VHFRQG�ZRUOG� LV� WKH� VR�FDOOHG� ³LQWHUQDO�
life”, which includes everything that the magician se-
FUHWO\�PDQLSXODWHV�WRZDUGV�WKH�¿QDO�FOLPD[��(WFKHYHUU\�
2000). This concept of double or split reality is funda-
mental to understand how magicians interact with their 
audience: “To achieve the illusion of impossibility it is 
necessary for the magician to coherently combine the 
obvious and patent actions of the “external life”, with 
the concealments, secret maneuvers and the use of va-
rious gimmicks and gadgets, that live only in the “in-
ternal life” (Camí et al. 2020). This concept of double 
reality is also central to understand the analogy we are 
SURSRVLQJ�KHUH�EHWZHHQ�LOOXVLRQLVP�DQG�VFLHQWL¿F�UHVH-
arch.

Figure 1: The Science as Magic analogy. (A) Magicians are to their audience what nature is to scientists: (i) both nature and illusionists keep 
their secrets in a way that (ii) their “internal life” is virtually impenetrable from the “external life” of the spectator/scientist, (iii) who are both 
astonished and also eager to know the trick. (B) The split between internal and external lives eventually causes the scientist to reject hypotheses, 
reformulate theories, and even experience a sort of “illusion of impossibility” that may lead to paradigm shifts, in an endless quest for higher 
quality ignorance.

1. The analogy

In a word, our “Science as Magic” analogy (or SAMA) 
goes as follows: the magician is to the spectator what 
nature is to the scientist (Figure 1A). We propose 
that (i) magicians conceive and carry out their magic 
H̆HFWV�DNLQ�WR�KRZ�QDWXUH�ZRUNV��ZKLOH��LL��VSHFWDWRUV�
of a magic trick fall into a similar cognitive space to 

that occupied by scientists in their research, so that 
(iii) the consequences of the “illusion of impossibility” 
as perceived by the spectators of a magic show are 
comparable to those provoked by the mysteries and 
secrets that scientists try to unravel (Figure 1B). Let 
us unfold these analogies and supplement them with 
concrete examples.
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1.1 Magicians and nature

If no one looks at the magician, there is no magic; if 
no one looks at nature, there is no science.  Magic needs 
to be performed. In the same way, there is no nature 
at an instant. Both magic and science are processes. 
Rather than an appeal to the supernatural, magic can 
EH�FRQFHLYHG�DV�WKH�LGHQWL¿FDWLRQ�RI�DQ�REMHFW�RI�VWXG\�
(Pujol 2015). This is precisely what nature provides. The 
LOOXVLRQ�RI�LPSRVVLELOLW\�DW�WKH�RXWFRPH�RI�D�PDJLF�H̆HFW�
is not at odds with the plausibility of the presentation of 
WKH�H̆HFW��$V�ZH�XQGHUVWDQG�WKHP��PDJLF�DQG�VFLHQFH�
are agnostic to the existence of miracles.

Contrary to what it might seem, magicians never re-
ally improvise and, in the face of any unforeseen event, 
WKH\�DOZD\V�PDQDJH�VHYHUDO�H[LWV�WR�VDYH�WKH�H̆HFW��0D-
JLFLDQV� FRQFHLYH�� VWUXFWXUH� DQG� SUHVHQW� PDJLF� H̆HFWV�
with the goal to attain the best possible outcome, ne-
ver leaving anything of what they say or do to chance. 
If the circumstances demand so, such as in risky stages, 
magicians always have ways out and alternative plans 
that spectators hardly ever notice (Ortiz 1995). Simi-
ODUO\�� DQG� DFNQRZOHGJLQJ� WKH�GL̆HUHQFH� LQ� WLPHVFDOHV��
WKURXJK�HYROXWLRQ�QDWXUH�KDV�SURJUHVVLYHO\�UH¿QHG�KHU�
workings (let us not subscribe to mere mechanism nor 
WR� VWULFW� ¿QDOLVP��� 1DWXUH� KDV� PXOWLSOH� VWUDWHJLHV� WR�
course-correct, although we often remain unaware of 
them. Both in nature and in magic (be it a mouse in a 
lab or a prestidigitator in a theater), processes take pla-
ce in real-time and in closed-loop, quickly adapting to 
the unforeseen.

Magicians are peculiar artists: they make hard things 
look as easy as possible. So does nature. In the realm 
of the inert, trajectories comply with the least action 
principle. In living organisms, optimal is often not go-
od-enough (Loeb 2012). Clever heuristics confer adap-
WLYH� EHKDYLRU� DQG� LPSURYH� ¿WQHVV� �*LJHUHQ]HU� �������
Interestingly, magic tricks can and do go wrong too. 
Nature is also capable of error (scientists actually take 
advantage of it). The study of pathology, for example, 
illuminates the physiology of the normal (Canguilhem 
1991). The study of monsters can reveal a great deal of 
the structure and function of normal life forms (Alber-
FK��������'HVSLWH�WKH�PXOWLSOH�FKHFNSRLQWV�WKDW�QDWXUH�
D̆RUGV� �GHYHORSPHQW� EHLQJ� D� SDUDGLJPDWLF� H[DPSOH���
nature can abort upon error, but the magician’s show 
must go on.

$� PDJLF� H̆HFW� DOZD\V� OLYHV� LQ� WZR� ZRUOGV�� $V� ZH�
KDYH�PHQWLRQHG��PDJLFLDQV�SUHVHQW�WKHLU�H̆HFWV�KDYLQJ�
two parallel worlds in mind (and under control). In the 
world corresponding to the “external life”, sustained by 
the narrative and non-verbal communication, magi-
cians propose a plot with its own logic and present it 
ZLWK�QDWXUDOLW\��FRQVLVWHQF\��WLPLQJ�DQG�UK\WKP��(WFKH-
verry 2000). All with the sole purpose of avoiding the 
appearance of any contrasting hints that might drive the 
audience away from the plot that the magician wants 
WKHP� WR� IROORZ� GXULQJ� WKH� SUHVHQWDWLRQ� RI� WKH� H̆HFW��
(YHU\� VLQJOH� DFW�PXVW� EH� WKXV� MXVWL¿HG�� ZLWK� WKH� RQO\�
goal to achieve the “impossible” outcome. Throughout 
the exposition, the elements of the “external life” are 
combined with those concealments of the “internal life” 
in a perfect choreography that makes the secret behind 
the trick impenetrable for the audience.

In our analogy, we propose that nature does indeed 
SUHVHQW� LWVHOI� WR� XV� FRPSRXQGLQJ� WZR� GL̆HUHQW� FRQ-
FXUUHQW� UHDOLWLHV�� RQH� WKDW� LQFOXGHV� REVHUYDEOH� H̆HFWV�
(always theory-laden, though) and another with suppo-
sedly impenetrable content. Baseball players are magi-
FLDQV�DW�FDWFKLQJ�YHU\�GL̇FXOW�EDOOV��WKH\�GR�QRW�FRPSXWH�
GL̇FXOW�PDWKHPDWLFDO�HTXDWLRQV�EXW�UXQ�VR�DV�WR�PDLQ-
tain the target along a linear optical trajectory, namely, 
with optical speed constancy (McBeath et al. 1995). So 
GR� GRJV� ZKHQ� FDWFKLQJ� )ULVEHHV� �6KD̆HU�� ������� 7KH�
clash between these split worlds is particularly relevant 
in the life and mind sciences, since organismic behavior 
is both intrinsically prescribed by biological needs and 
also extrinsically describable by mathematical princi-
ples, disclosing the tension between scientist-centric 
and animal-centric perspectives and interests (Gomez-
Marin 2019).

As magicians deliberately manipulate certain aspects 
of the external life so as to achieve the best possible out-
come, it might also be that our experimental observa-
tions of nature should not be necessarily interpreted in a 
transparent fashion. Not even when those observations 
and interpretations are reproducible, as reproducibili-
ty does not exclude the impact of the observer’s errors 
and biases (Pashler & Wagenmakers 2010, Staddon 
2017, Albright 2017). As in the presentation of a ma-
gic trick, what we observe in nature may be modulated 
by another aspect of reality that is impenetrable to the 
scientist. One way to penetrate the secret of nature, as 
in magic, is to pay attention to the contrasting elements, 
WKRVH�WKDW�GR�QRW�¿W�ZHOO�ZLWK�RXU�QDUUDWLYH�K\SRWKHVHV��
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Negative results, pre-registered experiments (Simons 
	�+ROFRPEH�������6LPRQV�HW�DO���������RXWOLHUV��DPRQJ�
others, could be doors to the inner workings of nature 
and, nevertheless, are generally discarded. The invisible 
world manifests when the visible world fails to close.

Magicians do not perform for the “average specta-
tor”. Neither does nature. Magicians pursue a 100% 
ḢFDF\�LQ�WKHLU�PDJLF�RXWFRPHV��$�VWDWLVWLFDOO\�VLJQL¿-
cant success on the audience members is worse than su-
boptimal and unthinkable for them. Magicians are also 
aware that spectators react with great inter-individual 
YDULDELOLW\��*HD��������,Q�RUGHU�WR�PLQLPL]H�WKH�SRWHQ-
tial risks of this diversity, magicians segment the pre-
VHQWDWLRQ�RI�WKHLU�H̆HFWV�DFFRUGLQJ�WR�D�SDUWLFXODU�W\SH�
of audience (as we will see later), and have context into 
account as a constitutive element of their job. 

In our understanding of natural processes, the de-
mands that magicians impose themselves set to us, 
scientists, a high bar. Making the comparison, we won-
GHU� DERXW� WKH� DFFHSWDELOLW\� RI� PDQ\� VFLHQWL¿F� UHVXOWV�
reaching slightly above chance, the reasonability of 
VWDWLVWLFDO�FRQYHQWLRQV�DERXW�VLJQL¿FDQFH��RU�WKH�VFDUFH�
science done in ecological context. Natural phenomena 
DUH�GL̆HUHQWLDOO\�D̆HFWHG�DFURVV�SRSXODWLRQV�DQG�FRQ-
WH[WV� �%DU� ������ %ODQFKDUG�)LHOGV� HW� DO�� ������ 1LNR-
lic 2010, Carandini & Heeger, 2012, Louie et al. 2013, 
Gomis-Pont et al. 2020). For instance, a new medicine 
may not work the same way in children and adults, or 
men and women. The obvious is often not necessarily 
trivial. Moreover, the laboratory is not a substitute for 
WKH�ZRUOG��LW�LV�MXVW�DQRWKHU��RIWHQ�YHU\�GL̆HUHQW��DUHQD�
(Matusz et al. 2019). The power of reductionism can be-
come a huge limiting factor of the knowledge that we 
have in reach.

Example 1. “Broken mice”

,Q�VHYHUDO�RI�KLV�ZHOO�NQRZQ�H̆HFWV��WKH�JUHDW�,WDOR�
Argentine magician Tony Slydini constantly raised and 
lowered his hands near the edge of the table. Once the 
spectators got used to this type of movement, they stop-
ped paying attention and thus, the magician could make 
anything disappear simply by dropping it onto his lap 
before the surprised and oblivious audience. 

&RLQHG� E\� $VFDQLR� �(WFKHYHUU\� ������� ³FRQGLWLR-
ned naturalness” is a concept that refers to a kind of 
very fast conditioning in which one seeks to normali-
ze, always by repetition, something that in any other 

context would attract attention. Slydini’s concealment 
PRYHV�PD\�DW�¿UVW� VHHP�VWUDQJH��XQQDWXUDO��DQG�HYHQ�
unreal, but before long the audience became familiar 
with them, embedding them in the natural logic, in the 
perceived reality of the game and ceased to be aware of 
WKHP�� 6O\GLQL� KDG� H̆HFWLYHO\� FRQGLWLRQHG� WKHLU� QDWX-
ralness, managing to reduce the contrast of unnatural 
manipulations. As scientists, like a magician’s audience, 
we learn by repetition and overexposure to naturalize 
DUWL¿FLDO�H[SHULPHQWDO�DSSURDFKHV�WKDW��DW�EHVW��R̆HU�XV�
a vision (disciplined with abstractions and technologi-
cal prostheses) of reality that is incomplete (Kayser et 
DO���������$�SDUDGLJPDWLF�H[DPSOH�LV�R̆HUHG�E\�WKH�XVH�
of laboratory animals. 

Scientists know that wild-type laboratory animals 
are not really wild. Nevertheless, we use them for the 
PDQ\�SUDFWLFDO�DGYDQWDJHV�WKH\�R̆HU��:H�WKHQ�SXEOLVK�
our studies under the premise, too often implicit, that 
ZKDW�ZH� ¿QG� LQ� WKH� ODE� DSSOLHV� RXWVLGH� LWV� GRRUV� DQG�
ZDOOV��7KH�DUWL¿FLDO�KDV�EHFRPH�³QDWXUDO�HQRXJK´��1D-
ture in the lab has become the rule. We have just got 
used to it.

In mice, the mammalian organism model SDU�H[FHO-
OHQFH in biomedical research, this situation can be par-
ticularly crucial. Most of the animals used for research 
come from a handful of providers, which create a pecu-
liar selective environment where mice live in captivity 
for generations without predators. Moreover, the young 
RQHV� DUH� VHOHFWHG� IRU� IDVW� UHSURGXFWLYH�RXWSXW�� VDFUL¿-
cing them before they reach an older age. What could 
go wrong?

It is known that mice have very long telomeres. The 
question is whether this is a characteristic of the natural 
ZRUOG�RU�RQH�LQGXFHG�E\�WKH�DUWL¿FLDO�FRQGLWLRQV�LQ�ZKLFK�
we study nature to decipher its secrets. Work from the 
laboratory of Carol Greider (Nobel laureate, and the co-
discoverer of enzyme telomerase) actually showed that 
wild-derived inbred mouse strains have short telomeres 
(Hemann & Greider 2000). Reared for decades, inbred 
mice used in laboratory studies have telomeres span-
ning from 30 to 150kb, whereas the telomeres of those 
“wild” mice tested in Greider’s lab were less than 20kb 
long. Despite no correlation being found between telo-
mere length and lifespan in mice, such a discovery lays 
out intriguing implications for biology writ large under 
the so-called “reserve-capacity hypothesis” (Weinstein 
	�&LV]HN��������ZKLFK�HVWDEOLVKHV�D�WUDGH�R̆�EHWZHHQ�
tumor suppression and tissue repair. Leaving aside the 
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fascinating theoretical implications that would bridge 
evolutionary and molecular biology as pioneered by 
Weinstein, the concerning practical consequences are 
that this feature of laboratory mice would make most 
of the basic results and biomedical applications derived 
from the study of senescence and tumor formation un-
reliable, if not dangerous, as one would underestima-
te tissue damage and overestimate cancer risk in those 
“mouse models” of human disease (Weinstein & Ciszek 
2002). In sum, the answer to the question as to whether 
normal mice have long telomeres depends on what one 
means by normal and what one means by mice. As it 
WXUQV�RXW��IRU�WKH�EXON�RI�WKH�VFLHQWL¿F�FRPPXQLW\�QRU-
mal is actually not necessarily natural. And yet, the dif-
ference matters as it can profoundly fool us (Figure 2A).

1.2 The illusion of impossibility
and the intelligibility of nature

We strive to know the secret of things. The experien-
ce that an “impossible” outcome induces on the spec-
tators of a magic trick (independently of the particular 
cocktail of emotional reactions) compels many of us to 
ask “how does the magician do it?” Note that specta-
tors willingly attend the show knowing that the artist 
is going to use tricks in order to carry out the magic ef-
IHFWV��,Q�D�VLPLODU�ZD\��WKH�VFLHQWL¿F�FRPPXQLW\��DVWRQL-
shed by virtually everything that takes place around us, 
feels the urge to unravel how nature works. As +RPR�
VDSLHQV, we have a drive to expand our knowledge (and 
domination) on nature.

,Q�PDJLF��WKH�VDPH�HQG�FDQ�EH�DFKLHYHG�ZLWK�GL̆H-
rent means. The world of magic dramatically teaches 
us that one can achieve the same “impossible” outco-
me, with the same experience for the audience, but via 
YHU\�GL̆HUHQW�PHWKRGV�DQG�PDWHULDOV��7DUEHOO��������,Q�
other words, to reach the same goal, both the magician 
DQG�QDWXUH�FDQ�XVH�SDWKZD\V�WKDW�LQYROYH�YHU\�GL̆HUHQW�
systems, materials, and complexity. This is actually how 
some magicians are able to fool other magicians. In our 
understanding of nature, knowing its products is not 
HQRXJK��RQH�PXVW�¿JXUH�RXW�WKH�SURFHVVHV�WKDW�JDYH�ULVH�
to them. In evolution and neuroscience, it is well-known 
WKDW�GL̆HUHQW�QHXUDO� VXEVWUDWHV� FDQ�SURGXFH� WKH� VDPH�
EHKDYLRU�DQG�WKDW�GL̆HUHQW�EHKDYLRUV�FDQ�EH�SURGXFHG�
E\�WKH�VDPH�QHXUDO�VXEVWUDWHV��/RUHQ]�������6DNXUDL�	�
Katz 2017).

$�PDJLFDO�H̆HFW�LV�WUẌHG�ZLWK�IDOVH�FOXHV�WKDW�PDNH�
LW�GL̇FXOW�IRU�XV�WR�¿JXUH�RXW�WKH�VHFUHW��7DPDUL]��������

Both in magic and in science, we are too often fooled 
along the way, since things are always less obvious than 
WKH\�DSSHDU�WR�EH��6SHFWDWRUV�KDYH�D�YHU\�GL̇FXOW�WLPH�
to discover the magician’s secrets. Similarly, when stu-
died by scientists, nature is much less transparent than 
ZKDW�ZH�WKLQN��'XULQJ�WKH�SUHVHQWDWLRQ�RI�H̆HFWV��PDJL-
cians may use false clues so as to break down our infe-
rence on causality relations. In addition, they structure 
WKH�FRQWHQW�DQG�SUHVHQWDWLRQ�RI�WKH�H̆HFWV�WR�PLQLPL]H�
that spectators revisit what has really happened (Camì 
et al. 2020). 

Analogously, our observations and inferences about 
nature are not free from the same obstacles and traps. In 
the same manner that magic audiences cannot perceive 
anything without their own heuristics, scientists too fail 
to face natural phenomena without imposing their own 
preconceptions, which are based not only on the data of 
their experiments but also on the context of their hypo-
theses and previous knowledge. One could argue that 
both Golgi and Cajal looked through the same micro-
scope at the same histological preparations (although 
Cajal improved the method), and so they both could 
see dendritic spines. However, while Cajal thought they 
were signal, Golgi was convinced they were noise (Yuste 
2015). The challenge is to notice all these worlds hidden 
in plain sight.

(XUHND�PRPHQWV�LQ�PDJLF�FDQ�DQFKRU�DXGLHQFHV�WR�
the wrong solutions. And yet, we have and cherish eure-
ka moments. Despite all the obstacles that the spectator 
KDV�LQ�WKH�ZD\�WR�¿JXUH�RXW�ZKDW�LV�JRLQJ�RQ��WKH�LPSXO-
se to discover what has happened can cause an “aha! 
moment” that shall be taken as an explanation of the 
witnessed phenomena (Ortiz 1995). However, very of-
ten in magic the spectator may wrongly speculate about 
WKH� XQGHUO\LQJ� VROXWLRQ�� (YHQ� ZRUVH�� DIWHU� WKH� ³DKD��
moment” the chances are that one abandons reasoning 
RQ�DOWHUQDWLYH�VROXWLRQV��WKH�VR�FDOOHG�(LQVWHOOXQJ�H̆HFW�
(Bilalic et al. 2010). In other words, when one believes 
to have reached a solution, one is more handicapped 
to think of alternative explanations. We claim that in 
science one comes across the same problems. While se-
arching for answers to natural phenomena, it is more 
WKDQ�SRVVLEOH�WKDW�ZH�JHW�VWXFN�LQ�WKH�¿UVW�DQVZHUV�ZH�
¿QG�ZKLFK�� HYHQ� LI� UHSURGXFLEOH��PD\�QRW� EH� WKH� XQL-
que or the main solutions to the conundrum. In fact, 
and despite grand claims for “disruptive research” or 
³VFLHQWL¿F� H[FHOOHQFH´�� RXW�RI�WKH�ER[� WKLQNLQJ� LV� DF-
tually discouraged. We all know instances of how such 
discouragement is materialized (funding environment, 
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publishing games, career building). The scientist is also 
collective made.

Example 2. “Soups and sparks”

The great Spanish magician Juan Tamariz developed 
the theory of “false clues” (Tamariz 2011). He thought 
that, in order to prevent the audience from “rewinding” 
and trying to assess the logical steps of the magic trick, 
LW�ZRXOG�EH�PXFK�PRUH�H̆HFWLYH�LI��DORQJ�WKH�ZD\��WKH�
magician created false expectations, perhaps by subtly 
suggesting solutions to the spectator, that would end up 
being proved wrong. Taking the audience away from the 
UHDO�PHWKRG�EHKLQG�WKH�PDJLFDO�H̆HFW��ZKLFK�LV�DFWXDOO\�
D�VLGH�H̆HFW�RI�WKH�XVH�RI�IDOVH�FOXHV��ZRXOG�HQKDQFH�WKH�
illusion of impossibility at the end of the trick. But, most 
importantly, would make it impossible for the specta-
tors to reconstruct the logic and thus guess how the 
trick is done (which, together with creating the “illusion 
of impossibility”, is a great obsession for magicians). 
False clues would prevent the audience from reaching 
premature conclusions about the method behind the 
magic trick. This is important because, whether their 
deduction be wrong or not, an “aha! moment” would 
ruin the magical experience; the spectators, believing 
they have discovered the trick, would cease to be im-
pressed (Ortiz 2015).

Once an idea becomes reasonable in our minds, it is 
YHU\�GL̇FXOW�WR�FRQVLGHU�RWKHU�DOWHUQDWLYHV��HYHQ�LI�WKH\�
are actually more viable. It is, again, the most perverse 
FRQVHTXHQFH�RI�WKH�DIRUH�PHQWLRQHG�(LQVWHOOXQJ�H̆HFW�
(Bilalic et al. 2010). A sensation of truth is apparently 
DOO�WKDW�PDWWHUV�WR�JHQHUDWH�KLJK�FRQ¿GHQFH�LQ�LW��DV�ZHOO�
as positive emotions and increased memorability (Da-
nek et al. 2013). This is as true in magic as it is in scien-
ce. In fact, in our experiments with nature, false clues 
do also abound. Although it is not generally possible to 
prove that a hypothesis is correct (authentication is no 
proof), we still design most of our experiments and wri-
te our grants as if it were; the rebuttal of our starting 
hypotheses or other alternative viewpoints are often 
not even considered. But even when reproducible and 
somewhat backed up by empirical evidence, our wor-
king hypotheses can, as false clues, lead us uncritically 
towards wrong conclusions (Figure 2B). Let us see an 
H[DPSOH�LQ�WKH�¿HOG�RI�QHXURVFLHQFH�

Towards the end of the 1930s, the nature of inter-
neuronal communication haunted neuroscientists. Two 

schools of thought steered the search: one (the most 
pharmacological one, led by Henry Dale) proposed that 
synaptic transmission was mediated by messengers of a 
chemical nature; the other (the most physiological one, 
OHG� E\� -RKQ�(FFOHV�� FODLPHG� WKDW� FRPPXQLFDWLRQ�ZDV�
GLUHFW�WKURXJK�D�FRQWLQXRXV�ÀRZ�RI�HOHFWULF�FKDUJHV��7KH�
so-called war of the soups and the sparks went on with 
apparent successes taking place on both fronts. 

(FFOHV�VKRZHG�WKDW�WKH�FDUGLDF�SDFHPDNHU�RI�WKH�FDW�
had a long latency of about 0.1 seconds, and a slow time 
course of seconds. Led by this “false clue” (stemming in 
this case from his own reasoning, but in other cases a 
SURGXFW�RI�WKH�VFLHQWL¿F�FRQVHQVXV�DERXW�WKH�ZRUNLQJV�
of nature), he wrongly concluded that these slow dyna-
mics were the signature of all chemical transmission. 
Hence, he deduced, synaptic excitation in the central 
nervous system (with its low latency and fast rate) was 
too rapid for a chemical process. The electric hypothesis 
VHHPHG�WR�JDLQ�JURXQG��,Q�������DQ�HQFRXQWHU�ZLWK�.DUO�
3RSSHU�FDXVHG�(FFOHV�WR�UHIRUPXODWH�KLV�TXHVWLRQV�DQG�
to radically change his experimental approach (Todman 
�������7KHQ��XVLQJ�DV�D�PRGHO� DQ� LQKLELWRU\� V\QDSVH��
(FFOHV�SRVWXODWHG� WKDW�� LI� WKH�FKHPLFDO�K\SRWKHVLV�ZDV�
correct, the membrane potential of the postsynaptic 
cell would become more negative when activating the 
presynaptic neuron. That should not occur if the nature 
of the communication was electrical. The experiments 
showed the negative postsynaptic potential and the rest 
is history (Cobb 2020). The greatest advocate of the 
electrical hypothesis had just shown that neural com-
munication was chemical in nature. Underperforming 
big ideas can indeed become entrenched in a communi-
ty (Joyner et al. 2016).

1.3 Magic spectators and scientists

One of our main tenets is that the scientist is not the 
magician of nature but its spectator (Figure 1A). We are 
simultaneously astonished and fooled (Figure 1B). 

We love secrets, we simply don’t like being fooled or 
not knowing them (regarding the critique of the logic 
of “model organisms” in laboratories as general repre-
sentatives of natural truths, note the irony in the ease 
with which we tend to speak of “humans” in general). 
The audience of a magic show (like scientists) know 
that magic (like nature) has its secrets. As an audien-
ce we are naturally impelled to discover what’s behind 
WKH�WULFN��/LNHZLVH��DV�VFLHQWLVWV��ZH�IHHO�WKH�XUJH�WR�¿-
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gure out the mechanisms that hide behind each natu-
ral phenomenon. The problem is that we are all really 
easy to fool. But not all spectators are alike, and neither 
are scientists. Magic is dependent on cultural contexts, 
previous knowledge and cognitive development (Camí 
et al. 2020). So is behavior (Gomez-Marin & Ghazanfar 
2019). In drawing these analogies, we would like to em-
phasize only two broad classes of spectators: kids and 
DGXOWV��$V�LW�WXUQV�RXW��HDFK�RI�WKHP�UHTXLUHV�D�GL̆HUHQW�
PRGDOLW\�RI�PDJLF�H̆HFWV�

.LGV� UHTXLUH�D� VSHFL¿F�NLQG�RI�PDJLF� WKDW�¿WV� WKHLU�
own developmental conditions, and which is distinct 
from that which conventionally works in adults. Due 
to their unfolding cognitive processes, children tend to 
concentrate more on details without great abstractions 
or a great deal of extra assumptions. This can be a pro-
blem during a magic trick conceived to work in adults. 
For kids, signal can become noise (thus, not showing 
interest in the trick), and noise can become signal (thus 
actually discovering the trick). This can easily ruin a 
SURIHVVLRQDOO\� SHUIRUPHG� PDJLF� VKRZ� �VHH� ([DPSOH�
����7KXV�PDJLFLDQV�WXQH�WKHLU�H̆HFWV�DQG�WKH�ZD\�WKH\�
present them accordingly. In the analogy with scien-
ce, we can think of young scientists whose naive and 
uninhibited curiosity prevents them from prematurely 
discarding little details that may turn out to be crucial. 
Without needing to be a genius, their lateral thinking, 
ZLOOLQJQHVV�WR�WU\�QHZ�WKLQJV��DQG�LQGL̆HUHQFH�WR�ULGL-
cule may put them in a privileged position to carry out 
game-changing discoveries.

The limitations of magic for adults when done in 
kids actually demonstrate the opportunities available 
to break into the supposedly impenetrability of the “in-
WHUQDO�OLIH´�RI�WKH�H̆HFW��,Q�VFLHQFH�WKHVH�RSSRUWXQLWLHV�
also exist, for instance in outlier data, in discarded in-
formation, failed experiments, alternative hypotheses, 
or negative results. In some of such discards one may 
¿QG�WKH�HQWU\�SRLQW�WR�D�ZHDOWK�RI�NQRZOHGJH��DV�LQ�WKH�
case of the so-called “junk DNA” (Pennisi 2012). Adults, 
but not kids, generally over-determine what they see. 
As magic for kids remains a challenging endeavor, so 
is a science of minority reports beyond the community 
sanctioned interests and habits.

The great majority of magic is thought for adults, 
namely, grown up people whose cognition follows well-
trodden cognitive biases. For instance, magicians have 
learned to manipulate instinctive decisions by exploi-
ting well established heuristics and cognitive biases 

characteristic of adults. In fact, magic for adults is the 
“safest magic”, since it comprises the great bulk of ef-
forts, means, history and magic theories. When it comes 
to science, we can think of this bulk of adult spectators 
as the majority of professional scientists; a majority 
that, with time, may over-interpret what they observe, 
and whose critical thinking may progressively decay, as 
certain recent crises attest (Head et al. 2015, Ioannidis 
2005, Munafò et al. 2017).

Example 3. “Genetic scissors”

About 30 years ago, the professional magician David 
Williamson invited a 6-year-old boy called Murray to 
participate in a magic trick during one of his prime-time 
TV shows. The game, which the magician had rehearsed 
for months, was based on a classic magic trick involving 
the use of a carefully crafted special set of cards. What 
could go wrong? Williamson started laying out the play-
ing cards on the table, claiming that there were three. 
But Murray stopped him at that instant by pointing out 
that he could see a fourth card stacked to one of the 
others (Williamson 2011). The impenetrability of the 
internal life had been irremediably exposed. The young 
spectator had defeated the magician. That night was a 
turning point in Williamson’s career; he experienced in 
KLV�RZQ�ÀHVK�WKDW�WKHUH�DUH�GL̆HUHQW�W\SHV�RI�DXGLHQFHV��
GL̆HUHQW�YLHZV��VXFK�DV�0XUUD\¶V��ZKR�FRXOG�VHH�ZKDW�
hundreds of thousands of other people before, mostly 
adults, did not see (Olson et al. 2015). Magic does not 
work the same in children. 

We see mostly what we expect to see (Figure 2C). 
Our experiences are shaped by our expectations, which 
in turn are shaped by evolution as well as by our cul-
ture. They also change with age. Naturally uninhibited, 
children give more importance to details that are con-
VLGHUHG�VXSHUÀXRXV�LQIRUPDWLRQ�E\�DGXOWV��8QIRUWXQD-
tely, curiosity and creativity tend to fade as we grow up.

Just like Murray’s fresh look at Williamson’s card 
WULFN��VFLHQWL¿F�EUHDNWKURXJKV�RIWHQ�HPHUJH�IURP�FRP-
pletely unpredictable origins. As scientists, we tend to 
design our research projects based on the current scien-
WL¿F�FRQWH[W�DQG� IDGV��+RZHYHU�� LW�ZDV� VKHHU� FXULRVLW\�
what drove a young Francisco Mojica to persevere on 
the margins of science, without a grant, and with his 
main papers rejected in top tier journals for years, in 
his quest to understand a strange microbial DNA re-
peat sequence that would lead to his discovery of CRI-
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SPR (Mojica et al. 2005, 2013). His contribution was a 
foundational one to its recognition as an adaptive im-
mune system and its biological characterization, that 
would end up being fundamental to its repurposing for 
genome engineering, thus transforming biomedical re-
search in unprecedented ways (Lander 2016). As Lander 
points out: “It is instructive that so many of the Heroes 
of CRISPR did their seminal work near the very start of 
WKHLU� VFLHQWL¿F� FDUHHUV� �«���:LWK� \RXWK�RIWHQ� FRPHV� D�
willingness to take risks —on uncharted directions and 
seemingly obscure questions— and a drive to succeed.” 
How many discoveries await until we nurture a way of 
doing science in tune with the limitless curiosity that 
leads a child to discover that a hardly noticeable card 
VWDFNHG�XQGHU�DQRWKHU�LV�WKH�GL̆HUHQFH�EHWZHHQ�LOOXVLRQ�
and reality?

Minority reports can have major consequences. 
Note that during a magic show everybody applauds 
HYHQ�LI�QRW�VR�HQWKXVLDVWLF�DERXW�WKH�PDJLF�H̆HFW��7KHUH�
is a social component that is even stronger during stan-
ding ovations (some jumped from their chairs enthral-
led, others are forced to do so since they do not want to 
be left sitting down while the rest is up and clapping). 
In science, consensus by our peers is a valuable self-
correcting mechanism. However, paraphrasing Giorda-
no Bruno, truth does not change because it is, or it is 
not, believed by a majority of the people, even experts 
(Sackett 2000). These and other important aspects of 
the sociology of science need to be dealt with (Lazebnik 
������

Figure 2:�&KDOOHQJHV�DQG�RSSRUWXQLWLHV� WKDW�PDJLF�SUR̆HUV� WR�VFLHQFH�� �$��&RQWH[W� LV�FRQVWLWXWLYH��:KLOH�PDJLF�VXFFHHGV� LQ� WKH�UHDO�ZRUOG��
reductionist laboratory science insists in getting rid of context, ultimately trumping replicability and generalizability. (B) False clues abound. 
0DJLFLDQV�SXUSRVHIXOO\�OD\�WKHP�LQ�RUGHU�WR�WRUSHGR�RXU�SRVW�KRF�ORJLFDO�UHFRQVWUXFWLRQ�RI�WKH�WULFN��SDQHO�DGDSWHG�IURP�(GZDUG�0DUOR�H̆HFW��
*HQLL�0DJD]LQH�6HSW��������'HVSLWH�WKH�IDFW�WKDW�VFLHQFH�LV�D�VHOI�FRUUHFWLQJ�HQWHUSULVH��VFLHQWLVWV�KDYH�D�KDUG�WLPH�UHDOL]LQJ�WKHLU�EOLQG�VSRWV��
IDOVH�SDWKV��DQG�GHDG�HQGV���&��3HUVSHFWLYH�PDWWHUV��SDQHO�LQVSLUHG�E\�(GZDUG�6WHHG¶V�FDUWRRQ���+DYLQJ�SHUIRUPHG�LQ�IURQW�RI�GLYHUVH�DXGLHQFHV��
magicians know that what we see depends on our interests, heuristics and cognitive biases. Thus there is magic for adults and magic for kids, 
GXH�WR�WKHLU�GL̆HUHQW�FRJQLWLYH�GHYHORSPHQWDO�VWDJHV��+RZHYHU��VFLHQWLVWV¶�TXHVW�IRU�REMHFWLYLW\�DQG�WHQGHQF\�IRU�XQLIRUPLW\�LQ�WKHLU�WKLQNLQJ�FDQ�
defeat the purpose.
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Concluding remarks

“Science as Magic” is an analogy that presents the 
VFLHQWL¿F�TXHVW� WKURXJK� WKH� OHQV� RI� WKH�SURFHVVHV� WKDW�
WDNH�SODFH�GXULQJ�D�PDJLF�H̆HFW��7KLV�LV�QRW�WR�EH�FRQIX-
sed with “how magic became science” (Williams 2020), 
WKH�³VFLHQFH�RI�PDJLF´��0DFNQLN�HW�DO�������.XKQ�HW�DO��
������RU�³PDJLF�IRU�VFLHQFH´��/DPRQW�HW�DO��������&DPt�
et al. 2020).

Analogies and metaphors are essential to language 
DQG�UHDVRQLQJ��/DNR̆�	�-RKQVRQ��������7KH\�DOORZ�XV�
to understand one thing or concept by means of ano-
ther. For instance, when we say that “time is money”, 
we borrow meaning from the structural and functional 
properties of “money” in order to better grasp those of 
“time”. Here we have highlighted the coherent structu-
re that both magic and science share. In fact, the very 
existence and necessity of analogies for thinking chal-
lenges a theory of mind that assumes that rationality is 
conscious, dispassionate, linear, logical, disembodied 
and universal. As magic demonstrates, most of what we 
perceive or decide is entangled with our emotions, may 
not take place logically or linearly, strongly depends on 
WKH�SDUWLFXODU�FRQWH[W�ZKHUH�LW�WDNHV�SODFH�DQG��¿QDOO\��
on ontogenetic factors and cultural background.

Magic actually works thanks to our many cognitive 
EOLQG�VSRWV��7KH�H̆HFWLYHQHVV�RI�PDJLFLDQV� LV�GXH�WR�D�
large body of reproducible techniques and the use of 
particular materials and methods that have been de-
veloped empirically for centuries. These involve many 
VFLHQWL¿F� GLVFLSOLQHV� VXFK� DV� PHFKDQLFV�� HOHFWURQLFV��
mathematics and, above all, the cognitive sciences. 
,Q� IDFW�� WKH� ḢFDF\� RI�PDJLF� H̆HFWV� LV� HQWDQJOHG�ZLWK�
the magician’s capacity to interfere with the attention, 
perception, memories, decisions, and other cognitive 
processes of the spectator (Camí et al. 2020). As illu-
strated by Millikan’s example on the measurements of 
the charge of the electron, it is so easy to fool ourselves 
�)H\QPDQ��������7KXV��WKH�PRUH�ZH�DUH�DZDUH�RI�WKRVH�
biases, the better science we should be able to practi-
ce. Any theory of nature is inseparable from a theory of 
knowledge.

Limitations of the
“Science as Magic” analogy

Our analogy, of course, breaks down when over-
stretched. First, note that the spectator, as opposed to 

the scientist, does not enjoy the possibility of repeti-
tion. And if the magician repeats a certain movement 
or trick, it certainly is in the service of deception (such 
as in “conditioned naturalness” or upon “false clues” as 
discussed above). Second, spectators just watch with 
their eyes, while scientists use all sort of instruments 
and abstract symbolic formalisms. Third, the scientist, 
contrary to the spectator, can perturb the system in or-
der to establish counterfactuals. This is actually the es-
sence of experimental science: to combine observation 
with manipulation so as to upgrade correlation to cau-
sation (however, intervening in their system of study, 
VFLHQWLVWV�PD\�DOVR�LQDGYHUWHQWO\�D̆HFW�FHUWDLQ�DVSHFWV�
of its internal life, especially if the system is complex, 
quantum, or a simply living organism). Fourth, scien-
tists can and actually do design their experiments, whe-
reas spectators are just presented with a very carefully 
designed show from the part of the magician. When 
spectators are called to participate, they often do not in-
ÀXHQFH�ZKDW�LV�JRLQJ�WR�KDSSHQ��HYHU\WKLQJ�LV�XQGHU�WKH�
magician’s control). Fifth, although there is no magic 
without at least one spectator, there can be nature wi-
thout science (but probably not the other way around). 
Finally, magicians bring the spectators to their theater, 
while we, scientists, rather than meeting nature at her 
place, have got used to bringing her to our laboratories.

Challenges and opportunities

,I� ZH� QRZ� FRQFHQWUDWH� RQ� WKH� GL̆HUHQFHV� EHWZHHQ�
magicians and scientists, rather than in the similarities 
between spectators and scientists, we can better appre-
ciate the huge feats that magicians achieve. When ap-
plied to science, such challenges become opportunities. 
Magicians really have skin in the game. First, note that 
the magician does not target the average spectator, but 
each and every individual in the audience. A “statistical-
O\�VLJQL¿FDQW�WULFN´�LV�QRWKLQJ�EXW�D�IDLOXUH��6HFRQG��PD-
gicians perform LPSURPSWX magic and succeed in the 
“real world”, while scientists still struggle (Matusz et al. 
�������7KH�VWUHHW�LV�QRW�D�ODERUDWRU\��DQG�VSHFWDWRUV�DUH�
not inbred mice reared in the house. Quite the contrary 
to most laboratory practices, rather than pruning con-
text away, magicians deliberately provide it. To put it 
metaphorically, the absence of a dressing code does not 
imply that those attending the event will come naked. In 
fact, each one will bring their own garment. Third, ma-
JLFLDQV�H[HFXWH�YHU\�UH¿QHG�SURWRFROV��WKH�H[SHULPHQ-
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tal task, for a scientist) that actually work in real time 
and in closed loop. In addition, they have a “plan B” 
and “plan C” for virtually any situation. Robustness is 
not incompatible with the ability to improvise. Finally, 
the magician’s work is subject-centric and dual in terms 
RI�ZRUOGYLHZV��WKH�PDJLF�H̆HFW�LV�H̆HFWLYH�QRW�RQO\�EH-
cause of the trick they perform hidden in their “internal 
OLIH´��EXW�DOVR�EHFDXVH�WKH�PDJLF�H̆HFW�RYHUODSV�ZLWK�WKH�
spectator’s “meaningful environment” (the so-called 
8PZHOW). This last point is actually crucial for the life 
DQG�PLQG�VFLHQFHV��DQG�IRU�VFLHQWL¿F�WKLQNLQJ�LQ�JHQH-
ral. When stuck in a worldview, we can only study those 
WKLQJV�WKDW�¿W�LW��RU�JDPEOH��/DKWL��������%XW�ZKHQ�WKH�
things we study have their own worldview too (humans, 
EXW�DOVR�PLFH��ÀLHV�DQG�HYHQ�ZRUPV���LW�LV�QHFHVVDU\�WKDW�
ZH�DUH�ZLOOLQJ�WR�FRPPXWH�IURP�WKLUG�WR�¿UVW�SHUVRQ�H[-
periences (Gomez-Marin 2019b).

In sum, magicians thrive with real individuals in the 
real world, conditions that the laboratory-bound, re-
ductionist, and die-hard objective approaches to scien-
ce fail to deal with.

Outlook

:H�RIWHQ�FRQÀDWH�ZKDW� LV�REYLRXV�ZLWK�ZKDW� LV� WUL-
vial. But the more obvious a trick is, the more decep-
WLYH�LW�FDQ�EHFRPH��WKH�QRWLRQ�WKDW�WKH�HDUWK�LV�ÀDW��IRU�
instance). One thing is not to know how something 
happened, and quite another is to believe that what has 
happened cannot be. Science is the belief in the igno-
rance of experts. Magic is the art of honest deception (in 
D�ZD\��VR�LV�FLQHPD���([FHVV�RI�FUHGXOLW\�LV�DOZD\V�SUR-
blematic, but so is its lack. Skepticism is a fundamental 
element of the magic experience and also of science. So 
is the enchanted mind. Note that magic spectators are 
fooled despite knowing in advance that they will be fo-
oled. Scientists should also acknowledge that they will 
remain ignorant despite their increasing knowledge of 
the natural world (Firestein 2012). For a magician to 
suggest or pretend that magic is real is comparable to 
the scientist’s assertion that we now know the truth of 
the matter. To let the audience know that magic is ho-
nest deception is equivalent to the conscious ignorance 
WKDW�SUHOXGHV�HYHU\�UHDO�VFLHQWL¿F�DGYDQFH��7KH�ZLOO� WR�
step into the unknown and to face the mystery are indi-
stinguishable. Granting purpose to nature, we could say 
that she does not want to fool us as much as to shake 
us in wonderment. Nature is also that which both ma-

gicians and scientists share, both working to simulta-
neously enchant and disenchant. At the end of the day, 
the world of magic and the magic quality of our world 
may not be so far apart as they seem.
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The emergence and spread of the COVID-19 pan-
demic has raised many questions and doubts, ranging 
from the true “origins” of the virus (SARS-CoV-2) to 
problems related to clinical management of the disea-
se. Here we discuss serious concerns that have emerged 
about the health policy measures adopted in Italy.

In order to properly assess these issues in perspec-
tive, we provide a detailed documented chronicle of the 
events as they came to light.

Background

27th April 2018. During a conference organized by 
the Bill Gates Foundation with the prestigious New En-
gland Journal of Medicine and the Massachusetts Me-
dical Society, Gates claimed that it was necessary to pre-
SDUH�IRU�DQ�LPPLQHQW�ÀX�SDQGHPLF��³7KH�ZRUOG�QHHGV�
to prepare for pandemics in the same serious way it 
prepares for war [...]. This preparation includes staging 
simulations, war games and preparedness exercises so 
that we can better understand how diseases will spread 
and how to deal with responses such as quarantine and 
communications to minimize panic” [1]. Nothing new. 
Alarm about a future pandemic had already been raised 
long before the emergence of COVID-19, and at least 
since the outbreak of the SARS epidemics [2].

December 2019. On an uncertain day, the US Secret 
Service alerted its National Service counterpart about 
what was going on in Wuhan province, China. Fox News 
broadcast the information. In Italy the news was issued 
by Adn-Kronos (Coronavirus, Fox News: ‘Intelligence 

reports warned the Italian Government of the risks’) 
>�@�� 7KH� ¿UVW� &29,'���� SDWLHQW� DSSHDUV� WR� KDYH� EHHQ�
admitted to a Wuhan hospital on 8th December with a 
“mysterious disease”. For seven weeks after that date, 
about 30,000 people per day left Wuhan for the rest of 
the world.

Early December 2019. Dr. Li Wenliang, an ophthal-
mologist in Wuhan hospital, recorded an unusual num-
ber of cases of atypical pneumonia among his patients. 
He posited a correlation with a virus-based epidemic 
associated with conjunctivitis, similar to SARS (seve-
re acute respiratory syndrome). He mentioned this in 
chats with colleagues and patients. As often happens in 
communist regimes, he was consequently dismissed, 
imprisoned for a while and later reinstated. He died on 
�WK�)HEUXDU\�DIWHU� UHWXUQLQJ� WR�KLV�ZRUNSODFH� WR�¿JKW�
&29,'�����$ERXW����RWKHU�&KLQHVH�GRFWRUV�VX̆HUHG�WKH�
VDPH�IDWH��¿UVW�PDUJLQDOL]HG�DQG�³VLOHQFHG´��WKHQ�³UHKD-
bilitated” [4].

27th December 2019. Zang Jixian, a doctor in Hubei 
Provincial Hospital, reported to Wuhan Health Autho-
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rities that a virus belonging to the SARS family was cau-
sing the infection. More than 180 patients were already 
infected by then, according to a South China Morning 
3RVW�UHSRUW�>�@��7KLV�LV�WKH�¿UVW�UHFRQVWUXFWLRQ�WR�SXW�WKH�
&KLQHVH�DXWKRULWLHV�LQ�GL̇FXOW\�>�@�

The Chronicle

��VW� 'HFHPEHU� ������ &KLQD� IRUPDOO\� QRWL¿HV� WKH�
WHO (World Health Organization) of the existence of 
D�P\VWHULRXV�QHZ�LQÀXHQ]D�YLUXV�

�VW� -DQXDU\� ������ &KLQHVH� DXWKRULWLHV� FRQ¿UP� WKH�
¿UVW�YLFWLP�RI�FRURQDYLUXV�

7th January 2020. China communicates some clini-
cal/biological traits of the virus to the WHO and takes 
WKH�¿UVW�PHDVXUHV�WR�FRQWDLQ�WKH�GLVHDVH�

12th January 2020. The WHO declares that there 
LV�QR�VFLHQWL¿F�HYLGHQFH�RI�KXPDQ�WR�KXPDQ�WUDQVPLV-
sion of the virus [7].

��WK�-DQXDU\�������7KH�¿UVW�FRURQDYLUXV�YLFWLP�RXW-
side China (a woman in Thailand). 

��WK�-DQXDU\�������7KH�¿UVW�FDVH�LV�LGHQWL¿HG�LQ�WKH�
USA (an American citizen from Wuhan). An analysis by 
the Johns Hopkins University highlights the spread of 
the epidemic since November 2019 [8].

16th January 2020. First public report of the Italian 
National Health Institute on the spread of COVID-19 
recommending to “strengthen standard measures of 
prevention and control of infections, especially in emer-
gency rooms and emergency medicine departments”. 
“Between 31st December 2019 and 12th January 2020, 
WKH� &KLQHVH� +HDOWK� $XWKRULWLHV� LGHQWL¿HG� ��� FDVHV� RI�
pneumonia in the city of Wuhan caused by a new co-
ronavirus (2019-nCoV). In January 2020, Thai and 
Japanese Health Authorities also reported two cases of 
2019-nCoV infection in people from Wuhan City. Ba-
sed on the information currently available, WHO does 

not recommend any restrictions on travel or commer-

cial routes and the ECDC [European Council of Disease 
Control] considers the risk of introduction of the virus 
into Europe to be “low”” [9].

��WK�-DQXDU\�������$Q�ṘFLDO�VSHHFK�DERXW�WKH�YL-
rus by President Xi Jinping, broadcast by many inter-
national mass media, reckons that the infection travels 
IURP�KXPDQ� WR�KXPDQ�� DV� FRQ¿UPHG�E\� WKH�1DWLRQDO�
Health Commission of Beijing. On 20th January, Chi-
nese scientists describe the genomic structure of the vi-

rus in detail (the virus was isolated on 7th January and 
the sequence was made public on 9th January 2020) 
and its similarities to SARS, as reported in an article 
published by Nature [10]. 

6LJQL¿FDQWO\��WKH�¿UVW�ṘFLDOO\�DVFHUWDLQHG�FDVH�GD-
WHV�EDFN�WR��VW�-DQXDU\��DQG�¿YH�PRUH�SDWLHQWV�KDYH�EHHQ�
studied. Considering the amount of work this involves 
(the responses of numerous animal species to the virus 
were also highlighted in the study), we wonder how this 
research could have been conducted, completed, written 
and sent in less than 19 days. Such work generally takes 
PXFK�ORQJHU��WKH�GDWD�PXVW�DOVR�EH�YHUL¿HG�DQG�UHSOLFD-
ted) and it is truly amazing that no one pointed out this 
GLVFUHSDQF\��KRZ�FRXOG�WKH�&KLQHVH�ODERUDWRULHV�±�HYHQ�
considering the understandable “urgency” and political 
SUHVVXUH�±�KDYH�SURGXFHG�WKDW�UHVXOW�LQ�OHVV�WKDQ�WKUHH�
weeks? Actually, the entire sequence of events is highly 
VXVSHFW��7KH�¿UVW�ṘFLDO�FDVH�LV�LGHQWL¿HG�RQ���WK�'H-
cember 2019; the next day the Wuhan Animal Market 
is closed; 6 days later the virus has been isolated (!) and 
after two more days its sequence is published [11], af-
WHU�WHVWLQJ�WKH�YLUXV�RQ�D�EDWWHU\�RI�FHOOV�IURP�GL̆HUHQW�
animals (including humans), and identifying the recep-
tors to which the virus binds! Moreover, on 16th Janua-
ry, swabs and kits for RT-PCR analysis are distributed 
throughout the state of Hubei. Between 19th and 21st 
January, all Chinese provinces and regions are supplied 
with them. It is even more surprising that these kits 
were already supplied in advance to the WHO as of 12th 
January. Many of these procedures are compatible with 
the times reported, but not all of them. The suspicion is 
that the virus was known and had already been studied 

EHIRUH��WK�-DQXDU\��ZKHQ�&KLQD�ṘFLDOO\�VHQW�GDWD�RQ�
the virus to the WHO, as described in the joint WHO-
China report (24th February) [12].

These questions fuel doubts about the Wuhan labo-
ratory and raise new questions about the reliability of 
&KLQHVH�VRXUFHV�DQG�UHSRUWV��,Q�SDUWLFXODU�

1) Contamination. The Wuhan laboratory has been 
the subject of several surveys, as it was suspected to be 
responsible for accidental contamination. An article 
from Nature in 2017 details these risks [13]. The labora-
tory was planned in 2003, and built in 2004 with the di-
rect participation/support of France (which boasts some 
of the best skills in the world in this sector). France also 
trained several young Chinese scientists in a laboratory 
in Lyon. In recent years, there have been accidental di-
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spersals of SARS viruses from Beijing biosafety level 4 
laboratory (China has two BSL-4s). China is currently 
planning two more BSL-4s with the pretext of studying 
SARS, claiming to have a large number of monkeys to 
test on. However, as international observers note, “We 
are not convinced of the need for more than one BSL-4 
in mainland China”. Ebright suspects that the expan-
sion is a reaction to the networks in the United States 
and Europe, which he says are also unwarranted. “The-
se facilities are inherently dual use”, he says. The pro-
spect of ramping up opportunities to inject monkeys 
ZLWK�SDWKRJHQV�DOVR�ZRUULHV��UDWKHU� WKDQ�H[FLWHV��KLP��
“They can run, they can scratch, and they can bite” [14]. 
7KH�UHDO�ERXOGHU� LV� LQ� IDFW� WKH� ODFN�RI� LGHQWL¿FDWLRQ�RI�
the intermediate link of the virus, the one via which the 
virus passed from bat to man, “jumping” species (spillo-
ver). This is what renders plausible the hypothesis that 
the virus escaped from the Wuhan laboratory to infect 
humans directly. This is a critical question. If there is no 
evidence to explain the (hypothetical) spillover, other 
explanations remain in place, including accidental re-
lease of the virus from the Wuhan laboratory. Indeed, 
zoonotic spillover should not be given undue credit, be-
cause the epidemic curve is consistent with substantial 
human-to-human transmission [15]. Obviously, this 
possibility raises a number of embarrassing concerns.

2) Viral manipulation: was COVID-19 “manu-

factured”? This question arose because it is not clear 
how the virus, normally hosted by bats, could pass to 
KXPDQV�ZLWKRXW�¿UVW�DGDSWLQJ�WR�DQ�LQWHUPHGLDWH�KRVW��
The question has not yet been answered. A study (ha-
stily) published in Nature Medicine, excluded any in-
WHQWLRQDO�PDQLSXODWLRQ�EXW�OHIW�PDQ\�K\SRWKHVHV�RSHQ��
“Although the evidence shows that SARS-CoV-2 is not 
a purposefully manipulated virus, it is currently im-
possible to prove or disprove the other theories of its 
origin described here” [16]. It is however indisputable 
that COVID-19 comes from SARS (which was studied 
LQ� :XKDQ��� LQGHHG�� WKH� ṘFLDO� QDPH� LQFRUSRUDWHV�
this derivation. It is also strange that “the overall mo-
lecular structure of this virus is distinct from that of 
known coronaviruses but most closely resembles viru-
ses found in bats and pangolins that have been little 
studied and never known to cause humans any harm” 
>��@��)XUWKHUPRUH��&KLQHVH� VFKRODUV�ZULWH�� ³$FFRUGLQJ�
to researchers from Nanki University in Tianjin China, 
COVID-19 contains a strange HIV-like mutation that 
may make it more contagious and give it properties 

not found in other coronaviruses. The Chinese study 
builds on earlier research in India that concluded that 
the disease was unlikely to have originated in nature. 
This comes amid speculation that COVID-19 origina-
ted in a Chinese research lab located in Wuhan. While 
WKHVH�WKHRULHV�UHPDLQ�XQFRQ¿UPHG��WKH\�VKRXOG�QRW�EH�
dismissed as conspiracies” [18]. Indeed, previous Han-
tavirus outbreaks have been associated with laboratory 
UDWV�LQ�<XQQDQ��&KLQD��>��@��ZKLOH�JHQHWLF�PRGL¿FDWLRQV�
KDYH�SXUSRUWHGO\� EHHQ�SHUIRUPHG�RQ�GL̆HUHQW� VWUDLQV�
of coronavirus. Namely, the receptor-binding capacity 
of coronaviruses has been investigated by combining a 
KXPDQ�LPPXQRGH¿FLHQF\�YLUXV�EDVHG�SVHXGRYLUXV�V\-
stem with cell lines expressing the ACE2 molecules of 
humans and animals [20], thus enabling the coronavi-
rus to enter human cells while native viral proteins are 
unable to do so. Indeed, it is quite unlikely that a virus 
acquire such unique insertions naturally in a short time. 
This structural change may also have increased the ran-
ge of host cells that 2019-nCoV can infect. A hypothesis 
of this type was recently supported by Nobel laureate 
Luc Montagnier and bio-mathematician Jean-Claude 
Perez, who suggested that the new COVID-19 could be 
the fruit of inexperience in an attempt to produce an 
anti-HIV antibody [21]. Several scientists have rejected 
this statement with outrage; however, since the claim 
comes from the very scientist who discovered and iso-
lated the HIV virus, the hypothesis deserves to be held 
in high regard.

3) Distorted chronology. The temporal reconstruc-
tion of the events is manifestly distorted, as stated by 
Dr Li Wenliang, who already in a chat of 31st December 
�����VSRNH�RI� ³VL[�SDWLHQWV�ZLWK� LGHQWL¿HG�YLUXVHV�EH-
longing to a SARS-like subtype, of the coronavirus type” 
>��@�� VX̆HULQJ� IURP� FRQMXQFWLYLWLV� DQG� DW\SLFDO� SQHX-
monia. This admission documents how a pre-characte-
rization of the virus had already been done before 20th 
January. Dr Li recommended that friends and relatives 
take precautions. Two days later he was interrogated by 
the police, warned by the authorities not to spread alarm 
and removed from the hospital, only to return a few 
days later. A similar fate has befallen other doctors. In 
fact, according to investigations by the Johns Hopkins 
8QLYHUVLW\��UHFHQWO\�FRQ¿UPHG�E\�WKH�6RXWK�&KLQD�0RU-
QLQJ�3RVW�>��@��WKH�¿UVW�FDVHV�RI�6$56�&R9���GDWH�EDFN�
to early November 2019 (3rd-17th November).

21st January 2020. China decides to isolate the 
Wuhan Region with blockade of trains and planes.
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22nd January 2020. The victims of COVID-19 in 
&KLQD�DUH�ṘFLDOO\�����0HHWLQJ�RI�WKH�RSHUDWLRQDO�7DVN�
Force of the Chinese Ministry of Health.

23rd January 2020. Two Chinese tourists disembark 
at Malpensa Airport in Milan. They arrive in Rome on 
��WK�-DQXDU\��ZKHUH�WKH\�DUH�VWRSSHG�DQG�LGHQWL¿HG�DV�
infected with COVID-19. The WHO, for its part, organi-
zes a meeting to decree an emergency, however, China 
blocks that step. WHO General Director, Tedros Adha-
nom Ghebreyesus, who was accused of “hiding” three 
cholera epidemics when he was Minister of Health in 
(WKLRSLD�>��@��ÀLHV�WR�%HLMLQJ�WR�GLVFXVV�WKH�PDWWHU�ZLWK�
the Chinese President. On his return, he praises China 
IRU�LWV�H̆RUWV�LQ�KHDOWK�PDQDJHPHQW�DQG�GHFODUHV�WKDW�
there is no reason to “interfere” with the free movement 
of persons and goods by freezing transport to and from 
China.

��WK�-DQXDU\�������,W�LV�UHYHDOHG�WKDW�WKH�¿UVW�&2-
VID-19 patient in China was hospitalized in Wuhan on 
8th December 2019, recorded as having a “mysterious 
disease”. From that moment on, for seven weeks, about 
30,000 persons per day left Wuhan for the rest of the 
world. A suspected case of COVID-19, a musician who 
KDG� UHWXUQHG� IURP�:XKDQ�� LV� LGHQWL¿HG� LQ� 3DUPD� LQ�
-DQXDU\�>��@��,Q�WKH�VDPH�GD\V��WKH�¿UVW�WKUHH�LQIHFWHG�
persons are discovered in France, one coming from 
Wuhan [26]. The escalation of cases is worrying. In the 
face of these signals, the Western media shows skeptici-
sm and tends to minimize the “accidents”. Italian new-
spapers prefer to “constrain” any form of “alarmism”. 
According to Il Foglio, “Concern and caution are one 
thing, but the alarmism that has been raging in the last 
few days is proliferating faster than the virus and risks 
GRLQJ�VHULRXV�GDPDJH��7KH�FRQFHUQ�LV�DOVR�DERXW�&KLQD��
the regime tries to appear responsible but according to 
various experts the precautions it has taken so far have 
been too weak and too late” [27]. Faced with this news, 
it is disarming to read in the Giornale della Protezione 

Civile�RQ���WK�-DQXDU\��³,WDO\�KDV�D�SODQ�DJDLQVW�WKH�FR-
ronavirus, but so far no alarm” [28].

25th January. China declares a 60% increase in in-
fections in two days [29]. The Americans evacuate from 
China [30]. 

27th January. Israeli analysts link the coronavirus 
emergency to the Wuhan laboratory, suggesting that an 
“engineered” virus could have escaped, by mistake or 
through incompetence, and infected the town’s animal 
market [31].

28th January. A case of COVID-19 infection is iden-
WL¿HG� LQ�*HUPDQ\� LQ� D� SHUVRQ�ZKR�KDV� QHYHU� EHHQ� WR�
China [32].

30th January. The WHO declares COVID-19 a “Glo-
EDO� +HDOWK� (PHUJHQF\´� >��@�� 7KH� ¿UVW� WZR� FDVHV� DUH�
LGHQWL¿HG�LQ�,WDO\��

31st January. The Italian Council of Ministers de-
crees a state of emergency for six months. The Emilia 
Romagna Region organizes a “task force” and decides to 
set up two “rooms for restrictive isolation per Province, 
reserved for serious and stable patients”, one with re-
spiratory support. It also decides “not to isolate sympto-
matic patients from Southeast Asia, except those from 
the Wuhan area” [34].

2nd February. The Chinese community of Bologna 
has been procuring medical supplies to send to Wuhan 
for two weeks (10 thousand masks, 550 coveralls and 10 
thousand pairs of gloves) [35].

15th February. A Chinese returning from Wuhan 
with COVID-19 dies in France [36].

22nd February. The Italian Council of Ministers 
ODXQFKHV�WKH�¿UVW�UHDO�GHFUHH�WR�FRXQWHU� WKH�WUDQVPLV-
sion of the coronavirus.

16-24th February. Although the WHO has declared a 
“global health emergency” as of 30th January, only now 
(16th February) does a WHO delegation travel to China, 
where it remains for nine days to conduct an extensive 
investigation [37]. Its report highlights that sporadic 
cases of abnormal pneumonia, suspected to be caused 
by a SARS-like virus, had been reported since October 
2019. The second critical point concerns the origin. Sin-
ce the natural reservoir of the virus is bats, the inter-
mediate host through which the virus reached humans 
KDV�QRW�EHHQ�LGHQWL¿HG��)DLOXUH�WR�¿QG�WKH�PLVVLQJ�OLQN�
leaves open the possibility that the virus escaped (ac-
cidentally) from the Wuhan BSL-4 laboratory. The re-
port also highlights that health workers are particularly 
exposed to the infection (2055 health care workers are 
reported to be infected in 476 hospitals in China) and 
require special and urgent precautions. Indeed, on 20th 
February, China implements additional measures to 
protect physicians. The WHO report is in the hands of 
the Italian government as early as 25th February, yet 
no measures are taken to protect health professionals. 
2YHUDOO��KRZHYHU��WKH�:+2�UHSRUW�LV�FRQWUDGLFWRU\�

D��7UDGLWLRQDO�EHOLHI�LQ�WKH�EHQH¿WV�DQG�PLUDFXORXV�
virtues of certain foods of animal origin has nourished 
unhealthy and dangerous dietary habits among Chinese 
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citizens, such as “jinbu” or intake of meat from live ani-
mals or otherwise without prior sanitation. Numerous 
reports indicate that the experimental animals used 
in Wuhan’s BSL-4 laboratory are often “resold” to the 
local market for extra earnings, instead of being pro-
perly disposed of by cremation, as the law requires. One 
Beijing researcher, now in jail, made the equivalent of 
a million dollars selling monkeys and rats on the live 
animal market, “whence they likely wound up in some-
one’s stomach” [38]. The report does not suggest any 
recommendation regarding this critical question.

E��7KH�UHSRUW� ODYLVKHV�HPEDUUDVVLQJ�ÀDWWHU\�RQ�WKH�
&KLQHVH�UHJLPH�IRU�WKH�H̆HFWLYHQHVV�DQG�SURPSWQHVV�RI�
measures that nipped the epidemic in the bud, making 
it unnecessary to issue a general alarm. On the other 
hand, however, the report cannot fail to detect that the 
virus is “highly contagious, can spread quickly, and 
must be considered capable of causing enormous he-
alth, economic and societal impacts in any setting”. The 
report does not stigmatize the fact that the Chinese au-
thorities deliberately decided not to count asymptoma-
WLF� SDWLHQWV� DPRQJ� WKH� LQIHFWHG�� WKLV� XQGHUHVWLPDWLRQ�
has enormous consequences in terms of epidemiologi-
cal evaluation. In fact, as early as February, data silen-
ced by the Chinese government clearly indicated that 
more than a third of positive patients are asymptomatic 
and vehicles of infection [39]. Keeping this information 
secret objectively favored worldwide spread of the vi-
rus and weakened any strategies for containing the epi-
GHPLF��VLQFH�E\�GH¿QLWLRQ�DQG�DW� WKH� LQGLFDWLRQ�RI� WKH�
WHO, asymptomatic cases were not traced or tested. 
This indication was followed by the Italian Consiglio 

Superiore della Sanità on 26th February [40]. Accor-
ding to an analysis reported by Science [41], asympto-
matic cases caused 79% of clinically detectable cases. 
7KH�UHSRUW�¿QDOO\�ERUGHUV�RQ�SDUDGR[�ZKHQ�LW�FRQVLGHUV�
other countries unable to take the measures adopted by 
&KLQD�ZLWK�HTXDO�ḢFDF\�DQG�GHWHUPLQDWLRQ��³0XFK�RI�
the global community is not yet ready, in mindset and 
materially, to implement the measures that have been 
employed to contain COVID-19 in China. These are the 
only measures that are currently proven to interrupt 
or minimize transmission chains in humans”. Finally, 
the report asks other countries to activate the “Emer-
JHQF\�SODQ´�� LPPHGLDWHO\�DW�PD[LPXP�OHYHO�� ³3UHSDUH�
to immediately activate the highest level of emergency 
response mechanisms to trigger the all-of-government 

and all-of society approach that is essential for early 
containment of a COVID-19 outbreak”.

,Q� WKH� VDPH� SHULRG� LQ� ,WDO\�� JRYHUQPHQW� ṘFLDOV�
tried to minimize the infection. Towards the end of Fe-
bruary 2020 certain politicians declared that there was 
no cause for concern, since the disease in question was 
³OLWWOH�PRUH�WKDQ�D�ÀX´��7KH�0D\RU�RI�)ORUHQFH�0DXUL-
zio Nardella organized a dinner with many guests in a 
Chinese restaurant to dispel “legends” about the risk of 
spreading the disease. Slogans in the month of February 
were “Embrace a Chinese” and “Reopen Milan” (27th 
)HEUXDU\��³&RURQDYLUXV��6DOD�FDOOV�&RQWH��³/HW¶V�UHRSHQ�
Milan as soon as possible”) [42]. Heedless of the se-
rious danger posed by the unfortunate situation already 
existing in Italy, those who called for urgent measures 
to contain the contagion were dubbed “fascists” or “ra-
cists” by exponents and fans of the current parliamen-
tary majority.

23rd February, 2020. The Italian Government is-
VXHV�WKH�¿UVW�FRQWDLQPHQW�PHDVXUHV��ZLWKRXW�JLYLQJ�DQ\�
details [43]. 

11th March 2020. The WHO declares the status 
of pandemic, when coronavirus cases have reached 
��������ZRUOGZLGH��RQ�¿YH�FRQWLQHQWV�>��@�

Data uncertainties:
diagnostic unreliability and
the limits of statistical models

From the outset, the management of the ongoing 
epidemic has been characterized by four orders of un-
certainty pertaining to the reliability of the data. This 
is of no secondary importance, because the narrative of 
the mass media, government decisions and opposition 
responses were based on data, which was on the whole 
absolutely unreliable. Doubts regarding the available 
LQIRUPDWLRQ�LQFOXGH�

1) Data from China��:H� NQRZ� WRGD\� WKDW� WKH� ¿UVW�
cases of COVID-19 were recorded in early November 
2019. The Chinese authorities began to study and iso-
late the virus long before 9th January 2020, when they 
sent their preliminary report to the WHO. Uncertainty 
also remains regarding the true death rate and the inci-
dence of COVID-19 [45]. 

2) Italian data. In the absence of a population-
sample-based screening program (which can then be 
extrapolated to the general population) or a systematic 
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LQYHVWLJDWLRQ� LQ� WKH�PRVW� D̆HFWHG� UHJLRQ� �/RPEDUG\���
assessment of the spread of the epidemic (number of 
people infected regardless of their clinical status) was 
absolutely inadequate. This not only led to underesti-
mation of the extent of the infection, but also to gross 
calculation errors, especially regarding the lethality of 
COVID-19. Lethality is obtained by calculating the ratio 
of the number of casualties to the number of positive ca-
ses. If the denominator increases, the value of lethality 
decreases. Current estimates suggest that the number 
of infected people greatly exceeds the number of posi-
tive tests, e.g. by a factor of 35 [46]. Moreover, there is 
JURZLQJ�HYLGHQFH�WKDW�WKH�GHDWK�¿JXUHV�UHSRUWHG�GDLO\�
E\�,WDOLDQ�ṘFLDOV�PD\�EH�JURVVO\�XQGHUHVWLPDWHG�>��@�

3) Technical limits. Technical limits concern how 
the data was collected, the inclusion criteria (especial-
ly with regard to cases of death) and the reliability of 
WKH�DQDO\WLFDO�GHWHUPLQDWLRQV� �EX̆HUV��YLUXV�JHQRPLFV�
etc.). To limit the example to China, out of 76,314 cases 
UHSRUWHG�LQ�DQ�H[WHQVLYH�UHYLHZ��������ZHUH�FODVVL¿HG�
as “suspect cases”, 14.6% as “clinically diagnosed” and 
1.2% as “asymptomatic” [48]. This means that 37% of 
the cases reported in Chinese statistics so far were only 
diagnosed on a clinical basis (“suspect cases” according 
WR�WKH�:+2�GH¿QLWLRQ���<HW�PDLQVWUHDP�LQIRUPDWLRQ�WR�
WKH�ZRUOG�SRSXODWLRQ�SUHVHQWHG�WKHP�DOO�DV�³¿UPO\�HVWD-
blished”. Antibody testing, which should have been con-
VLGHUHG� IXQGDPHQWDO� IRU� FRQ¿UPLQJ� RU� UHIXWLQJ� DFXWH�
infection, was ignored until the end of April. This tech-
nique was available from the beginning, but was not 
XVHG�XQWLO�PXFK�ODWHU��&RQ¿UPDWLRQ�RI�FDVHV�ZDV�PDLQO\�
EDVHG�RQ�QDVRSKDU\QJHDO�VZDEV�DQG�JHQH�DPSOL¿FDWLRQ�
by RT-PCR, a non-validated, non-standardized tech-
nique that seems to give many false positives and false 
negatives [49]. Another concern about PCR-based tests 
is that there has not been enough time to assess their 
VHQVLWLYLW\�DQG�VSHFL¿FLW\��%DVHG�RQ�SHUVRQDO�FRPPXQL-
FDWLRQV�ZLWK�FROOHDJXHV��D�VLJQL¿FDQW�SURSRUWLRQ�RI�SD-
tients who meet clinical and chest CT diagnostic criteria 
for COVID-19, including many hospitalized patients, 
tested negative for viral RNA [50]. Other common re-
VSLUDWRU\� HWLRORJLHV�� VXFK� DV� LQÀXHQ]D�� ZHUH� H[FOXGHG�
but remain “suspect” cases that may be false negative 
to PCR [51]. In some patients, the virus may be present 
in lower respiratory secretions but absent in the upper 
respiratory tract. With current tests, it is therefore dif-
¿FXOW�WR�REWDLQ�D�PHDQLQJIXO�DVVHVVPHQW�RI�WKH�SHUFHQ-

tage of symptomatic infected patients [52, 53]. There is 
also a huge problem relating to the attribution of causes 
of death. First, only a few autopsies have been perfor-
med, and this makes it impossible to correctly ascribe 
the cause of death to the virus and to understand the 
pathogenic mechanisms involved. Secondly, because 
WKH�OHWKDOLW\�ULVN�GDWD�LV�DUWL¿FLDOO\�RYHUHVWLPDWHG�ZKHQ�
SUH�H[LVWLQJ�SDWKRORJLHV�±�RIWHQ�PRUH�VHULRXV�WKDQ�WKH�
&29,'����LQIHFWLRQ�±�DUH�GLVFDUGHG��,Q�,WDO\��WKH�³DOO�LQ´�
criterion was used, whereas elsewhere, as in Germany, 
the more rational approach of assessing the predomi-
nant “causative” role of the virus was applied. This di-
VFUHSDQF\� FRXOG� H[SODLQ� WKH� KXJHO\� GL̆HUHQW� OHWKDOLW\�
rate between Italy and Germany at the end of March 
2020 (11.40% versus 0.9%). Then if we want to evaluate 
mortality (as distinct from lethality), we have to compa-
re all deaths recorded in a certain region with those re-
corded in previous years to verify whether the epidemic 
caused (and to what extent) more deaths than expected. 

4) Ambiguous and confused communication. Final-
O\��WKHVH�HOHPHQWV�LQÀXHQFHG�WKH�FRPPXQLFDWLRQ�PRGHO�
adopted by the government, generally characterized by 
DQ�DEVHQFH�RI�ṘFLDOGRP��LQWHUYLHZV�LQ�WKH�FRQWH[W�RI�
entertainment programs, TV lounges and talk-shows), 
based on contradictory announcements (statements not 
followed by concrete acts or worse still denied shorty af-
ter), improvised (communications of closures and lock-
downs not associated with the necessary containment 
measures) and based on alarmism rather than on the 
need to inform and equip the public. Thus, the habit of 
communicating the “war bulletin” every day at a given 
hour, together with the uninterrupted procession of ex-
perts, each eager to give his own version, aroused con-
cern far beyond what was necessary and desirable, as 
well as anxiety and confusion.

Failure to act and political inadequacy

a) The World Health Organization (WHO). The 
behavior of the WHO appears to have been based on 
a serene temporal reconstruction, discreditable to say 
the least and showing no hint of self-criticism or self-
reproach. The WHO has shown culpable omissions, de-
OD\V�DQG�LQDGHTXDFLHV�

1) The WHO did not monitor the Wuhan laboratory, 
despite the fact that its activities had long been targeted 
E\�WKH�VFLHQWL¿F�FRPPXQLW\�
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2) It did not promptly call a state of alert, necessary 
on isolation of the new viral strain (9th January 2020).

3) It issued the pandemic alert about 40 days late 
(15th January), when besides the Wuhan outbreak, full-
blown cases of COVID-19 were already known in Thai-
land, Japan and the United States. By 20th January, it 
was clear that the infection was transmitted between 
humans via the respiratory route. Yet in its press re-
OHDVHV� DQG� WKH�¿QDO� UHSRUW� GRZQVWUHDP�RI� WKH� FRQWURO�
visit to China (24th February), the WHO persisted in 
declaring the situation to be under control and in prai-
sing China for the measures implemented. At the same 
WLPH��WKH�:+2�¿UPO\�VWDWHG�WKDW�EORFNLQJ�ÀLJKWV�WR�DQG�
from China “was an error” [54]. This position was even 
reinforced by the Director-General, Tedros Adhanom 
Ghebreyesus, according to whom “these limitations risk 
increasing fear and discrimination and have poor public 
health results” [55].

4) In the meantime, the WHO was ignoring alarms 
from Japan, Korea and Taiwan. All too ready with prai-
se for China, incredibly the WHO did not indicate the 
ḢFLHQW� SURWRFROV� LPSOHPHQWHG�E\�.RUHD� DQG�7DLZDQ�
as a model to stem the epidemic. Even more incredible, 
it deliberately ignored the alarm launched by Taiwan in 
early December about the possible outbreak of an epi-
demic from China [56].

In summary, there is no doubt that relations betwe-
en China and the WHO are not transparent. As already 
happened in 2003 for SARS, China has clear responsibi-
lities regarding emergence of the epidemic, its worldwi-
de spread and other countries’ delay in dealing with it.

b) The Italian Government

The Italian government continues to show hesita-
tions and inadequacies that must be clearly denounced.

First of all, it shows a general lack of awareness of 
the epoch-making problem of dangerous epidemics. At 
WKH�FHQWHQDU\�RI�ZKDW�LV�NQRZQ�DV�WKH�6SDQLVK�ÀX�������
1920), re-examined in several recent books and reports, 
its absence of understanding of the danger of periodic 
ÀX�EDVHG�HSLGHPLFV�LV�LQFRPSUHKHQVLEOH�>���������@��7KH�
Lancet has appropriately stigmatized this incompeten-
ce on the part of political authorities by speaking openly 
of “trained incapacity” [59]. The Italian government is 
QR�H[FHSWLRQ�� OLNH�RWKHU�6WDWHV� LW�GHPRQVWUDWHG� WKDW� LW�
had failed to learn from previous experience and failed 
WR�KHHG�WKH�UHFRPPHQGDWLRQV�RI�WKH�VFLHQWL¿F�FRPPX-

QLW\��ZKLFK�KDV�EHHQ�H[SHFWLQJ�D�QHZ�ÀX�SDQGHPLF�VLQFH�
the turn of the century [60]. It is embarrassing, to say 
the least, that the Italian government was late in activa-
ting the National Plan of Preparedness and Response 
to a Flu Epidemic (updated in 2016) [61], despite wide-
spread alarm. The objective of the Plan, articulated in 
six activation phases, is to prepare the country to deal 
with an epidemic/pandemic threat. The plan was con-
ceived as a resource that could be brought into action, 
even in the absence of alarm issued by the WHO. The 
plan remained inactive, despite outbreaks of atypical vi-
ral pneumonia in many areas of Lombardy, Veneto and 
Emilia Romagna in December 2019 [62]. Furthermore, 
as early as 28th December, 40 abnormal cases of viral 
pneumonia were reported in Piacenza hospital [63]. A 
subsequent study by the University of Milan pinpoin-
ted onset of the epidemic in Italy between October and 
1RYHPEHU��ZHOO�EHIRUH�WKH�¿UVW�FRQ¿UPHG�FDVH�DW�&RGR-
gno [64]. These reports prompted the Ministry of He-
DOWK�WR�LVVXH�D�VSHFL¿F�GHFUHH�RQ��WK�-DQXDU\��ZDUQLQJ�
DERXW�WKH�SRVVLELOLW\�RI�DQ�XQXVXDO�³ÀX�HSLGHPLF´��DQG�
requesting special attention to viral pneumonia coming 
from China [65]. The alert, reiterated on 12th January, 
continued to link virus and epidemic, but paradoxical-
ly highlighted that based on information received from 
China, the WHO was “reassured by the quality of the on-
going investigations [in China] and response measures 
implemented in Wuhan.” Finally, on 16th January, we 
witness a turnaround, a real manipulation of the truth, 
in a document that goes back to talking about a possible 
epidemic but the link with China is deleted and repla-
ced with “Japan”, the source of the epidemic (“Japan 
(ex-China)”) [66]! To sum up, the Plan for the manage-
ment of pandemics was ignored, then activated late and 
incompletely, as pointed out by the Italian press [67].

Concluding (preliminary) remarks

In September 2019, the Johns Hopkins Center for 
Health Security issued a long document on the dangers 
RI�D�IRUWKFRPLQJ�ÀX�SDQGHPLF��PDGH�LQFUHDVLQJO\�SUR-
bable by globalization phenomena and unsafe handling 
RI� DQLPDOV� DQG� WKH� PHDW� PDUNHW�� ZKLFK� VLJQL¿FDQWO\�
increase the risk of transmission of zoonotic disease to 
humans [68]. We had a “taste” of these dangers with the 
epidemic of bovine spongiform encephalopathy (BSE, 
also known as mad cow disease) in 2001, and later with 
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the SARS, MERS and other avian epidemics since 2003. 
The current epidemic is not exactly an “unexpected” 
event that took the authorities by surprise. Scientists 
and technicians of the state administration knew per-
fectly well that it could happen, and in a sense, they con-
sidered it an imminent possibility. On 11th March 2019, 
La Repubblica��D�PDMRU�,WDOLDQ�QHZVSDSHU��ZURWH��³,W�LV�
not a question of whether but of when (the pandemic) 
ZLOO�DUULYH��7KH�*OREDO�,QÀXHQ]D�6WUDWHJ\� LV� WKH�QHZO\�
ODXQFKHG�SURJUDP�WR�DGGUHVV�ULVN��,W�KDV�WZR�REMHFWLYHV��
investing in research and improving surveillance and 
intervention systems” [69].

The COVID epidemic has highlighted two other fun-
GDPHQWDO�OLPLWV�RI�KHDOWKFDUH�RUJDQL]DWLRQ�LQ�,WDO\�

1. ,QDGHTXDWH�VXSSRUW�WR�VFLHQWL¿F�UHVHDUFK. For ye-
DUV��,WDOLDQ�VFLHQWL¿F�UHVHDUFK�KDV�UHFHLYHG�LQDGHTXDWH�
funding compared to other countries in the European 
Union, despite its high level and productivity (three ti-
mes that of Germany on a quarter of the funding). Four 
months after the outbreak of COVID-19 and even now, 
few resources (less than 20 million euro) have been allo-
FDWHG�IRU�WKH�VFLHQWL¿F�HPHUJHQF\�UHODWHG�WR�&29,'�����

2. Shortfalls in Italian healthcare architecture. In 
recent years the concept of medicine inherited from the 
great Greco-Roman and Christian tradition has been 
demeaned. Hospitals, once known as Hôtels de Dieu, 
have become Business Companies for Health (Azienda 

Sanitaria), where decisions are made and evaluated on 
WKH�EDVLV�RI�¿QDQFLDO�DQG�PDQDJHPHQW�ḢFLHQF\�FULWH-
ria. This destroyed territorial (precinct) medicine, and 
created multi-specialist centers of attraction, conceived 
as all-inclusive healthcare terminals for entire macro-
regions. Territorial medical units enable better care and 
management of patients in the home setting. They also 
PDNH�WHFKQLFDO�DQG�¿QDQFLDO�UHVRXUFHV�DYDLODEOH�IRU�GL-
versifying health services and their quality. In particular, 
the need for more intensive care units had been known 
since 2012, when the Monti government cut about 2/3 of 
the beds. Sadly, nothing was done to remedy this shor-
WDJH�DQG�HYHQ�LQ�WKH�¿UVW�GD\V�RI�0DUFK�QRWKLQJ�KDSSH-
ned immediately. Another aspect is the gradual disap-
pearance, since the 90s, of the term “prevention” from 
health managers’ vocabulary. The concept of prevention 
ÀRXULVKHG�LQ�WKH���V�DQG���V�WR�DGGUHVV�FRPSOH[�LVVXHV�
such as pathologies caused by environmental pollution, 
occupational exposure, as well as degenerative (cancer) 
DQG�PHWDEROLF� �REHVLW\�� GLDEHWHV�� GLVHDVHV�� 6DFUL¿FLQJ�

the paradigm of prevention meant underestimating the 
risks of foreseeable new pandemics.

+RZHYHU�� WKH�&29,'����RXWEUHDN�R̆HUV�DQ�RSSRU-
tunity to rethink the health model of recent decades, 
including the role played (or that should have been pla-
yed) by certain international organizations.

1. The European Union. The EU made disparate be-
lated decisions, and indeed shone for the lack of cohe-
UHQW�PHDVXUHV��1R�PHHWLQJ�ZDV�RUJDQL]HG�WR�VSHFL¿FDOO\�
address the SARS-CoV-2 emergency, and the European 
Commission’s constituent program was largely overlo-
oked, particularly in its capacity to cope with “emerging 
global threats” [70]. 

2. Finally the WHO. The WHO is guilty of remai-
ning silent and underestimating the danger, as well as 
covering China’s errors and delays. China’s behavior 
KDV�EHHQ�DPELJXRXV��ZH�VWLOO�GR�QRW�NQRZ�ZLWK�FHUWDLQ-
ty when the epidemic broke out, how many deaths it 
caused and where the virus originated. Certainly Chi-
QHVH�UHVHDUFK�LQ�WKH�¿HOG�RI�WUDQVJHQHVLV�DQG�PROHFXODU�
biology has long been the subject of attention due to its 
ethical and safety implications. Over the years, Chinese 
researchers have too easily circumvented safety rules 
and ethical principles, in many cases incurring criticism 
and criminal convictions, as in the case of Dr He [71]. 
The risks associated with the possibility of pandemics 
related to inappropriate gene manipulation of viral and 
bacterial strains have been the subject of many studies 
[72]. For too long, “preparedness strategies for public-
health emergencies have been neglected, and commu-
nities remain ill equipped to face a sudden epidemic, let 
alone a global pandemic. Perhaps the looming specter 
RI� D�SRWHQWLDOO\�GHYDVWDWLQJ�SDQGHPLF�ZLOO� NLOO� R̆� WKLV�
false sense of security, and concentrate the minds and 
budgets of both governments and research commu-
nities towards preventing another superbug scourge” 
[73].

The real possibility that this scenario could materia-
lize calls for application of the precautionary principle, 
in the spirit of the Cartagena Convention (1992). It is 
still not too late to propose a moratorium on projects 
RI�WUDQVJHQHVLV�DQG�JHQHWLF�PRGL¿FDWLRQ�RI�YLUXVHV�DQG�
potentially pathogenic bacteria.
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One of the major challenges of any historical science 
is the role of forecasting. Biology is a historical science, 
because organisms can only be understood in a tempo-
ral, phylogenetic and ontogenetic, perspective. In par-
ticular, the time of biology, and therefore of correlated 
sciences (ecology etc.), is a time of change in the “spa-
ce of possibilities” (of “phases” as we say in physics, of 
ecosystems and species in biology), punctuated by rare 
events - evolutionary novelties, speciation. In physics, 
WKH�VSDFH��RI�SKDVHV��LV�¿[HG�DV�³D�SULRUL´�RI�NQRZOHGJH��
DV�³FRQGLWLRQ�RI�SRVVLELOLW\´�IRU�³ZULWLQJ�HTXDWLRQV´��H[-
plain Newton and Kant: it a priori contains all possible 
trajectories - unpredictability is within these trajectori-
HV� �WKH�UDQGRPQHVV�RI�D�GLH�FRQFHUQV�VL[�SRVVLELOLWLHV��
no more, no less). In biology, to physical randomness 
is added the unpredictability of changes of the space 
of possibilities and of rare events, to which one cannot 
even assign probability values, see (Longo, 2020). The 
KLVWRULDQ�RI�KXPDQ�D̆DLUV�ZLOO�UHFRJQL]H�WKHUH�HOHPHQWV�
RI�KLV�WKHRUL]DWLRQ��DOWKRXJK��RI�FRXUVH��V\PEROLF�FXOWX-
re, in all its forms, imposes an important change in the 
tools of analysis.

Faced with the intrinsic unpredictability of the hi-
story of the living, should we remain silent? No, science 
LV�QRW��RU�QRW�RQO\��WKH�DQDO\WLFDO�JDPH�RI�³H[SHULHQFH�
REVHUYDWLRQ�� WKHRU\�� SUHGLFWLRQ�� YHUL¿FDWLRQ�� IDOVL¿-
FDWLRQ´��EXW�¿UVW�RI�DOO�D�FRQVWUXFWLRQ�RI�REMHFWLYLW\��RU�
HYHQ�REMHFWV�RI�NQRZOHGJH��WKURXJK�GL̇FXOW�RSHUDWLRQV�
RI�³FDUYLQJ�RXW´��VHSDUDWLQJ�GLVWLQJXLVKLQJ��DQG�³TXD-
OL¿FDWLRQ´�RI� UHDOLW\��7KLV� LV�KRZ�'DUZLQLDQ� WKHRU\�RI-

IHUV�XV�D� UHPDUNDEOH�KLVWRULFDO� WKHRU\�RI� WKH� OLYLQJ��RI�
“species”, a notion that is constantly being re-carved-
RXW� DQG� UH�TXDOL¿HG��7KLV� WKHRU\�GRHV�QRW� DOORZ�XV� WR�
SUHGLFW��EXW��E\�PDNLQJ�XV�XQGHUVWDQG�� LW�DOORZV�XV� WR�
DFW��LI�ZH�DVVXPH�WKH�ULVN�RI�UHO\LQJ�RQ�WKH�EHVW�DYDLOD-
EOH�NQRZOHGJH��:H�WKHQ�GHFLGH�WR�PHDVXUH�³ELRGLYHUVL-
ty”, an admittedly arbitrary partition of species and life 
forms, which is always open to discussion and revision; 
WR�DVVHVV�WKH�LPSDFW�RI�PDQ�RQ�DQ�HFRV\VWHP��D�GL̇FXOW�
TXDOL¿FDWLRQ�RI� WKH�FRQVHTXHQFHV�RI�DFWLYLWLHV� WKDW�DUH�
VRPHWLPHV�FHQWXULHV�ROG��:H�FDQ�DOVR�JLYH�RXUVHOYHV�D�
measure of the notion of ‘epidemic’ and draw the histo-
rical diagram shown here (‘‘The Evolution of the num-
ber of epidemics of infectious diseases in the world from 
1950 to 2010’’).

3DUWLDO�DQG�UHYLVDEOH�NQRZOHGJH��LV�LW�HQRXJK�WR�DFW"�
Yes, it is. Since the 1990s, many epidemiologists have 
been warning us: the notion of “epidemic of epidemics” 
GDWHV�EDFN� WR� �����DQG� WKLV������GLDJUDP�VKRZV� LW� WR�
us (Fig.1). The reasons are well described in (Morand 
and Figuié, 2015): some cases may be due to a synthetic 
biology that claims to be all-powerful and let us believe 
that we can fully control living organisms by modifying 
�µ¶HGLWLQJ¶¶��WKHLU�'1$�51$��EXW�PRUH�WKDQ�����RI�WKH-
se emerging infectious diseases come from animals, at 
QHZ�LQWHUIDFHV�ZLWK�WKH�HQYLURQPHQW��'HIRUHVWDWLRQ�IRU�
agricultural settlement accompanied by intensive live-
VWRFN�IDUPLQJ�HQDEOHV�WKH�SDVVDJH�RI�EDFWHULD�DQG�YLUX-
VHV�IURP�ZLOG�DQLPDOV�WR�OLYHVWRFN�DQG�WKHQ�WR�KXPDQV��
None of these cases and microorganisms were indivi-
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dually predictable, and none will be in the future: they 
DQG�WKHLU�FDXVHV�DUH�NQRZQ�D�SRVWHULRUL�

The self-serving denial of the history of life, of the 
evolutionary construction of ecosystems, of their spe-
FL¿FLW\�DQG�GLYHUVLW\��LV�WKH�PDLQ�FDXVH�RI�WKH�DFWLYLWLHV�
WKDW�GHVWUR\� WKHP��2IWHQ�WKLV�GHQLDO�¿QGV� LWV� MXVWL¿FD-
tion in a new scientism, which erases science. On the 
RQH�KDQG��WKH�VSRQWDQHLW\�RI�WKH�PDQ�HFRQRP\�QDWXUH�
dynamics would choose the best possible path - a mi-

suse of the mathematics for the equilibrium physics of 
the 19th century. On the other hand, nature itself would 
be an adjustable, even programmable machine, with 
GLVSRVDEOH�PDWHULDO� DQG�ELRORJLFDO� ³UHVRXUFHV´��$�QHZ�
awareness and a science of these phenomena is being 
EXLOW�� FKDQJH� LV� SRVVLEOH�� WKH� NQRZOHGJH� RI� D� KLVWRU\��
as in the diagram above, and a vision of organisms in 
their autonomy and their dependence on the ecosystem 
PDNH�LW�SRVVLEOH�WR�DFW�

Figure 1 
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Abstract
Looking at the outbreak of SARS-CoV-2 and the global state of emergency imposed due to its pandemic spread, the necessity for 
DQWLYLUDO�GUXJV�WR�EH�LPPHGLDWHO\�DYDLODEOH�LV�D�SULRULW\�IRU�WKH�VFLHQWL¿F�FRPPXQLW\��&RQVLGHULQJ�WKDW�UHVHDUFK�DQG�LPSOHPHQWD-
tion of new antiviral therapies or vaccines usually take a long time, the World Health Organization (WHO) has proposed to use in 
FRPPHUFH�GUXJV��LQ�IDFW��UHSXUSRVLQJ�GUXJV�ZKLFK�DUH�DOUHDG\�DFFHVVLEOH�LQ�ODUJH�TXDQWLWLHV�LV�HDVLHU�WR�¿JKW�DJDLQVW�WKH�YLUXV��DW�
OHDVW�GXULQJ�WKH�¿UVW�HPHUJHQF\�SKDVH��,Q�WKLV�DUWLFOH��ZH�GLVFXVV�YDULRXV�PDWKHPDWLFDO�PRGHOV�ZKLFK�VLPXODWH�WKH�DFWLRQ�RI�DQWL-
YLUDO�GUXJ�WKHUDSLHV��VXFK�DV�QHXUDPLQLGDVH�LQKLELWRUV��1,V���IRU�WKH�WUHDWPHQW�RI�+�1��,QÀXHQ]D�$�YLUXV��E\�XVLQJ�GDWD�FROOHFWHG�
through in vitro and in vivo experiments. This constitutes a paradigmatic case of study for paving the way to a systematic investi-
JDWLRQ�RI�WKH�HɣHFWV�RI�FKORURTXLQH�DQG�K\GUR[\FKORURTXLQH�DV�WKHUDSHXWLFV�LQ�WKH�WUHDWPHQW�RI�6$56�&R9���

Keywords: 6$56�&R9����,QÀXHQ]D�$�YLUXV��EDVLF�UHSURGXFWLRQ�QXPEHU��QHXUDPLQLGDVH�LQKLELWRUV��LQWHUIHURQ�PHGLDWHG�LPPXQH�
response, target cell-limited model, antiviral treatments, chloroquine and hydroxychloroquine, numerical simulations, experi-
mental data
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���0DWKHPDWLFDO�PRGHOLQJ�RI�LQÀXHQ]D�
D�YLUXV�G\QDPLFV

Given the current lack of a vaccine for Severe Acute 
Respiratory Syndrome Coronavirus 2 (SARS-CoV-2), 
the virus causing COVID-19, it is worthwhile evaluating 
SRWHQWLDO� SURSK\ODFWLF� RU� WKHUDSHXWLF� HɣHFWV� RI� GUXJV�
which are clinically approved for other indications. 
Chloroquine, and its derivative hydroxychloroquine 

(HCQ), have been already used with good results for 
the treatment of malaria and also in some autoimmune 
GLVHDVHV��ZLWK� WKH�PRVW� FRPPRQ�VLGH� HɣHFW�EHLQJ�H\H�
damage after heavy dosage and long-term administra-
tion [5]. The precise mechanisms through which chlo-
roquine may act to attenuate SARS-CoV-2 infection are 
of considerable interest, as this information could be 
valuable for identifying new treatments, while waiting 
for a vaccine.
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Chloroquine is a weak base which becomes entrap-
ped in membrane-enclosed low pH organelles, inter-
IHULQJ� ZLWK� WKHLU� DFLGL¿FDWLRQ� >��@�� &KORURTXLQH� DF-
cumulates in the digestive vacuole of infected cells, in 
which the treatment leads to an increase of lysosomal 
pH. Speculation on chloroquine-induced antiviral ef-
fects hence include inhibition of pH-dependent viral 
fusion/replication and prevention of receptor binding 
by viral envelope glycoproteins; chloroquine may also 
inhibit virions assembly in endoplasmic reticulum Gol-
gi intermediate compartment (ERGIC). Moreover, due 
to its potentiality in diminishing the expression of pro-
LQÀDPPDWRU\�IDFWRUV�DQG�UHFHSWRUV��VXFK�DV�F\WRNLQHV��
chloroquine has already been proposed in 2003 as tre-
DWPHQW�IRU�6$56�>��@��ZKLFK�LV�SULPDULO\�UHVSRQVLEOH�IRU�
coronavirus-associated mortality.

It has been demonstrated that chloroquine is a 
broad-spectrum inhibitor of nanoparticle endocytosis 
by resident macrophages, since chloroquine decrea-
ses the accumulation of some synthetic nanoparticles 
in cell lines [23, 16]. Indeed, mechanistic studies have 
revealed that chloroquine reduces the expression of 
phosphatidylinositol binding clathrin assembly protein 

(PICALM), which is a cargo-selecting clathrin adaptor 
sensing and driving membrane curvature, thereby regu-
lating the rate of endocytosis [14]. If PICALM runs out, 
then the clathrin-mediated endocytosis, which is a pre-
dominant pathway for synthetic nanoparticle internali-
zation, is inhibited. Furthermore, chloroquine is known 
WR�SUHYHQW�O\VRVRPH�DFLGL¿FDWLRQ��ZKLFK�LV�OLNHO\�WR�LQ-
WHUIHUH�ZLWK� XSVWUHDP� HQGRF\WLF� WUDɤFNLQJ�� FDXVLQJ� D�
µWUDɤF� MDP¶� VFHQDULR� WKDW� EORFNV� HɣHFWLYH� WUDQVSRUW� RI�
cargo to and from the cell membrane [23, 16].

It has been shown that SARS-CoV-2 falls within the 
same size range (60-140 nm) and shape (spherical) as 
commonly studied synthetic nanoparticles [24], which 
are typically sensible to chloroquine action [16, 9]. The-
refore, one of the mechanisms responsible for chloro-
TXLQH�PHGLDWHG�HɣHFWV�DJDLQVW�6$56�&R9���FRXOG�EH�D�
general decrease in the ability of cells to perform en-
docytosis. Moreover, previous studies for SARS-CoV-1 
infection [10, 22] are possibly useful also for SARS-
CoV-2, since these two viruses might employ similar 
angiotensin-converting enzyme 2 (ACE2) mediated 
mechanisms of cell entry. Even if chloroquine mecha-
QLVP�RI�O\VRVRPH�DFLGL¿FDWLRQ�LV�OLNHO\�WR�LQWHUIHUH�ZLWK�

)LJXUH����6$56�&R9���HQWHUV�KXPDQ�FHOOV�XVLQJ� VSLNH�SURWHLQV�DV�D�EULGJH�EHWZHHQ�YLUDO� HQYHORSH�DQG�FHOO�PHPEUDQH�í�ZZZ�SHULRLPSODQ-
WDGYLVRU\�FRP�SHULRGRQWLFV�RUDO�PHGLFLQH�DQHVWKHWLFV�DQG�RUDO�V\VWHPLF�FRQQHFWLRQ�DUWLFOH����������FRYLG���DQG�WKH�SUREOHP�ZLWK�GHQWDO�
aerosols.
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the action of membrane receptors, previous studies 
have revealed that chloroquine has therapeutic activi-
ty against SARS-CoV in cell culture but does not alter 
cell-surface levels of ACE2 [20]. Additionally, it has 
been proven that therapeutic doses of chloroquine do 
not substantially change the biosynthesis or glycosyla-
tion of the SARS-CoV spike glycoprotein [20], which is 
fundamental for virus entry into cells. On the contrary, 
this antiviral might have an important role in preven-
ting the entry of virions in cells. Indeed, lysosomal aci-
GL¿FDWLRQ�LV�UHVSRQVLEOH�RI�D�FRQIRUPDWLRQDO�FKDQJH�LQ�
the spike protein, bridging the viral envelope and the 
endosomal membrane together to enable fusion; thus, 
FKORURTXLQH�LQGXFHG�LQKLELWLRQ�RI�HQGRVRPDO�DFLGL¿FD-
tion is likely to alter this fusion event, stalling the virus 
in endosomes (see Figure 1).

However, the use of chloroquine has some serious 
limitations, because part of its pharmacokinetics re-
PDLQV�XQNQRZQ��DQG�LWV�UHDO�HɤFDF\�LV�VWLOO�QRW�ZHOO�GH-
¿QHG�>��������@�

As paradigmatic case of study, we discuss a ma-
thematical model which illustrates the action of neu-
raminidase inhibitors (NIs), such as Zanamivir, for 

WKH�WUHDWPHQW�RI�+�1��,QÀXHQ]D�$�YLUXV��DFFRUGLQJ�WR�
the results by Baccam et al. [1]. This model has been 
introduced to analyze the virus kinetics in the upper 
respiratory tracts of infected adults, by focusing on the 
LPSRUWDQFH�RI�LPPXQH�UHVSRQVH�WR�EHWWHU�¿W�ZLWK�DYDL-
lable experimental data. When we do not consider the 
application of antiviral treatments, the so-called tar-
get cell-limited model with eclipse phase is given by 
WKH�IROORZLQJ�RUGLQDU\�GLɣHUHQWLDO�HTXDWLRQV��

      
      (1)

where T is the number of uninfected target cells, I1 is 
the number of infected cells not yet producing virus 
(i.e. in the eclipse phase), I2 is the number of infected 
cells actively producing virus, and V denotes the in-
fectious-viral titer expressed in TCID50/ml of nasal 

7DEOH����3DWLHQW�VSHFL¿F�EHVW�¿W�SDUDPHWHU�YDOXHV�IRU�WKH�WDUJHW�FHOO�OLPLWHG�PRGHO�����DV�IRXQG�LQ�>�@�
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)LJXUH����9LUDO�WLWHU�LQ�7&,'���PO�RI�QDVDO�ZDVK�DQG�IUDFWLRQ�RI�WDUJHW�FHOOV�UHPDLQLQJ�RYHU�WKH�FRXUVH�RI�LQIHFWLRQ����GD\V��LQ�VL[�GLɣHUHQW�SD-
tients, corresponding to the experimental data in Table 1.
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wash. The parameter ǃ represents the constant rate 
characterizing the infection of target cells, which beco-
me infected cells in the eclipse phase (I1), successively 
transforming into cells which actively produce virus 
(I2) with an average transition time 1/k. In turn, these 
cells increase the viral titer (V) by releasing virions at 
an average rate p (per cell), and die at a rate į (per 
cell), thus 1/į is the average life span of a productively 
infected cell. Instead, free virus is cleared at a rate of 
c per day.

We point out that separation of the infected cells 
into two populations increases the realism of the mo-
del, because delays in the production of virus after the 
time of initial infection are part of the viral life cycle. 
Furthermore, to be more focused on the process of 
cells decrease by the virus infection, the model (1) ne-
glects target cells proliferation and natural death, sin-
ce the infection typically exhibits a shorter timescale.

For the model (1), it is possible to compute the ba-
sic reproduction number R0 as the average number of 
second-generation infections produced by a single in-
fected cell initially placed in a population of entirely 
susceptible cells [1, 2, 4], namely

      
      (2)

where T0 is the number of target cells available at the 
starting time of the infection. If R0 > 1, then an infec-
tion can actually be established and it expands expo-
nentially according to this value, whereas it rapidly 
disappears if R0 < 1.

:H�SURSRVH�GLɣHUHQW�VLPXODWLRQV�SHUIRUPHG�E\�H[-
ploiting the parameters in [1] (see Table 1). The initial 
number of target cells is assumed to be T0 = 4 x 108, 
which is an estimate of the number of units in the upper 
respiratory tract, while the experimental data for I1 and 
I2�DUH�LQLWLDOO\�¿[HG�WR�]HUR��7KH�JHRPHWULF�DYHUDJH�RI�R0 
values for the six patients in Table 1 is 21.8, suggesting 
that an initial infection spreads rapidly and would be 
GLɤFXOW�WR�H[WLQJXLVK�

Figure 2 shows that, near the viral titer peak, a ma-
MRULW\�RI�WDUJHW�FHOOV�KDV�EHHQ�HOLPLQDWHG�LQ�PRVW�RI�WKH�
cases. While this would seem to exclude the possibility 
of the infection lasting as late as 6/8 days, these simula-
tions also suggest that, despite the few remaining target 
cells past the viral peak, the model can indeed sustain 

)LJXUH����&RXUVH�RI�,QÀXHQ]D�$�YLUXV�LQIHFWLRQ�ZLWK�DQG�ZLWKRXW�WKH�QHXUDPLQLGDVH�LQKLELWRU�=DQDPLYLU�DGPLQLVWUDWHG�LQWUDQDVDOO\��7KH�SUH-
dicted virus titer dynamics from model (1) is shown for the placebo group (blue), the delayed-treatment group (light blue), the early-treatment 
group (green) and the preventive-treatment group (red). The horizontal magenta line marks the experimental limit of detection for the viral titer. 
:H�WDNH�WKH�LQLWLDO�GDWD�IRU�WKH�JUHHQ�FXUYH�DW�WLPH�����RI�WKH�SODFHER�JURXS�DQG�IRU�WKH�OLJKW�EOXH�FXUYH�DW�WLPH������RI�WKH�SODFHER�JURXS��WRJHWKHU�
with 0.03 x p as virus production rate (that is because we suppose an instantaneous change of p value due to the antiviral administration with 
respect to previous placebo patients, and the system (1) is actually time-autonomous).
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infection during the predicted days (refer to the graph 
UHODWHG�WR�WKH�¿IWK�SDWLHQW��IRU�H[DPSOH��

1RZ��ZH�EULHÀ\�FRQVLGHU�WKH�PRGHO�����ZLWK�WKH�XVD-
ge of an antiviral drug therapy (more details are provi-
ded in Section 2). The rather large values of R0 in Table 
1 indicate that antiviral treatments need to be supplied 
before or very early after the infection outbreak. Thus, 
we focus on the clinical application with neuraminidase 
inhibitors (NIs) such as Zanamivir as done in [1], which 
DUH�DGPLQLVWUDWHG�DW�WKUHH�GLɣHUHQW�YLUDO�VWDJHV��LQ�RU-
GHU�WR�UHSRUW�WKH�HɣHFWV�RI�ERWK�SURSK\ODFWLF�DQG�DQWLYL-
ral treatment. Since NIs prevent new virions from bud-
GLQJ�Rɣ�DQ�LQIHFWHG�FHOO�� WKHLU�XVH�LV� LQFRUSRUDWHG�LQWR�
the model (1) by reducing the viral production rate (p), 
and thus the corresponding basic reproduction number 
(2). Comparing the results of these new simulations 
with experimental data in [8], reasonable agreement is 
obtained when a reduction of viral production p�RI�����
is set [1].

Figure 3 shows the simulation outcomes according 
to this change in the values of p. The other parameters 
describing the infection without therapy are V0 = 0.25 
TCID50/ml, ǃ = 1.4×10í�dí�(TCID50/ml)-1, k = 3.2dí�, 
į = 3.2d-1, p� ����[��-5 d-1TCId50/ml, c =3.2 d-1, and 
these values are hold constant except for p, which is 
then set to 0.03 × p from the time of drug administra-
WLRQ�RQZDUGV��:H�FRPSDUH�IRXU�GLɣHUHQW�WUHQGV�LQ�RU-
GHU�WR�H[SUHVV�FKDQJHV�LQ�WKH�YLUDO�WLWHU��RQH�GHVFULEHV�
the course of infection in the absence of NIs therapy, 
ZKLOVW�WKH�RWKHUV�LQFOXGH�WKH�XVDJH�RI�1,V�DW�GLɣHUHQW�
stages, more precisely 0, 1.2 and 2.08 (days) after the 
beginning of infection (referring to the preventive-tre-
atment group, the early-treatment group and the de-
layed-treatment group, respectively). In all cases, the 
virus is predicted to be cleared before an infection can 
become established, consistently with clinical results 
LQ�>�@��7KXV�� WUHDWPHQW�RI�,QÀXHQ]D�$�YLUXV� LQIHFWLRQ�
with NIs should reduce the period of symptomatic di-
sease and, furthermore, prophylactic usage with a hi-
JKO\�HɣHFWLYH�1,�LV�SUHGLFWHG�WR�SUHYHQW�LQIHFWLRQ�

Another model considered in [1] takes account of 
the infected cells as a unique population, instead of di-
YLGLQJ� WKHP� LQWR� WZR�GLɣHUHQW� VXESRSXODWLRQV� I1 and 
I2, thus also reducing the number of experimental pa-
rameters. This representation does not contemplate 
the delay in viral production (eclipse phase), which 

actually makes the model (1) more realistic. We point 
RXW�WKDW�WKH�HɣHFWV�RI�LPPXQH�UHVSRQVH�DUH�QRW�H[SOL-
citly described in the simple model (1), but they are 
implicitly included through the death rate of infected 
cells (į) and the clearance rate of virus (c). Thus, the 
infection resolution is a direct consequence of the tar-
get cells limitation. However, clinical reports from 
LPPXQRFRPSURPLVHG�KXPDQV�ZKR� VKHG� ,QÀXHQ]D�$�
virus for prolonged periods suggest that the immune 
response plays a crucial role in clearing the infection, 
or at least in preventing it from becoming chronic and 
potentially lethal. Hence, we also make reference to re-
OHYDQW�PRGL¿FDWLRQV�RI�WKH�PRGHO�����ZKLFK�LQFOXGH�WKH�
innate immune response component [1], or both the 
LQQDWH�DQG�DGDSWLYH�RQHV�>��������@�

Another variation of the model (1) is proposed in 
>�@� E\� LPSOHPHQWLQJ� WKH� IROORZLQJ� GHOD\� GLɣHUHQWLDO�
HTXDWLRQ�

      (3)

in order to incorporate the important role played for the 
,QÀXHQ]D�$�YLUXV� LQIHFWLRQ�E\�WKH� LQWHUIHURQV��,)1���D�
group of signaling proteins released by the host cells in 
response to the presence of various viruses. Therefore, 
it is assumed that IFNs are secreted from virus-produ-
cing cells (I2) at a rate s (per cell), but starting Ĳ time 
units after cells begin producing virus; moreover, this 
amount is proportional to that made collectively by in-
fected cells, monocytes, macrophages and plasmacytoid 
dendritic cells. The constant parameter Į represents the 
loss rate of IFNs, either by binding to cellular IFN re-
ceptors or through degradation.

7KLV�PRGL¿FDWLRQ� DOORZV� WR� H[SODLQ� WKH� HPHUJHQFH�
in some patients of two virus titer peaks, which were 
absent in the simulations of the original model (see 
Figure 2). The bimodal virus titer curves are a pheno-
menon already observed in several studies [11, 12, 13], 
either using the average virus titer of patients involved 
or taking the individual value for each patient (in this 
last case, the bimodal virus titer was present in about 
half of the patients). In fact, the bimodal virus titer cur-
ves in Figure 4 have been obtained by numerically si-
mulating the model in [15], which includes the innate 
response as the interaction between IFNs and the target 
cells, and the immune response through the action of 
Natural Killer cells, always activated by the IFNs. In-
deed, because of the presence of IFNs, the uninfected 
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target cell count decreases, since the cells become re-
fractory to infection, whereas the Natural Killer cells 
induce cytolysis of infected epithelial cells. In this case, 
the bimodal characteristic of the virus titer curves could 
be due to the IFNs dynamics, which peaks shortly after 
WKH�¿UVW�YLUDO�SHDN��DQG�WKHQ�GHFUHDVHV�UDSLGO\��VR�WKDW�
the second viral titer peak can be explained by the loss 
RI�WKH�,)1�LQGXFHG�DQWLYLUDO�HɣHFW�

Nevertheless, the model (1) together with equation (3) 
LV�DɣHFWHG�E\�VRPH�OLPLWDWLRQV��HVSHFLDOO\�IRU�WKH�ODUJHU�
number of parameters compared to the lower amount of 
H[SHULPHQWDO�GDWD�DYDLODEOH� IRU�KXPDQ� LQÀXHQ]D� LQIHF-
tions. On the contrary, studies on animals usually pro-
vide more data. The availability of additional data for 
immunocompromised animals, as well as data for dead 
cells and immune response components, has allowed to 
PDNH� IXUWKHU�SURJUHVV� LQ�GLVFULPLQDWLQJ�EHWZHHQ�GLɣH-
UHQW�SRVVLEOH�PRGHOV�IRU�WKH�LQIHFWLRQ�G\QDPLFV�>�����@��
These studies conclude that both an innate and an adap-
tive immune response component is required to properly 
describe the infection dynamics and, therefore, to provi-
de an adequate explanation of the observed data.

���1XPHULFDO�VLPXODWLRQ�RI�WKH�HɣHFWV�
RI�DQWLYLUDO�WUHDWPHQWV

In that context, we consider the presence of antivi-
rals, such as chloroquine or hydroxychloroquine.

/HW� İ� EH� WKH� HɣHFWLYHQHVV� RI� DGPLQLVWUDWHG� GUXJ�
and, according to [4] (see also the supplementary in-
IRUPDWLRQ���DVVXPH�WKDW�DQWLYLUDOV�ZLWK�DQ�HɣHFWLYHQHVV�
İ work in reducing the basic reproduction number R0 
computed in (2) by a factor (1 - İ). This hypothesis can 
be included into the model (1) by modifying either ǃ or p 
WR�REWDLQ�WKH�IROORZLQJ�RUGLQDU\�GLɣHUHQWLDO�HTXDWLRQV�

      (4)

and

      
      

(5)

,Q� RUGHU� WR� SURPRWH� DQ� HɣHFWLYH� FKRLFH� EHWZHHQ�
the models (4) and (5), we have numerically simula-
ted both systems to compare their solutions to that 
of the original model (1). As a matter of fact, the pre-
sence of the reducing factor (1 - İ��KDV�D�PRUH�VLJQL¿-
cant impact on the dynamics of system (5), as shown 
LQ�)LJXUH����VLQFH�D�GHFUHDVH�RI�WKH�YLUDO�ORDG�SHDN�FDQ�
be clearly observed with respect to Figure 5 and Figu-
re 6. On the contrary, reducing the infection rate ǃ by 
the factor (1 - İ��GRHV�QRW�SURGXFH�DQ\� UHOHYDQW� HɣHFW�
on the overall dynamics, and there is a complete coin-
cidence of the numerical simulations of the models (1) 
and (4), as shown in Figure 5 and Figure 6, respecti-
vely. This particular behavior might be explained by 
the fact that the parameter ǃ appears inside the equa-
tions always multiplied by the variable T, which from 
an initial value T0 of the order of 108 (refer to Section 2) 
drops rapidly toward zero (in an extremely short time), 
WKXV�PDNLQJ�WKH�HɣHFW�RI�WKH�LQIHFWLRQ�UDWH�ǃ negligible 
as soon as T vanishes From a mathematical point of 
view, the initial datum T0 plays the role of a VWLɣQHVV�
parameter for the model (1) and its variants (4) and (5), 
leading to the appearance of fast-slow dynamics usual
ly reported for multiscale nonlinear processes [18].

7KHQ�� ZH� IRFXV� RXU� DWWHQWLRQ� RQ� WKH� HɣHFWLYHQHVV�
İ of antivirals, by studying how this factor eventually 
changes with time. Following the hypothesis made by 
*RQoDOYHV�HW�DO��>�@��ZH�DVVXPH�WKDW�WKH�HɣHFWLYHQHVV�RI�
a treatment, at some time t after its administration has 
begun, is related to the plasma total drug concentration 
C through the empirical law given by

      (6)

where EC50 is the drug concentration typically requi-
UHG� WR�SURGXFH�����RI� LWV�PD[LPDO�HɣHFW�GXULQJ�D�JL-
ven time interval. This is an intrinsic PharmacoKinetics 
�3.��GUXJ�SURSHUW\��UHSUHVHQWLQJ�WKH�GUXJ¶V�JHQHULF�SR
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)LJXUH����7DUJHW�FHOO�OLPLWHG�PRGHO�����ZLWKRXW�DQWLYLUDO�HɣHFWV�

)LJXUH����7DUJHW�FHOO�OLPLWHG�PRGHO�����ZLWK�WKH�UHGXFLQJ�IDFWRU����İ��WR�VLPXODWH�DQWLYLUDO�HɣHFWV�RQ�WKH�LQIHFWLRQ�
rate ǃ.

FLJXUH����Target cell-limited model (5) with the reducing factor(1-İ�� WR�VLPXODWH�DQWLYLUDO�HɣHFWV�RQ�WKH�YLUDO�
production p.
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)LJXUH����Simulation with hydroxychloroquine administrated 2 days after the infection outbreak.

)LJXUH����Simulation with hydroxychloroquine administrated 1 day after the infection outbreak.

)LJXUH�����Simulation with hydroxychloroquine administrated at the infection outbreak.
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)LJXUH��� Simulation of viral titer double peaks obtained by using the 
target cell-limited model with IFNs action proposed in [15] (this model 
ZLWK�GLɣHUHQWLDO�GHOD\�GRHV�QRW�FRQVLGHU�WKH�HFOLSVH�SKDVH�RI�LQIHFWHG�
cells). The graphs illustrate the viral titer curve (red) with two peaks 

and the INF dynamics (blue) during the course of the infection.

WHQF\��DPRQJ�GUXJV�ZKLFK�KDYH�HɣHFW�RQ�WKH�VDPH�UH-
ceptor system, the ones with lower values of EC50 are 
more powerful.

0RUH� VSHFL¿FDOO\� IRU� FKORURTXLQH� DQG� K\GUR[\FK-
loroquine, experimental results from in vitro studies 
KDYH�SURYHQ�WKDW�ERWK�KDYH�JRRG�DQWLYLUDO�DFWLYLW\�>����
20, 5]. In particular, it has been found in [21] that they 
are able to decrease the viral replication depending on 
their concentration, and therefore we can assert that the 
expression in (6) correctly describes this phenomenon, 
because the decrease of viral replication is İ-dependent 
and İ is itself concentration-dependent. Once a ma-
WKHPDWLFDO�PRGHO� RI� YLUDO� G\QDPLFV�KDV�EHHQ�¿WWHG� WR�

experimental data, we can combine the estimates of vi-
UDO� UHSOLFDWLRQ�SDUDPHWHUV�ZLWK� WKH� VSHFL¿F�SURSHUWLHV�
of the drug candidates, in order to formulate possible 
FRQFOXVLRQV�UHJDUGLQJ�WKH�HɣHFWV�RI�WKH�WUHDWPHQWV�IRU�
various dosing regimens [4]. For that issue, we consider 
the EC50 value of the drugs under investigations during 
various time intervals. According to [21], the EC50 va-
lues for chloroquine are 23.90 ǋ0�DQG������ǋ0 at 24 
hours and 48 hours after the administration, respecti-
vely; on the other hand, the EC50 values for hydroxych-
loroquine are 6.14 ǋ0�DQG������ǋ0 at 24 hours and 48 
hours after the administration, respectively. Hence, we 
conclude that hydroxychloroquine exhibits a superior 
in vitro� DQWLYLUDO� HɣHFW� LQ� FRPSDULVRQ� WR� FKORURTXLQH�
and, from now on, we consider only results concerning 
the treatment based on hydroxychloroquine. For the ex-
perimental setting, following the approach by Gonçal-
ves et al. [4], we take into account published data from 
IRXU�GLɣHUHQW�6LQJDSRUH�KRVSLWDOV��WR�UXQ�DQG�H[DPLQH�
several simulations concerning hydroxychloroquine ef-
¿FLHQF\��7KH�SDWLHQWV�IURP�WKH�WULDO�JURXS�����SDWLHQWV��
were hospitalized, on average, 3 days after the onset of 
V\PSWRPV��UDQJH�RI� WKH�UHDO�GDWD�������GD\V��DQG�KDG�
not yet started any treatment. Adopting the real time 
Reverse Transcription Polymerase Chain Reaction (RT 
PCR) technique, viral loads in nasopharyngeal swabs, 
to which patients have been tested, were measured 
at multiple time points. The observed data showed 
a peak of viral load at 5 days after the onset of sym-
SWRPV��RQ�DYHUDJH��UDQJH�RI� WKH�UHDO�GDWD�������GD\V���

As the parameter values of our simulations, we assu-
me the initial target cell concentration to be 1.33 x 10��

cells/ml distributed over 30 ml of nasopharyngeal volu-
me, which gives a total number T0 = 4 x 108 of nasopha-
ryngeal target cells. Following previous  models of viral 
infection [2], we consider the clearance rate of virus as 
c = 5 d-1 and virions are supposed to be released from 
infected cells (I2) at rate p = 10 d-1. When data availabi-
lity is limited to the viral loads, not all parameters can 
be estimated. For this reason, several values of k were 
tested in [4], recalling that all the data from Computed 
Tomography (CT) were reported into a log10 scale, since 
this transformation does not change the quality of the 
parameters to be identied. The values {k1, k2, k3} = {1, 
3, 5} d-1�SURYLGH�JRRG�¿WWLQJ�RI�WKH�PRGHO��WKHUHIRUH�ZH�
use the estimates deduced from them for the remaining 
parameters (refer to [4] for supplemental information). 
In particular, we choose the death rate of productively 
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infected cells as {į1, į2, į3} = {0.55, 0.51, 0.52} d-1 (con-
sequently, the average life span is about 1.88, 1.96 and 
1.92 days, respectively) and the (normalized) infection 
rate as {ǃ1, ǃ2, ǃ�`� �^�������������������`��)RU�HDFK�
VHW� RI� GLɣHUHQW� SDUDPHWHUV��ZH� FDOFXODWH� WKH� EDVLF� UH-
production number R0 which is found to take the values 
�����������DQG�������UHVSHFWLYHO\��7KH�PHDQ�DQWLYLUDO�HI-
fectiveness of a drug in seven days of treatment is given 
by the integral formula, namely

      ���

Concerning the COVID-19, the characteristic va-
lue of ଲİ�LV�DERXW�����IRU�WKH�K\GUR[\FKORURTXLQH�>�@��
and we used this value as parameter İ in our nume-
rical simulations. We analyze how the hydroxychlo-
roquine treatment affects the viral load peak when 
the drug is administrated at different times after the 
infection outbreak, with the set of parameters rela-
ted to k = 1.

All the figures show an early viral load peak fol-
lowed by a progressive decrease of the virions. Ac-
cording to the experimental data, the value of this 
peak without any treatment is about 3.8 x 108 and it 
occurs about 36 hours after the infection outbreak 
(dashed line).

The action of hydroxychloroquine reduces the vi-
UDO�ORDG�LQ�GLɣHUHQW�ZD\V��GHSHQGLQJ�RQ�ZKHQ�WKH�WUH-
DWPHQW� LV� DGPLQLVWUDWHG�� IRU� LQVWDQFH�� SURYLGLQJ� WKH�
hydroxychloroquine 2 days after the infection outbre-
ak helps the abatement of the viral load, but it does 
QRW�KDYH�DQ\�HɣHFW�RQ� WKH�SHDN� LQWHQVLW\� �VHH�)LJXUH�
8). Instead, initializing the treatment 1 day after the 
infection outbreak reduces the viral load peak to about 
3.4 x 108 (see Figure 9). Finally, we observe the most 
VLJQLFDQW�HɣHFW�ZKHQ�WKH�K\GUR[\FKORURTXLQH�LV�DGPL-
nistrated immediately at the infection outbreak, and 
in this case the peak value decreases to about 2.5 x 108 
(see Figure 10).

We deduce from these results that hydroxychloro-
TXLQH�GRHV�QRW�KDYH� UHOHYDQW�DQWLYLUDO� HɣHFWV� LI� DGPL-
nistrated more than 2 days after the infection outbreak. 
Indeed, it is advisable to initialize the treatment earlier, 
sometimes as a prophylactic agent to decrease the viral 
load peak, thus attenuating the viral replication and mi-
tigating the disease progression, even if it could be not a 
complete protection.

However, it is worthwhile noticing that the correc-
tion by the factor (1-İ) of parameter p�PRGL¿HV� RQO\�
the behavior of the variable V, while leaving comple-
WHO\�XQFKDQJHG�WKH�RWKHUV��7KLV�LV�MXVWLHG�E\�REVHUYLQJ�
that parameter p is present only in the last equation 
of the model (1) and its variants, and then V appears 
LQ�WKH�¿UVW�WZR�HTXDWLRQV��EXW�DOZD\V�PXOWLSOLHG�E\�WKH�
variable T which, as already explained, rapidly goes to 
]HUR��LQ�DOPRVW�DQ�LQ¿QLWHVLPDO�WLPH���)ROORZLQJ�D�SX-
rely qualitative approach, we simplify the model (5) by 
considering T(0) = 0 (hence T(t) = 0 is a stable solu-
WLRQ�WR�WKH�¿UVW�HTXDWLRQ���DQG�ZH�VROYH�WKH�UHPDLQLQJ�
(triangular) system, for I1�������� LQ�RUGHU�WR� LQLWLDOL]H�
the dynamics, together with I2(0) = 0 and V���������VR�
WKDW�ZH�REWDLQ�WKH�IROORZLQJ�H[SOLFLW�VROXWLRQ�

          
(8)

Therefore, the parameter p and its reducing factor 
(1 - İ) determine only the dynamics of the variable V 
IURP������DQG�WKH�GLɣHUHQFH�EHWZHHQ�WKH�QXPHULFDO�VL-
mulations with or without the hydroxychloroquine ef-
fects is observable only in the behavior of V. 

In conclusion, we have to point out that our model 
LV�QRW� UHDOO\�SUHGLFWLYH�� LQGHHG�� WKH� VLPXODWLRQV�DERYH�
VKRZ� WKH� YLUDO� SHDN� DOUHDG\� DIWHU� �� �� �� GD\V�� GLɣHUHQ-
tly from the average period of 5 days actually observed 
for the 13 patients analyzed in [4]. In order to become 
more realistic, an agreement is necessary on both the 
parameters to be used and their appropriate estimate 
to be inserted into the numerical algorithm, because the 
models presented in this article are highly unstable with 
respect to the initial data. Rigorous studies on these 
aspects are still under development, as well as those re-
lated to hydroxychloroquine and its experimentation as 
a medicinal product for the SARS-CoV-2 virus. In fact, 
all these qualitative results are valid under the hypothe-
sis that the treatments act according to the modeling 
DVVXPSWLRQV��ZH�VHHPV�QRW�WR�XQDQLPRXVO\�FRQ¿UPHG�
by recent studies [3, 21].
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Abstract
Interleukin IL-6 is a cytokine produced in response to various types of damage (infections, tissue injuries, autoimmune diseases, 
etc.) whose action contributes to host defense through stimulation of acute phase responses and immune reactions. However, 
H[SHULPHQWDO�GDWD�VKRZ�WKDW�KLJK�FRQFHQWUDWLRQ�OHYHOV�RI�LQWHUOHXNLQ�,/����DQG�WKH�VXEVHTXHQW�LQÀDPPDWRU\�FDVFDGH�LQGXFHG�LQWR�
the organisms, could lead to several complications, such as organs progressive deterioration. The abnormal release of interleukin 
IL-6 is also a consequence of SARS-CoV-2 virus contagion, usually causing interstitial pneumonia and respiratory failure, which 
appear to be the source of decease in most of patients. Tocilizumab and myo-Inositol are two possible remedies proposed in the 
clinical literature to contrast the uncontrolled synthesis of interleukin IL-6, although the former exhibits non negligible collateral 
HɣHFWV��GLɣHUHQWO\�IURP�WKH�ODWWHU��)RU�WKLV�UHDVRQ��WKH�PDWKHPDWLFDO�LQYHVWLJDWLRQ�RI�P\R�,QRVLWRO�LQWHUDFWLRQ�ZLWK�RWKHU�UHOHYDQW�
substances involved in the SARS-CoV-2 could support the bio-medical research in determining, the optimal doses and adminis-
tration timing necessary to minimize damages, in order to support the clinical results. The preliminaries of this approach are the 
subject of this article.

Moreover, because a vaccine against the SARS-CoV-2 virus will not be available shortly, we consider another possible phar-
macological strategy to contrast its activity. There exist several candidate medicines which may inhibit infection and replication of 
SARS-CoV-2, and we focus our attention on the process of enzymatic inhibition through mechanism-based enzyme inactivators. 
The so-called suicide-substrate strategies constitute a fascinating area of interdisciplinary research. We explain the procedure to 
represent mathematically how a hypothetical drug would act to inhibit the essential enzymes used by the SARS-CoV-2 virus to 
replicate and spread.

Considering the biological aspects and the mathematical applications presented in this article, the more relevant questions 
which arise are: 1) does the design of these drugs deserve a more detailed investigation? Could they be a viable alternative to the 
strategy of massive vaccine campaign against the SARS-CoV-2 virus?
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1. Interleukin IL-6 and myo-Inositol

As the outbreak of SARS-CoV-2 spreads around the 
world, it is noted that most of the deceases attributed 
to the virus are actually caused by its consequent Acu-
te Distress Respiratory Syndrome (ARDS). Comparing 
the present situation to other coronavirus infections, it 
seems possible that a deregulated response from cyto-
kines constitutes the principal cause of this respiratory 
failure. Indeed, patients with severe SARS-CoV-2 typi-
cally display a cytokine storm syndrome, unleashed by 
CD4 T lymphocytes which become activated as T hel-
SHU���FHOOV�>�@��7KH�OXQJV�DUH�LQ¿OWUDWHG�E\�LQÀDPPDWR-
ry cells, such as lymphocytes, and examinations on pa-
WLHQWV�LQ�FULWLFDO�FRQGLWLRQ�VKRZ�GLɣXVH�DOYHRODU�GDPDJH�
with exudates [34]. This also produces disruption in the 
interstitium and in crosstalk between cells, endange-
ring oxygen exchanges. In fact, from previous studies 
on pathogenic coronavirus epidemics [6], the exube-
rant immune response by cytokines is known to induce 
apoptosis in both endothelial and epithelial cells, thus 
causing vascular leakage and alveolar oedema, ultima-
tely resulting in hypoxia.

Particularly, the cytokine which seems to play a cen-
tral role is interleukin IL-6, mainly because during cyto-
NLQH�VWRUPV�WKH�DPRXQW�RI�RWKHU�LQÀDPPDWRU\�F\WRNLQHV�
is not comparable to the major boost observed in IL-6 
production. It is thought that this pathological increase 
in IL-6 levels may be determined by the altered balance 
between Regnase-1 and Arid5a proteins in post-tran-
VFULSWLRQDO�PRGL¿FDWLRQ�RI� WKH� ,/���P51$��DQG�VRPH�
studies indicate that Arid5a predominance over ribonu-
FOHDVH�5HJQDVH���SURPRWHV�LQÀDPPDWRU\�SURFHVVHV�>����
25]. Furthermore, most patients incurring in respirato-
U\� IDLOXUH� DUH� DOUHDG\� DɣHFWHG� E\� XQIDYRUDEOH�PHGLFDO�
conditions, such as hypertension, cardiovascular disor-
ders and cancer, also associated with IL-6 high levels 
[10, 19], whose release can be exacerbated by the virus: 
as a matter of fact, these are the patients who demon-
strate an adverse clinical outcome after hospitalization.

Everything thus far suggests that, in order to block 
WKH�LQÀDPPDWRU\�VWRUP��LW�LV�QHFHVVDU\�WR�GRZQ�UHJXOD-
WH�VSHFL¿F�F\WRNLQHV��ERWK�E\�GHFUHDVLQJ�WKH�UDWH�RI�WKHLU�
production and increasing the rate of their destruction, 
and some promising clinical trials with tocilizumab, an 
,/���UHFHSWRU�LQKLELWRU��KDYH�VKRZQ�D�VLJQL¿FDQW�LPSUR-
vement in patients clinical outcome [25, 1, 28]. Tocilizu-
mab is a humanized anti-IL-6 receptor antibody which 

blocks IL-6-mediated signal transduction by inhibiting 
IL-6 binding to transmembrane of the soluble IL-6 re-
ceptor (refer to Figure 4). However, as interleukin IL-6 
plays an important role in both innate and adaptive im-
mune response, clinical studies also revealed the insur-
gence of infections due to the use of IL-6 inhibitors [17].

As suggested by Bizzarri et al. [4], a valuable alterna-
tive to tocilizumab is provided by myo-Inositol, a natu-
rally occurring polyol which has been proven to reduce 
,/��� OHYHOV� DQG� WR�PLWLJDWH� WKH� LQÀDPPDWRU\� FDVFDGH��
LQWHUHVWLQJO\�ZLWKRXW� SHFXOLDU� VLGH� HɣHFWV�� $PRQJ� WKH�
arguments for promoting the myo-Inositol as a possible 
remedy to IL-6-induced damages, its application for the 
treatment of Respiratory Distress Syndrome (RDS) in 
WKH�QHZERUQ�>��@�DQG�WKH�EHQH¿FLDO�HɣHFW�DJDLQVW�OXQJ�
cancer [9] support its experimental administration in 
the combined treatment of other diseases of the upper 
and lower respiratory system, thus opening new per-
spectives for the case of SARS-CoV-2.

Mathematical modeling can considerably improve 
the understanding of endogenous mechanisms of in-
ÀDPPDWLRQ�DQG�WKH�GHOLFDWH�HTXLOLEULXP�EHWZHHQ�DOO�SDU-
ticipants in the human body immune response [13, 23, 
15]. In particular, this methodological approach makes 
it possible to explore the circumstances which could lead 
WR�DQ�H[FHVVLYH� LQÀDPPDWLRQ��KHQFH� UHVXOWLQJ� LQ� WLVVXH�
damage, organs dysfunction and possibly decease.

Contrary to previous models, such as the one advan-
ced by Kumar et al. [13], where solely the pathogen and 
LWV� SUR�LQÀDPPDWRU\� PHGLDWRUV� DUH� WDNHQ� LQWR� FRQVL-
deration, the model introduced by Reynolds et al. [23] 
aims to understand the robustness of the process with 
WLPH�GHSHQGHQW� DQWL�LQÀDPPDWRU\� PHGLDWRUV� DQG� WR�
determine whether their utilization is advantageous. 
$QWL�LQÀDPPDWRU\� PHGLDWRUV� OLPLW� WKH� KDUP� FDXVHG�
WR� WLVVXHV� E\� WKH� LQÀDPPDWLRQ� DQG� VXSSUHVV� WKH� DFWL-
YLW\�RI�SKDJRF\WHV��1HYHUWKHOHVV�� WKLV�DFWLRQ�PD\�KDYH�
GUDZEDFNV�� VLQFH� WRR�PXFK� HɤFLHQF\�ZRXOG� OHDG� WR� D�
period of vulnerability of the immune system to patho-
JHQV�� LQ� IDFW��ZKLOH�H[RJHQRXV�DQWL�LQÀDPPDWLRQ�DFWL-
YLW\� PD\� LPSHGH� WKH� VSUHDGLQJ� RI� SUR�LQÀDPPDWLRQ�
agents and the tissue damage they would have induced, 
it also weakens the ensuing production of endogenous 
DQWL�LQÀDPPDWRU\�PHGLDWRUV�>����@��7KXV��LWV�HɣHFWV�RQ�
WKH�RXWFRPH�RI�SDWKRJHQLF�LQIHFWLRQV�PD\�EH�GLɤFXOW�WR�
predict and, therefore, the problem requires a dynami-
cal analysis such as the one presented in this article. The 
model proposed in [23] actually uses smaller subsy-
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stems to build up more complex schemes, the smal-
lest ones being coherent with the experimental results 
of previous studies and validated within the already 
known interaction between components of the immune 
response. For the cases discussed in Section 2, elements 
of the adaptive immune response are not included, such 
DV� VSHFL¿F� DQWLERGLHV�� DQG� DOVR� WKH� DQWL�LQÀDPPDWRU\�
mediators are not characterized.

7KH� DFWLYDWLRQ�RI� DQWL�LQÀDPPDWRU\�PHGLDWRUV� FDQ�
EH�PRGHOHG�E\�EXLOGLQJ�D�GLɣHUHQWLDO�V\VWHP�LQ�ZKLFK�
P denotes the density of pathogen, N* represents the 
activated phagocytes, D describes the amount of da-
maged tissue and CA is the concentration of anti-in-
ÀDPPDWRU\�PHGLDWRUV��7KHVH�YDULDEOHV�HYROYH�LQ�WLPH��
and their growth depends non-linearly on the value of 
all the others. In particular, we consider the fact that 
phagocytes respond to the presence of a pathogen and 
try to eliminate it. Doing this causes collateral injuries, 
VXFK� DV� LQÀDPPDWLRQ� DQG� GDPDJH� WR� WLVVXHV�� EXW� WKH�
latter also activates more phagocytes, and therefore N* 
and D�DFWXDOO\�IXHO�UHFLSURFDOO\��7KH�DQWL�LQÀDPPDWRU\�
mediators, such as interleukin IL-10 [22, 12], respond 
to the presence of activated phagocytes and other da-
mages, and try to suppress them. A way to investigate 
PRUH�VSHFL¿FDOO\� WKH�HɣHFWV�RI�CA administration is to 
DVVLJQ�GLɣHUHQW�IXQFWLRQV�ZKLFK�UHSOLFDWH�WKH�YDULDWLRQ�
RI�DQWL�LQÀDPPDWRU\�PHGLDWRUV�LQ�WLPH�>��@��LQ�RUGHU�WR�
improve the clinical situation or at least avoid patients 
decease. This approach makes it possible to select the 
more plausible strategy to achieve favorable outcomes 
with the system returning to a stable healthy state.

$W�WKH�¿UVW�DWWHPSW��CA can be seen as a parameter, 
constant in time. Then, the speed of evolution for P, N* 
and D� LV� VLPSOL¿HG� E\� FRQVLGHULQJ� YDULRXV� UHFXUUHQW�
real life situations, to obtain the following system of 
QRQOLQHDU�RUGLQDU\�GLɣHUHQWLDO�HTXDWLRQV�

      (1)

where CA� DSSHDUV� LPSOLFLWO\� WKURXJK� WKH� GH¿QLWLRQ� RI�
the reaction function, which is chosen as

      (2)

together with fs(V) = V 6/(x6
dn + V 6).

7KH�DFWLRQ�RI�DQWL�LQ¿DPPDWRU\�PHGLDWRUV��DV�ZHOO�
as the inhibition of N* and D, are represented by the li-
near (empirical) function f given in (2), which leaves its 
argument unchanged if CA is null and diminishes con-
stantly, tending to zero, if CA is increasing.

The variation of P depends on its logistic growth, 
with rate kpg ranging from 0.021 h-1 to 2.44 h-1, which 
accounts for the reproduction of pathogen, but consi-
dering that an excessive amount (namely, above a given 
threshold p�) leads to more spontaneous self-deterio-
UDWLRQ��7KH�VHFRQG�WHUP�LQ�WKH�¿UVW�HTXDWLRQ�GHVFULEHV�
D�QRQ�VSHFL¿F�ORFDO�UHVSRQVH��VXFK�DV�WKH�DFWLRQ�RI�WLV-
sue macrophages and other biological defenses. This 
activation is typically fast, i.e. occurring only during a 
short period of time, hence that term can be deduced 
by simplifying a smaller model under the quasi-steady-
state assumption (QSSA) that the speed of the respon-
VH� LV� DOPRVW� QXOO� >��@�� )LQDOO\�� WKH� HɣHFW� RI� DFWLYDWHG�
phagocytes is incorporated through the last term and 
it depends on the interaction between the phagocytes 
themselves and the pathogen.

The second equation summarizes the speed of N* in 
WZR�WHUPV��7KH�¿UVW�RQH�FRQVLGHUV�WKH�DZDNHQLQJ�RI�UH-
sting phagocytes, that is a rapid process, and in fact this 
term is obtained by simplifying another smaller model 
[23] again by means of the QSSA hypothesis. The auxi-
liary variable R grows linearly with the presence of P, 
N* and D according to an empirical law [23], namely R 
= knnN*+ knpP + kndD. Then, the second term illustrates 
the deterioration of activated phagocytes in time.

The temporal variation of D is represented in the 
last equation of system (1) and includes two terms. The 
S-shaped function fs is intended to suggest that low 
amounts of phagocytes cause few damages to the sur-
rounding tissue but, while increasing, the damage spre-
ads until its saturation, meaning that it will not exceed a 
certain value (even in the presence of a large amount of 
phagocytes). Indeed, fs is null if there are no activated 
phagocytes, and tends monotonically to a constant as 
shown in Figure 1. The last term imitates the sponta-
neous healing process of the system.

We point out that some of the parameters used to 
build the model (1) are the results of experimentation, 



131

COVID-19 Calls for Mathematics, Part 2:
Interleukin IL-6 and Myo-Inositol, Suicide-substrate Enzyme Inhibitors

Figure 1: Graphic shape of the function fs used to describe the speed of D in the model (1).

while others, and especially kpg�LQVLGH�WKH�¿UVW�HTXDWLRQ��
DUH�YDULHG�LQ�RUGHU�WR�VWXG\�GLɣHUHQW�VLWXDWLRQV��DOO�WKHLU�
YDOXHV�DUH�SRVLWLYH�RU�QXOO���8QOHVV�VSHFL¿HG�RWKHUZLVH��
the numerical values for the simulation parameters are 
those reported in Table 1.

By studying analytically the system (1), starting from 
the smaller models which led to its construction [23], 

various (but at most three) ¿[HG�SRLQWV are found accor-
GLQJ�WR�GLɣHUHQW�YDOXHV�RI�CA and kpg, whose existence 
and stability properties sensibly depend on these para-
PHWHUV��,Q�SDUWLFXODU��WKH�¿[HG�SRLQWV�DUH�HQGRZHG�ZLWK�
a EDVLQ�RI�DWWUDFWLRQ, namely a region of attractiveness 
for the overall dynamics.

The so-called KHDOWK� VWDWH is reached when patho-
gen, phagocytes and tissue damage are all null, and the 
DPRXQW�RI�DQWL�LQÀDPPDWRU\�PHGLDWRUV�LV�D�VSHFLF�FRQ-
stant; it is stable only if kpg is less than 1.5 h-1, otherwise it 
is unstable. The DVHSWLF�GHDWK�VWDWH is reached when the 
SDWKRJHQ�KDV�EHHQ�HUDGLFDWHG�EXW�WKH�LQÀDPPDWLRQ�KDV�
not been stopped, so phagocytes and tissue damage have 
high values; it exists if CA is smaller than 0.626 pg/ml 
and the region of its existence is divided into two parts 
by some value, depending on kpg and ranging between 
1.707 h-1 and 3.8 h-1, which, if bigger than CA, makes 
the DVHSWLF�GHDWK�VWDWH stable. The septic death state is 
reached when the phagocytes have been unable to stop 
the pathogen growth; it exhibits stability if kpg crosses a 
positive value, which decreases while CA increases but is 
never bigger than 0.276 pg/ml. For more details about 
the regions of stability and their dependence upon the 
changing parameters CA and kpg, we refer to [23]. The-
se results suggest that, even with the administration of 
DQWL�LQÀDPPDWRU\� PHGLDWRUV�� WKH� VWDELOLW\� RI� D� KHDOWK�
state depends strictly on kpg, namely the growth rate of 
SDWKRJHQ��DQG�WKXV�DQ\�HɣHFWLYH�VWUDWHJ\�PXVW�LQFOXGH�D�

Table 1: 1XPHULFDO�YDOXHV�IRU�WKH�VLPXODWLRQ�SDUDPHWHUV��UHIHU
to [23] for more details).
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combination of various treatments [22, 12, 20, 24].
Moreover, while increasing CA leads to the aseptic 

GHDWK� VWDWH� EHFRPLQJ� DQ� XQVWDEOH� ¿[HG� SRLQW�� LW� DOVR�
makes the septic death state a more plausible outco-
me, as portrayed for the example in Figure 2, because 
it opens a period of time in which the pathogen is free 
to multiply.

'HDOLQJ�ZLWK�WKH�SUHVHQFH�RI�DQWL�LQÀDPPDWRU\�PH-
diators as a time-dependent variable leads to a new mo-
del, which is a variant of the system (1) already studied 
in [23], with a fourth equation describing the speed of 
evolution of CA as follows:

      
      (3)

ZKHUH� WKH�¿UVW� WHUP� LQGLFDWHV�D� FRQVWDQW� VRXUFH�RI� DQ-
WL�LQÀDPPDWLRQ� PHGLDWRUV�� SRVVLEO\� SURYLGHG� E\� P\R�
Inositol [4], while the two others replicate its activation 
in response to the presence of activated phagocytes and 
tissue damage, and its deterioration in time, respectively.

&RPSDULQJ�WKH�PRGHO������E\�¿[LQJ�WKH�FRQVWDQW�CA, 
with its variation by adding equation (3), for which CA 
is given as initial value, and studying the relationship 
between kpg and the initial amount of pathogen P0��D�¿-
ner description of the stability for the case of an health 
state is possible. Indeed, when kpg is large enough to re-
present a threat to the system, but it is also small enou-
JK�WR�HQVXUH�VWDELOLW\��WKH�EDVLQ�RI�DWWUDFWLRQ�RI�WKH�¿[HG�
points is wider if we assume the evolution model (3). An 
example of this phenomenon is shown in Figure 3, and 
these results indicate that an adaptive administration of 
DQWL�LQÀDPPDWRU\�PHGLDWRUV�PDNHV�WKH�SDWLHQWV�UHFR-
very more plausible.

Finally, the model outcomes underline the impor-
WDQFH�RI�ERWK�DQWL�LQÀDPPDWRU\�DQG�LQÀDPPDWRU\�UH-
sponse rates, also suggesting that they should be care-
fully tuned to overcome the more critical scenarios and 
restore health. Furthermore, the numerical simulations 
point out the narrow compromise between administe-
ULQJ� DQWL�LQÀDPPDWRU\� PHGLDWRUV� DQG� KLQGHULQJ� WKH�
immune response: experimental studies and simula-
tions have stressed out the importance of quantity and 
WLPLQJ�RI�WKH�DGPLQLVWUDWLRQ�RI�DQWL�LQÀDPPDWRU\�PH-

Figure 2: These graphs illustrate that, if kpg is below 1.5 h-1, the value of CA plays an important role in the dynamics outcome. The results of three 
simulations of the model (1) are shown, with initial values P = 1.0 x 106 cc-1, N*= D = 0 and kpg=0.3 h-1, while CA has dierent values (displayed ac-
cording to the rows). The time, represented along the horizontal axis, is measured in hours, therefore the expected results are reported over three 
ZHHNV��7KH�¿UVW�URZ�JUDSKV�FRUUHVSRQGV�WR�CA = 0.5 pg/ml and the outcome is the aseptic death, the second row corresponds to CA = 0.7 pg/ml and 
the dynamics tends to the health state, while the third row corresponds to CA = 0.9 pg/ml and represents the case of septic death.
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diators in patients whose clinical condition is on its way 
to a healthy resolution but has not reached it yet [3, 2].

However, the oversimplication of a complex pro-
blem is maybe the greatest downside of the models 
SUHVHQWHG�LQ�WKLV�DUWLFOH��DOWKRXJK�WKHLU�DɣRUGDEOH�VL]H�
permitted a detailed analysis of emergent behaviors and 
the description of the principal catalysts involved in the 
process. Guidelines for future research include a more 
LQ�GHSWK� ELRORJLFDO� FKDUDFWHUL]DWLRQ� RI� DQWL�LQÀDPPD-
tory mediators for application to the SARS-CoV-2 virus, 
taking into account their specic activity and operational 
time-scale, and it might also be useful to incorporate a 
ULJRURXV�PDWKHPDWLFDO�DQDO\VLV�WR�GHVLJQ�HɤFLHQW�VWUD-
tegy for administrating therapeutic agents.

2. Suicide-substrate enzyme inhibitors

&RURQDYLUXVHV�DUH�HQYHORSHG�51$�YLUXVHV�DQG�LQFOX-
de those which cause the common cold as well as the 
highly pathogenic Severe Acute Respiratory Syndrome 
coronaviruses (SARS-CoV) and Middle Eeast Respira-
tory Syndrome coronaviruses (MERS-CoV). All coro-
naviruses contain specic genes which encode proteins 
for viral replication, nucleocapsid and spikes forma-

tion. The spike (S) glycoproteins on the outer surface 
of coronaviruses are responsible for the attachment and 
entry of the virus into host cells. The receptor-binding 
domain (RBD) is loosely attached to the virus particles 
and, therefore, the virus may actually infect multiple 
hosts. The entry mechanism of a coronavirus depends 
upon cellular proteases, including transmembrane pro-
tease serine 2 (TMPRSS2) which splits the S proteins 
and establish further penetration changes. SARS-co-
ronaviruses require angiotensin-converting enzyme 2 
(ACE2) as a key receptor. SARS-CoV- 2 possesses the 
typical coronavirus structure with S proteins and also 
other polyproteins, nucleoproteins and membrane pro-
teins. The transmission rate of SARS-CoV-2 is presen-
tly higher than that previously observed for SARS-CoV, 
and the reason could be some genetic recombination 
event occurring at S proteins inside the RBD region, 
which may have enhanced its transmission ability [24].

The life cycle of SARS-CoV-2 in host cells begins 
when S proteins bind to the ACE2 cellular receptor and 
the conformation changes induced into the S proteins 
facilitate viral envelope fusion with the cell membrane 
through the endosomal pathway (see Figure 4, above).  
7KHQ�6$56�&R9���UHOHDVHV�LWV�JHQRPLF�51$�LQVLGH�WKH�

Figure 3: 7KHVH�JUDSKV�LOOXVWUDWH�WKH�H[SDQVLRQ�RI�WKH�EDVLQ�RI�DWWUDFWLRQ�IRU�WKH�FDVH�RI�DQ�KHDOWK�VWDWH��7KH�¿UVW�IRXU�FKDUWV�FRUUHVSRQG�WR�WKH�
static model (1), while the others correspond to the dynamic case with additional equation (3). Both simulations start with P0=1.0106 cc-1, N*= D= 
0 and CA= 0.5 pg/ml, as initial values, with the parameter kpg=0.3 h-1��EXW�WKH�RXWFRPH�LV�YHU\�GLɣHUHQW��7KH�¿UVW�VHW�RI�JUDSKV�VKRZV�WKH�VROXWLRQ�
converging toward an aseptic death state, whilst the others indicate convergence toward a health state. These results estimate the recovery expec-
tations in 25 days.
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KRVW�FHOO��LQ�RUGHU�WR�EH�WUDQVODWHG�LQWR�DFWLYH�'1$�XVHG�
by the host cell to replicate the virus. The mechanism 
allowing this process is performed by the reverse tran-
scriptase (RT) enzyme, whereas the nucleic acid of the 
virus is also exploited for the synthesis of viral proteins. 
%RWK�YLUDO�SURWHLQV�DQG�JHQRPLF�51$�DUH� VXEVHTXHQ-
tly assembled into virions in the endoplasmic reticulum 
�(5��DQG�*ROJL��DQG�¿QDOO\�WUDQVSRUWHG�YLD�YHVLFOHV�WR�EH�
released out of the cells (see Figure 4, below).

Among the several candidate medicines which may 
inhibit infection and replication of SARS-CoV-2 [30,1, 
4, 16, 24, 26], we focus our attention on the phenome-
non of enzymatic inhibition through PHFKDQLVP�EDVHG�
HQ]\PH� LQDFWLYDWRUV [7, 18]. There are two types of 
inhibition mechanisms employed by ligands for a spe-
cic protein: the irreversible inhibition is accompanied 

by the formation of a covalent bond between the drug 
and its receptor, while the reversible inhibition is main-
tained by non-covalent intermolecular interactions. 
Binding of a reversible inhibitor would likely cause that 
one drug molecule hampers the activity of its target 
for a certain period; instead, binding of an irreversible 
inhibitor would generate a permanent bond between 
the drug and the related target macromolecule. In some 
cases of covalent inhibition, the enzyme also lends a 
hand to its own demise. Hence, the term “suicide” or 
“suicidal” inhibition —or rather mechanism-based inhi-
bition— refers to that particular type where the enzyme 
prepares the ligand to commit suicide (these substrates 
are also called “Trojan horse inhibitors”). In recent ye-
ars, suicidal inactivation has become a leading appro-
ach in studying enzyme-related mechanisms for ratio-
QDO�GHVLJQLQJ�RI� HɣHFWLYH�GUXJV� LQ� WKH�SKDUPDFHXWLFDO�
industry [7]. Physiologically, suicide-substrate systems 
WDUJHW� VSHFL¿F�HQ]\PHV� IRU� LQDFWLYDWLRQ�� WKHUHE\�UHGX-
cing their activity, thus preventing substrate utilization 
and product formation [32, 31].

From a mathematical point of view, this process 
has been discussed in several studies [32, 31, 5, 27,8], 
which thoroughly analyze a modication of the classical 
0LFKDHOLV�0HQWHQ system shown in Figure 5, in order to 
account for the enzyme kinetics.
                       k1              k2               k3
           E + S  o��X  o  Y  o��E + P
                     

ĸ
                k4

                            
Ļ

 
                             

Ei

Figure 5: A simplified pathway of enzyme kynetics for suicide-sub-
strate systems.

In that framework, the symbols E, S and P stand for 
enzyme, substrate and product, respectively, X and Y re-
present the enzyme-substrate intermediates, EL denotes 
the inactivated enzyme, and all reactions are mediated 
by (positive) rate constants. Within such system, Y can 
follow two alternative pathways, namely toward E+P 
with rate k3 or toward EL with rate k4. The quotient k3 /
k4 of these rates is called SDUWLWLRQ�UDWLR and is usually 
denoted by U. Both pathways are considered to be irre-
versible over the time scale of the reaction. Then, irre-
versible inactivation of the enzyme implies that its form 
DQG�IXQFWLRQDOLW\�KDYH�EHHQ�SHUPDQHQWO\�PRGL¿HG��VLQ-
ce it can no longer carry out its function, the enzyme 
thus commits suicide. The criteria for an inhibitor to be 
FODVVL¿HG�DV�VXLFLGH�VXEVWUDWH include that inactivation 
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should be time-dependent, the reaction should be of 
¿UVW�RUGHU�W\SH��DQG�WKH�HQ]\PH�VKRXOG�H[KLELW�D�VDWXUD-
tion phenomenon [7].

The rate equations for the process illustrated in Fi-
gure 5 are deduced by means of the standard ODZ� RI�
PDVV�DFWLRQ as follows:

      (4)

where H, s, x, \, HL and p denote the chemical concentra-
tions, as functions of the time. Typical experimental ini-
tial conditions completing this mathematical formula-
tion are given by H(0) = H0, s(0) = s0, x(0) = \(0) = HL(0) 
= p(0) = 0, for instance. Consequently, the system (4) is 
further simplied by adopting the following relations of 
mass conservation:

      (5)

Moreover, the equation for p can be uncoupled from the 
others, because p does not appear in any other equation, 
hence p can be evaluated by direct integration after \ 
has been computed. Finally, the reduced model obtai-
ned from (4) thanks to (5) contains only four coupled 
RUGLQDU\�GLɣHUHQWLDO�HTXDWLRQV��QDPHO\

      (6)

The quasi-steady-state assumption (QSSA) for the 
intermediate complexes, consisting in the hypothesis 
that          = 0 and         = 0 in system (6), yields an additio-

nal simplication, which implies the existence of explicit 
solutions given by

      (7)

so that intermediate complexes computed from (7) bear 
the proportionality relation x = .\, K :=                 .

+RZHYHU��WKHVH�HTXDWLRQV�DUH�VWLOO�WRR�GLɤFXOW�WR�EH�
solved analytically, without other simplifying approxi-
mations. Therefore, numerical simulations are carried 
out to illustrate some particular points. The biologically 
more relevant questions which arise are: 1) will all sub-
strate be converted during the process? 2) will all the 
enzyme be inactivated? As indicated in [31], the factor 
determining whether the substrate is exhausted before 
all the enzyme is inactivated is U × m, where m deno-
tes the ratio of the initial concentrations of enzyme and 
substrate, namely H0/s0. On the other hand, it is claimed 
in [27] that characteristic factor is (1+U) × m, which is 
deduced by applying the conventional QSSA reduction 
method to obtain a two-dimensional system. In parti-
cular, when (1 + U) × m�����WKHQ�WKH�VXEVWUDWH�LV�WRWDOO\�
exhausted, whilst for (1 + U) m�����DOO�WKH�HQ]\PH�LV�LQDF-
tivated, so that both occur when (1 +�U) × m = 1 (this re-
sult has been also achieved more recently in [8] without 
any QSSA simplifying hypothesis).

Although the results obtained in [27] seem to be 
more consistent with the numerical solutions to the full 
system of rate equations (4) than those presented in 
[31], both conclusions deviate from the solution when 
m approaches 1 (see Figure 6). This fact highlights a 
shortcoming of most QSSA approximations for enzyme 
kinetics, since their validity decreases for increasing va-
lues of the ratio H0=s0. Consequently, a further analysis 
is needed because these indicators do not always lead to 
a correct conclusion.

)RU�D�TXDQWLWDWLYH�HVWLPDWLRQ�RI�WKH�HɣHFWLYHQHVV�RI�
suicide substrates, a systematic mathematical study of 
these models may serve as an indicator to enzymolo-
gists, and especially to pharmacologists, during drugs 
administration and delivery, similarly to the methods 
applied for identifying indicators of suicidal inactiva-
tion in antibiotic kinetics (refer to [7] for more detailed 
LQIRUPDWLRQ��� ,Q� WKH�VFLHQWL¿F� OLWHUDWXUH�� WKHUH�DUH� IHZ�
articles concerning the theoretical understanding of 
enzymatic reactions involving suicide substrates, possi-
bly because of the severe lack of data from realistic ap-
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Figure 6: Temporal proles for enzyme (H), substrate (s), intermediate complexes (x) and (\), product (p) and inactivated enzyme (HL). 
The experimental data for numerical simulations are H0 = 0.7, s0 = 2:5, k1 = 2, k_1 = 4, k2 = 10, k3 = 6, k4 = 3, and these values are chosen 
to reproduce the case (1+U) × m < 1. The curves show that all the enzyme is inactivated, and indeed the concentration Hi tends to H0, while 
there exists an excess of substrate. The intermediate complexes exhibit similar trends, characterized by an initial phase of rapid growth, 
before they rapidly run out toward the final product.
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plications. Simultaneously, experimentalists are often 
holed up because of the lack of theoretical background 
to design experiments and perform a posteriori analysis 
of experimental data.

Several drugs acting as suicide inhibitors are cur-
rently demanded for the prevention and treatment of 
GLɣHUHQW�GLVHDVHV��SRSXODU�FOLQLFDO�H[DPSOHV�RI�VXLFLGH�
substrate therapies include Aspirin, Exemestane for the 
treatment of breast cancer, the azidothymidine (AZT) 
and other nucleoside analogues used against AIDS/
HIV, Penicillin, etc. and have been also investigated for 
the treatment of depression (monoamine oxidase inhi-
bitors) and epilepsy (inhibitors of brain GABA amino-
transferase, for example).

Our hypothesis of suicide inhibition to neutralize 
the SARS-CoV-2 is not unfounded, since this approach 
has already been pursued in 2003 for the inactivation of 
the SARS-CoV Main proteinase (Mpro) by means of the 
benzotriazole esters [29, 21]. Indeed, the SARS-CoV-
related Mpro plays a central role in the formation of the 
viral replicase/transcriptase complex and it appears to 
be an ideal target for the development of suitable drugs. 
The structure of complexes resulting from reaction of 
the SARS-CoV-related Mpro with two aromatic benzo-
triazole esters provided a promising starting point for 
GHVLJQLQJ� PRUH� VSHFL¿F� LQKLELWRUV� IRU� WKLV� SURWHLQDVH�
[29]. Although benzotriazole esters, which act as suicide 
inhibitors, have been reported as potent non-peptidic 
inhibitors of the enzyme [33], their exact mechanism 
of action remains unclear. Unfortunately, the currently 
available protease inhibitor drugs do not seem to work 
correctly, and sometimes at all, for the treatment of 
SARS-CoV-2 virus. This is mainly due to the fact that 
SURWHDVHV�DUH�D�IDPLO\�RI�HQ]\PHV�ZLWK�PDQ\�GLɣHUHQW�
characteristics and the drugs already developed for 
other pathologies are not perfectly compatible with spe-
FL¿F�SURWHDVHV�RI�WKH�6$56�&R9���YLUXV�

Of course, the creation of this type of drugs could be 
H[WUHPHO\�EHQH¿FLDO��ZLWKRXW�QHJOHFWLQJ�GLɣHUHQW�FRQ-
troversial aspects. Suicide-substrate inhibitors are har-
GHU�WR�EH�LGHQWL¿HG�DQG�V\QWKHVL]HG�EHFDXVH�WKH\�XVXDO-
ly require a fully description of the enzymatic behavior 
for their design, to provide a base-structure target for 
the transition state of these enzymes. Due to their high 
potency and selectivity, as well as a lower propensity for 
the development of drug resistance, mechanism-based 
inhibitors can constitute a valuable outlook on the pro-
blem of drug resistance. Moreover, there are only a re-

stricted number of enzymes which are capable of being 
targeted by a mechanism-based inhibitor compared 
with thousands of synthetically feasible or available 
compounds in databases used by medicinal chemists. 
Suicide-substrate inhibitors are particularly invaluable 
for targeting proteins of bacterial cells when there is a 
low homology and similarity with human proteins, and 
the risk of toxicity is appreciably lower [18].
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The survival of many London entrepreneurs is en-
dangered by a new British government law. It’s the 
Nuisances Removal and Diseases Prevention Act, a bill 
proposed by the technical task force established by the 
Queen and the Government with the aim of curbing the 
spread of the epidemic.

The task force believes that it is necessary to impro-
ve the quality of London’s air and therefore proposes to 
impose the adaptation of their production and smoke 
emission systems on many factories. Which obviously 
involves huge investments.

The alternative would be the total closure of the fac-
tories. We are in London, in 1854. In the midst of the 
cholera epidemic that would have killed 23,000 people 
across Great Britain.

In those years the dominant theory in explaining the 
causes of cholera was that of miasms, which we could 
also call “fetid airs”. The basic idea was that polluted air 
was the vehicle of the epidemic. Stables, slaughterhou-
ses, and many factories that processed organic mate-
rials of both animal and vegetable origin, were the main 
sources of these pollutions. In fact, gas and boiling pro-
duction plants dispersed fumes from the nauseating 
odors into the air, fumes that were believed to be the 
carriers of cholera.

 Dr.John Snow, however, was not convinced by this 
explanation.

John Snow’s research on cholera

Snow, in those years was an anesthesiologist already 
well established, he was the one who administered clo-
roform inhalations as an anesthetic to Queen Victoria 
on two of her parts.

Precisely because he was an expert on gas inhala-
tion, he was immediately unconvinced by the theory of 
miasms. According to him, the transmission of the dise-
ase occurred through the waters.

,Q������KH�EHJDQ�WR�PDNH�KLV�¿UVW�HSLGHPLRORJLFDO
investigations by making appropriate maps on the spre-
ad of cholera among Londoners and published a short 
treatise entitled On The Mode of Communication of 

Cholera. In 1854, when the epidemic recurred, John 
Snow, in general skepticism, proposed the removing 
the Broad Street water pump in the Soho neighborhood. 
The origin of cholera was there for him. A few days after 
the pump was removed, the epidemic outbreak in that 
neighborhood actually subsided.

It was because of these ideas against the tide that the 
London entrepreneurs, whose business was threatened 
by the new bill, asked Snow to testify before the British 
Government’s Health Commission. The aim was to con-
vince politics to block that law that could have been the 
end of any activity for them.
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The interrogation of the Health 
Commission of the British Government

The hearing was set for March 5, 1855, the President 
of the Commission was Mr Sir Benjamin Hall, the very 
Ben from whom the Big Ben of the London clock was 
named.

Sitting in front of the commission, dr. Snow is im-
mediately clear and honest in explaining the reason why 
KH�R̆HUHG�WR�WHVWLI\��

“I received a request from Mr. Knight. I was asked 

if I would give evidence on behalf of the manufactu-

rers whose interests are threatened by the Nuisan-

ces Removal Act.”

“To what points would you desire to draw the at-

tention of the Committee as regards the sanitary 

question?” Snow is then asked.

“I have paid a great deal of attention to epidemic 

diseases, more particularly to cholera – says Snow 

– (…) and I have arrived at the conclusion with re-

JDUG�WR�ZKDW�DUH�FDOOHG�R̆HQVLYH�WUDGHV��WKDW�PDQ\�
of them really do not assist in the propagation of 

epidemic diseases, and that in fact they are not in-

jurious to the public health. I consider that if they 

were injurious to the public health they would be ex-

tremely so to the workmen engaged in those trades, 

and as far as I have been able to learn, that is not 

WKH�FDVH��DQG�IURP�WKH�ODZ�RI�WKH�GL̆XVLRQ�RI�JDVHV��
it follows, that if they are not injurious to those ac-

tually upon the spot, where the trades are carried 

on, it is impossible they should be to persons further 

removed from the spot.”

The hearing continued with many more questions 
and the commission proved cold towards those expla-
nations. The president, Sir. Benjamin Hall, was a strong 
supporter of the theory of miasms and he held in great 
consideration the opinion of dr. William Farr, direc-
tor of the British Statistics Society and the British Go-
vernment Statistics Department. We could say that Farr 
ZDV�RQH�RI�WKRVH�H[SHUWV�ZLWK�WKH�ULJKW�SUR¿OH�WR�OHDG�D�
task force. Obviously Farr was also a strong supporter of 
the theory of miasms and pushed for the commission to 
distance itself from the theories of Dr. Snow.

7KH�VFLHQWL¿F�FRPPXQLW\
against Snow’s theories

Even The Lancet published a tough editorial against 
John Snow on June 23, 1855. An editorial that spared 
no criticism even from the direct political commission 

)LJXUH��� John Snow and one of his epidemiological maps
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Sir Benjamin Hall, who had wasted time listening to 
these absurd theories.

With these words The Lancet reconstructs the hea-
ULQJ�RI�GU��-RKQ�6QRZ�RI�0DUFK����������

“They (businessmen) bring before the Committee a 

doctor and a barrister. They have formed an Asso-

ciation. They have a Secretary, a bone merchant, 

who has read the writings of Dr. Snow. Now, the 

theory of Dr. Snow tallies wonderfully with the 

YLHZV�RI� WKH� ³2̆HQVLYH�7UDGHV¶�$VVRFLDWLRQ´�²�ZH�
EHJ� SDUGRQ� LI� WKDW� LV� QRW� WKH� ULJKW� DSSHOODWLRQ�²�
and so the Secretary puts himself in communica-

tion with Dr. Snow. And they could not possibly 

get a witness more to their purpose. Dr. Snow tells 

WKH�&RPPLWWHH� WKDW� WKH� ḦXYLD� IURP�ERQH�ERLOLQJ�
are not in any way prejudicial to the health of the 

inhabitants of the district; that “ordinary decompo-

sing matter will not produce disease in the ‘human 

VXEMHFW�¶´

The editorial was not signed but was probably writ-
ten by James Wakley, son of the founder of the newspa-
SHU��7KRPDV�:DNOH\��DQG�VXFFHHGHG�KLP�DV�HGLWRU��

“Why is it then, that Dr. Snow is singular in his 

opinion? Has he any fact to show in proof? No! But 

KH�KDV�D� WKHRU\�� WR� WKH� H̆HFW� WKDW�DQLPDO�PDWWHUV�
are only injurious when swallowed! The lungs are 

proof against animal poisons; but the alimentary 

FDQDO�D̆RUGV�D�UHDG\�LQOHW���«��Dr. Snow claims 

to have discovered that the law of propagation of 

cholera is the drinking of sewage water. His theory, 

of course, displaces all other theories. (…) In riding 

his hobby very hard, he has fallen down through a 

gully-hole and has never since been able to get out 

again. And to Dr. Snow an impossible one: so the-

re we leave him.”

7KH�¿QDO�GHFLVLRQ�RI�WKH�+HDOWK
Commission of the British Government

Despite all these pressures, on 14 August 1855 the 
%ULWLVK� JRYHUQPHQW� ṘFLDOO\� WRRN� WKH� GHFLVLRQ� QRW� WR�

impose any restrictions on factories that produced fu-
mes, thus giving credit to John Snow’s theories. 

Maybe because he was not an expert on the subject, 
Benjamin Hall remained more open than the establi-
shed scientists of the time to consider theories other 
than conventional ones. In doing so he has guarded, 
perhaps unconsciously, that margin of doubt and that 
openness to the inconceivable indispensable for science 
to progress.

In the following years, in fact, science produced new 
HYLGHQFH� WR� FRQ¿UP� 6QRZ¶V� K\SRWKHVHV��:LOOLDP� )DUU�
When himself changed his mind in 1866 by converting 
to the theory of the transmission of cholera by water. In 
1884 when Robert Koch isolated and studied the chole-
ra bacterium, Vibrio cholerae�LQ�GHWDLO��LW�ZDV�¿QDOO\�XQ-
derstood that transmission could not take place by air.

Today John Snow is universally recognized as one of 
the fathers of modern epidemiology.

7KH�ODWH�DSRORJ\�RI�7KH�/DQFHW

More than 150 years after these events, on April 13, 
2013, The Lancet published an article to apologize to 
-RKQ�6QRZ�XVLQJ�WKHVH�ZRUGV��

The Lancet wishes to correct, after an unduly pro-
ORQJHG�SHULRG�RI� UHÀHFWLRQ��DQ� LPSUHVVLRQ� WKDW� LW�PD\�
have given in its obituary of  Dr.John Snow on June 26, 
������7KH�RELWXDU\�EULHÀ\�VWDWHG�

“Dr. John Snow: This well-known physician died at 

noon, on the 16th instant, at his house in Sackville 

Street, from an attack of apoplexy. His researches 

on chloroform and other anaesthetics were appre-

ciated by the profession.”

The journal accepts that some readers may wron-
gly have inferred that The Lancet failed to recognise  
'U�6QRZ¶V�UHPDUNDEOH�DFKLHYHPHQWV�LQ�WKH�¿HOG�RI�HSL-
demiology and, in particular, his visionary work in dedu 
cing the mode of transmission of epidemic cholera. The 
Editor would also like to add that comments such as “In 
riding his hobby very hard, he has fallen down throu-
gh a gully-hole and has never since been able to get out 
again” and “Has he any facts to show in proof? No!”, pu-



When Politics Freed Science from Task Force Impositions

143

blished in an Editorial on  Dr.Snow’s theories in 1855, 
were perhaps somewhat overly negative in tone.

+LVWRU\��VFLHQFH�DQG�WKH�KXPDQ�VRXO

History always proves to be an excellent teacher to 
better understand the present and avoid repeating cer-
tain mistakes. Thinking today of being immune to these 
dynamics would however be too naive, it is something 
inherent in the human soul. The same story however 
shows us how Science has always managed to evolve 
freeing itself from all those human conditionings that 
wanted to control it.

But what is a year for humans can be decades for 
science.
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They were given power over the fourth part of the 
earth to exterminate with the sword, with hunger, 

with the plague and with the fairs of the earth.
Revelation VI, 1-8

Human frailty is one of the omnipresent themes in 
the art of any time and of any people, and therefore with 
it the vicissitudes of human life which also include dise-
ase and death. Therefore, whether it is a way to exorcise 
it, to document it or more simply because through the 
representation of physical evil, of the disease, the artist 
can somehow approach it unharmed, privileged specta-
tor of a tragic moment that brings with it on the same 
level pain anyone in the same way. Illness, especially 
the dreaded plague makes no distinction between prin-

ces, prelates and simple commoners, treating everyone 
with the same regard. Chronically recurrent disease of 
the plague, will generate a state of anxiety that will spre-
ad in Europe for at least three hundred years, eventually 
becoming a commonplace of human fear. 

We then try to give an image to this invisible enemy, 
and here is where painting intervenes, with its ability to 
concretize, to coagulate something that is impregnable, 
UDUH¿HG� DV� D� GLVHDVH�� LQ� D� SDLQWLQJ�� ,W� LV� WKH� SRZHU� RI�
pictorial art, making visible what otherwise would not 
be. And seeing the “evil”, in this case the plague, means 
knowing it and perhaps even being able to dominate 
it. So it is above all the painters from the Middle Ages 
onwards to render the “plagues” in images, with the re-
presentation of emphasized bodies that soften the 

Figure 1:�7KH�7ULXPSK�RI�'HDWK��IUHVFR��%XRQDPLFR�%X̆DOPDFFR��������������[������P��VRXWK�HDVW�ZDOO�RI�WKH�&DPSRVDQWR�RI�3LVD�
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cities or clouds that, moving from one country to ano-
ther, sow death as they pass. It is also the fault of the 
stars which astrologically cause the deadly contagion. 
There is therefore a conspicuous source of iconographic 
material that shows the suddenness of the attack of the 
GLVHDVH��LWV�VWULNLQJ�LQ�DQ�XQGL̆HUHQWLDWHG�PDQQHU�ZLWK�
an obscene death, often deprived of the usual funeral 
rituals.

We also observe, at least in some artists, more or less 
veiled, a curious look at the limit of morbidity, on body 
swellings, on sores, pustules and ulcerative wounds 
which they sometimes almost enjoy depicting, insisting 
on them as a stigma of the bad and therefore, ultimately 
RI�WKH�GHPRQLF��'LVHDVH��3ODJXH�RU�RWKHU�DOZD\V�FRPHV�
from Hell, even if someone may consider it a divine 
punishment for the sins of humanity, the disease, the 
younger sister of Death is, without any doubt, of infer-
nal origin, and not by chance it joins often at the work 
of the Witches�.

Hence the idea of a “poisoning” emerges: an extre-
me attempt to give a face to the unknown but ubiqui-
WRXV�DQG�GHDGO\�HQHP\�E\�¿QGLQJ�KLP� LQ� WKH�JUHDVHU��
the stranger or the witch, who has come to poison the 
city. The days of the plague are presented as an open-air 
theater that has the city as its stage and where the actors 
are sick humans, contemplated in their death by those 
who are immune.

But this imaginary, which is not often the result of 
mere imagination, but of a careful look at the reality of 
the time, is not only relegated to past centuries, to the 
Middle Ages and especially to the Renaissance and the 
%DURTXH�DJH��EXW�ZH�DOVR�¿QG� LW�� FKDQJHG� LQ� IRUP�EXW�
no less disturbing in some contemporary works. Man

changes over the centuries, it is true, but very slowly, 
and at the bottom of his soul he fears, trembling, with 
WKH�VDPH�IHDUV�RI�KLV�DQFHVWRUV�JDWKHUHG�DURXQG�D�ERQ¿-
re to protect himself from the night beasts. 

Today, this ancient theme has always coexisted with 
human life: the epidemic, or for those who prefer the 
PRVW�DSRFDO\SWLF�3DQGHPLF��KDV�UHDSSHDUHG�LQ�RXU�OLYHV��
Expelled from the collective imagination in recent deca-
des, especially if seen in such an all-pervading way in 
our country, the disease has reappeared unexpectedly, 
presenting itself at the door of our homes as an unin-
vited and unwelcome guest. Only in catastrophic mo-
vies, in various forms and formulas, the danger of a new 

Figure 3:�)UHVFR�RI�3RUWD�6��*HQQDUR��7KH�SODJXH�RI�1DSOHV��0DWWLD�
3UHWL�������������3RUWD�6��*HQQDUR��1DSOHV.

Figure 2:�7KH�3ODJXH��*DHWDQR�=XPPR��������SRO\FKURPH�ZD[�����î�
�����î������FP��/D�6SHFROD�0XVHXP��)ORUHQFH�
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SODJXH�ZDV�FRQVLGHUHG�� LQ�D�ÀRRG�RI�DQWKURSRSKDJRXV�
zombies, vampires and viruses from deep space2.

However, not being able to say yet how this Coro-
QDYLUXV��DOVR�NQRZQ�DV�&RYLG�����ZLOO�D̆HFW�WKH�DUWLVWLF�
FUHDWLYLW\�RI�WKH���VW�FHQWXU\��ZH�ZLOO�OLPLW�RXUVHOYHV�WR�
taking into consideration how similar events, indeed 
FHUWDLQO\�PXFK�PRUH�GUDPDWLF�WKDQ�RXUV��KDYH�D̆HFWHG�
the art of the past, starting from one of the best known 
paintings that deal - also but not only - with this theme: 
The Triumph of Death�E\�3LHWHU�%UXHJKHO�WKH�(OGHU�, an 
RLO�RQ�SDQHO�SDLQWHG�LQ�DURXQG������DQG�ZKLFK�LV�FXU-
UHQWO\�SUHVHUYHG�LQ�WKH�3UDGR�0XVHXP�LQ�0DGULG�

The work shows the spectator precisely the triumph 
of Death over the things of our world, herself queen, fol-
lowed on a reddish horse by an army of living skeletons, 
in a real hymn that refers to the macabre dances, to the 
four knights of the Apocalypse and resurrection of the 
dead.

Against the background of Brueghel’s painting, there 
is a barren, burnt and devastated landscape in which 
scenes of destruction are still taking place that do not 
spare any social class and there is manifested the violent 
and unstoppable action of Death that brutally annihila-

tes humanity, proving itself impartial and ruthless and 
that arrives and dominates everything by killing men 
in various ways, in an allegory of war, pestilence and 
human misery. The warm tones of the oil colors used 
by the artist evoke an arid and infernal atmosphere in 
which men face the transition with the most varied mo-
ods: with surprise, dismay, resignation and even in the 
throes of a vain rebellion.

An immense terror and a chilling silence - inter-
rupted only by the echoing of a distant bell - emanate 
from the painting. In front of the viewer, a parched and 
sunless world extends, immersed in a twilight whose 
pale light is enlivened only by the funeral reverbera-
WLRQ�RI� WKH�¿UHV�� ,W� LV�QRW� WKH� HQG�RI� WKH�ZRUOG� WKDW� LV�
represented, but the conquest of life by death, so that, 
in a certain sense, a way of being is replaced by another 
form of existence.

The artist depicts Death as a skeleton riding an ema-
ciated horse that, with its scythe, kills anyone who cros-
ses its path, just like the plague that decimated entire 
European populations. And Brueghel represents his 
fear, while in the distance we see men hanged, perhaps 

Figure 4:�7KH�7ULXPSK�RI�'HDWK��3LHWHU�%UXHJKHO�WKH�(OGHU��������RLO�RQ�SDQHO������î�����FP��3UDGR�0XVHXP��0DGULG�
.
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unjustly: they are some Jews accused of causing the se-
rious epidemic.

The painting is therefore like a story that unfolds be-
fore the eyes of the viewer in numerous small episodes, 
in which Death triumphs over man. 

The landscape of Brueghel takes on deforming and 
unreal characters in this picture: in a desolate land, in-
terspersed with dying trees and macabre hangings, the 
¿QDO�VWUXJJOH�RI�PHQ�DJDLQVW� WKH�$UP\�RI�'HDWK� WDNHV�
place, composed of disturbing skeletons wrapped in 
white shrouds. The outcome of the chaotic battle is alre-
ady decided; the last alive are surrounded by the fune-
ral form, with no possibility of escape. The horizon is 
obscured by an intense and black smoke, coming from 
WKH�ERQ¿UHV�RI�WKH�+HOO�

Brueghel probably had the opportunity to learn ori-
JLQDOO\� WKH�PDFDEUH� WKHPH� IURP� WKH� ¿IWHHQWK�FHQWXU\�
IUHVFRHV�WKDW�VWRRG�RQ�WKH�VRXWK�IDFLQJ�ZDOO�RI�3DOD]]R�
6FODIDQL� LQ� 3DOHUPR� DQG�ZKLFK� EHDU� WKH� VDPH� WLWOH� DV�
KLV�SDLQWLQJ��7RGD\� WKH�3DOHUPR� IUHVFR�KDV�EHHQ�GLYL-
GHG�LQWR�IRXU�SRUWLRQV�DQG�UHSRVLWLRQHG�DW�WKH�1DWLRQDO�
*DOOHU\�RI�3DOD]]R�$EDWHOOLV��DIWHU�KDYLQJ�PLUDFXORXVO\�
survived the bombings of the last World War. Again, 
therefore, preceding Brueghel’s masterful brush, Death 

brings with it various forms of destruction, and among 
them, not least the pestilence, fatal and unstoppable. 

However, even before Brueghel the Elder and the 
Sicilian frescoes, the theme of the Triumph of Death is 
IRXQG�DOUHDG\�EHWZHHQ������DQG������LQ�WKH�&DPSRVDQ-
WR� RI� 3LVD�� H[HFXWHG� E\�%XRQDPLFR�%X̆DOPDFFR�. The 
fourteenth-century painter is remembered as the pro-
WDJRQLVW�RI�VRPH�VKRUW�VWRULHV�E\�*LRYDQQL�%RFFDFFLR�LQ�
his Decameron and in this work the topic of pestilence 
returns with the usual paraphernalia of deaths between 
priests, merchants and nobles whose souls are disputed 
between angels and demons and on which the signs of 
putrefaction are already manifesting.

Still in the sixteenth century, the Medici Florence 
ZDV� GHYDVWDWHG� E\� WKH� SODJXH� LQ� WKH� \HDU� RI� WKH� /RUG�
�����

The city is in its full splendor of beauty, culture and 
art, which make it one of the nerve centers of Europe, 
and therefore of the world of that time, when sudden, 
pestilence comes within its walls. Who can leave the 
town as quickly as possible, seeking refuge elsewhere 
DQG�RQH�RI�WKHP�LV�-DFRSR�3RQWRUPR���ZKR�¿QGV�VKHOWHU�
IURP�WKH�GLVHDVH�LQ�WKH�&HUWRVD�GHO�*DOOX]]R��ZKHUH�KH�
will spend the most peaceful period of his life constantly 

Figure 5:� 7KH� 3ODJXH��$UQROG�%|FNOLQ�� ������ WHPSHUD�� ������ FP� [�
������FP��.XQVWPXVHXP�%DVHO�

Figure 6: St Mark on the throne or St Mark and the Saints, oil on 
ERDUG��7L]LDQR�9HFHOOLR��DURXQG������������6DQWD�0DULD�GHOOD�6DOXWH��
Venice.
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PDUNHG�E\� D� SHUHQQLDO�PHODQFKRO\�� ,QÀXHQFHG�E\� WKH�
visions of Albrecht Dürer���LQ�WKRVH�GD\V�3RQWRUPR�IUH-
scoed his cycle called Stories of the Passion in the lar-
ge cloister of the Certosa, but he is not alone, escaping 
from the plague with him there is also the student and 
friend Agnolo Bronzino�. In that sad predicament inste-
DG�-DFRSR�¿QGV�KLPVHOI�DQG�GLVFRYHUV�WKH�WUXH�HVVHQFH�
of his life. The plague was therefore benevolent with 
him, transforming his forced exile into a rediscovery of 
freedom and inner peace. 

Andrea del Sarto� also sought refuge from the black 
disease, but he did so by going further away from Floren-
ce. Thus, one of the greatest mannerists, one of the most 
eccentric, unprejudiced and unconventional artists who 
followed the school of the “modern way”, formed in the 
climate of intellectual freedom of the republic governed 
E\�3LHU� 6RGHULQL��� VKHOWHUHG� LQ� WKH�PRQDVWHU\� RI� /XFR�
in Mugello, for who paints an altarpiece depicting the 
body of the dead Christ, naked abandoned on a white 
sheet that covers the sepulchral stone. Immediately un-
der the lifeless body of Jesus, a mass chalice is painted 
covered with a paten, on which stands the consecrated 
host. The death of Christ is therefore the source of eter-
nal life, this is the clear meaning of the work created 
precisely during the epidemic. Having escaped from the 
GLVHDVH�RI�������$QGUHD�'HO�6DUWR�� IRU�D�PRFNLQJ� MRNH�
of fate, however, will die during the subsequent wave of 
SODJXH�WKDW�ZLOO�KLW�WKH�&LW\�RI�WKH�/LO\�LQ�������

In those same years, another city among the richest 
and most important of the peninsula, Venice, the dogale 
and most peaceful, placed under the aegis of the Evan-
gelist Mark and his winged lion, would be violently af-
fected by the epidemic, perhaps facilitated in this from 
being that golden gateway to the sea that faces East and 
:HVW��3HUKDSV��KRZHYHU��SUHFLVHO\� IRU� WKLV� UHDVRQ�� WKH�
ODJRRQ�FLW\�ZDV�DOVR�WKH�¿UVW�WR�KDYH�D�UHDO�SUHYHQWLRQ�
against diseases, even if this did not preserve it from 
WKH�HSLGHPLF�RI�������GXULQJ�ZKLFK��RQFH�DJDLQ�DQG�DV�
always, the works of art related to miraculous healing 
grew considerably in number.

In this particular event there is the great ex voto, cre-
ated by Tiziano Vecellio�� for the church of Santo Spirito 
in Isola, entitled San Marco and the Saints with good 
probability commissioned by the Doge himself and by 
the Senate of the Republic to commemorate the end of 
the plague.

The composition of the painting follows an invisible 
design in the form of a pyramid, whose summit is San 
Marco, or Venice itself, while at the base there are the 
saints Cosma and Damiano - both doctors who treated 
the sick without compensation - caught in the act of in-
dicating the wounds of San Rocco and San Sebastiano, 
the latter always invoked to obtain healing from the pla-
gue. The face of San Marco was deliberately painted in 
the shade by Titian, to remember the sad event that hit 
the lagoon. 

Figure 7:�6DQ�5RFFR�KHDOV�WKH�SODJXH�YLFWLPV��-DFRSR�7LQWRUHWWR������������î�����FP��&KXUFK�RI�6DQ�5RFFR��9HQLFH
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Today the painting is in the Basilica of Santa Maria 
GHOOD�6DOXWH��DOVR�EXLOW�DIWHU������WR�GLVVROYH�WKH�YRZ�RI�
having defended the city from the plague of that time.

$OVR�LQ�WKH�FLW\�RI�/HRQH�GL�6DQ�0DUFR��-DFRSR�5REX-
sti��, better known as Il Tintoretto, the last of the great 
Venetian painters of the Renaissance, in just over a de-
FDGH�ZLOO�SDLQW�RYHU�¿IW\�VDFUHG�FDQYDVHV�IRU�WKH�6FXROD�
*UDQGH�GL� 6DQ�5RFFR�� D� DQFLHQW� EXLOGLQJ� WKDW� EHFDPH�
the seat of the school of the brotherhood dedicated to 
the saint revered for his talents as a thaumaturge. One 
RI� WKHVH� SDLQWLQJV�� SDLQWHG� LQ� ����� IRU� WKH� SUHVE\WHU\�
of the church annexed to the school, is entitled San 
Rocco heals the plague, painted in oil, it presents in a 
nocturnal atmosphere, some plague victims who turn 
WKHLU�VX̆HULQJ�JD]H�WRZDUGV�WKH�VDLQW�E\�LPSHWUDWLQJ�KLV�
Help.

Much further south, in beautiful Sicily, a plague epi-
GHPLF�VSUHDG�DQG�FODLPHG�FRXQWOHVV�YLFWLPV�LQ�3DOHUPR�
LQ�������,W�ZDV�WKH�)OHPLVK�SDLQWHU�6LPRQH�GH�:REUHFN�� 

who painted it for what was then the homonymous 
church today rededicated to Saints Cosmas and Da-
mian, showing also San Rocco and the plague victims. 
In this work, the epidemic is represented as a divine pu-
nishment for the sins committed by humanity: At the 
WRS��*RG�KLPVHOI�ZDV�SDLQWHG��WRJHWKHU�ZLWK�WKH�&KULVW�
DQG�WKH�9LUJLQ��WKH�¿UVW�EHDULQJ�WKH�VLJQV�RI�WKH�3DVVLRQ�
DQG� ¿QDOO\� WKH� VDLQWV�5RFFR�� 6HEDVWLDQR�� &ULVWLQD� DQG�
1LQID��ZKR�DVN�WKHP�IRU�WKH�JUDFH�RI�WKH�VDOYDWLRQ�RI�WKH�
people. On the lower part, you can see the procession 
RI�WKH�FUXFL¿[�RI�&ULVWR�&KLDURPRQWH�RI�WKH�&DWKHGUDO��
with all the population, among whose people you can 
recognize the confreres of the Compagnia dei Bianchi. 

Instead in alemannic lands, more precisely in Alsa-
ce, in Colmar, the work is kept, considered the master-
SLHFH�RI�0DWWKLDV�*U�QHZDOG��, the Polyptych of Isen-
heim��SDLQWHG�EHWZHHQ�WKH�\HDU������DQG�������WRGD\�DW�
the Musée d’Unterlinden.

Figure 8:�<LHOG�RI�*UDFH�DIWHU�WKH�SODJXH�RI�1DSOHV��0LFFR�6SDGDUR��
������1DWLRQDO�0XVHXP�RI�6DQ�0DUWLQR��1DSOHV�

Figure 10: San Rocco and the victims of the plague, Simone de Wo-
EUHFN��������RLO�RQ�SDQHO������[�����FP��6��&RVPD�H�'DPLDQR��3DOHU-
mo.

Figure 9: 7KH�7ULXPSK�RI�'HDWK��XQNQRZQ�DXWKRU��DURXQG�������GH-
WDFKHG�IUHVFR������î�����FP��UHJLRQDO�JDOOHU\�RI�3DOD]]R�$EDWHOOLV�LQ�
3DOHUPR�
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This singular “altar machine”, or altarpiece, if you 
OLNH��LV�DEOH�WR�R̆HU�WKH�YLHZHU�WKUHH�GL̆HUHQW�FRQ¿JXUD-
tions, but it is only the third that we will analyze, or that 
relating to the Temptations of Saint Anthony.

In a nightmare scenario, the anchorit of the Egyp-
tian desert is subjected to the violence of some demons 
with horrible and obscene forms that attack him, bea-
ting him and mocking him in every way. 

However, the most attentive observer will notice a 
character painted in the lower left corner. At the feet 
RI� WKH�KHUPLW� VDLQW�� RQ� D� FDUWRXFKH�ZH� UHDG� WKH�/DWLQ�
phrase “Ubi eras, Bone Jhesu, ubi eras, quare non af-
fuisti ut sanares vulnera mea?” or “Where were you or 
good Jesus, where were you and why didn’t you come 
to heal my wounds?”. The character of the painting re-
mains shrouded in mystery, and therefore even more 
disturbing is his presence, but the vulnerable refers to 
the fact that in the vicinity of Isenheim there existed 
at that time, a monastery of monks faithful to the An-
tonian rule��, whose main task was assistance to Ergo-
tism�� patients, also known as Fire of Saint Anthony��, 
but which at the time did not correspond to the disease 
known by us with the same name and which is actual-
ly Herpes Zoster��. The Fire of Sant’Antonio, or even of 
San Marziale, of the medieval and later ages, is proba-

bly a set of various ulcerative pathologies that led those 
ZKR�KDG�EHHQ�D̆HFWHG��WR�JDQJUHQH�DQG�IURP�WKHUH�WR�D�
slow and painful death. 

0DWWKLDV�*U�QHZDOG�ZDV� DEOH� WR� UHSURGXFH� WKH� HI-
fects of this disease in such a detailed way, as he could 
freely access the mortuary of the convent and therefore 
VHH�ZLWK�KLV�RZQ�H\HV�WKH�GHYDVWDWLQJ�H̆HFWV�RI�HYLO�RQ�
the patients that the monks, with the blue Tau sewn on 
the habit, they tried to heal by soothing their wounds 
with lard and feeding them with uncontaminated bread.

The golden age of the Renaissance vanishes, fading 
into the twisted darkness of the Baroque, in a time 
much darker than the previous ones and yet still af-
IHFWHG�E\�WKH�VFRXUJH�RI�WKH�GLVHDVHV��DV�KDSSHQV�LQ�1D-
SOHV�LQ�������DQG�0DWWLD�3UHWL�� will paint its terrible and 
bloody atmosphere in his work The plague of Naples. 
Another neapolitan painter, Micco Spadaro��, will also 
create a votive picture entitled Yield of Grace after the 
plague of Naples to thank the saints for ending the pla-
gue. The rendering of these paintings is documentary, 
real, no longer immersed in a fantastic context as pre-
YLRXVO\�KDSSHQHG��7KH�FODVVLF�H[DPSOH�RI�WKLV�GL̆HUHQW�
approach, which characterizes the art of the sevente-
HQWK�FHQWXU\��LV�WKDW�RI�WKH�ZRUNV�RI�*DHWDQR�=XPPR��, 
now exhibited at the Museo della Specola in Florence, 

Figure 11:�7KH�3ODJXH�RI�$]RWK��1LFRODV�3RXVVLQ��������RLO�RQ�FDQYDV�����[����FP��/RXYUH�0XVHXP��3DULV��
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considered not by chance the founder of the renowned 
Florentine anatomical school. 

2I�6\UDFXVDQ�RULJLQ��=XPPR�ZDV�IRUPHG�E\�VWXG\LQJ�
the bodies in the morgues to become the best wax doc-
tor in all of Europe. His most famous work is La Peste, 
SUREDEO\�FUHDWHG�LQ�1DSOHV�LQ�WKH�\HDU������RQ�WKH�VWLOO�
FORVH�PHPRU\�RI�WKH�SODJXH�RI������

The three-dimensional scene created by the artist is 
simply infernal, with bodies of living and dead tangled 
together in a chaotic and shapeless mass. Corpses in an 
advanced state of decomposition are clinging to those 
who are about to die, in a sort of obscene, hideous mul-
tiple embrace, in which bodies corroded by putrefaction 
and others painfully in agony are intertwined. In the 
midst of this macabre bedlam, a monk with a hidden 
face, with superhuman strength, carries the ulcerated 
bodies towards the funeral pyre that stands out in the 
background.

$OVR� LQ� WKH� VHYHQWHHQWK� FHQWXU\��1LFRODV�3RXVVLQ��, 
DOVR�EXULHG�LQ�5RPH�LQ�WKH�FKXUFK�RI�6DQ�/RUHQ]R�LQ�/X-
FLQD��ZLOO�SHUIRUP�LQ������D�ZRUN�HQWLWOHG�The plague of 
Azoth��WRGD\�LQ�WKH�/RXYUH��IRU�D�QREOHPDQ�IURP�3DOHU-
mo, such as Fabrizio Valguarnera, but then purchased 
by Cardinal Richelieu for his own art collection from 
ZKLFK�KH�¿QDOO\�FDPH�WR�WKDW�RI�/RXLV�;,9��

The painting depicts a biblical passage taken from 
WKH�¿UVW�ERRN�RI�6DPXHO��LQ�ZKLFK�*RG�VWULNHV�WKH�3KL

listines, guilty of having stolen the Ark of the Covenant 
from the chosen people, with a terrible plague. Also in 
this case, an atmosphere of tragedy envelops everything. 
The ruins of the temple of the god Dagon22, the Ark and 
other architectural vestiges, are the backdrop for people 
ÀHHLQJ�WKH�ERGLHV�RI�WKH�SODJXH�VFDWWHUHG�HYHU\ZKHUH�RQ�
the ground, between mice and the smell of putrefaction. 
3UREDEO\�WKH�DUWLVW�KDG�WKH�RSSRUWXQLW\�WR�VHH�WKH�HSLGH-
mic that killed Milan the year before and was shocked to 
such an extent that he could reproduce that gloomy and 
oppressive atmosphere on the canvas.

However the disease will certainly not end with the 
Siglo de Oro, it will simply take other forms, mutant, 
but always faithful to its man living in this world and 
KHUH�LQ�WKH�¿HOG�RI�SLFWRULDO�DUW�ZH�¿QG�LW�ZLWK�La Peste, 
D������SDLQWLQJ�H[HFXWHG�LQ�WHPSHUD�E\�WKH�6ZLVV�DUWLVW�
$UQROG�%|FNOLQ��, one of the greatest exponents of ger-
PDQ�V\PEROLVP��WRGD\�RQ�GLVSOD\�DW�WKH�.XQVWPXVHXP�
in Basel.

7KH�ZRUN�GHSLFWV�%|FNOLQ¶V�REVHVVLYH�IHDU�RI�WKH�DSR-
FDO\SWLF�QLJKWPDUHV�RI�:DU��'HDWK�DQG�3HVWLOHQFH�ZKLFK�
in this case is depicted by a parched skeleton who rides 
a fantastic and monstrous creature, with membranous 
ZLQJV�OLNH�WKRVH�RI�EDWV��ZKLOH�À\�RYHU�D�PHGLHYDO�ORR-
king city. The entire pictorial composition is rendered 
in a tone of acid green and bruise, as if to recall the swol-
len aspect of the decomposition of the meat. 

Figure 12:� 7KH�)DPLO\��(JRQ�6FKLHOH�� ������ RLO� RQ� FDQYDV�� ������î�
������FP��gVWHUUHLFKLVFKH�*DOHULH�%HOYHGHUH�

Figure 13:�7KH�3ODJXH��*DHWDQR�=XPPR��������SRO\FKURPH�ZD[�����
î������î������FP��/D�6SHFROD�0XVHXP��)ORUHQFH�
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Twenty years later, it will be the turn of the Austrian 
Egon Schiele�� to deal with the theme of pandemic and fa-
tal disease, with his painting The Family��GDWHG������DQG�
WRGD\�H[KLELWHG�DW�WKH�gVWHUUHLFKLVFKH�*DOHULH�%HOYHGH-
re in Vienna. One of his last works in which he depicts 
himself, with his wife and their child in a future projec-
tion, since his wife Edith, while he was painting, was in 
the sixth month of pregnancy.

7KH� WHUULEOH� ÀX� GLVHDVH� FDOOHG� ³7KH� 6SDQLVK´�� ra-
ged throughout Europe, which killed the world popu-

ODWLRQ�FDXVLQJ�WKH�GHDWK�RI�¿IW\�PLOOLRQ�SHRSOH�LQ�D�IHZ�
PRQWKV��MXVW�EHIRUH�WKH�HQG�RI�WKH�*UHDW�:DU�

The happy scene hoped for by Schiele in his auspi-
cious painting will not take place, as Edith, still with 
their baby in her lap, will die of that terrible disease on 
2FWREHU�����������+HU�KXVEDQG�(JRQ�ZLOO�IROORZ�KHU�RQ�
2FWREHU�����DOVR�NLOOHG�E\�WKH�SQHXPRQLD�FDXVHG�E\�WKH�
SDQGHPLF�ÀX�YLUXV�

Since then, the step of Time and that taken by hu-
manity, even if rapid, has been too short for substantial 
changes to take place in the relationship between man, 
DUW�DQG�VRFLDO�GLVHDVH��VR�LW�LV�GL̇FXOW�IRU�XV�WR�LPDJLQH�
in what way and with what aspects the representation of 
the epidemic will mark our future in the image, the only 
immediate example, almost a snapshot is what appears 
LQ�WKHVH�GD\V�RQ�VRFLDO�PHGLD�ZKHUH�VRPHRQH�ZLWK�D�¿QH�
irony, is having fun to modify the works of art conside-
UHG�LFRQLF��VXFK�DV�/HRQDUGR�GD�9LQFL¶V�Mona Lisa for 
example or The girl with a pearl earring by Rembrandt 
Harmenszoon van Rijn and other famous ones like 
these, making them wear masks and gloves… So here, 
this strange technological and postmodern man of the 
FRQWHPSRUDU\�ZRUOG�RI�WKH�¿UVW�WZHQW\�\HDUV�RI�WKH�QHZ�
century, reacts to the viral attack no longer by creating 
art, albeit with an apotropaic, devotional or documen-
tary purpose, but with a u this is a digital virality that 

Figure 14:� ,VHQKHLP�$OWDU�RU�,VHQKHLP�3RO\SW\FK��0DWWKLDV�*U�QHZDOG�������������RLO�DQG�WHPSHUD�RQ�SDQHO��0XVpH�G¶8QWHUOLQGHQ��&ROPDU��
Alsace.

Figure 15:�7KH�3ODJXH��*DHWDQR�=XPPR��������SRO\FKURPH�ZD[�����
î������î������FP��/D�6SHFROD�0XVHXP��)ORUHQFH�
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perhaps tries, with a bitter laugh, to exorcise the evil, of 
which it is still afraid, as always. 

Endnotes

��:LWFKHV�DUH� LQ� IDFW�DWWULEXWHG�ZLWK� WKH�SRZHUV�RI� HYLO� WKDW�
also entail the ability to spread diseases thanks to their 
servitude with the devil, therefore they are accused of poi-
soning the wells, causing famines and deaths of cattle as 
well as spreading the infection. All activities punished with 
being put to death at the stake. 

��7KHUH�DUH�PDQ\�¿OPV�WKDW�KDYH�DV�D�WKHPH�D�JOREDO�HSLGHPLF�
infection, among the many we want to remember some of 
WKHP��IRU�H[DPSOH�3DXO�:�6�¶V�Resident Evil. Anderson, 28 
days later�E\�'DQQ\�%R\OH��7HUU\�*LOOLDP¶V�The 12 Mon-
keys Army, John Hillcoat’s The Road, Steven Soderber-
gh’s Contagion, I am legend�RI�)UDQFLV�/DZUHQFH��UHPDNH�
of The Last Man on Earth�ZLWK�9LQFHQW�3ULFH�GLUHFWHG�E\�
Italian Ubaldo Ragona and The city will be destroyed at 
the dawn�RI�*HRUJH�$��5RPHUR��

��3LHWHU�%UXHJKHO��%UHGD��F��������������%UXVVHOV����6HSWHPEHU�
�������ZDV�RQH�RI�WKH�JUHDWHVW�'XWFK�5HQDLVVDQFH�SDLQWHUV��
generally referred to as the Elder, to distinguish him from 
KLV�HOGHVW�VRQ��3LHWHU�%UXHJHO� WKH�<RXQJHU��7KH�LQIRUPD-
tion in our possession on the life of Bruegel is poor, incom-
plete, and sometimes contradictory because, for example, 
the exact date and place of birth, they are still unknown 
DQG� WKHUHIRUH� LW� LV� NQRZQ� RQO\� WKDW� LQ� ����� %UXHJKHO� LV�
PHQWLRQHG�IRU�WKH�¿UVW�WLPH�LQ�ZULWLQJ��ZKHQ�KH�MRLQHG�WKH�
*XLOG�RI�6DQ�/XFD�LQ�$QWZHUS�TXDOLI\LQJ�DV�D�PDVWHU��

��%XRQDPLFR�GL�0DUWLQR��FDOOHG�%X̆DOPDFFR��)ORUHQFH��DERXW�
��������������ZDV�D�)ORUHQWLQH�SDLQWHU��D�SURPLQHQW�UHSUH-
VHQWDWLYH�RI�*RWKLF�SDLQWLQJ�LQ�7XVFDQ\�LQ�WKH�¿UVW�KDOI�RI�
WKH�IRXUWHHQWK�FHQWXU\��/RQJ�EHOLHYHG�WR�EH�RQO\�D�SURWDJR-
nist of mocking novels of the Decameron, the most recent 
research has attributed to him the frescoes of the Campo-
VDQWR�RI�3LVD�

�� -DFRSR� &DUXFFL�� EHWWHU� NQRZQ� DV� -DFRSR� GD� 3RQWRUPR� RU�
PRUH� VLPSO\� 3RQWRUPR� �3RQWRUPH�� ���0D\� ����� �� )OR-
UHQFH����-DQXDU\��������ZDV�D�)ORUHQWLQH�SDLQWHU�RI�HDUO\�
Mannerism. Student of Andrea del Sarto, together with 
Rosso Fiorentino, he was in turn a master of other artists 
including Bronzino.

 
�� $OEUHFKW� '�UHU� �1XUHPEHUJ�� 0D\� ���� ����� �� 1XUHPEHUJ��

$SULO�����������ZDV�D�*HUPDQ�SDLQWHU��HQJUDYHU��PDWKHPD-
tician and treatise writer, considered the greatest exponent 
of Renaissance painting in his country. In Venice the artist 
FDPH�LQWR�FRQWDFW�ZLWK�QHR�3ODWRQLF�DQG�WKHUHIRUH�HVRWHULF�
environments that initiated him to hermetic symbols. 

��$JQROR�GL�&RVLPR��EHWWHU�NQRZQ�DV�$JQROR�%URQ]LQR�RU�VLP-
SO\� WKH� %URQ]LQR� �0RQWLFHOOL� RI� )ORUHQFH�� ��� 1RYHPEHU�
�������)ORUHQFH�����1RYHPEHU��������D�SXSLO�RI�3RQWRUPR��
lived all his life in Florence at the court of Cosimo I de’ 
0HGLFL�� +H� ZDV� DPRQJ� WKH� PRVW� UH¿QHG� SRUWUDLW� SDLQ-
ters of the early Mannerism, of religious and allegorical 
subjects. 

��$QGUHD�GHO�6DUWR��SVHXGRQ\P�RI�$QGUHD�G¶$JQROR�GL�)UDQFH-
VFR�GL�/XFD�GL�3DROR�GHO�0LJOLRUH�9DQQXFFKL��)ORUHQFH�����
-XO\��������)ORUHQFH�����6HSWHPEHU��������ZDV�D�)ORUHQ-
tine painter with a great executive formality and master of 
3RQWRUPR�DQG�5RVVR�)LRUHQWLQR��EXW�KH�ZDV�OHVV�EROG�DQG�
controversial than they were. 

��3LHU�6RGHULQL��)ORUHQFH�����0D\��������5RPH�����-XQH��������
ZDV�D�JRQIDORQLHU�IRU�OLIH�LQ�)ORUHQFH�IURP�������D�SRVLWLRQ�
KH�PDLQWDLQHG� RQO\� XQWLO� ������ FRPLQJ� IURP� DQ� DQFLHQW�
)ORUHQWLQH� IDPLO\� ZKR� KDG� JLYHQ� PDQ\� SROLWLFDO� ¿JXUHV�
to the city, he was responsible for the decoration of the 
6DORQH�GHL�&LQTXHFHQWR�LQ�3DOD]]R�9HFFKLR��FRPPLVVLRQHG�
WR�WKH�WZR�JUHDWHVW�)ORUHQWLQH�DUWLVWV�RI�WKH�WLPH��/HRQDUGR�
da Vinci and Michelangelo Buonarroti. 

���7L]LDQR�9HFHOOLR��3LHYH�GL�&DGRUH��������������9HQLFH�����
$XJXVW��������ZDV�WKH�PRVW�LPSRUWDQW�SDLQWHU�RI�WKH�9HQH-
tian Republic and an exponent of the Venetian school. 

���-DFRSR�5REXVWL�RU�SHUKDSV�-DFRSR�&RPLQ��NQRZQ�DV�7LQ-
WRUHWWR��9HQLFH��6HSWHPEHU�RU�2FWREHU��������9HQLFH��0D\�
���� ������� ZDV� D� SDLQWHU� RI� WKH� 5HSXEOLF� RI� 9HQLFH� DQG�
one of the greatest exponents of Venetian painting and 
Mannerist art in general. The nickname derives from his 
paternal profession, a textile dyer, he was also nicknamed 
“The furious” or “The terrible” for his character and for the 
dramatic nature of the perspective and the light that made 
him believe by critics an anticipator of Baroque art. 

��� 6LPRQH� 'H�:REUHFN� �+DDUOHP�� DURXQG� ����� �� 3DOHUPR��
DURXQG� ������� ZDV� D� ÀHPLVK� SDLQWHU� DFWLYH� LQ� 6LFLO\� IRU�
more than thirty years, so much so that he was more con-
nected to that island than to Holland. 

���0DWKLV�*RWKDUW�1LWKDUW��EHWWHU�NQRZQ�DV�0DWWKLDV�*U�QHZ-
DOG��:�U]EXUJ��DERXW��������+DOOH�����$XJXVW��������LV�RQH�
of the greatest and most original german painters, for the 
visionary drama of his paintings. Doubts about his date of 
ELUWK�DQG�WKH�FHUWDLQ�ODFN�RI�GRFXPHQWV�DOVR�PDNH�*U�QH-
wald’s artistic training problematic. It is not known who 
his teacher was either. 

���,Q�WKH�0LGGOH�$JHV�D�UHOLJLRXV�RUGHU�DURVH�GHGLFDWHG�H[FOX-
VLYHO\�WR�WKH�FDUH�RI�(UJRWLVP�VX̆HUHUV��NQRZQ�DV�WKH�UHJX-
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ODU�FDQRQV�RI�6DLQW�$QWKRQ\�RI�9LHQQH�ZKLFK�LQ������ZDV�
incorporated into the Order of Malta. 

���(UJRWLVP�ZRXOG�EH�DQ�LQWR[LFDWLRQ�IURP�HUJRW�RU�WKH�VSXU�
of the rooster, in French, already known in medieval times 
with the name of “Saint Anthony’s Fire” or also “sacred 
¿UH´�RU�ZLWK�WKH�PRUH�FRXUWO\�WHUP�RI�³HYLO�RI�DUGHQW´�XS�WR�
the most fearsome “Flames of Satan”. The ergot, or sclero-
tium, is horned rye. 

���7KH�)LUH�RI�6DLQW�$QWKRQ\�RZHV�LWV�VLQJXODU�DSSHOODWLRQ�WR�
the fact that Saint Anthony the Abbot was invoked for his 
recovery. Around the remains and relics of the saint, a real 
WKDXPDWXUJLFDO� FXOW� DURVH� LQ� ��WK� FHQWXU\�)UDQFH��ZKLFK�
changed it into the unique eponym of the disease, while 
other saints and the Virgin Mary herself, continued to be 
invoked as healers. 

��� Herpes zoster, commonly called St. Anthony’s Fire, is 
a viral disease of the skin and nerve endings, caused by 
the childhood chicken pox virus. Its name derives from 
the greek words, “snake” and “belt”, which synthetically 
GHVFULEH�WKH�SDLQIXO�GLVHDVH��OLNH�D�¿UH�VQDNH�SODFHG�LQVLGH�
the body, which sometimes produces a painful rash with 
blisters, usually in a belt-like strip. 

��� 0DWWLD� 3UHWL� �7DYHUQD�� ��� )HEUXDU\� ����� �� 9DOOHWWD�� ��
-DQXDU\� �������ZDV� D�1HDSROLWDQ� SDLQWHU� DOVR� NQRZQ� DV�
³7KH�&DODEULDQ�.QLJKW´�EHFDXVH�KH�ZDV�ERUQ� LQ�&DODEULD�
DQG�ODWHU�DV�D�.QLJKW�RI�*UDFH�RI�WKH�2UGHU�RI�6W��-RKQ�RI�
-HUXVDOHP�� E\� 3RSH� 8UEDQ� 9,,,� LQ� 5RPH�� $FWLYH� RQ� WKH�
Italian peninsula and on the island of Malta, he was one 
of the most important representatives of seventeenth-cen-
WXU\�1HDSROLWDQ�SDLQWLQJ��

���'RPHQLFR�*DUJLXOR��NQRZQ�DV�0LFFR�6SDGDUR�DV�WKH�VRQ�RI�
D�VZRUG�PDNHU��1DSOHV���������������������ZDV�D�%DURTXH�
SDLQWHU��DFWLYH�DERYH�DOO�LQ�1DSOHV�DV�D�ODQGVFDSH�SDLQWHU�
and known above all for having documented many tragic 
events in his city such as the insurrection of Masaniello. 

���*DHWDQR�*LXOLR�=XPER��RU�=XPPR��6\UDFXVH���������3DULV��
��� 'HFHPEHU� ������� ZDV� D� 6LFLOLDQ� DEERW� ZKR� EHFDPH�
famous in the seventeenth century for his works in 
waxwork and for his nativity scene. The information about 
this artist trained at the Jesuits and in Bologna, a famous 
anatomical study center, is scarce and fragmentary. 

��� 1LFRODV� 3RXVVLQ� �/HV� $QGHO\V�� ��� -XQH� ����� �� 5RPH�� ���
1RYHPEHU��������ZDV�D�IUHQFK�SDLQWHU�RI�FODVVLFDO�DSSUR-
DFK�ZKR�FDPH�WR�,WDO\�LQ�������XQGHU�WKH�SURWHFWLRQ�RI�&DU-
dinal Barberini, a wealthy collector and patron and thanks 

WR� KLV� IULHQG� WKH� SRHW� *LDPEDWWLVWD� 0DULQR� EHFDPH� WKH�
fashionable painter of many wealthy roman families. 

22 Dagon is an important Mesopotamian deity of the Canaa-
nite fertility with the appearance of a bearded man with 
WKH�ORZHU�SDUW�RI�WKH�¿VK�ERG\��DGRSWHG�DV�WKH�PDLQ�GHLW\�
E\� WKH� 3KLOLVWLQHV�� LQ� WKH�Bible an episode is mentioned 
in which the statue of Dagon collapses before the Ark of 
WKH�&RYHQDQW� LQ� WKH�3KLOLVWLQH� FLW\� RI�$VKGRG�� ,Q� GHPR-
nology texts, Dagon is the name of a second level demon 
DQG�¿QDOO\�D�VXSHUQDWXUDO�HQWLW\�ZLWK�WKDW�QDPH�DSSHDUV��
LQ�D�QRYHO�E\�+RZDUG�3KLOOLSV�/RYHFUDIW��SXEOLVKHG�LQ�WKH�
magazine Weird Tales�LQ�������

���$UQROG�%|FNOLQ� �%DVHO�� ���2FWREHU� ����� �� 6DQ�'RPHQLFR�
GL�)LHVROH�� ���-DQXDU\� ������ZDV�D�6ZLVV�SDLQWHU��RQH�RI�
WKH� PDLQ� H[SRQHQWV� RI� *HUPDQ� 6\PEROLVP�� EXW� ZKR�
spent most of his life in Rome and Italy, drinking from art 
Renaissance in the country. 

��� (JRQ� /HRQ� $GROI� 6FKLHOH�� EHWWHU� NQRZQ� DV� (JRQ� 6FKLHOH�
�7XOOQ�DQ�GHU�'RQDX�����-XQH��������9LHQQD�����2FWREHU�
�������ZDV� DQ�$XVWULDQ� SDLQWHU� DQG� HQJUDYHU�ZKR�ZDV� D�
SXSLO�RI�*XVWDY�.OLPW��6FKLHOH�ZDV�WKH�DEVROXWH�H[SRQHQW�
of early expressionism and in particular in the Viennese 
Secession movement; early talent, he dies at the age of 
twenty-eight. 

���7KH�ÀX�FRPPRQO\�UHIHUUHG�WR�DV�³6SDQLVK´�RU�DOVR�DV�³7KH�
*UHDW�)OX´�ZDV�DQ�XQXVXDOO\�IDWDO�ÀX�SDQGHPLF�WKDW�NLOOHG�
WHQV�RI�PLOOLRQV�RI�SHRSOH�DURXQG�WKH�ZRUOG�EHWZHHQ������
DQG������DIWHU�LQIHFWLQJ�QHDUO\�¿YH�KXQGUHG�PLOOLRQ�SHR-
ple, including inhabitants of some remote islands of the 
3DFL¿F�2FHDQ�DQG�WKH�$UFWLF�2FHDQ��HQGLQJ�XS�FDXVLQJ�WKH�
GHDWK�RI�¿IW\�PLOOLRQ�SHRSOH�RXW�RI�D�ZRUOG�SRSXODWLRQ�RI�
about two billion. This fact made it considered the most 
serious form of pandemic in the history of mankind, as it 
PDGH�PDQ\�PRUH�YLFWLPV�RI�WKH�;,9�FHQWXU\�EODFN�SODJXH��
even among robust young adults and not, as usually hap-
pens, with weaker elderly people.

       One of the causes of death of the Spaniard was a rapid pro-
gressive respiratory failure whose viral aggression perhaps 
was enhanced by some particular circumstances such as 
war, malnutrition, or perhaps the same overcrowded 
hospitals with widespread poor hygiene.

������7KH�ÀX�ZDV�JLYHQ�WKH�QDPH�³6SDQLVK´�EHFDXVH�WKH�¿UVW�WR�
JLYH�ṘFLDO�QHZV�ZHUH�WKH�6SDQLVK�QHZVSDSHUV�ZKLFK��QRW�
EHLQJ�LQYROYHG�LQ�WKH�FHQVRUVKLS�RI�WKH�*UHDW�:DU��VSRNH�
freely of it, contrary to what happened in the belligerent 
countries where the rapid spread of the disease was hid-
den from the press, which described it as an epidemic limi-
ted to Spain.
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Organisms reports the recent birth of EGOI plat-
form, namely the website of the Experts Group on Ino-
sitol in Basic and Clinical Research.

This group involves 31 international personalities 
IURP����GL̆HUHQW�FRXQWULHV�� VNLOOHG� LQ� WKH�¿HOG�RI� LQR-
sitol physiology and therapy, with the aim to discuss 
VFLHQWL¿F�FRQWHQWV�UHODWLQJ�WR�WKHLU�RZQ�H[SHUWLVH�LQ�WKH�
¿HOG��

Inositol is a natural molecule that is found in the 
phospholipids of cell membranes, in the lipoproteins of 
the plasma and, in the form of inositol-phosphates, in 
the cell nucleus [1,2]. 

:KHQ�ZH�VSHDN�DERXW�LQRVLWRO��ZH�PHDQ�D�JURXS�RI�
QLQH�GL̆HUHQW�VWHUHRLVRPHUV��VR�WKDW� LW�ZRXOG�EH�PRUH�
correct to use the plural “inositols”. 

Among these, however, the term inositol is generally 
used to refer to the most bioavailable type, myo-inosi-

tol. In addition to Myo-inositol there is also the isomer 
D-chiro-inositol. 

Both, in the form of inositolophosphoglycans, are 
“second messengers” of the insulin hormone [3].

Even if their biological functions are often confused, 
we need to remember that Myo-inositol and D-chiro-
LQRVLWRO�SOD\�GL̆HUHQW�UROHV�LQ�WKH�ERG\�

Myo-inositol is involved in the cellular absorption of 
glucose, meanwhile D-chiro in metabolism and storage 
of glucose in the form of glycogen [3].

7KH�EHQH¿WV�RI�ERWK�0\R��DQG�'�FKLUR�LQRVLWRO�DUH�
now well established.

7KHVH� LVRPHUV� GHPRQVWUDWHG� WR� EH� H̆HFWLYH� LQ� WKH�
SUHYHQWLRQ�DQG�LQ�WKH�WUHDWPHQW�RI�PDQ\�GL̆HUHQW�GLVH-
ases, such as polycystic ovary syndrome (PCOS), insulin 
resistance (IR), metabolic syndrome, gestational diabe-
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tes mellitus (GDM) and neural tube defects (NTDs) [4-
7].

Recently, the interest in inositol has also involved 
other areas, such as cardiology [8] and oncology [9,10].

Moreover, inositol phosphates derivatives, especial-
O\� WKRVH�GRZQVWUHDP�WKH�DFWLYDWLRQ�RI� VSHFL¿F� LQRVLWRO�
NLQDVHV�� SOD\� FULWLFDO� UROHV� LQ� FKURPDWLQ� UHPRGHOOLQJ�
and DNA methylation. Overall, the participation of tho-
VH�PHWDEROLWHV�VHHPV�WR�H[HUW�XQH[SHFWHG�NH\�IXQFWLRQV�
during morphogenesis and cell fate commitment, in 
both natural and pathological processes.

However, even though data and results on the use 
RI�LQRVLWROV�DUH�SURJUHVVLYHO\�LQFUHDVLQJ��VRPH�NH\�FRQ-
FHSWV�DUH�VWLOO�XQFODUL¿HG��HVSHFLDOO\�FRQFHUQLQJ�WKH�SUR-
SHU�XVH�DQG�FRPELQDWLRQ�RI�LQRVLWRO�LVRPHUV�LQ�GL̆HUHQW�
clinical settings.

EGOI focus its activity in fostering advanced studies 
DQG�VFLHQWL¿F�GHEDWH�RQ�WKHVH�DUJXPHQWV��E\�HQKDQFLQJ�
WKH�FRRSHUDWLRQ�DQG�VFLHQWL¿F�QHWZRUNLQJ�DPRQJ�VFLHQ-
WLVWV�IURP�GL̆HUHQW�FRXQWULHV�

To visit the EGOI website: www.inositolgroup.com
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The pharmaceutical industry is currently facing un-
paralleled challenges to develop innovative new drugs. 
Although the annual number of new drugs has not 
changed much, research and development (R&D) in-
vestment per drug is escalating at a marked rate. Howe-
YHU��WKLV�UHOHYDQW�LQYROYHPHQW�LQ�GUXJ�GLVFRYHU\�LV�XQ¿W�
to cope successfully with new challenges, as those pro-
vided by recent advances in basic and applied medical 
sciences.

While pharmacological research performed impres-
sive results in treating cardiovascular, cerebrovascular 
DQG� LQIHFWLYH� GLVHDVHV�� QR� SURSRUWLRQDO� EHQH¿WV� KDYH�
been recorded in the cure rates of neoplastic, metabolic 
and degenerative diseases.

Indeed, despite the increased investment in R&D 
by the industry, the number of new molecular enti-
ties achieving marketing authorization is not increa-
sing. Contrary to expectations, high investment, deve-
lopment of technology and omics approaches - such as 
those based on proteomics and genomics - neither have 
UHGXFHG�WKH�5	'�ULVN��QRU�KDYH�HQKDQFHG�ḢFLHQF\��

Three drug-discovery fads have driven the industry’s 
R&D programs in the past thirty years: computer aided 
drug design, combinational chemistry linked to high 
throughput screening and genomics. 

Until the 1990s, drug discovery and development 
was largely based on a phenotypic approach or observa-
tion-based (‘empirical’) approach. However, the accu-
mulation of knowledge in biochemistry and molecular 
biology, led to a shift toward the target-based model, 
which entirely rely on a reductionist-based theoretical 
framework. Consequently, target-based drug discovery 
has been the main research paradigm used by the phar-
maceutical industry during the last 30 years and bil-
lions of dollars have been invested into this approach. 
However, recent industry data strongly indicate that the 



158

Pharmacology Studies: Hints for a Change in the Paradigm

WDUJHW�EDVHG�DSSURDFK�LV�QRW�DQ�H̆HFWLYH�GUXJ�GLVFRYHU\�
paradigm and is likely to be the cause of the productivi-
ty crisis the industry is experiencing.

While drug-developing chemists and biologists in 
the 1990s mostly welcomed the transformation into a 
target-based approach (which was surmised more pre-
dictable and science-driven), two decades of experien-
ce shows that this model is failing to boost both drug 
GLVFRYHU\� DQG� ḢFLHQF\�� 6HOHFWHG� WDUJHWV� ZHUH� RIWHQ�
not druggable and with poor disease linkage, leading 
WR� HLWKHU� KLJK� WR[LFLW\� RU� SRRU� ḢFDF\�� 7KH� R̆�WDUJHW�
H̆HFW� RI� D�GUXJ�ZDV�PXFK�PRUH�GL̇FXOW� WR�SUHGLFW� LQ�
comparison to the phenotypic approach. Because the 
whole industry was using similar compound libraries 
for druggable targets, the diversity of pharmaceutical 
companies’ portfolio has been spoiled. This has led to 
intense competition, where speed of clinical trials and 
marketing were the main attributes in determining the 
¿UVW�LQ�FODVV�RU�EHVW�LQ�FODVV�

Moreover, this approach will likely focus on non-
essential targets, thus producing more failures through 
ODFN�RI�ḢFDF\��+RZHYHU��WKHUH�DUH�QR�HYLGHQFH�WKDW�DQ\�
of these is or will be capable of replacing the old techni-
ques. Namely, the basic premises on which gene-based 
pharmacological approach is increasingly questioned, 
as no one of the bewildering results hitherto anticipated 
have been so far achieved. For instance, the possibility 
RI�¿QGLQJ�VR�FDOOHG�V\QWKHWLF�OHWKDO�GUXJ�WDUJHWV��ZKLFK�
are only essential in cancer cells that carry mutations 
in so-called tumor suppressor genes, is attractive only 
in theory as many objections stand out against that 
hypothesis. Indeed, a classical genetic approach is unli-
kely to be a solution as this model underestimates the 
importance of environmental milieu in shaping health 
boundaries. The second reason is the great complexity 
of gene/gene, gene/environment interactions, and the 
third reason is the high individual variability. 

7KH� SXUSRVH� RI� GUXJ� GHVLJQ� LV� WR� ¿QG� WKH� RSWLPDO�
VWUXFWXUH�WKDW�SRVVHVVHV�KLJK�VSHFL¿FLW\�DURXQG�WKH�WDU-
get and interferes less with other sites to decrease the 
OLNHOLKRRG�RI� VLGH� H̆HFWV��+RZHYHU�� LQ�PDQ\�� LI� QRW� LQ�
most diseases, such unique target simply does not exist.
For instance, in cancer, several pathway are deregu-
ODWHG��QRQH�RI�ZKLFK�LV�DV�VSHFL¿F�HQRXJK�WR�EH�D�µKDO-
lmark of cancer’. Moreover, by utterly inhibiting/acti-
vating this/these target(s) would seriously impair also 

the functioning of normal tissues, which usually rely on 
the same pathways.

Some attempts have been made to deal with these 
challenging hurdles, even if a rational strategy is still 
lacking. 

We need a conceptual revolution. This ‘paradigm 
FKDQJH¶�ZLOO�KDYH�SURIRXQG�VFLHQWL¿F�DQG�SKLORVRSKLFDO�
consequences, given that it implies the search for gene-
ral principles on which a cogent theory of biology might 
rely. Because much of the logic of living systems is lo-
cated at higher levels, it is imperative to focus on them. 
Indeed, both evolution and physiology work on these 
levels. A Systems Biology approach is needed to catch 
such a complexity. Accordingly, this new perspective 
will entail epistemological and methodological issues as 
well.

Industry synergy. Based on the R&D level and 
progress made, new small, molecular entities will still 
be dominated in drug innovation for the next decade. 
This strategy is primarily thought to reduce the bur-
GHQ�RI�¿QDQFLDO� LQYHVWPHQWV��+RZHYHU�� VWLOO� FRQIXVLQJ�
is the class of compounds on which we have to focus. 
Currently, this approach mostly relies on perspective of 
‘industrial synergy’, aimed at multichannel integration 
of small/medium size enterprises.

Nanotechnology. In recent years, nanotechnology 
has been increasingly applied in drug development 
throughout the drug development chain. Nanoparticle-
based therapeutics can confer the ability to overcome 
ELRORJLFDO�EDUULHUV��H̆HFWLYHO\�GHOLYHULQJ�GUXJV�DQG�ELR-
logics, and preferentially target sites of disease. Howe-
ver, despite the potential advantages of nanoparticles, 
only a relatively small number of nanoparticle-based 
medicines have been approved and marketed for clini-
FDO� XVH�� 7KH� VDIHW\� DQG� ḢFDF\� RI� QDQRPHGLFLQHV� FDQ�
EH�LQÀXHQFHG�E\�PLQRU�YDULDWLRQV�LQ�PXOWLSOH�SDUDPH-
ters and need to be carefully examined and controlled in 
preclinical and clinical studies, particularly in reference 
to their biodistribution, pharmacokinetics and poten-
tial toxicity.

Natural products. Natural products and their deri-
vatives have historically been invaluable as a source of 
therapeutic agents. Despite the disbelief that such class 
of potential drugs encompassed in the last decades, re-
cent updates and technological advances, coupled with 
unrealized expectations from current lead-generation 
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strategies, have led to renewed interest in natural pro-
ducts in drug discovery. Indeed, many natural molecu-
les, prone to be eventually engineered to amplify their 
ḢFDF\��KDYH�DOUHDG\�SURYHQ�WR�EH�H̆HFWLYH�LQ�WKH�WUH-
atment of several diseases.

Network polypharmacology. The dominant para-
digm in drug discovery is the concept of designing maxi-
mally selective ligands to act on individual drug targets. 
+RZHYHU��PDQ\� H̆HFWLYH� GUXJV� DFW� YLD�PRGXODWLRQ� RI�
multiple proteins rather than single targets. Advances 
in systems biology are revealing a phenotypic robust-
ness and a network structure that strongly suggests that 
exquisitely selective compounds, compared with mul-
titarget drugs, may exhibit lower than desired clinical 
ḢFDF\��7KLV�QHZ�DSSUHFLDWLRQ�RI�WKH�UROH�RI�SRO\SKDU-
PDFRORJ\� KDV� VLJQL¿FDQW� LPSOLFDWLRQV� IRU� WDFNOLQJ� WKH�
two major sources of attrition in drug development—
ḢFDF\� DQG� WR[LFLW\�� ,QWHJUDWLQJ� QHWZRUN� ELRORJ\� DQG�
polypharmacology holds the promise of expanding the 
current opportunity space for druggable targets.

Tumor reversion. Tumor reversion, a new testable 
paradigm in drug discovery, constitutes a remarkable 
case in point of the aforementioned strategy. An incre-
asing number of reports has ascertained the occurren-
ce of cancer reversion, both in vitro and in vivo. This 
process encompasses mandatorily a change in the cell-
VWURPD� LQWHUDFWLRQV�� OHDGLQJ� WR�SURIRXQG�PRGL¿FDWLRQ�
in tissue architecture. As cancer can be successfully 

µUHSURJUDPPHG¶�WKURXJK�WKH�PRGL¿FDWLRQ�RI�WKH�G\QD-
mical cross talk with its microenvironment, the overall 
cell-stroma interactive network must be recognized as 
the ‘target’ for pharmacological intervention. This new 
approach bears huge implications, from both a theo-
retical and clinical perspective, as it may facilitate the 
design of a novel anticancer strategy focused on mimi-
cking or activating the tumor reversion pathway.

:KDW�ZH�KDYH�WR�GR�QRZ"�&OHDUO\��WKH�ORRPLQJ�GL̇-
culties will be primarily on the premises on which the-
rapies are planned. For these, the companies may well 
have to go back to academia or, at least, to academics 
studying new and unexplored paths. For instance, sy-
stems biology, which today is still largely an enterpri-
VH� RI� µµDFDGHPLF¶¶� LQWHUHVW� PD\� ¿QG� LWVHOI� LQFUHDVLQJO\�
incorporated into the research programs of industrial 
enterprises.

We believe that the needed approaches are not sim-
SO\�WR�ÀRJ�LQGLYLGXDOV�WR�WU\�KDUGHU�EXW�WR�EXLOG�V\VWHPV�
DQG�LQIUDVWUXFWXUHV�WKDW�HQKDQFH�FUHDWLYH�H̆RUW��/DWHUDO�
thinking can and should be taught. Indeed, time is gone 
to address such challenging issues and to restore both 
FRQ¿GHQFH� DQG� ḢFLHQF\� WR� WKH�SKDUPDFHXWLFDO� LQGX-
stry.

The volume we are proposing herewith in the Sprin-
ger series, points to address such questions, by provi-
ding a full assessment of the premises underlying a ra-
dical shift in the pharmacology paradigm.
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3ODQ�IRU�VFLHQWL¿F�FODULW\

We are a group of doctors and scientists who want to 
H[DPLQH�KRZ�WKH�¿JKW�DJDLQVW�&RYLG����LV�GHYHORSLQJ�DW�
JOREDO� OHYHO�ZLWK�WKH�LQWHQWLRQ�RI�PDNLQJ�WKH�VLWXDWLRQ�
FOHDUHU��ZLWK�HVSHFLDO�UHJDUG�WR�QHZ�WKHUDSLHV�WKDW�DUH�
VKRZLQJ�WKHPVHOYHV�WR�EH�XVHIXO�LQ�VDYLQJ�PDQ\�KXPDQ�
OLYHV��

,Q� WKH� ODVW� IHZ�PRQWKV��ZH�KDYH� VHHQ�DQ� LPSURSHU�
XVH� RI� VFLHQFH� SUHVHQWHG� LQ� WKH� PHGLD� DV� LUUHIXWDEOH�
GRJPD��ZKLFK�LV�D�EHWUD\DO�RI�HYHU\�WUXH�VFLHQWL¿F�VSL�
ULW���:H�KDYH�DOVR�REVHUYHG�WKDW���IDFHG�ZLWK�ZLGHVSUHDG�
VXEVHUYLHQFH�LQ�WKH�QDPH�RI�VFLHQFH�DW�WKH�VHUYLFH�RI�SR�
OLWLFV�DQG�PRQH\�±�WKH�YRLFH�RI�DQ�LQFUHDVLQJ�QXPEHU�RI�
IUHH�VFLHQWLVWV�DQG�GRFWRUV�RQ�WKH�IURQW�OLQHV�KDYH�WDNHQ�
D� VWDQG�DSDUW� IURP� WKH� ³WUXWKV´�EDQGLHG�DERXW� LQ� WDON�
VKRZV�WKDW�DUH�D�WKRXVDQG�PLOHV�UHPRYHG�IURP�WKH�RSH�
UDWLRQDO�UHDOLWLHV�LQ�KRVSLWDOV�DQG�UHVHDUFK�LQVWLWXWHV��

7KHVH�FROOHDJXHV�KDYH�RIWHQ�GRQH�VR��XQIRUWXQDWHO\��
LQGLYLGXDOO\�DQG�WLPLGO\��IRU�IHDU�RI�UHSULVDOV��
7KLV�KDV�KDSSHQHG�LQ�SDUWLFXODU�LQ�WKH�ODVW�IHZ�ZHHNV��
WKDQNV�WR�WKH�FRXUDJH�RI�D�IHZ�WKHUDSLVWV�ZKR�±�KDYLQJ�
UHDOLVHG�WKDW�WKH�FOLQLFDO�DSSURDFK�WR�&RYLG����KDG�YD�
ULRXV� ODUJH� JDSV�±� ULVNHG� HYHU\WKLQJ� WR� VDYH� WKHLU� SD�
WLHQWV�E\�DGRSWLQJ�LQQRYDWLYH�FDUH�WUHDWPHQW�DQG�UHIX�
VLQJ�WKH�XVH�RI�SRWHQWLDO�KDUPIXO�WUHDWPHQWV���

:H� WKHUHIRUH� EHOLHYH� LW� LV� WUHPHQGRXVO\� XUJHQW� WR�
H[HUFLVH� HYHU\� H̆RUW� WR� RYHUFRPH� WKH� IUDJPHQWDWLRQ�
RI�LQGLYLGXDO�YRLFHV�E\�VHWWLQJ�XS�D�SODWIRUP�RQ�ZKLFK�
WKH�JUHDWHVW�QXPEHU�RI�VFLHQWLVWV�DQG�GRFWRUV�ZKR�KDYH�
EHHQ�DEOH�WR�VHW�DVLGH�WKHLU�RZQ�LGHRORJLFDO�GL̆HUHQFHV�
FDQ�DOO�FRQWULEXWH�±�EDVHG�RQ�WKH�SUHVHQW�GRFXPHQW�WKDW�
KDV�EHHQ�VKDUHG�DQG�FRXQWHUVLJQHG��7KH�DLP�LV�WR�SUH�

VHQW�D�XQLWHG� IURQW�DJDLQVW� WKH�³ṘFLDO� WUXWK´���GHIHQ�
GLQJ�DJDLQVW�RXWVLGH� LQWHUHVWV�±�ZKLFK�DUH�EHLQJ� UDP�
PHG�GRZQ�RXU� WKURDWV� GDLO\� LQ� WKH� QDPH� RI� D� VFLHQFH�
WKDW�LQ�IDFW�LV�EHLQJ�GHVSLVHG�DQG�YLRODWHG�

The Italian experience

���'HOD\

$� JUHDW� GHDO� UHPDLQV� WR� EH� PDGH� FOHDU� DERXW� WKH�
HPHUJHQF\� DQG� WKH� VSUHDG� RI� WKH� &RYLG���� HSLGHPLF�� 
,W�LV�QRW�LQ�WKH�VFRSH�RI�WKLV�GRFXPHQW�WR�EURDFK�WKHVH�
LVVXHV��

7KLV�GRFXPHQW�LV�DQ�DQDO\WLFDO�SURSRVDO��
,WDO\�� DQG� HVSHFLDOO\� LWV� UHJLRQV� LQ� WKH� 1RUWK�� KDV�

EHHQ�RQH�RI�WKH�KDUGHVW�KLW�FRXQWULHV��:H�EHOLHYH�WKH�
UH�DUH�ZHLJKW\�DQG�ZHOO�IRXQGHG�UHVSRQVLELOLWLHV��ERWK�
LQ�WKH�UHJLRQV�DQG�FHQWUDOO\��ZKLFK�KDYH�DJJUDYDWHG�WKH�
VLWXDWLRQ�FUHDWHG�E\�WKH�&RYLG����YLUXV��7KHUH�DUH�JUD�
YH�GRXEWV�DERXW� WKH�SXEOLF�KHDOWK�PHDVXUHV� WKDW�ZHUH�
DGRSWHG� LQ�,WDO\��:H�KDYH�EHHQ�WDNHQ�E\�VXUSULVH��EXW�
ZH�KDG�EHHQ�ZDUQHG�LQ�JRRG�WLPH��LQ�YDULRXV�IRUPV�DQG�
DW�YDULRXV�WLPHV��

7R� VXP� XS�� WKH� *RYHUQPHQW� DFWLYDWHG� ±� EXW� RQO\�
LQ�SDUW�±�D�SURJUDPPH�RI�HPHUJHQF\�DFWLRQ�DURXQG����
GD\V�ODWH��ZKLFK�WKHQ�UHYHDOHG�LWVHOI�WR�EH�GHDGO\��

7KH� ¿UVW� SXEOLF� UHSRUW� IURP� WKH� ,VWLWXWR� 6XSHULRUH�
GL�6DQLWj�>+HDOWK�$FDGHP\@�ZDV�RQO\�PDGH�RQ�WKH���WK�
-DQXDU\�

,W� LV�FHUWDLQO\� WUXH� WKDW� WKH�EHKDYLRXU�RI� WKH�:RUOG�
+HDOWK�2UJDQL]DWLRQ�ZDV�VWUDQJHO\�ZDYHULQJ��XQFHUWDLQ�
DQG� RIWHQ� FRQIXVHG�� 1HYHUWKHOHVV�� WKH� VXFFHVVLRQ� RI�
QHZV�FRPLQJ�RXW�IURP�&KLQD�ZDV�DOUHDG\�HQRXJK�WR�EH�
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DEOH�WR�JLYH�ULVH�WR�VHULRXV�DODUP��,QVWHDG��WKH�*LRUQDOH�
GHOOD�3URWH]LRQH�&LYLOH� >(PHUJHQF\�3ODQQLQJ� -RXUQDO@�
GDWHG���WK�-DQXDU\�LQIRUPHG�UHDGHUV�WKDW�“Italy has a 
plan against the coronavirus, but for the moment there 
is no cause for concern”�� ,W� VHHPV� WKDW�QRERG\�DW� WKH�
,VWLWXWR�6XSHULRUH�GL�6DQLWj�>+HDOWK�$FDGHP\@�KDG�UHDG�
WKH�5HSRUW�RQ�+HDOWK�6HFXULW\�IURP�WKH�John Hopkins 
Bloomberg School of Public Health�� GDWHG�6HSWHPEHU�
������7KDW�UHSRUW�H[DPLQHG�WKH�“state of preparedness” 
ZKHQ�FRQIURQWHG�ZLWK�D�SDQGHPLF�FDXVHG�E\�“widespre-
ad impact respiratory pathogens”��ZLWK�D�“high poten-
tial transmissibility and high recorded death rate”��
7KH�SUHFLVLRQ�RI�WKH�IRUHFDVWV�LQ�VXFK�D�VWXG\�FRXOG�RQO\�
EH�PHDVXUHG� D� posteriori�� WKDW� LV�� WRGD\�� ,Q� DGGLWLRQ��
that document is worth examining with extreme care at 
D�WLPH�ZKHQ�QHZ�LQWHUQDWLRQDO�VDIHW\�LVVXHV�KDYH�WR�EH�
IDFHG��,Q�IDFW��WKDW�GRFXPHQW�KLJKOLJKWHG�³LI�D�SDWKRJHQ�
with high respiratory impact were to emerge, either 
as a result of accidental or deliberate release, it would 
SUREDEO\�KDYH�D�VLJQL¿FDQW�LPSDFW�XSRQ�SXEOLF�KHDOWK��
on the economy, on society and on politics”��0RUHRYHU��
QRW�RQO\��,W�DOVR�DGGHG�D�IXUWKHU�K\SRWKHVLV��³the combi-
ned possibilities of short incubation periods and asym-
SWRPDWLF�VSUHDG�FRXOG�KDYH�WKH�H̆HFW�RI�RQO\�KDYLQJ�D�
very short window of opportunity available to act to 
VWRS�WUDQVPLVVLRQ��PDNLQJ�WKH�RXWFRPH�GL̇FXOW�WR�FRQ-
tain”�� DQG� “making it able to strike several countries 
VLPXOWDQHRXVO\�DQG�WR�GHPDQG�DSSURDFKHV�WKDW�GL̆HU�
from the usual”�

:KRHYHU� UHDGV� WKHVH� IRUHFDVWV� FDQQRW� IDLO� WR� EH�
VWUXFN�E\�WKH�SUHFLVLRQ�RI�WKH�GHVFULSWLRQ��LQ�DGYDQFH�RI�
ZKDW�WKHQ�KDSSHQHG�LQ�UHDOLW\�

2Q���WK�-DQXDU\��&KLQD�GHFODUHG�DQ�LQFUHDVH�LQ�FRQWDJLRQ�
RI�����LQ�WZR�GD\V��$PHULFDQV�HYDFXDWHG�IURP�&KLQD��2Q� 
��WK� -DQXDU\� WKH� :+2� GHFODUHG� &RURQDYLUXV� WR� EH� D�
“Global Health Emergency”��7KH�QH[W�GD\��RQ�WKH���VW�-D�
QXDU\��WKH�,WDOLDQ�&RXQFLO�RI�0LQLVWHUV�GHFODUHG�D�VWDWH�RI�
HPHUJHQF\�IRU�VL[�PRQWKV��DQG�VHW�DVLGH���PLOOLRQ�(XURV�
IRU�LQLWLDO�QHHGV�

+RZHYHU��DQRWKHU�¿IWHHQ�GD\V�ZRXOG�SDVV�EHIRUH�D�
:+2�GHOHJDWLRQ�ZHQW� WR�&KLQD� �RQ�)HEUXDU\���WK�� WR�
SHUIRUP�DQ�LQ�GHSWK�LQYHVWLJDWLRQ��,WDO\��VWUDQJHO\��GLG�
QRW�WDNH�SDUW��+RZHYHU��WKH�PLVVLRQ�UHSRUW�VKRZV�WKDW�
LQ�VSRUDGLF�FDVHV�RI�DEQRUPDO�SQHXPRQLD��VXVSHFWHG�RI�
EHLQJ�WUDFHDEOH�WR�LQÀXHQ]D�RI�D�6DUV�W\SH��KDG�DOUHDG\�
EHHQ�UHSRUWHG�VLQFH�WKH�SUHYLRXV�2FWREHU��7KHUHIRUH��LQ�
WKH�¿UVW�IRUWQLJKW�RI�)HEUXDU\�WKHUH�ZHUH�DOUHDG\�VLJQV�

VKRZLQJ�D�KLJK�SUREDELOLW\� WKDW�D�QHZ�YLUXV�KDG�EHHQ�
LQ�FLUFXODWLRQ�IRU�PRQWKV��6LPLODU�UHVXOWV��RI�DQRPDORXV�
SQHXPRQLD��ZHUH�ODWHU�UHFRUGHG�LQ�1RUWKHUQ�,WDO\�

+DYLQJ�JRQH�XQ�QRWHG�DW�WKH�WLPH��WKH\�FRXOG�PHDQ�
WKDW�WKH�YLUXV�KDG�UHDFKHG�,WDO\�DQG�ZDV�FLUFXODWLQJ�ORQJ�
EHIRUH�WKH�HSLGHPLF�H[SORGHG�

���'DWD�8QFHUWDLQW\�
'LDJQRVWLF�8QUHOLDELOLW\²/DFN�RI
Preparation and Technical Resources

)RXU� RUGHUV� RI� XQFHUWDLQW\� KDYH� FRPSURPLVHG�
DQDO\VHV��*RYHUQPHQW�FKRLFHV�DQG�PHGLD�QDUUDWLYHV��7KH�
ODWWHU�WXUQHG�RXW�WR�EH�FDWDVWURSKLF�LQ�QDWXUH�DQG�ODUJHO\�
XQUHOLDEOH�

D��'DWD�DUULYLQJ�IURP�&KLQD�� WKH�QXPEHU�RI�GHDWKV�
DQG� LQIHFWLRQV��GLG�QRW�SHUPLW�DQ\�UHDOLVWLF�HYDOXDWLRQ�
RI�WKH�VLWXDWLRQ��ZKLFK�ZDV�WKHQ�WR�DULVH�LQ�,WDO\��+HUH�
WKH�UHVSRQVLELOLW\�RI�WKH�,WDOLDQ�*RYHUQPHQW�LV�OLPLWHG��
0XFK�JUHDWHU�LV�WKDW�RI�WKH�:+2�

E��%XW�ZKHUH�LQVWHDG�WKHUH�ZDV�DQ�DFFXPXODWLRQ�RI�
HUURUV��DOO�RI�WKHP�VHULRXV��ZDV�WKH�DEVHQFH�RI�D�VDPSOHG�
VFUHHQLQJ�SURJUDPPH��WKH�SUHFLVH�LQLWLDO�LGHQWL¿FDWLRQ�
RI�WKH�DUHDV�VWUXFN��DQG�WKH�DVVHVVPHQW�RI�WKH�QXPEHU�RI�
SHRSOH�LQIHFWHG��,Q�WKDW�ZD\�WKH�H[WHQW�RI�WKH�LQIHFWLRQ�
ZDV�XQGHUHVWLPDWHG�DQG�JURVV�FDOFXODWLRQ�HUURUV�ZHUH�
PDGH�DERXW�WKH�OHWKDO�QDWXUH�RI�&RYLG����

F��7HFKQLFDO�OLPLWDWLRQV�LQÀXHQFHG�DOO�DVSHFWV�RI�GDWD�
FROOHFWLRQ��7KH�JUHDWHVW�FRQIXVLRQ�KDV�FKDUDFWHULVHG�WKH�
FULWHULD�RI�DVVHVVPHQW�RI�FDXVHV�RI�GHDWK��,WDO\�DGRSWHG�
the “all inclusive”� DSSURDFK��7KH�DOPRVW� WRWDO�DEVHQFH�
of autopsies has hampered the understanding of the 
SDWKRJHQ�PHFKDQLVPV�WKDW�FDXVHG�GHDWK��DQG�LQ�SDUWL�
FXODU��LPSHGHG�LGHQWLI\LQJ�WKH�PRVW�LPSRUWDQW�FDXVH�RI�
GHDWK��7KLV�LV�LQ�SDUW�ZKHUH�WKH�HQRUPRXV�GL̆HUHQFH�LQ�
PRUWDOLW\�UDWH�EHWZHHQ�,WDO\�DQG�*HUPDQ\�DW�WKH�HQG�RI�
0DUFK������GHULYHV���������YHUVXV�������

G�� 7KH� XVH� RI� WHVWLQJ� KDV� EHHQ� XQH[SODLQDEO\� LUUH�
JXODU�DQG�QRW�XQLIRUP�DFURVV�WKH�WHUULWRU\��7KDW�PDNHV�
WKH� YDOLGLW\� RI� UHVXOWV� XQFHUWDLQ��&XOSDEO\�� QR�SULRULW\�
ZDV�JLYHQ�WR�VHURORJLF�DQDO\VLV��HYDOXDWLRQ�RI�0�	�*�LP�
PXQH�JOREXOLQ��ZKLFK�ZDV�WKH�RQO\�WHVW�WKDW�FRXOG�JLYH�
XV�UHDO�LQIRUPDWLRQ�RQ�WKH�QXPEHUV�LQIHFWHG�DQG�WKRVH�
ZKR�ZHUH�VWLOO�KRVWLQJ�DQ�DFWLYH�SDWKRORJ\�
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3. Ambiguous and Confused
Communications

7KH�PRGHO�IRU�FRPPXQLFDWLRQV�DGRSWHG�E\�WKH�*R�
YHUQPHQW�ZDV�WKH�OHDVW�WKRXJKW�RXW�SRVVLEOH��$�PL[�RI�
ṘFLDO�QRWLFHV��XQṘFLDO�DQG�FDVXDO�QHZV��VSUHDG�DFURVV�
FRPPXQLTXpV�DQG�LQGLYLGXDO�LQWHUYLHZV��PRVWO\�GLVWUL�
EXWHG� E\� HQWHUWDLQPHQW� FKDQQHOV�� WHOHYLVLRQ� SDQHOV�
DQG�YDULRXV�FKDW�VKRZV��ZKLFK�LQ�WXUQ�ZHUH�SRSXODWHG�
E\�H[SHUWV��PL[HG�LQ�ZLWK�UDQGRP�YLHZV�IURP�OD\PHQ��
FKDUDFWHUV� IURP�VKRZ�EXVLQHVV�DQG�SHRSOH� LQ�JHQHUDO��
VR� DV� WR� EH� LQGLVWLQJXLVKDEOH� IURP� LQIRWDLQPHQW�� 7KH�
RYHUDOO�UHVXOW�RI�WKDW�NLQG�RI�FRPPXQLFDWLRQV��LQVWHDG�RI�
SURGXFLQJ�DQ�H̆HFW�RI�UHVSRQVLEOH�DOHUWQHVV��KDV�OHG�WR�
ZLGHVSUHDG�VFDUHPRQJHULQJ�DQG�FRQFHUQ�� ,Q� WKLV�ZD\��
WKH�KDELW�RI�FRQYH\LQJ�D�UHJXODU�“war bulletin”�GDLO\�±�
WRJHWKHU�ZLWK�DQ�HQGOHVV�SURFHVVLRQ�RI�H[SHUWV�±�HDFK�
RI� ZKRP� ZDV� PRVWO\� FRQFHUQHG� ZLWK� SURYLGLQJ� WKHLU�
RZQ�SHUVRQDO�YLHZ��RIWHQ�LQ�FRQWUDGLFWLRQ�ZLWK�WKRVH�RI�
RWKHUV�±�JDYH�ULVH�WR�ZRUU\��DQ[LHW\�DQG�FRQIXVLRQ�ZHOO�
EH\RQG�ZKDW�ZDV�GXH�DQG�GHVLUDEOH��

���:RUOG�+HDOWK�2UJDQL]DWLRQ�
0LVVLQJ�)XO¿OPHQW��3ROLWLFDO
,QDSSURSULDWHQHVV��DQG�(QRUPRXV
&RQÀLFWV�RI�,QWHUHVW

��� ,W�GLG�QRW�SHUIRUP�PRQLWRULQJ�RI� WKH�:XKDQ� OD�
ERUDWRU\��GHVSLWH�WKH�DFWLYLWLHV�RI�WKH�ODWWHU�KDYLQJ�EHHQ�
WDUJHWHG�IRU�VRPH�WLPH�E\�WKH�VFLHQWL¿F�FRPPXQLW\��,W�
VKRXOG� EH� UHFDOOHG� WKDW� WKH�:+2� IUHTXHQWO\� DWWHQGHG�
and inspected Lab-4�LQ�WKDW�&KLQHVH�UHJLRQ��

��� ,W� GLG� QRW� UDLVH� WKH� DODUP� LQ� D� WLPHO\� PDQQHU��
ZKLFK�DFWLRQ�VKRXOG�KDYH�EHHQ�WDNHQ�DV�VRRQ�DV�WKH�QHZ�
YLUDO�VWUDLQ�ZDV�LVRODWHG���WK�-DQXDU\�������

���,W�LVVXHG�SDQGHPLF�ZDUQLQJV�DERXW����GD\V�ODWH��
RQ�WKH���WK�-DQXDU\��FDVHV�RI�&RYLG����KDG�DOUHDG\�EHHQ�
GHFODUHG� LQ�7KDLODQG��-DSDQ�DQG� WKH�8QLWHG�6WDWHV�� LQ�
DGGLWLRQ�WR�WKH�:XKDQ�HSLFHQWUH��%\�WKH���WK�-DQXDU\��
LW�ZDV�DOUHDG\�FOHDU�WKDW�WKH�LQIHFWLRQ�ZDV�WUDQVPLWWHG�
KXPDQ�WR�KXPDQ� WKURXJK� UHVSLUDWRU\� SDWKZD\V�� $QG�
\HW� WKH�:+2�� LQ� LWV� FRPPXQLFDWLRQV� DQG� ¿QDO� UHSRUW�
IROORZLQJ�WKH�LQVSHFWLRQ�YLVLW�PDGH�WR�&KLQD����WK�)H�
EUXDU\���SHUVLVWHG�LQ�GHFODULQJ�WKH�VLWXDWLRQ�XQGHU�FRQ�
WURO� DQG� LQ� SUDLVLQJ� &KLQD� IRU� WKH� PHDVXUHV� DSSOLHG��
$W� WKH�VDPH� WLPH� WKH�:+2�±� WKURXJK�D�VWDWHPHQW�E\�
:DOWHU�5LFFLDUGL��PHPEHU� RI� WKH�:+2�Executive Bo-
ard�DQG�FXUUHQWO\�DGYLVRU�WR�WKH�,WDOLDQ�+HDOWK�0LQLVWU\�

±�FDOPO\�VWDWHG� WKDW�EORFNLQJ�ÀLJKWV� IURP�&KLQD� “was 
an error”��7KH�LGHD�ZDV�WDNHQ�XS�DJDLQ�E\�WKH�:+2¶V�
'LUHFWRU�*HQHUDO���7HGURV�$GKDQRP�*KHEUH\HVXV�±�DF�
cording to whom “these indications risk increasing fear 
and discrimination and have little results in public he-
ath terms”�

���,Q�WKH�PHDQWLPH��WKH�:+2�LJQRUHG�WKH�ZDUQLQJV�
LVVXHG�E\�-DSDQ��.RUHD�DQG�7DLZDQ��,W�LV�IXUWKHU�LQFUH�
GLEOH�WKDW�WKH�:+2��ZKR�ZDV�UHDG\�WR�SUDLVH�&KLQD��GLG�
QRW�LQVWHDG�VWUHVV�WKH�ḢFLHQW�SURWRFROV�SXW�LQ�DFWLRQ�LQ�
.RUHD�DQG�LQ�7DLZDQ�WR�KDOW�WKH�HSLGHPLF��DV�PRGHOV�RI�
JRRG�SUDFWLVH���,W�LV�HYHQ�PRUH�LQFUHGLEOH�WKDW�WKH�:+2�
GHOLEHUDWHO\�LJQRUHG�WKH�DODUP�UDLVHG�E\�7DLZDQ�DW�WKH�
VWDUW�RI�'HFHPEHU�ZLWK�UHJDUG�WR�WKH�GHYHORSPHQW�RI�D�
SRVVLEOH�HSLGHPLF�RULJLQDWLQJ�LQ�&KLQD��

7R�VXP�XS��LW�LV�EH\RQG�GRXEW�WKDW�PXUN\�UHODWLRQV�
H[LVW� EHWZHHQ� &KLQD� DQG� WKH�:+2�� ,W� LV� DOVR� EH\RQG�
GRXEW� WKDW� RSDTXH� UHODWLRQV� H[LVW� EHWZHHQ� WKH� :+2�
DQG�D�IHZ�SULYDWH�IRXQGDWLRQV��DQG�DOO�WKH�PDMRU�PXOWL�
QDWLRQDO�FRPSDQLHV�WKDW�FDQ�EH�VXPPHG�XS�LQ�WKH�WHUP�
Big Pharma��7KH�HQWLUH�HSLVRGH�GHVHUYHV�IXUWKHU�LQYH�
VWLJDWLRQ� DQG� DVVHVVPHQW� ZLWKLQ� WKH� 8QLWHG� 1DWLRQV��
ZLWK�D�UHTXHVW�WKDW�RQ�WKLV�WRSLF�D�VSHFL¿F�LQYHVWLJDWLRQ�
EH�PDGH��7KDW�LQLWLDWLYH�FDQ�EH�WULJJHUHG�HLWKHU�E\�WKH�
81�6HFXULW\�&RXQFLO�RU�E\�,WDO\�LWVHOI�

$W�WKH�VDPH�WLPH��WKH�,WDOLDQ�*RYHUQPHQW�PXVW�UH�
H[DPLQH� DOO� LWV� UHODWLRQV�ZLWK� WKH�:+2� DQG�PDNH� LWV�
RZQ�SURSRVDOV��WR�EH�GLVFXVVHG�LQ�LQWHUQDWLRQDO�IRUXPV��
WR�UHSODFH�WKH�:+2�ZLWK�DQ�LQWHUQDWLRQDO�ERG\��ZKLFK�LV�
HQWLUHO\�SXEOLF��DQG�IXQGHG�H[FOXVLYHO\�E\�QDWLRQ�6WDWHV�

���8UJHQW�7DVNV�IRU
the Italian Government

7KH�JRYHUQPHQW�KDV�VKRZQ��DQG�FRQWLQXHV�WR�VKRZ��
HUURUV�DQG�XQFHUWDLQWLHV� WKDW�QHHG� WR�EH�H[SUHVVO\� H[�
SRVHG�

)LUVW��DV�KDV�EHHQ�VWDWHG��ZH�KDYH�VHHQ�D�JODULQJ�ODFN�
RI� DZDUHQHVV� RI� WKH� LQFXPEHQW� GDQJHU� RI� GDQJHURXV�
HSLGHPLFV��2QH�FRXOG�XVH�WKH�VDPH�H[SUHVVLRQ�DV�LQ�WKH�
Lancet�UHYLHZ��³WUDLQHG�LQFDSDFLW\´�WR�GHVFULEH�WKH�EH�
KDYLRXU�RI�SROLWLFV�DQG�RI�WKH�FUXFLDO�DSSDUDWXV�RI�6WDWH�
PDFKLQHU\��3ROLWLFDO�SRZHU�KDV�GHPRQVWUDWHG�WKDW�LW�KDV�
EHHQ�XQDEOH�WR�DGDSW�HYHQ�WR�WKH�GLUHFWLRQV�RI�WKH�VFLHQ�
WL¿F�FRPPXQLW\�WKDW�KDG�IRUHFDVW�WKH�ULVH�RI�D�SRWHQWLDO�
O\�OHWKDO�QHZ�SDQGHPLF�RI�LQÀXHQ]D�YLUXV�RYHU�DW�OHDVW�
¿IWHHQ�\HDUV��



Pharmacology studies: hints for a change in the paradigm

163

6HFRQGO\�� LW� LV� HPEDUUDVVLQJ� WR�REVHUYH�KRZ�� IDFHG�
ZLWK� WKH� LQIRUPDWLRQ�DYDLODEOH� WR� LW�±�ERWK�SXEOLF�DQG�
FRQ¿GHQWLDO��WKH�*RYHUQPHQW�GHOD\HG�WDNLQJ�DGYDQWDJH�
RI�WKH�3LDQR Nazionale per la Prevenzione ������������
>1DWLRQDO�3UHYHQWLRQ�3ODQ@�DQG�DERYH�DOO�WULJJHULQJ�WKH�
3LDQR�nazionale di preparazione e risposta a una pan-
GHPLD�LQÀXHQ]DOH�>1DWLRQDO�3ODQ�IRU�3UHSDUHGQHVV�DQG�
5HVSRQGLQJ� WR� DQ� ,QÀXHQ]D� 3DQGHPLF@�� SXEOLVKHG� LQ�
�����DQG�ODWHU�XSGDWHG�������

:H� VKDOO� VHH� ODWHU� KRZ� WKDW� SODQ�ZDV� GLVUHJDUGHG��
SRLQW�E\�SRLQW�

��7KH�SXUSRVH�RI�WKH�3ODQ±�VWUXFWXUHG�LQWR�VL[�VWDJHV�
RI� DFWLYDWLRQ� ±� ZDV� VWUHQJWKHQLQJ� SUHSDUHGQHVV� IRU� D�
SDQGHPLF�DW�QDWLRQDO�DQG�ORFDO�OHYHO��VR�DV�WR��

,GHQWLI\�� FRQ¿UP�DQG�UDSLGO\�GHVFULEH�FDVHV�RI�
LQÀXHQ]D�FDXVHG�E\�QHZ�YLUDO�VXEFDWHJRULHV�� LQ�
VXFK�D�ZD\�DV� WR� UHFRJQLVH� WKH� VWDUW�RI� D�SDQGHPLF� LQ�
JRRG�WLPH��6WDJH����

This did not take place notwithstanding that in the 
course of the months of December and January, trou-
ble spots of atypical viral pneumonia were recorded 
in several areas in Lombardy, in the Veneto and in 
Emilia Romagna. In particular, from the 28th Decem-
ber no less than 40 anomalous cases of viral pneumo-
nia were reported in the hospital in Piacenza. A later 
study by Milan University enabled the debut of the 
epidemic in Italy to be placed between October and 
1RYHPEHU�� WKXV�ZHOO� EHIRUH� WKH�¿UVW� YHUL¿HG� FDVH� LQ�
Codogno. The warnings sent to the Minister of Health 
ZRXOG�WKHQ�IRUP�WKH�VFRSH�RI�D�VSHFL¿F�FLUFXODU�GDWHG�
5th January 2020, in which the risk of a possible epi-
demic was explained, and a request was made to pay 
attention to the connection between viral pneumonia 
and China. That circular was reiterated on the 12th 
January, stressing once again the connection betwe-
en viruses and epidemics, whilst pointing out– in a 
completely paradoxical way –  that the WHO, based 
on news received from China, was by then “reassu-
red of the quality of the investigations in progress [in 
China] and by the response measures implemented in 
Wuhan”. In the circular dated 16th January we wit-
nessed an about-face, an utter outright manipulation 
of the truth, given that it went back to talking of a 
possible epidemic, but cancelled the link to China and 
even picked out Japan as a source, adding the words  
“Japan (ex-China)”!

�� 'XULQJ� WKH� FRXUVH� RI� “Inter-pandemic Stages 
1-2”��DV�VHW�RXW�LQ�WKH�SODQ��WKH�IROORZLQJ�ZDV�GXH�WR�EH�

SHUIRUPHG�� ³+HDOWK� LQIRUPDWLRQ� WR� WKH�SRSXODWLRQ� WR�
SURPRWH�WKH�DGRSWLRQ�RI�FRPPRQ�K\JLHQLF�VWDQGDUGV��
ZKLFK� LQFOXGH�� IUHTXHQW�KDQG�ZDVKLQJ��FOHDQVLQJ�GR�
PHVWLF�VXUIDFHV�ZLWK�WKH�XVXDO�SURGXFWV��DQG�FRYHULQJ�
WKH�PRXWK�DQG�QRVH�ZKHQ�VQHH]LQJ�RU�FRXJKLQJ��$GRS�
WLQJ�PHDVXUHV�WR�OLPLW�WKH�WUDQVPLVVLRQ�RI�LQIHFWLRQ�LQ�
FRPPXQLWLHV��VFKRROV��UHVW�KRPHV�DQG�PHHWLQJ�SODFHV���
ZKHUH�H[FHVVLYH�FURZGLQJ�VKRXOG�EH�DYRLGHG��DQG�SUR�
YLGLQJ�SUHPLVHV�ZLWK�DGHTXDWH�YHQWLODWLRQ��3UHSDULQJ�
DSSURSULDWH�PHDVXUHV�IRU�FRQWUROOLQJ�WKH�VSUHDG�RI�WKH�
LQÀXHQ]D� SDQGHPLF� LQ� KRVSLWDOV�� 3URYLGLQJ� 3HUVRQDO�
3URWHFWLRQ� (TXLSPHQW� IRU� KHDOWK� ZRUNHUV�� &KHFNLQJ�
VDQLWL]LQJ� DQG� GLV�LQIHFWLQJ� V\VWHPV� DUH� IXQFWLRQLQJ���
,GHQWLI\LQJ� DSSURSULDWH� SDWKZD\V� IRU� WKH� LQIHFWHG� RU�
WKRVH� VXVSHFWHG� RI� VR� EHLQJ�� 6XUYH\LQJ� KRVSLWDO� EHG�
DYDLODELOLW\�DQG�WKDW�RI�URRPV�ZLWK�QHJDWLYH�SUHVVXUH��
6XUYH\LQJ�WKH�DYDLODELOLW\�RI�PHFKDQLFDO�GHYLFHV�WR�DV�
VLVW�SDWLHQWV���0LQLPL]LQJ�WKH�ULVN�RI�WUDQVPLVVLRQ�DQG�
OLPLWLQJ�PRUELGLW\� DQG� GHDWKV� GXH� WR� WKH� SDQGHPLF��
5HGXFLQJ� WKH� LPSDFW� RI� WKH� SDQGHPLF� RQ� WKH� KHDOWK�
DQG�VRFLDO�VHUYLFHV�DQG�HQVXULQJ�WKDW�HVVHQWLDO�VHUYLFHV�
DUH�PDLQWDLQHG´�

None of this took place, so much so, that the Italian 
Government actually sent out/gave away huge quan-
tities of health equipment (including facemasks) to 
China and other countries.

��,Q�WKH�FRXUVH�RI�6WDJHV�����WKH�3ODQ�IXUWKHU�UHFRP�
PHQGV��³FUHDWLQJ�DQG�LPSOHPHQWLQJ�VXUYHLOODQFH�SURWR�
FROV� IRU�� WUDYHOOHUV� FRPLQJ� IURP� LQIHFWHG�DUHDV��KHDOWK�
ZRUNHUV�ZKR� DVVLVW� SDWLHQWV�ZLWK� VXVSHFWHG� RU� FRQ¿U�
PHG�LQÀXHQ]D�RI�D�SRWHQWLDOO\�SDQGHPLF�VWUDLQ��WKH�OD�
ERUDWRULHV�WKDW�KDQGOH�FOLQLFDO�VDPSOHV�DW�ULVN���GH¿QLQJ�
DQG�LPSOHPHQWLQJ�VXUYHLOODQFH�SURWRFROV�IRU�FOXVWHUV�RI�
LQÀXHQ]D�V\QGURPHV�WKDW�DUH�SRWHQWLDOO\�DWWULEXWDEOH�WR�
D�SDQGHPLF�YLUXV���HLWKHU�WKURXJK�JHQHUDO�SUDFWLVH�GRF�
WRUV�DQG�IDPLO\�SDHGLDWULFLDQV�DQG�WKURXJK�KRVSLWDOLVD�
WLRQ�,QVWLWXWLRQV´�

As is obvious, all of this was widely disregarded, 
especially as regards the protection of health workers 
and the involvement of territorial medicine, which only 
a few months later turned out to be a winning card in 
limiting the progression of the disease, and in reducing 
the number of patients requiring hospitalisation in in-
tensive care units

7R�VXP�XS��WKH�3ODQ�IRU�3DQGHPLF�0DQDJHPHQW�ZDV�
LJQRUHG��GLVUHJDUGHG��DQG� LPSOHPHQWHG� ODWH��DQG�WKHQ�
RQO\�LQ�SDUW�
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���5HWKLQNLQJ�WKH�(QWLUH�+HDOWK
6WUXFWXUH�RI�WKH�&RXQWU\

2YHU� WKH� ODVW� IHZ� \HDUV�� VXFFHVVLYH� JRYHUQPHQWV�
KDYH�GHJUDGHG�WKH�LGHD�RI�PHGLFLQH�WKDW�ZH�KDYH�LQKH�
ULWHG�IURP�WKH�JUHDW�*UHFR�5RPDQ�DQG�&KULVWLDQ�WUDGL�
WLRQV��7KH�KRVSLWDO�±�RQFH�NQRZQ�DV�Hotel de Dieu�±�KDV�
EHFRPH� D�+HDOWK�(QWHUSULVH��ZKHUH� FKRLFHV� DUH�PDGH�
E\�PHDVXULQJ�WKHP�DJDLQVW�¿QDQFLDO�DQG�PDQDJHPHQW�
ḢFLHQF\�FULWHULD��7KLV�KDV�PHDQW�WKH�DEDQGRQPHQW�RI�
WHUULWRULDO�PHGLFLQH�DQG�WKH�FUHDWLRQ�RI�PXOWL�VSHFLDOW\�
FHQWUHV�RI�DWWUDFWLRQ��SODFHG� LQ� ODUJH�FLWLHV��GHHPHG�WR�
EH� IXOO\� FRPSUHKHQVLYH� WHUPLQDOV� IRU� KHDOWK� GHPDQGV�
RI�HQWLUH�PDFUR�UHJLRQV��7KH�GHYHORSPHQW�RI�WHUULWRULDO�
PHGLFLQH�ZRXOG�KDYH�HQDEOHG�EHWWHU�FDUH�DQG�KDQGOLQJ�
RI�SDWLHQWV�LQ�D�KRPH�HQYLURQPHQW��UHVSRQGLQJ�WR�“pri-
mary”� VSHFLDOLVW� GHPDQG´� �QHRQDWDO� FDUH�� PDWHUQLW\��
DFFLGHQW�DQG�HPHUJHQF\���IRU�ZKLFK�FLWL]HQV�VKRXOG�QRW�
RI�QHFHVVLW\�EH� IRUFHG� WR� WXUQ� WR�PDFUR�KXEV� LQ�PDMRU�
FLWLHV��7KLV�ZRXOG�DOVR�KDYH�PDGH�UHVRXUFHV�DYDLODEOH�±�
ERWK�HFRQRPLF�DQG�KXPDQ�±�WKDW�FRXOG�KDYH�EHHQ�XVHG�
WR� GLYHUVLI\� KHDOWK� VHUYLFH� R̆HULQJV�� ,Q�SDUWLFXODU�� WKH�
QHHG� WR� SURYLGH� D� ODUJHU� QXPEHU� RI� EHGV� LQ� LQWHQVLYH�
FDUH� KDG� EHHQ� NQRZQ� IRU� VRPH� WLPH� �HVSHFLDOO\� DIWHU�
WKH�0RQWL�*RYHUQPHQW�KDG�LUUHVSRQVLEO\�FXW�����RI�WKH�
EHG�XQLWV� WKHQ�DYDLODEOH���EXW�QRWKLQJ�ZDV�GRQH�WR�¿OO�
WKLV� JDS�� 7KLV� HQGHG� XS� FDXVLQJ� WKRXVDQGV� RI� GHDWKV���
,W�VKRXOG�DOVR�EH�FRQVLGHUHG�WKDW��VLQFH�WKH�����V���WKH�
term “prevention”� �� ZKLFK�ZDV� RIWHQ� UHIHUUHG� WR� LQ�
WKH�����V�DQG�����V�WR�IDFH�XS�WR�FRPSOH[�LVVXHV�VXFK�
DV�HQYLURQPHQWDO��DQG�SURIHVVLRQDO��SROOXWLRQ��GHJHQH�
UDWLYH��FDQFHU��DQG�PHWDEROLF�FRQGLWLRQV��REHVLW\��GLD�
EHWHV����KDV�JUDGXDOO\�GLVDSSHDUHG�IURP�WKH�YRFDEXODU\�
RI�KHDOWK�VHUYLFH�PDQDJHUV��6XUUHQGHULQJ�WKH�SDUDGLJP�
RI�SUHYHQWLRQ�KDV�UHVXOWHG�LQ�XQGHUHVWLPDWLQJ�WKH�ULVNV�
DULVLQJ�IURP�QHZ��IRUHVHHDEOH��SDQGHPLF�ZDYHV���

7KLV�HPHUJHQF\�FRXOG�R̆HU�DQ�RSSRUWXQLW\�WR�UHWKLQN�
WKH�KHDOWK�PRGHO�WKDW�KDV�GHYHORSHG�LQ�WKH�ODVW�GHFDGHV���
,W�ZRXOG�EH�DSSURSULDWH�WR�ODXQFK�D�GHEDWH�DQG�SURSR�
VDOV�RQ�WKLV�WRSLF��ZKLFK�LV�DEOH�WR�WUDQVODWH�LQWR�D�SURMHFW�
IRU�UH�IRXQGLQJ�SXEOLF�KHDOWK�

���,QYHVWLQJ�LQ�6FLHQWL¿F�5HVHDUFK

7KLV�LVVXH�D̆HFWV�DOO�YLWDO�VHFWRUV�RI�WKH�&RXQWU\��)RU�
\HDUV�,WDOLDQ�VFLHQWL¿F�UHVHDUFK�KDV�UHFHLYHG�ODXJKDEOH�
IXQGLQJ�� ERW� FRPSDUHG� ZLWK� *'3�� DQG� ZKHQ� FRPSD�
UHG�ZLWK�LWV� OHYHOV� LQ�RWKHU�(XURSHDQ�8QLRQ�FRXQWULHV��

,WDO\�KDV�� IXUWKHUPRUH�DQ�DEVROXWHO\�SULPH� LQWHUQDWLR�
QDO�UHSXWDWLRQ��EHLQJ�WKUHH�WLPHV�PRUH�SURGXFWLYH�WKDQ�
*HUPDQ\�� HYHQ� WKRXJK� LW� RQH� TXDUWHU� RI� WKH� UHVHDUFK�
IXQGLQJ��2QH�ZRXOG�KDYH�H[SHFWHG��LQ�FRQMXQFWLRQ�ZLWK�
&RYLG���� HPHUJHQF\�� WKDW� DQ� HPHUJHQF\� VFLHQWL¿F� UH�
VHDUFK� SODQ� ZRXOG� KDYH� EHHQ� ODXQFKHG� LPPHGLDWHO\��
LI� RQO\� WR� VWDUW� HVVHQWLDO� UHVHDUFK� WR� LGHQWLI\� SRVVLEOH�
FXUHV���1RQH�RI�DOO�WKLV�KDV�EHHQ�DV�PXFK�DV�WDEOHG���,W�
WXUQV�RXW� WKDW� WKH�+HDOWK�0LQLVWU\�KDV�SXW�XS�D�SUL]H�
RI���0LOOLRQ�(XURV��UHVHUYHG�H[FOXVLYHO\�IRU�,5&66�DQG�
IRUPDOO\�H[FOXGLQJ�DQ\�FRQWULEXWLRQV�IURP�8QLYHUVLWLHV��
2QO\�LQ�-XO\�ZDV�ODXQFKHG�DQ�),65�SURJUDP�IRU�XQLYHU�
VLWLHV��IRU�DURXQG����0LOOLRQ�(XURV�>�@�

7KH�VWDWXV�RI�WKH�GLHVHDVH�
ZKDW�VKRXOG�EH�GRQH"

$W�WKH�FXUUHQW�VWDJH�RI�WKH�HSLGHPLF��LW�KDV�EHHQ�HVWD�
EOLVKHG�ZLWKRXW�DQ\�SRVVLEOH�GHQLDO� WKDW�&RYLG���� LV�D�
GLVHDVH�±�FHUWDLQO\�KLJKO\�FRQWDJLRXV�±�WKDW�FDQ�EH�WUH�
DWHG�LQ�PRVW�FDVHV��EXW�ZKLFK�DW�WLPHV�FDQ�EH�VHULRXV��
DV�XQIRUWXQDWHO\�KDSSHQV�ZLWK�PDQ\�RWKHU�SDWKRORJLHV��

*XLGHOLQHV�IRU�WDFNOLQJ�LW�VKRXOG�WKHUHIRUH�EH�PDGH�
XS�RI�WKH�IROORZLQJ�SRLQWV��

D��Prevention��JUHDW�VWUHVV�VKRXOG�EH�ODLG�XSRQ�HQ�
KDQFLQJ� LQQDWH� LPPXQLW\� DQG� FKHFNLQJ� VLOHQW� FKURQLF�
LQÀDPPDWLRQ��6XFK�JRDOV�FDQ�EH�UHDFKHG�¿UVW�E\�PHDQV�
RI�D�VXLWDEOH�GLHW�DQG�OLIHVW\OH��,Q�LQGLYLGXDO�FDVHV��VSH�
FL¿F�VXSSOHPHQWV�FDQ�EH�UHVRUWHG�WR��,Q�SDUWLFXODU��LW�LV�
QHFHVVDU\�WR�WDNH�DFFRXQW�RI�WKH�SV\FKLF�HPRWLRQDO�VWDWH�
RI� SHUVRQV�� LQ� WKH� NQRZOHGJH� RI� LWV� IDOORXW� RQ� WKH� LP�
PXQH�V\VWHP���,W�LV�FOHDU�WKDW�DW�WKH�PRPHQW�WKDW�WKHUH�
DUH�QR�DGHTXDWH�VFLHQWL¿F�VWXGLHV�RQ�WKH�LPSDFW�RI�VXFK�
DSSURDFKHV�RQ�WKH�LOOQHVV��2Q�WKH�RWKHU�KDQG��WKHUH�DUH�
KDUPIXO�H̆HFWV�RQ�DOO�YLUDO�GLVHDVHV�RI�D�FRPSURPLVHG�
LPPXQH�V\VWHP��DQG�VLQFH�VLOHQW�FKURQLF�LQÀDPPDWLRQ�
RFFXUV�LQ�WKH�VHFRQG�VWDJH�RI�WKH�LOOQHVV��WKLV�HQKDQFHV�
WKH�F\WRNLQH�VWRUP�

E��$YRLGLQJ�YLUDO�WUDQVPLVVLRQ��E\�controlling are-
as of major contagion��LQ�SDUWLFXODU�DVVHVVLQJ�SHRSOH�
ZLWKRXW�V\PSWRPV�LQ�WKH�DUHDV�DW�JUHDWHVW�ULVN��LQWHUYH�
QLQJ�LQ�D�WLPHO\�ZD\�IRU�LVRODWLRQ��WHVWLQJ��DQG�VXSSO\LQJ�
DOO�KHDOWK�ZRUNHUV�DQG�WKRVH�DW�PDMRU�ULVN�RI�LQIHFWLRQ�
ZLWK�DSSURSULDWH�3HUVRQDO�3URWHFWLYH�(TXLSPHQW��

F��7KH�SRVVLELOLW\�RI�DFWLQJ�HDUO\�RQ�D�WHUULWRU\�ZLWK�
WKHUDSLHV�WKDW�KDYH�DOUHDG\�VKRZQ�WR�EH�H̆HFWL-
ve�HYHQ�LQ�WKH�DEVHQFH�RI�UDQGRPLVHG�VWXGLHV�WKDW�DUH�
H[SHFWHG� VKRUWO\� �K\GUR[\FKORURTXLQH�� KHSDULQ�� DQG�
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FRUWLFRLGV��� 7KH� SRVVLELOLW\� RI� LQWHUYHQLQJ� LQ� WKH�PRVW�
GL̇FXOW� FDVHV� ZLWK� KRVSLWDOLVDWLRQ� DQG� VHFRQG�GHJUHH�
FDUH� �DQWLYLUDO� DJHQWV�� R]RQH� WKHUDS\�� K\SHU�LPPXQH�
SODVPD��P\R�LQRVLWRO��DQG�R[\JHQ�ZLWK�YDULRXV�DSSURD�
FKHV�WR�LWV�DGPLQLVWUDWLRQ��VKRXOG�DOVR�JUHDWO\�GHFUHDVH�
WKH�QHHG�IRU�KRVSLWDOLVDWLRQ�LQ�,QWHQVLYH�&DUH�8QLWV��

G��Increasing intensive care numbers��HYHQ�LI��
ZLWK�GDWD�LQ�KDQG��PXFK�OHVV�VKRXOG�EH�QHHGHG�LI�WKHUH�
ZDV�D�ZLGHVSUHDG�XVH�RI�WKHUDSLHV�WKDW�KDYH�VKRZQ�WR�EH�
H̆HFWLYH�WR�GDWH��

H�� /HDUQLQJ� WR� live� ZLWK� LW� LQ� WKH� VDPH�ZD\� DV�ZH�
OLYH�ZLWK�PDQ\�RWKHU�GLVHDVHV��SD\LQJ�PRUH�DWWHQWLRQ�WR�
K\JLHQH� VWDQGDUGV�� ,W� LV� FHUWDLQ� WKDW�PDMRU� JDWKHULQJV�
IRUP�D�GDQJHU��DOVR�WKURXJK�LQFUHDVHG�YLUDO�ORDG��7KXV��
WKH\�VKRXOG�EH�DYRLGHG�LQ�SHULRGV�RI�D�PDMRU�YLUXV�SUH�
VHQFH��)RU�WKLV�UHDVRQ��DV�IRU�RWKHU�GLVHDVHV��constant 
monitoring�LV�QHHGHG�

:KDW�KDYH�ZH�OHDUQHG
LQ�WKH�ODVW�WZR�PRQWKV"

)URP�FOLQLFDO� UHVXOWV�� LW�KDV�HPHUJHG� WKDW�&RYLG����
LV�D�PLOG�GLVHDVH�LQ�WKH�PDMRULW\�RI�FDVHV��URXJKO\������� 
,W�LV�PDMRU�EXW�QRW�GDQJHURXV�LQ�D�IXUWKHU�����RI�FDVHV��LQ�
ZKLFK�YDULRXV�DSSURDFKHV�WR�WUHDWPHQW�DUH�DYDLODEOH��,Q�WKH� 
���WKDW�FRXOG�KDYH�D�GHDGO\�RXWFRPH��WKH�IROORZLQJ�YD�
ULRXV�WKHUDSLHV�KDYH�EHHQ�WULHG�ZLWK�VXFFHVV�

���2]RQH�7KHUDS\�ZLWK�$QWLYLUDO�$JHQWV
���7KHUDS\�XVLQJ�$QWL�FRDJXODQWV
���+\GUR[\FKORURTXLQH�DQG�+HSDULQ
���+\SHU�,PPXQH�3ODVPD
���0\R�LQRVLWRO

(YHQ�LI�PRGHUQ�PHGLFLQH�LV�EDVHG�RQ�SURYHQ�H̆HF�
WLYHQHVV� �EBM – Evidence-Based Medicine�� DLPHG�
DW�JXDUDQWHHLQJ�WKDW�EHIRUH�D�QHZO\�FUHDWHG�UHPHG\� LV�
SODFH�RQ�WKH�PDUNHW�RQH�LV�FHUWDLQ�WKDW�WKH�DGYDQWDJHV�
RXWZHLJK� WKH� VLGH� H̆HFWV�� ZH� NQRZ� WKDW� WKLV� UHVHDUFK�
PHWKRG�REYLRXVO\�UHTXLUHV�YHU\�ORQJ�SHULRGV��

$W�WKH�VDPH�WLPH��JLYHQ�WKDW�LV�ZHOO�NQRZQ�WKDW�SX�
EOLFDWLRQV� UHFHLYH� IXQGLQJ� IURP� 3KDUPDFHXWLFDO� &RP�
SDQLHV�WKDW�SXUVXH�SUR¿W�DW�DOO�FRVWV�IURP�WKH�UHPHGLHV�
WKH\�SDWHQW��WKH�DEVHQFH�RI�SXEOLFDWLRQ�LV�RIWHQ�D�JRRG�
DSSURDFK�WR�EXU\LQJ�LQQRYDWLRQV�WKDW�DUH�QRW�RI�LQWHUHVW��

7RGD\�ZH�¿QG�RXUVHOYHV�EHIRUH�D�GLOHPPD�RI�ZKHWKHU�
WR� FRQWLQXH� UHVHDUFKLQJ� D� QHZ�PROHFXOH�� ZKLFK� FRXOG�
SRWHQWLDOO\�EH�WR[LF�DQG�ZKLFK�ZLOO�UHTXLUH�ORQJ�SHULRGV�

LQ�RUGHU�WR�EH�DSSURYHG���IRU�H[DPSOH��D�YDFFLQH����RU�RS�
WLQJ�IRU�D�WKHUDSHXWLF�DSSURDFK�ZKLFK�KDV�EHHQ�NQRZQ�
IRU�\HDUV�DQG�FRQVLGHUHG� WR�EH�ZHOO� WROHUDWHG� �VXFK�DV�
K\GUR[\FKORURTXLQH�IRU�H[DPSOH���$QRWKHU�RSSRUWXQLW\�
LV�R̆HUHG�E\�ZHOO�H[SHULPHQWHG�DSSURDFKHV��NQRZQ�WR�
EH�KDUPOHVV�DQG�ḢFDFLRXV��IRU�H[DPSOH��K\SHU�LPPX�
QH�SODVPD�RU�R]RQH�WKHUDS\���

,W� LV�REYLRXV� WKDW� IDFHG�ZLWK�JUDYH� VLWXDWLRQV�� HYHQ�
D�IHZ�FDVHV�DUH�HQRXJK�WR�GHFODUH�D�WKHUDS\�DV�“likely” 
WR�EH�H̆HFWLYH��7KDW�LV�SUHFLVHO\�ZKDW�LV�KDSSHQLQJ�ZLWK�
WKH�WKHUDSLHV�VHW�RXW�DERYH��

)XUWKHUPRUH��VXFK�WKHUDSLHV�VKRXOG�EH�DYDLODEOH�LQ�
YHU\�VKRUW�RUGHU��DQG�QRW�RQO\�LQ�HPHUJHQFLHV��

)RU� WKLV� UHDVRQ�� LW� LV� VXSSRVHG� WKDW� LQVLVWLQJ� RQ�
ZDLWLQJ�IRU�D�SXEOLVKHG�VFLHQWL¿F�VWXG\�LV�D�V\VWHP�IRU�
EXU\LQJ�WKLV�NLQG�RI�DSSURDFK��ZLWK�WKH�VROH�SXUSRVH�RI�
SXUVXLQJ�HFRQRPLF�JDLQ��

,Q�DGGLWLRQ��WKH�GHVLUH�WR�EHW�RQ�D�YDFFLQH���whate-
ver it takes�±�SUHVHQWV�YDULRXV�FULWLFDOLWLHV�DV�VWUHVVHG�
E\�(UQHVWR�%XUJLR��“when we proceed in too much of a 
hurry, under the pressure of an epidemic emergency – 
as happened in the Philippines with Dengue – there is a 
risk that a new vaccine, or one that has not been tested 
enough can even trigger grave forms of the infection 
being combated: or may cause a kind of immune acti-
vation mediated by Th2 lymph cells (a kind of allergic 
reaction) or by a paradoxical reaction, triggered pre-
cisely by the antibodies prompted by the vaccine (ADE, 
Antibody Dependent Enhancement). In the foreseeable 
rush to a vaccine against SARS CoV2 similar incidents 
are possible and it is necessary to be prudent”�

&RQVLGHULQJ�WKH�WKHUDSHXWLF�VXFFHVVHV�±�VHH�WKH�OLQ�
NV�VKRZQ�DERYH�±�ZKLFK�DUH�QRW�EHLQJ�PDGH�NQRZQ�WR�
WKH�SXEOLF�±�VDYH�ÀHHWLQJO\�DQG��ZH�ZRXOG�VD\��DOPRVW�
XQZLOOLQJO\�±� E\�PHDQV� RI� WKH�PHGLD� RU� ṘFLDO� VWDWH�
PHQWV��E\� WKH�SUHVHQW�GRFXPHQW�ZH� LQWHQG� WR� UHTXHVW�
WKDW� WKH� 0LQLVWU\� FRQYHQH� WKH� GRFWRUV� ZKR� DUH�
DOUHDG\�H[SHUWV�LQ�WKHVH�NLQGV�RI�WKHUDSLHV� Ac�
FRUGLQJO\��LQ�WKH�VKRUWHVW�SRVVLEOH�WLPH��WKH�DGYDQWDJHV�
DQG�GLVDGYDQWDJHV� RI� HDFK� RI� WKHP� FDQ�EH� VHW� RXW� IRU�
FROOHDJXHV��HYHQ�LQ�WKH�DEVHQFH�RI�GRXEOH�EOLQG�VWXGLHV��
,Q�WKH�FDVH�RI�D�VHFRQG�ZDYH��GXULQJ�WKH�FRXUVH�RI�Stage 
2�LW�ZLOO�EH�QHFHVVDU\�WR�EH�UHDG\�WR�DFW��XVLQJ�

$��3XEOLF�SUHYHQWLRQ�DQG�KHDOWK�ZRUNHU
training courses.

%��(̆HFWLYH�SURWHFWLRQ�V\VWHPV��PDVNV��JORYHV�
HWF���LQ�DGHTXDWH�TXDQWLWLHV�
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C) Diagnostic asseveration procedures to be
LPSOHPHQWHG�LQ�FDVH�RI�ZHOO�IRXQGHG�FOLQLFDO�
suspicion. This can avoid most infections.

'��&UHDWLRQ�RI�VSHFL¿F�FHQWUHV���RXW�DQG�RXW�
PLOLWDU\�VW\OH�task forces – that can act in a 
IHZ�KRXUV�LQ�WKH�FDVH�RI�HPHUJHQF\��

(��3URWRFROV�WKDW�DUH�DFWLRQDEOH�E\�WKH�USCA 
�8QLWj�6SHFLDOL�GL�&RQWLQXLWj�$VVLVWHQ]LDOH��
>6SHFLDO�:HOIDUH�&RQWLQXLW\�8QLWV@�DFURVV�
WKH�ZKROH�&RXQWU\�WR�VXSSRUW�SK\VLFLDQV�RQ�
WKH�WHUULWRU\�ZLWK�FRQWLQXRXV�PRQLWRULQJ�RI�
LQIHFWHG�SDWLHQWV�HYHQ�LI�WKH\�DUH�QRW
hospitalised. 

)��$YDLODELOLW\�RI�PHGLFLQHV�WKDW�KDYH�EHHQ�
VKRZQ�WR�EH�H̆HFWLYH�DQG�WHVWHG�E\�YDULRXV�
front-line colleagues. 

:KLOVW�ZDLWLQJ� IRU� WKLV�� WKH� VLJQDWRULHV� RI� WKLV�
document commit to gathering the relevant 
GDWD�DQG�PDNLQJ�LW�DYDLODEOH�WR�HYHU\RQH��
 
5RPH����WK�0D\�����
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Attachment 1

3ODQ�IRU�6FLHQWL¿F�&ODULW\�ZDV�GUDZQ�XS�E\�
*LXOLHWWR�&KLHVD��-RXUQDOLVW�
0DULDQR�%L]]DUUL��3URIHVVRU�DW�8QLYHUVLW\�RI�5RPD�
)DELR�%XULJDQD��0�'��
3LHUR�&DPPHULQHVL��-RXUQDOLVW�

0HPEHUV�RI�&HQWUH�RI�*UDYLW\�WKDW�VLJQHG�XS��
&ULVWRIRUR�$WWDUGR��5REHUWR�*HUPDQR��8PEHUWR�3DVFD�
OL��3DROR�6FDSHOODWR��$QGUHLQD�)RQWDQD��3DWUL]LD�6FDQX��
6LPRQH�/RPEDUGLQL��*LQR�&KDERG��5REHUWR�3HFFKLROL��
$QGUHD�*ULHFR��3LHUJLRUJLR�5RVVR��*XLGR�*URVVL��(OHQD�
*OLHOPR�� $OEHUWR� 3UHVWLQLQ]L�� )UDQFHVFR� &HODQL�� )UDQ�
FHVFR� 6FDOD�� $QWRQLQR� *DOORQL�� )DEUL]LR� GH¶0DULQLV��
5LFFDUGR�3HWUHOD��6WHIDQR�6HUD¿QL��0DUJKHULWD�)XUODQ��
3DVTXDOH� GL� *XJOLHOPR�� $OHVVDQGUR� *LXOLDQL�� 5REHUWR�
6LFRQRO¿��9ODGLVODY�*DYULXVHY��0DUFHOOR�0DGDUR��0DUFR�
0DUWLQL��&LQ]LD�3DJQL��6DEULQD�)DQWDX]]L��'DQLOR�'¶$Q�
JHOR��6LOYDQD�&RUGD��0DULR�'DQGUHWD��*LRUJLR�,DFX]]R��
$QWRQHOOD� GH�1LQQR�� *LRUJLR� *LRUGD�� 6LOYLD� &KLQDJOLD��
$GULDQR�7LOJKHU���*LXOLR�%DVVL��/XLJL�GH�/HRQLEXV��/DXUD�
9DQWLQL��1LFROHWWD�)HUURQL�

$VVRFLDWLRQV�WKDW�KDYH�MRLQHG�WKH�3ODQ��
0HGLFLQD�GL�6HJQDOH��FLUFD�����DVVRFLDWL�
ZZZ�PHGLFLQDGLVHJQDOH�LW� 
),$02��FLUFD�����DVVRFLDWL�
KWWS���ZZZ�¿DPR�LW�

7KH�3ODQ�KDV�DOVR�EHHQ�MRLQHG�E\�
3LHUR� 3ULRULQL� �3V\FKRWKHUDSLVW��� )UDQFR� /XJQDQL�
�0�'����&DUPHOR�6DPRQj� �0�'����3DROR�%DURQ� �0�'����
6WHIDQR�&ODXWL� �0�'���� )DEUL]LR�)LRULQL� �0�'����'DQLOR�
7RQHJX]]L� �0�'���� 0DXUR� $OLYLD� �0�'���� &DUOR� 0RF�
FL� �0�'���� 6WHIDQR�*DVSHUL� �0�'����*XLGR�&DQWDPHVVD�
�0�'����(YD�5LJRQDW��0�'����$QGUHD�%DVLOL��0�'����$QQD�
0DULD�&HEUHOOL��3V\FKRORJLVW�

Attachment 2

8SGDWH�DV�RI���WK�-XO\�����

/LWWOH�PRUH� WKDQ�D�PRQWK�DIWHU�GUDIWLQJ� WKH�Piano di 
&KLDUH]]D� 6FLHQWL¿FD� >3ODQ� IRU� 6FLHQWL¿F� &ODULW\@��
ZH� KDYH� EHHQ� IRUFHG� WR� DVVHVV� ZKDW� KDV� KDSSHQHG� LQ�
WKDW�SHULRG�RI�WLPH��JLYHQ�WKH�KHFWLF�XQIROGLQJ�RI�HYHQWV�
DQG� RI� UHVHDUFK� UHVXOWV� LQ� WKH� ¿HOG� UHODWHG� WR� WKH� &R�
YLG����HSLGHPLF��'XULQJ�WKDW�PRQWK�LQ�IDFW��VRPH�PDMRU�
HYHQWV�KDYH�WDNHQ�SODFH�DQG�WKH�HSLGHPLRORJLFDO�VLWXD�
WLRQ�KDV�FKDQJHG�QRWLFHDEO\��DV�FDQ�EH�GHGXFHG�IURP�WKH�
IROORZLQJ�SRLQWV�
���7KH�QXPEHUV�RI�LQIHFWLRQV�DUH�FRQWLQXLQJ�WR�GURS�LQ�
,WDO\�DQG�LQ�D�PXFK�PRUH�VLJQL¿FDQW�H[WHQW��VHYHUH�FD�
VHV�RI�&RYLG����KDYH�GLPLQLVKHG��almost to the point 
of reaching zero;
���7KH�XVHIXOQHVV�RI�FHUWDLQ�WKHUDSHXWLF�DSSURDFKHV�KDV�
emerged and a few controlled trials�KDYH�FRQ¿UPHG�
WKHLU� H̆HFWLYHQHVV�� $PRQJVW� WKHVH� DUH� DQWL�FRDJXODQW�
WKHUDS\�� FRUWLVRQH�EDVHG� WKHUDS\� �'H[DPHWKDVRQH���
K\SHU�LPPXQH�SODVPD�DQG�R]RQH�WKHUDS\�
���(QGRWKHOLXP�LQYROYHPHQW�E\�WKH�YLUXV�KDV�EHHQ�
FRQ¿UPHG��ZLWK�PDMRU�LPSOLFDWLRQV�IRU�DOO�VWDJHV�RI�WKH�
UDS\��IURP�WUHDWPHQW�DW�KRPH�WR�LQWHQVLYH�FDUH�
���,Q�,WDO\��ZH�VWLOO�QRWLFH�WKH�absence of territorial 
medical planning for diagnosis and treatment gui�
GHOLQHV� IRU� KDQGOLQJ� &RYLG����� DQG� WKDW� RI� D� SUHFLVH�
prevention protocol�WR�DYRLG�LQIHFWLRQV�HVSHFLDOO\�LQ�
KHDOWKFDUH�VXUURXQGLQJV��LQ�ZKLFK�LW�LV�VWLOO�QRW�\HW�SRV�
VLEOH�WR�KDYH�DGHTXDWH�TXDQWLWLHV�RI�33(�DYDLODEOH��
:H� IXUWKHU�REVHUYH� LQFRQVLVWHQFLHV� LQ� WKH�KDQGOLQJ�RI�
DV\PSWRPDWLF�FDVHV��ZKR�WXUQ�RXW�WR�EH�SRVLWLYH�IRU�&R�
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YLG����DIWHU�VHURORJLFDO�WHVW�
��� )XUWKHUPRUH�� ZH� ¿QG� RXUVHOYHV� FRQIURQWHG� ZLWK� D�
SURSRVDO� IRU� ZLGH� DQWL�LQÀXHQ]D� YDFFLQDWLRQ��
ZLWKRXW�DQ\�DSSURSULDWH�VFLHQWL¿F�EDVLV for its ef�
IHFWLYHQHVV�DJDLQVW�&RYLG����
7R� VXP� XS� WKH� VLWXDWLRQ�� WRGD\� ZH� ¿QG� RXUVHOYHV� ID�
ced with the ODFN�RI�D�FRPPRQ�VWUDWHJ\�QRW�RQO\�LQ�
,WDO\��EXW�DOVR�LQ�WKH�UHVW�RI�WKH�ZRUOG��ERWK�DW�WKH�OHYHO�
RI�VFLHQWL¿F�UHVHDUFK�DQG�WKDW�RI�VRFLDO�FRQWDLQPHQW��2Q�
WKH�RWKHU�KDQG�ZKDW�LV�QRW�PLVVLQJ�±�DQG�FRQWLQXHV�VWLOO�
WRGD\�ZKHQ�LQIHFWLRQV�KDYH�UHGXFHG�GUDVWLFDOO\��VXJJH�
VWLQJ�D�SUREDEOH� µZHDNHQLQJ¶�RI�WKH�YLUDO�ORDG��±�LV�WKH�
FRPSOHWH� DQG� XWWHU�media terrorism that tends to 
DPSOLI\�HYHU\�VLQJOH�FDVH�±�HYHQ�LQ�WKH�VR�FDOOHG�³3KD�
VH��´�±�ZLWKRXW�KRZHYHU��SURGXFLQJ�DQ\�HYLGHQFH�WKDW�
PLJKW�MXVWLI\�WKLV�NLQG�RI�DODUPLVP�
7RWDOO\�GLVWRUWHG�VFLHQWL¿F�LQIRUPDWLRQ�±�WKH�/DQFHW��
WHO case�ZDV�W\SLFDO�±�GHPRQVWUDWHV�EH\RQG�DQ\�UH�
DVRQDEOH�GRXEW�WKH�enormous economic interests 
WKDW�DUH�FRQFHQWUDWLQJ�RQ�SURGXFLQJ�DQG�GLVWULEXWLQJ�D�
YDFFLQH�WR�WKH�HQWLUH�SRSXODWLRQ�RI�WKH�ZRUOG��,QFRUUHFW�
LQIRUPDWLRQ�RQ�WKH�KDUPIXOQHVV�RI�K\GUR[\�FKORURTXL�
QH��ZDV�LQ�IDFW��SXEOLVKHG�LQ�WKH�/DQFHW�MRXUQDO�DQG�FRQ�
¿UPHG�E\� WKH�:+2�DQG�E\� RXU� ,66� �1DWLRQDO�+HDOWK�
,QVWLWXWH�� ±� EXW� ZDV� ODWHU� XQPDVNHG� IRUFLQJ� ERWK� WKH�
MRXUQDO�DQG�WKH�:+2�LQWR�D�VXGGHQ�8�WXUQ��7KLV�ZDV�D�
GHFLGHGO\�VWULNLQJ�FDVH�LQ�WKH�KLVWRU\�RI�UHIHUHQFH�VFLHQ�
WL¿F�MRXUQDOV�DQG�KDV�GHPRQVWUDWHG�WKDW�VFLHQWL¿F�SX-
blications cannot be trusted and the institutions 
in charge of public health even less so.
)DFHG�ZLWK� WKH�DERYH�� LQ�RXU�RSLQLRQ� WKHUH�DUH� three 
main issues� WKDW� PXVW� EH� WUHDWHG� WRGD\� ZLWK�PD[L�
PXP�XUJHQF\�E\�WKH�UHOHYDQW�DXWKRULWLHV�
���The issue of freedom to choose treatment
7KH�SULQFLSOH�RI�IUHHGRP�WR�FKRRVH�WUHDWPHQW��ODLG�GRZQ�
LQ�VHFWLRQ����RI�WKH�&RQVWLWXWLRQ�LV�QRW�QHJRWLDEOH��DQG�
FDQQRW� EH� UHPRYHG�RQ� WKH�SUHWH[W� RI� UHDO� RU�¿FWLWLRXV�
VWDWHV�RI�HPHUJHQF\��7KH�&HQWUH�RI�*UDYLW\�LV�FRPPLWWHG�
WR�GHIHQGLQJ�WKLV�LQGHIHDVLEOH�ULJKW�ZLWK�DOO�LWV�SRZHUV�
���7KH� VHQVHOHVV� SROLF\� RI� VRFLDO� GLVWDQFLQJ� LQ�
schools
:LWK�VFKRRO�OHVVRQV�VWDUWLQJ�LQ�6HSWHPEHU�DQ�RXW�DQG�
RXW� DVVDXOW� RQ� WKH� KXPDQLW\� RI� RXU� FKLOGUHQ� LV� EHLQJ�
SODQQHG�� ,W� LV�FULPLQDO� WR�VHH� WKH�SURMHFW� IRU�VRFLDO�GL�
VWDQFLQJ�EHWZHHQ� VWXGHQWV� RU� WKH�XVH� RI� IDFHPDVNV� LQ�
FODVVHV�� 7KH� KDUP� IURP� WKHVH� PHDVXUHV� JRHV� EH\RQG�
DQ\�SRVVLEOH�LPDJLQDWLRQ�±�HYHQ�RYHU�WKH�ORQJ�WHUP�LQ�
WKH� ODWHU�FRXUVH�RI� OLIH��*LYHQ� WKDW�� WR�GDWH��QR�VWXGLHV�

H[LVW�WKDW�GHPRQVWUDWH�ZLWK�FHUWDLQW\�WKDW�FKLOGUHQ�ZHUH�
LQIHFWHG�E\�WKH�GLVHDVH�LQ�3KDVH���DW�VFKRRO�DQG�WKDW�WKH\�
EURXJKW�WKH�LQIHFWLRQ�KRPH��WKH�DSSURDFK�VKRXOG�EH�RQH�
RI�SHUIRUPLQJ�FKHFN�XSV�EDVHG�RQ�ZHOO�JURXQGHG�VXVSL�
FLRQV�DQG�DVNLQJ�IDPLOLHV�QRW�WR�VHQG�FKLOGUHQ�WR�VFKR�
RO� LI� WKH\� DUH� XQZHOO�� 7R� WKLV� HQG�� SUHYHQWLYH�PHGLFDO�
HTXLSPHQW�DFURVV�WKH�WHUULWRU\��LQ�VFKRROV�DQG�ZRUNSOD�
FHV�LV�LQGLVSHQVDEOH�
���$�ZLGHU�YLVLRQ�RI�WKH�DSSURDFK�WR�WUHDWPHQW
/DVWO\�� D� YHU\� OLWWOH� LPSRUWDQFH� KDV� EHHQ� JLYHQ� E\� WKH�
PHGLD�DQG�WKH�VR�FDOOHG�³H[SHUWV´�WR�WKH�HQKDQFHPHQW�
RI�LPPXQH�UHVSRQVH�E\�prevention�WKDQNV�WR�diet and 
OLIHVW\OH��DQG�WR�supplements�DERXW�ZKLFK�VFLHQWL¿F�
HYLGHQFH� H[LVWV�� ZLWK� YLWDPLQ� '� EHLQJ� ¿UVW� DQG� IRUH�
PRVW��2Q� WKLV� WRSLF�� LW� VKRXOG�DOVR�EH� UHFDOOHG� WKDW�DQ�
inner attitude of calm and courage� VKRXOG� DOVR� EH�
SURPRWHG� WR� GHIHQG� DJDLQVW� WKH�PHGLD� ERPEDUGPHQW�
WKDW�KDV�EHHQ�UDJLQJ�GXULQJ�WKH�ODVW�PRQWKV��7KH�spi-
ritual dimension�RI�KXPDQNLQG�VKRXOG�QRW�EH�XQGH�
UHVWLPDWHG��GHVSLWH�D�FHUWDLQ�ZRUOG�RI�¿QDQFLDO�LQWHUHVWV�
WKDW�KDV�WRGD\�WDNHQ�SRVVHVVLRQ�RI�VFLHQFH�DQG�SROLWLFV�
,Q� FRQFOXVLRQ��&RYLG���� LV� D� GLVHDVH� WKDW�ZH�PXVW� JHW�
WR�NQRZ�EHWWHU��D�GLVHDVH�WKDW�LV�PXFK�OHVV�VHULRXV�WKDQ�
PDQ\�RWKHUV�EXW�ZKLFK�PXVW�EH�KDQGOHG� LQ�DQ�DSSUR�
SULDWH� ZD\�� ,W� ZRXOG� WKHUHIRUH� EH� VXLWDEOH� IRU� SK\VL�
FLDQV�DQG�IRU�WKH�SRSXODWLRQ�WR�UHFHLYH�UHJXODU�WHFKQLFDO�
XSGDWHV�RQ�WKH�VLWXDWLRQ��)RU�WKLV�UHDVRQ��LW�LV�FRQVLGH�
UHG�XVHIXO�WR�IRUP�D�group of independent experts 
WR� ZRUN� DORQJVLGH� WKRVH� VHOHFWHG� E\� WKH� *RYHUQPHQW��
7KDW�JURXS�PXVW�FRPPLW�WR�FRQYH\LQJ�WKH�UHVXOWV�RI�LWV�
own independent research� WR� WKH�*RYHUQPHQW�� LQ�
FOXGLQJ�E\�WKH�PHDQV�RI�FUHDWLQJ�D�ZHEVLWH��ZKLFK�FDQ�
EH�IUHHO\�DFFHVVHG�E\�ERWK�GRFWRUV�DQG�FLWL]HQV�
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