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$EVWUDFW� The transcription factor Nrf2, nuclear factor erythroid-2-related factor 2, activates the transcription of over 500 genes in the 

KXPDQ�JHQRPH��PRVW�RI�ZKLFK�KDYH�F\WRSURWHFWLYH�IXQFWLRQV��1UI��SURGXFHV�F\WRSURWHFWLRQ�E\�GHWR[L¿FDWLRQ�PHFKDQLVPV�OHDGLQJ�WR�
LQFUHDVHG�GHWR[L¿FDWLRQ�DQG�H[FUHWLRQ�RI�ERWK�RUJDQLF�[HQRELRWLFV�DQG�WR[LF�PHWDOV�� LWV�DFWLRQ�YLD�RYHU�WZR�GR]HQ�JHQHV�LQFUHDVHV�
KLJKO\�FRRUGLQDWHG�DQWLR[LGDQW�DFWLYLWLHV��LW�SURGXFHV�PDMRU�DQWL�LQÀDPPDWRU\�FKDQJHV��LW�VWLPXODWHV�PLWRFKRQGULDO�ELRJHQHVLV�DQG�RWK-

HUZLVH�LPSURYHV�PLWRFKRQGULDO�IXQFWLRQ��DQG�LW�VWLPXODWHV�DXWRSKDJ\��UHPRYLQJ�WR[LF�SURWHLQ�DJJUHJDWHV�DQG�G\VIXQFWLRQDO�RUJDQHOOHV��
+HDOWK�SURPRWLQJ�QXWULHQWV�DQG�RWKHU�IDFWRUV�DFW��DW�OHDVW�LQ�SDUW�E\�UDLVLQJ�1UI��LQFOXGLQJ��PDQ\�SKHQROLF�DQWLR[LGDQWV��JDPPD��DQG�
GHOWD�WRFRSKHUROV�DQG�WRFRWULHQROV��ORQJ�FKDLQ�RPHJD���IDWW\�DFLGV�'+$�DQG�(3$��PDQ\�FDURWHQRLGV�RI�ZKLFK�O\FRSHQH�PD\�EH�WKH�
PRVW�DFWLYH��LVRWKLRF\DQDWHV�IURP�FUXFLIHURXV�YHJHWDEOHV��VXOIXU�FRPSRXQGV�IURP�DOOLXP�YHJHWDEOHV��WHUSHQRLGV��2WKHU�KHDOWK�SURPRW-
ing, Nrf2 raising factors include low level oxidative stress (hormesis), exercise and caloric restriction. Raising Nrf2 has been found to 

SUHYHQW�DQG�RU�WUHDW�D�ODUJH�QXPEHU�RI�FKURQLF�LQÀDPPDWRU\�GLVHDVHV�LQ�DQLPDO�PRGHOV�DQG�RU�KXPDQV�LQFOXGLQJ�YDULRXV�FDUGLRYDVFX-

lar diseases, kidney diseases, lung diseases, diseases of toxic liver damage, cancer (prevention), diabetes/metabolic syndrome/obesity, 

VHSVLV��DXWRLPPXQH�GLVHDVHV��LQÀDPPDWRU\�ERZHO�GLVHDVH��+,9�$,'6�DQG�HSLOHSV\��/HVVHU�HYLGHQFH�VXJJHVWV�WKDW�UDLVLQJ�1UI��PD\�
ORZHU����RWKHU�GLVHDVHV��0DQ\�RI�WKHVH�GLVHDVHV�DUH�SUREDEOH�12�2122í�F\FOH�GLVHDVHV�DQG�1UI��ORZHUV�HIIHFWV�RI�12�2122í

 cycle 

HOHPHQWV��7KH�PRVW�KHDOWKIXO�GLHWV�NQRZQ��WUDGLWLRQDO�0HGLWHUUDQHDQ�DQG�2NLQDZDQ��DUH�ULFK�LQ�1UI��UDLVLQJ�QXWULHQWV�DV�DSSDUHQWO\�
ZDV�WKH�3DOHROLWKLF�GLHW� WKDW�RXU�DQFHVWRUV�DWH��0RGHUQ�GLHWV�DUH�GH¿FLHQW�LQ�VXFK�QXWULHQWV��1UI��LV�DUJXHG�WR�EH�ERWK�OLIHVSDQ�DQG�
healthspan extending. Possible downsides to too much Nrf2 are also discussed. Nrf2 is not a magic bullet but is likely to be of great 

importance in health promotion, particularly in those regularly exposed to toxic chemicals. 
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1  Introduction

Nrf2 has been known for over 10 years, to be an im-

portant transcriptional activator of antioxidant genes, 

producing important antioxidant protective responses. 

,W�KDV�DOVR�EHHQ�NQRZQ�IRU�DERXW�WKH�VDPH�WLPH�SHULRG��
to be activated by many, but not all, phenolic antioxi-

dants, such that much of the antioxidant effects of these 

compounds are produced through this regulatory re-

sponse, rather than exclusively through direct chain 

breaking antioxidant chemistry. 

However Nrf2 has been shown more recently to have 

many cytoprotective effects that go far beyond antioxi-

GDQW�HIIHFWV��7KHVH�LQFOXGH�DFWLYDWLRQ�RI�RYHU�WZR�GR]-
HQ�JHQHV�LQYROYHG�LQ�GHWR[L¿FDWLRQ�RI�D�ZLGH�YDULHW\�RI�
xenobiotic toxicants. Nrf2 and the system that regulates 

Nrf2 lower inflammatory responses, improve mito-

chondrial function and stimulate autophagy, a process 

by which both toxic protein aggregates and dysfunc-

tional organelles can be degraded. Three of these ef-

fects, the lowering of oxidative stress, inflammatory 

biochemistry and improving mitochondrial function 

VKRXOG�ORZHU�WKH�SDWKRSK\VLRORJ\�LQYROYHG�LQ�GR]HQV�
of chronic inflammatory diseases and so may be ex-

pected to be useful in the prevention or treatment of 

many common chronic diseases. 

,W�KDV�DOVR�EHHQ�VKRZQ�� LQ� UHFHQW�\HDUV�� WKDW�PDQ\�
health promoting factors other than phenolic antioxi-

GDQWV�DFW�WR�UDLVH�1UI��DFWLYLW\��0RVW�RI�WKHVH�UHFHQW�¿QG-

ings have been reviewed in a whole series of recent re-

views
[1–22]�DQG�LW�LV�WKH�UROH�RI�WKLV�SDSHU�WR�VXPPDUL]H�

WKH�YDVW�VFRSH�RI�WKHVH�QHZ�¿QGLQJV��LQFOXGLQJ�WKH�KHDOWK��
promoting and disease-preventing effects of Nrf2.

7KH�LPSRUWDQW�GHWR[L¿FDWLRQ�UROHV�RI�1UI��PHDQ�WKDW�
raising Nrf2 activity is likely to be of particular impor-

tance to the hundreds of millions of people around the 

globe who are regularly exposed to toxic chemicals that 

FDXVH�GLVHDVHV�FKDUDFWHUL]HG�E\�R[LGDWLYH�VWUHVV�� LQ-

flammation and mitochondrial dysfunction, diseases 

which include most of the chronic diseases of 21
st
 cen-

tury life. 

���'LVHDVHV�SUHYHQWHG�DQG�RU�WUHDWHG�E\�UDLV-
ing Nrf2, at least in animal models

There are a very large number of chronic diseases, listed 

in Table 1 that have been shown to be prevented and/or 

WUHDWHG�E\�UDLVLQJ�1UI���&RQYHUVHO\��ORZHULQJ�RU�NQRFNLQJ�
out Nrf2 function has often been shown to increase sus-

ceptibility to the same diseases. Most of these studies 

have been done in animal models although there are 

also an increasing number of human studies being re-

ported. 

The finding that raising Nrf2 may be useful in pre-

vention and/or treatment of this list of diseases seems 

almost too good to be true. However these diseases all 

KDYH�ERWK�R[LGDWLYH�VWUHVV�DQG�LQÀDPPDWRU\�DVSHFWV�WR�
them and many of them are also known to involve mi-

tochondrial dysfunction. Protein aggregates have causal 

roles of several of them, aggregates that may be re-

PRYHG�E\�1UI��GHSHQGHQW�DXWRSKDJ\��$�QXPEHU�RI�
these diseases are caused by toxic exposure and may be 

ORZHUHG�E\�1UI��GHSHQGHQW�GHWR[L¿FDWLRQ��7KH�GDWD�RQ�
obesity are mixed, but with most data showing that 

1UI��DFWV� WR� ORZHU�REHVLW\��2QH�RI�XV��0DUWLQ�/�3DOO��
has argued that many of these diseases are caused by 

WKH�12�2122í
 cycle, a vicious cycle mechanism in-

volving oxidative stress, inflammation and mitochon-

drial dysfunction, as well as other factors (discussed 

IXUWKHU�EHORZ���,W� LV� WKHUHIRUH�TXLWH�SODXVLEOH� WKDW�EH-

cause of the common factors involved in these diseases, 

the Nrf2 regulatory response may prevent and/or treat 

each of them.

There are reports that still other diseases may be pre-
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vented or treated by raising Nrf2, although these other 

diseases have been less studied than those listed in Table 1. 

These include hemoglobinopathies including sickle cell 

GLVHDVH�DQG�ȕ�WKDODVVHPLD>��@, malaria
>��@��VSLQDO�FRUG�LQMXU\>��@, 

WUDXPDWLF�EUDLQ� LQMXU\>�����@, altitude sickness
[40,41]

, the 

WKUHH�FODVVLF�SV\FKLDWULF�GLVHDVHV��PDMRU�GHSUHVVLRQ��
VFKL]RSKUHQLD�DQG�ELSRODU�GLVRUGHU[42–45]

, gastric ulcers
[46,47]

, 

glaucoma
[48]

, age-related macular degeneration
[49]

,  

cataract
[50,51]

, pathophysiological responses to herpes 

activation
[52]

 and benign prostatic hyperplasia
>�����@

. 

7KHVH�GLVHDVHV�DOO�LQYROYH�R[LGDWLYH�VWUHVV�DQG�LQÀDP-

matory aspects. Nrf2 is also shown to protect cells from 

HIIHFWV�RI�LRQL]LQJ�UDGLDWLRQ[55,56]
. Nrf2 was reported to 

ORZHU�VNLQ�VHQVLWL]DWLRQ�SURGXFHG�E\�VHQVLWL]LQJ�FKHPL-
cals

[57,58]��&OHDUO\�ZH�QHHG�PXFK�PRUH�UHVHDUFK�RQ�WKHVH�
Nrf2 activities before any conclusion can be made, but 

these studies suggest that the disease spectrum for 

which Nrf2 may be protective may be larger than that 

covered in Table 1. 

3  Gene activation via Nrf2

Nrf2 is most known for its role in activation of genes 

KDYLQJ�DQWLR[LGDQW�HIIHFWV��,W�DFWV�E\�ELQGLQJ�LQ�WKH�QX-

cleus, along with some other proteins known as Raf to 

ZKDW�DUH�FDOOHG�DQWLR[LGDQW�UHVSRQVH�HOHPHQWV��$5(V��
LQ�WKH�SURPRWHU�UHJLRQV�RI�JHQHV��+RZHYHU�WKHVH�$5(V�
occur not only in promoter regions of antioxidant genes 

but also genes involved in other functions, particularly 

other cytoprotective functions. While over 500 genes 

are activated by Nrf2, there are also genes whose activ-

ity is lowered by Nrf2, some of which may be regulated 

by transcription factors regulated by Nrf2 and others 

PD\�EH�UHJXODWHG�WKURXJK�$5(V�KDYLQJ�UHSUHVVLYH�HI-
fects

[4]�� ,Q�VXPPDU\��1UI��DFWV� WR�DFWLYDWH�QXPHURXV�
genes but it can also act via other transcription factors 

to increase or decrease transcription of various genes 

and may also be able to repress some genes through its 

direct effects on transcription. 

���1UI��GHSHQGHQW�DQWLR[LGDQW�HIIHFWV

$PRQJ�WKH�antioxidant genes activated by Nrf2, one of 

the most commonly studied is the heme oxygenase 1 

�+2����JHQH�ZKLFK�FRQYHUWV� IUHH�KHPH��ZKLFK�KDV�
SUR�R[LGDQW�HIIHFWV� LQWR� LURQ��FDUERQ�PRQR[LGH��&2��
and biliverdin, with the last being converted into the 

antioxidant bilirubin via an activity also raised by Nrf2, 

encoded by the two biliverdin reductase genes
[1,2]

. The 

LURQ�UHOHDVHG�E\�KHPH�R[\JHQDVH�LV�VHTXHVWHUHG�E\�IHU-
ritin, since Nrf2 induces each of 4 ferritin genes, pre-

venting iron-produced oxidative stress 
[1]

. This coordi-

nate control of multiple genes producing proteins that 

are functionally linked in producing an important bio-

logical response has been found repeatedly in Nrf2- 

mediated gene regulation. There are also antioxidant 

UHVSRQVHV�SURGXFHG�E\�&2�IURP� LWV� UHJXODWRU\� UROH��
Heme oxygenase appears to have a very important role 

in producing Nrf2 responses, based on studies using 

VSHFLILF� HQ]\PH� LQKLELWRUV�RU�+2���JHQH�NQRFNRXW�
PLFH��$�SRVVLEOH�H[SODQDWLRQ�IRU�VXFK�DQ�LPSRUWDQW�UROH�
is discussed below. 

$�VHFRQG�FRPPRQO\�VWXGLHG�DQWLR[LGDQW�JHQH�DFWLYDWHG�
E\�1UI��LV� WKH�TXLQRQH�R[LGRUHGXFWDVH�JHQH��142����

7DEOH����'LVHDVHV�ZKHUH�UDLVLQJ�1UI��LV�UHSRUWHG�WR�EH�XVHIXO�LQ�SUHYHQWLRQ�DQG�RU�WUHDWPHQW�LQ�DQLPDO�PRGHOV�DQG�RU�KXPDQV
&LWDWLRQV� 'LVHDVHV
�������������������� &DUGLRYDVFXODU�GLVHDVHV�LQFOXGLQJ�DWKHURVFOHURVLV��LVFKHPLF�FDUGLRYDVFXODU�GLVHDVH��YDVFXODU��
 endothelial dysfunction, and heart failure

������������������������������� 1HXURGHJHQHUDWLYH�GLVHDVHV�LQFOXGLQJ�$O]KHLPHU¶V��3DUNLQVRQ¶V��$/6��+XQWLQJWRQ¶V�GLVHDVHV
���������������� &DQFHU��SUHYHQWLRQ�
�������������������� &KURQLF�NLGQH\�GLVHDVHV
����������������� 0HWDEROLF�GLVHDVHV��7\SH���GLDEHWHV��PHWDEROLF�V\QGURPH��REHVLW\
����������������� 6HYHUDO�W\SHV�RI�WR[LF�OLYHU�GLVHDVH
������������������������� &KURQLF�OXQJ�GLVHDVHV�LQFOXGLQJ�HPSK\VHPD��DVWKPD��DQG�SXOPRQDU\�¿EURVLV
4, 14, 26 Sepsis

����������������±��� $XWRLPPXQH�GLVHDVHV
�������������� ,QÀDPPDWRU\�ERZHO�GLVHDVH
������ +,9�$,'6
11, 12 Multiple sclerosis

��������������� (SLOHSV\
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ZKLFK�SURGXFHV�DQ�HQ]\PH�WKDW�SUHYHQWV�VHPLTXLQRQH�
UHGR[�F\FOLQJ�DQG�FRQVHTXHQW�R[LGDWLYH�VWUHVV[2]

. Two 

VXSHUR[LGH�GLVPXWDVH�JHQHV��62'��DQG�62'���DUH�DF-
WLYDWHG�E\�1UI���ZLWK�HDFK�62'�ORZHULQJ�R[LGDWLYH�
stress by lowering superoxide. The functionally linked 

catalase and two glutathione peroxidase genes are each 

LQGXFHG�E\�1UI���ZLWK�HDFK�RI�WKHVH�HQ]\PHV�DFWLQJ�WR�
lower H222��SURGXFHG�IURP�VXSHUR[LGH�E\�WKH�62'V��
So again, we see Nrf2 mediates coordinate regulation 

of multiple antioxidant genes
[2]

. 

5HGXFHG�JOXWDWKLRQH��*6+��KDV�RIWHQ�EHHQ�GHVFULEHG�
as the most important low molecular weight antioxidant 

SURGXFHG�LQ�WKH�KXPDQ�ERG\��(DFK�RI�WKH�WKUHH�JHQHV�
HQFRGLQJ�HQ]\PHV�UHTXLUHG�IRU�WKH�de novo synthesis of 

*6+�LV�DFWLYDWHG�E\�1UI���DV�LV�WKH�JHQH�IRU�JOXWDWKLRQH�
UHGXFWDVH�>WKH�HQ]\PH�WKDW�FRQYHUWV�R[LGL]HG�JOXWDWKL-
RQH��*66*��WR�*6+@[1,2]��*HQHV�HQFRGLQJ���HQ]\PHV�
WKDW�KDYH�UROHV�LQ�WKH�V\QWKHVLV�RI�1$'3+��WKH�UHGXF-
tant needed by glutathione reductase are also activated 

E\�1UI���2WKHU�JHQHV�HQFRGLQJ�HQ]\PHV�WKDW�KDYH�UROHV�
LQ�XVLQJ�*6+�IRU�DQWLR[LGDQW�SXUSRVHV�� LQFOXGLQJ�WZR�
glutathione peroxidase genes (discussed in the previous 

paragraph) and the glutaredoxin 1 gene, are each Nrf2 

activated
[2]

. 

Five genes involved in thioredoxin-related antioxi-

dant responses are activated by Nrf2, including perox-

iredoxin-1 and -6 which destroy peroxides including 

peroxynitrite, an extremely reactive oxidant responsible 

for nitrosative stress
[1]��7KH�HQ]\PHV�SURGXFHG�E\�WKHVH�

¿YH�JHQHV�DQG�DOVR�JOXWDUHGR[LQ�PHQWLRQHG�LQ�WKH�SUH-
vious paragraph, represent a set of important and inter-

DFWLQJ�DQWLR[LGDQW�HQ]\PHV[59]
, each of which is coordi-

nately regulated by Nrf2. 

,Q�VXPPDU\��LW�FDQ�EH�VHHQ�IURP�WKH�DERYH�WKDW�WKHUH�
DUH����JHQHV�LQYROYHG�LQ�DQWLR[LGDQW�SURWHFWLRQ��HDFK�RI�
which is activated by Nrf2. There are in addition, still 

other genes activated by Nrf2. These include genes en-

coding products that act to remove toxic products of 

OLSLG�SHUR[LGDWLRQ��RWKHUV�HQFRGLQJ�HQ]\PHV�WKDW�KDYH�
roles in removing or repairing protein oxidation prod-

ucts and still others similarly regulated that help re-

PRYH�SURGXFWV�RI�R[LGDWLYH�'1$�GDPDJH�LQ� WKH�SUR-

FHVV�RI�'1$�UHSDLU�

���'HWR[L¿FDWLRQ�JHQHV�DFWLYDWHG�E\�1UI�

To the hundreds of millions of people around the world 

who are exposed daily to substantial levels of toxicants, 

GHWR[L¿FDWLRQ�PD\�EH�WKH�PRVW�LPSRUWDQW�1UI��GHSHQ-

GHQW�F\WRSURWHFWLYH�PHFKDQLVPV��+D\HV�DQG�'LQNRYD��
.RVWRYD[1]

 list a total of 25 different genes that are acti-

YDWHG�E\�1UI���HDFK�RI�ZKLFK�HQFRGHV�DQ�HQ]\PH�WKDW�
acts in detoxification of various toxic xenobiotics. 

$PRQJ�WKRVH����JHQHV[1]
 are 12 that have roles in me-

tabolism of various carbon-containing xenobiotic toxi-

FDQWV�OHDGLQJ�XS�WR�EXW�QRW�LQFOXGLQJ�FRQMXJDWLRQ��7KH\�
also list 5 genes activated by Nrf2 that increase gluta-

WKLRQH�FRQMXJDWLRQ��RQH�WKDW�LQFUHDVHV�VXOIDWH�FRQMXJD-
WLRQ�DQG�WZR�WKDW�OHDG�WR�JOXFXURQLGDWLRQ��(DFK�RI�WKHVH�
8 genes have roles in increasing toxicant excretion 

ZKLFK�IROORZV�XSRQ�FRQMXJDWLRQ��7KHUH�DUH�DOVR�1UI���
activated genes that increase transport of xenobiotic 

FKHPLFDOV� IURP� WKH�FHOO�� WKXV� LQFUHDVLQJ�VXEVHTXHQW�
excretion from the body. 

Two potentially important detoxification genes, not 

discussed in ref. 
[1]

 are the Mt1 and Mt2 genes for 

metallothionein, both of which are induced by Nrf2
[60]

. 

Metallothionein has roles in chelating, transporting and 

excreting both essential and toxic metals, including 

cadmium, mercury, lead and arsenic
[61]

. However it 

should be noted that when metallothionein was studied 

in a relatively short-term study of cadmium toxicity, it 

was concluded that Nrf2 effects on antioxidant responses 

were more important than were metallothionein effects 

in producing resistance to cadmium toxicity
[60]

. Metal-

lothionein levels have been shown to have a role in 

determining lead toxicity
[62]

. Toyama et al.>��@ showed 

that Nrf2 stimulated mercury excretion with such 

excretion attributed by the authors to increased reduced 

JOXWDWKLRQH��,W�VKRXOG�EH�QRWHG�WKDW�UHGXFHG�JOXWDWKLRQH�
is the most common low molecular weight thiol in the 

body and because mercury, lead, cadmium and arsenic 

all react with thiol groups, Nrf2-dependent raising 

reduced glutathione may be expected to increase detox-

L¿FDWLRQ�RI�HDFK�RI� WKHVH�WR[LF�PHWDOV��7KH�1UI��DFWL-
vating nutrient, curcumin has been shown to lower 

hepatotoxicity of arsenic, cadmium, chromium, copper, 

lead and mercury with such lowered toxicity attributed 

to both Nrf2 activation and direct chelation by curcum-

in
[64]

. This paragraph only reviews a fraction of the 

available information that relates to Nrf2 and toxic 

metal exposure. Nevertheless it suggests that Nrf2 

probably has a substantial role in producing resistance 

to toxic metal exposure.

1UI��KDV�D�ZLGH�UDQJH�RI�GHWR[L¿FDWLRQ�HIIHFWV��SUR-

ducing increased resistance to toxic organic xenobiotics 

and toxic metals. 
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���$QWL�LQÀDPPDWRU\�HIIHFWV�RI�1UI�

1UI��DFWLYDWLRQ�SURGXFHV�D�ZLGH�YDULHW\�RI�DQWL�LQÀDP-

PDWRU\�HIIHFWV� LQFOXGLQJ�ORZHUHG�1)�ț%�DQG�ORZHUHG�
DFWLYLW\�RI�D�VHULHV�RI�LQÀDPPDWRU\�PHGLDWRUV�LQFOXGLQJ�
F\WRNLQHV��FKHPRNLQHV��DGKHVLRQ�PROHFXOHV��&2;����
003���DQG�L126[6,15,16]

. The interaction between Nrf2 

DQG�1)�ț%�LV�YHU\�FRPSOH[��ZLWK�HDFK�KDYLQJ�HIIHFWV�
that both increase and decrease the other. However it is 

clear that
[6]� ³1)�ț%�SDWKZD\� LV� LQKLELWHG�E\�VHYHUDO�

1UI��DFWLYDWRUV´�EXW�WKH�VSHFL¿F�PHFKDQLVPV�UHVSRQVL-
EOH�IRU�1UI���PHGLDWHG�ORZHULQJ�RI�1)�ț%�LV�VWLOO�VRPH-
what uncertain. However

[6]�³&RQYHUVHO\��UHFHQW�H[SHUL-
PHQWDO�HYLGHQFH� LQGLFDWHV� WKDW�1)�ț%�PD\�GLUHFWO\�
repress Nrf2 signaling at the transcriptional level.” Two 

GLUHFW�DQWL�LQÀDPPDWRU\�HIIHFWV�RI�1UI��DUH�WKDW�LW�VWLP-

XODWHV�WKH�WUDQVFULSWLRQ�RI� WKH�DQWL�LQÀDPPDWRU\�F\WR-

NLQH�,/����JHQH[5]
 and it has also been shown to lower 

UHJXODWRU\�UHVSRQVHV�SURGXFHG�E\�7*)�ȕ[16]
. 

,Q�FRQFOXVLRQ��1UI��SURGXFHV�D�ODUJH�QXPEHU�RI�DQWL��
LQÀDPPDWRU\�HIIHFWV��ZLWK�PDQ\�PHGLDWHG�E\�ORZHULQJ�
1)�ț%�DFWLYLW\� DQG� VRPH�RWKHUV�PHGLDWHG� WKURXJK�
1UI��GHSHQGHQW�LQFUHDVHV�LQ�,/�����1)�ț%�DFWV�LQ�WXUQ�
to lower Nrf2 activity. The mechanisms involved in 

1UI���GHSHQGHQW�ORZHULQJ�RI�1)�ț%�DFWLYLW\�DUH�FRP-

plex and not completely understood, although it seems 

likely that Nrf2-dependent lowering of oxidant levels 

has a role.

���0LWRFKRQGULDO�ELRJHQHVLV�DQG�DXWRSKDJ\

Most of the diseases listed in Table 1 are also charac-

WHUL]HG�E\�HQHUJ\�PHWDEROLVP�DQG�PLWRFKRQGULDO�G\V-
IXQFWLRQ��2QH�RI�WKH�PHFKDQLVPV�WKDW�PD\�EH�LQFOXGHG�
as cytoprotective may be increased mitochondrial bio-

genesis. Nrf2 produces such increased mitochondrial 

biogenesis acting in part by activating a related gene, 

Nrf1
[20]��$�ODUJH�QXPEHU�RI�RWKHU�JHQHV�LQYROYHG�LQ�HQ-

ergy metabolism are also activated by Nrf2
[1]

 and are 

thought to contribute to both mitochondrial biogenesis 

and improved mitochondrial function. There is a lot of 

FURVVWDON�EHWZHHQ�1UI�� DQG� WKH�$03.�SURWHLQ�NL-
nase

[65]��ZKLFK�LV�VWLPXODWHG�E\�$03�DQG�ZKLFK�WKHUH-
IRUH�PRQLWRUV�HQHUJ\�OHYHOV��,W�LV�SRVVLEOH�WKHUHIRUH�WKDW�
this may be an important interaction in controlling mi-

tochondrial responses. 

,W�LV�DOVR�WKH�FDVH�WKDW�D�QXPEHU�RI�KHDOWK�SURPRWLQJ�
nutrients that stimulate Nrf2 also act to increase the 

process of autophagy by which damaged organelles and 

also damaging protein aggregates can be degraded pro-

teolytically, with such autophagy occurring, in part, via 

a Nrf2-dependent process
[66,67]

. This stimulation of au-

tophagy is useful in removing damaged mitochondria 

DQG�RWKHU�GDPDJHG�RUJDQHOOHV�� ,W� LV�DOVR�XVHIXO� LQ�UH-
moving protein aggregates that have roles in neurode-

generative and other diseases and autophagy has anti-

oxidant roles as well. However it should be noted, that 

DXWRSKDJ\�LV�LQKLELWHG�E\�YHU\�KLJK�OHYHOV�RI�1UI���,Q�
summary, Nrf2-dependent autophagy may be useful as 

a cytoprotective response in multiple ways, one of 

which has roles in improving mitochondrial function. 

While most of the health promoting effects of Nrf2 

FDQ�EH�XQGHUVWRRG�LQ�WHUPV�RI�LWV�DQWLR[LGDQW��GHWR[L¿-

FDWLRQ��DQWL�LQÀDPPDWRU\�DQG�DXWRSKDJ\�HIIHFWV�DQG�LWV�
ability to stimulate mitochondrial biogenesis, still other 

health promoting effects may also occur. For example, 

LQ�PDQ\�RI�WKH�FKURQLF�LQÀDPPDWRU\�GLVHDVHV��WKHUH�LV�
substantial pathophysiological tissue remodeling in-

YROYLQJ�¿EURVLV��1UI��KDV�EHHQ�UHSRUWHG�WR�KDYH�DQWL¿-

brotic effects in the lung, liver and kidney
[68–71]

, acting 

E\�VWLPXODWLQJ�GHGLIIHUHQWLDWLRQ�RI�¿EUREODVWV��0XFK�RI�
WKLV�DQWL¿EURWLF�HIIHFW�LV�WKRXJKW�WR�EH�SURGXFHG�E\�DQ�
DQWL�LQÀDPPDWRU\�DFWLRQ�RI�1UI��ZKLFK�ORZHUV�7*)�ȕ�
signaling. 

���1UI��DFWLYLW\�LV�UDLVHG�E\�PDQ\�KHDOWK�SURPRWLQJ�
QXWULHQWV�DQG�RWKHU�IDFWRUV

7KH�DPD]LQJ�OLVW�RI�KHDOWK�SURPRWLQJ�IDFWRUV�WKDW�KDYH�
been shown to act, at least in part, by raising Nrf2 are 

shown in Table 2.

(DFK�RI�WKH�QLQH�IDFWRUV�OLVWHG�LQ�7DEOH���KDYH�DQ�H[-

WHQVLYH�OLWHUDWXUH�RQ�WKHLU�KHDOWK�SURPRWLQJ�HIIHFWV��$O-
though all nine have been shown to raise Nrf2 activity, 

several of these can clearly act in other ways not in-

volving Nrf2 to promote health.

For example, four of the nutritional factors are well 

established to act independently of Nrf2 as follows:

Phenolics, including tocopherols/tocotrienols, can act 

as chain breaking antioxidants.

&DURWHQRLGV�FDQ�DFW�DV�VFDYHQJHUV�RI�VLQJOHW�R[\JHQ�
and peroxynitrite.

)LVK�RLO�KDV�DQWL�LQÀDPPDWRU\�SURSHUWLHV�E\�DFWLQJ�DV�
precursors of eicosanoids.

([HUFLVH�FDQ�DFW�LQ�ZD\V�LQGHSHQGHQW�RI�1UI��
The phenolics act via three mechanisms to raise Nrf2, 

but some phenolics are completely inactive in this pro-

cess. The ones that appear to act most directly, are or-
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WKR�RU�SDUD�GLK\GUR[\SKHQROV�ZKLFK�FDQ�JHW�R[LGL]HG�
WR�TXLQRQHV[2]

 which then act to raise Nrf2. The role of 

the phenol ring structures are also seen in the second 

type of chemical listed in Table 2, the different forms 

RI�YLWDPLQ�(��7KHVH�DUH�DOVR�SKHQROLF� IRUPV��EXW� WKH�
SKHQRO� ULQJ�VWUXFWXUHV� LQ� WKH�Ȗ�	�į� IRUPV�DUH�PXFK�
PRUH� DFWLYH� WKDQ� WKDW� LQ� Į�WRFRSKHURO� LQ� UDLVLQJ�
Nrf2

>�����@��Į�WRFRSKHURO��WKH�FRPPRQ�IRUP�RI�YLWDPLQ�(�
used in supplements, has modest activity in raising 

1UI��� LW�PD\�GHFUHDVH�1UI��DFWLYLW\� in vivo, however, 

because it increases the degradation in the body of the 

RWKHU�IRUPV�RI�YLWDPLQ�(��LQFOXGLQJ�WKH�Ȗ�	�į�WRFRSKHU-
ols and tocotrienols

[81]
. 

However each of these 9 factors, when tested in 
Nrf2í�í

 mouse knockout mutants have been shown to 

have lost most of their health-promoting properties as 

compared with their activity in Nrf2���
 mice (see, for 

example, refs 
[82–89]

). This shows, therefore that much of 

WKHLU�KHDOWK�SURPRWLRQ�UHTXLUHV�WKH�SUHVHQFH�RI�D�IXQF-
WLRQDO�1UI��JHQH��DW�OHDVW�LQ�WKH�PRXVH��2WKHU�FHOO�FXO-
ture studies on these nutritional factors have also sup-

ported an important role for Nrf2 elevation in response 

to these factors, as well. 

&DORULF�UHVWULFWLRQ��DQRWKHU�KHDOWK�SURPRWLQJ�IDFWRU��
acts in part by raising Nrf2

[90–92]
. There are traditional 

&KLQHVH��$\XUYHGLF��(XURSHDQ�DQG�1DWLYH�$PHULFDQ�
herbals that have been shown to act by raising Nrf2. 

Two of these were discussed earlier
>��@

 but a full consid-

eration of such herbals goes beyond the scope of this 

review. 

There are still other phytochemical Nrf2 raising fac-

WRUV��VRPH�RI�ZKLFK�DUH�KDUGHU�WR�FKDUDFWHUL]H�WKDQ�WKH�
categories listed in Table 2. For example, a number of 

plant-derived acetylenic compounds also raise Nrf2
[2]

. 

'LWKLROHWKLRQHV�IURP�FUXFLIHURXV�SODQWV�DOVR�DFW�WR�UDLVH�
Nrf2

[2]�DV�GRHV�Į�OLSRLF�DFLG��,W�KDV�DOVR�EHHQ�UHSRUWHG�

WKDW�EXW\UDWH�SURGXFHG�IURP�GLHWDU\�¿EHU�IHUPHQWDWLRQ�
in the colon, acts to raise Nrf2 in colonocytes

[94]�� WKLV�
butyrate action may have implications regarding  

GLHWDU\�¿EHU�DQG�1UI��FRQWURO�LQ�WKH�ORZHU�JDVWURLQWHVWL-
QDO��*,��WUDFW�

Three of these classes of chemicals act via their oxi-

dation products to raise Nrf2 levels. The long chain 

RPHJD���IDWW\�DFLGV�'+$�DQG�(3$�DFW�YLD�WKHLU�R[LGD-
tion product 4-hydroxyhexenal and other oxidation 

products to raise Nrf2
[26,27,95]

. The carotenoids act, pri-

marily and possibly entirely, via their oxidation prod-

ucts to raise Nrf2
[76,77]

. Many of the phenolic antioxi-

GDQWV�WKDW�UDLVH�1UI��DUH�WKRXJKW�WR�DFW�YLD�WKHLU�TXLQRQH�
oxidation products in raising Nrf2

[1–6]
. Sandberg et al.[5]

 

KDYH�DUJXHG�WKDW�FKURQLFDOO\�LQÀDPHG�WLVVXHV�PD\�EH-
come less susceptible to agents raising Nrf2. Similarly, 

.XPDU�et al.[2]
 state that “Unfortunately, long-term in-

ÀDPPDWRU\�VLJQDOLQJ�FDQ�UHVXOW� LQ�GHFUHDVHG�1UI��DF-

tivity and decreased antioxidant and defense capacity”. 

,W�PD\�EH�XVHIXO� LQ� WKHUDS\�RI�GLVHDVHV�RI�FKURQLF�LQ-

flammation to use these three classes of Nrf2 raising 

nutrients, because the higher rates of oxidation of these 

QXWULHQWV�LQ�LQÀDPHG��R[LGDWLYH�VWUHVVHG�WLVVXHV�PD\�DFW�
to counteract otherwise lowered Nrf2 responses in such 

tissues. 

�� �7KH�WZR�PRVW�KHDOWKIXO�NQRZQ�GLHWV�� WKH�
WUDGLWLRQDO�0HGLWHUUDQHDQ�GLHW�DQG�WKH�WUD-
GLWLRQDO�2NLQDZDQ�GLHW��DUH�ERWK�ULFK�LQ�1UI��
activating nutrients

The traditional Mediterranean diet which is thought to 

EH� LGHDOO\� WKH�&UHWDQ�GLHW�DQG�SHUKDSV� WKH� VRXWKHUQ�
*UHHN�DQG�VRXWKHUQ�,WDOLDQ�GLHWV�RI� WKH�����V�DQG�WKH�
WUDGLWLRQDO�2NLQDZDQ�GLHW�RI�WKH�VDPH�WLPH�SHULRG��DUH�
thought to be the most healthful human diets known, 

Table 2. Health-promoting factors that raise Nrf2 activity

&LWDWLRQV� +HDOWK�SURPRWLQJ�IDFWRUV
������������������ 0DQ\�EXW�QRW�DOO�SKHQROLF�DQWLR[LGDQWV
������� Ȗ��į�WRFRSKHUROV�DQG�WRFRWULHQROV��EXW�Į�WRFRSKHURO�KDV�OLWWOH�DFWLYLW\�
��������������������� ,VRWKLRF\DQDWHV�IURP�EURFFROL��FDEEDJH�DQG�RWKHU�FUXFLIHURXV�IRRGV
2, 4, 5, 8, 15, 19, 20 Triterpenoids and other terpenes

�������������� 6XOIXU�FRPSRXQGV�LQFOXGLQJ�DOO\O�VXO¿GHV�LQ�JDUOLF�RQLRQ�DOOLXP�IRRGV
2, 76, 77 Many carotenoids with lycopene apparently the most active

���������� )LVK�RLO��ORQJ�FKDLQ�RPHJD���IDWW\�DFLGV�'+$�DQG�(3$��
������ 0RGHVW�R[LGDWLYH�VWUHVV��KRUPHVLV�
��������� ([HUFLVH��ZRUNV�LQ�SDUW�YLD�PRGHVW�R[LGDWLYH�VWUHVV��PD\�DOVR�ZRUN�LQ�WKH�YDVFXODWXUH�YLD�ODPLQDU�VKHDU�VWUHVV
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with high overall lifespans, large numbers of centenari-

ans and low incidences of cancer and cardiovascular 

disease
>��±���@��'LHWV� LQ� ERWK� RI� WKHVH� ORFDWLRQV� DUH�

thought to have become much less healthful in recent 

decades, but studies of these two traditional diets are 

still important parts of our understanding of dietary 

IDFWRUV�WKDW�PD\�LQÀXHQFH�KXPDQ�KHDOWK��7KH�TXHVWLRQ�
being raised here is whether it is likely that nutrients 

raising Nrf2 activity in these diets have an important 

role in producing the health promoting properties of 

these two diets. 

The dietary factors listed in Table 2 which raise Nrf2 

are all of plant origin except for the long chain omega- 

�� IDWW\�DFLGV�ZKLFK�DUH�EHVW�REWDLQHG� IURP�VHDIRRG��
&RQVHTXHQWO\�� LW�PD\�EH�DUJXHG�WKDW� WKH�EHVW�GLHWV�IRU�
raising Nrf2 are diets with regular seafood consumption 

but otherwise containing large amounts of foods de-

rived from plants, particular plants with low calorie 

densities which are likely to be consumed in larger 

TXDQWLWLHV�DQG�WKHUHIRUH�SURYLGH��LQ�JHQHUDO�PRUH�SK\-

WRFKHPLFDOV��%RWK� WKH� WUDGLWLRQDO�0HGLWHUUDQHDQ�DQG�
2NLQDZDQ�GLHWV�FOHDUO\�ILW� WKLV�GHVFULSWLRQ>��±���@. Fur-

thermore several of the nutrient categories known to 

raise Nrf2 listed in Table 2 are thought to be high in 

HDFK�RI�WKHVH�GLHWV��VHH�7DEOH����
,W�FDQ�EH�VHHQ�IURP�7DEOH���WKDW�HDFK�RI�WKHVH�KHDOWK��

promoting diets are very rich in nutritional components 

WKDW�UDLVH�1UI���LQFOXGLQJ�¿YH�RI�WKH�VL[�W\SHV�RI�1UI��
DFWLYDWLQJ�FRPSRQHQWV�OLVWHG�LQ�7DEOH����7KH�WUDGLWLRQDO�

0HGLWHUUDQHDQ�GLHW�LV�PRVW�FKDUDFWHUL]HG�E\�KLJK�FRQ-

sumption of olives and olive oil, which are known to 

FRQWDLQ�YHU\�KLJK�OHYHOV�RI�SKHQROLFV�DQG�WHUSHQRLGV��
both olive-derived phenolics and terpenoids have been 

shown to raise Nrf2. The main caloric source in the tra-

GLWLRQDO�2NLQDZDQ�GLHW� LV� WKH� VZHHW� SRWDWR�� RIWHQ�
including purple sweet potatoes 

[96]��$OO�VZHHW�SRWDWRHV�
are very high in carotenoids and purple sweet potatoes 

are very high in anthocyanin phenolics which are 

potent Nrf2 activators. Murakami et al.[97]
 showed that 

D�ODUJH�QXPEHU�RI�VSHFL¿F�YHJHWDEOHV�LQ�WKH�WUDGLWLRQDO�
2NLQDZDQ�GLHW�DUH�SRWHQW�DJHQWV�WKDW�ORZHU�WKH�SURGXF-
tion of both superoxide and nitric oxide in leukocytes, 

suggesting that these vegetables act in part by raising 

1UI���,Q�VRPH�FDVHV��WKH\[97]
 implicated both phenolics 

and terpenoids in producing these responses, again sug-

gesting a possible Nrf2 effect. While it is unlikely that 

all of the phytochemicals that may produce health- 

promoting effects in these two diets are acting mainly 

or solely via Nrf2, it is likely in our opinion, that Nrf2 

KDV�D�PDMRU� UROH� LQ� WKH�KHDOWK�SURPRWLRQ� LQ�HDFK�RI�
these two diets. 

7KH�2NLQDZDQ�GLHW� LV� WKRXJKW� WR�EH�YHU\�VLPLODU� WR�
what is often called the Paleolithic diet

>���@
, the diet that 

our ancestors ate during much of human evolution. The 

only substantial difference is that in the Paleolithic diet, 

PRVW�RI�WKH�RPHJD���IDWW\�DFLGV�FDPH�IURP�ZLOG�WHUUHV-
WULDO�DQLPDOV�DQG�SODQWV��ERWK�RI�ZKLFK�DUH�TXLWH�ULFK�LQ�
RPHJD���IDWW\�DFLGV[104]��UDWKHU�WKDQ�SULPDULO\�IURP�¿VK��

7DEOH����(VWLPDWHG�1UI��UDLVLQJ�QXWULWLRQDO�FRPSRQHQWV�LQ�WKH�WZR�PRVW�KHDOWKIXO�GLHWV�NQRZQ
1XWULHQW�FRPSRQHQW� 7UDGLWLRQDO�0HGLWHUUDQHDQ�'LHW� 7UDGLWLRQDO�2NLQDZDQ�'LHW
Phenolic antioxidants High consumption from olives and olive oil,  High consumption from soy, many green

� KHUEV��OHJXPHV��HJJSODQW��PDQ\�OHDI\�JUHHQ� YHJHWDEOHV�DQG�KHUEV��DOVR�SURYLGHG�E\�SXUSOH�
� YHJHWDEOHV� VZHHW�SRWDWR�YDULHWLHV��³2NLQDZDQ�VSLQDFK´
  (Perilla��PDMRU�VRXUFH�RI�URVPDULQLF�DFLG�
&DURWHQRLGV� +LJK�FRQVXPSWLRQ��HVSHFLDOO\�IURP�WRPDWRHV�� 9HU\�KLJK�FRQVXPSWLRQ�IURP�VZHHW�SRWDWRHV�DQG�
 and leafy green vegetables many leafy green vegetables 

/RQJ�FKDLQ�RPHJD���� +LJK�FRQVXPSWLRQ�IURP�¿VK��DOVR�SXUVODQH�� +LJK�FRQVXPSWLRQ�IURP�¿VK��DOVR�OHDI\�JUHHQ�
fatty acids and walnuts provide fatty acid precursors to  vegetables provide some fatty acid precursors to 

 the human body the human body

,VRWKLRF\DQDWHV� 3UREDEO\�DYHUDJH�IRU�(XURSHDQ�GLHWV� +LJK�IURP�FUXFLIHURXV�YHJHWDEOHV�DQG�GDLNRQ��
� � UDGLVK��EXW�QR�KLJKHU�WKDQ�RWKHU�(DVW�$VLDQ�GLHWV
7HUSHQRLGV� +LJK�IURP�0HGLWHUUDQHDQ�KHUEV��ROLYHV��SHHO�� 8QFHUWDLQ��VXEVWDQWLDO�OHYHOV�LQ�Perilla and some 

� RI�IUXLWV�DQG�HJJSODQW� RWKHU�KHUEV��PD\�EH�KLJK[97]

$OOLXP�GHULYHG�VXOIXU�� +LJK�FRQVXPSWLRQ�RI�JDUOLF�DQG�RQLRQV� 5HODWLYHO\�KLJK��RQLRQV��RWKHU�DOOLXP���SUREDEO\��
FRPSRXQGV� � VLPLODU�WR�&KLQHVH�GLHW
,QIRUPDWLRQ�GHULYHG�IURP>��±���@

.
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6SHFL¿FDOO\��WKH�2NLQDZDQ�GLHW�LV�WKRXJKW�WR�FORVHO\�UH-
semble the Paleolithic diet in having very high levels of 

phenolic and carotenoid antioxidants as well as high 

RPHJD���OHYHOV��SUREDEO\�DOVR�WHUSHQRLGV�DQG�HVVHQWLDOO\�
no grain consumption

>���@
, all of which may be relevant 

WR�1UI��FRQWURO�� ,W� VHHPV� OLNHO\�� WKHUHIRUH�� WKDW�ZH�
evolved with much higher levels of Nrf2 raising nutri-

ents in our diets and that almost all of us are currently 

LQ�D�GLHWDU\�GH¿FLHQF\�VWDWH�IRU�1UI��UDLVLQJ�QXWULHQWV��
This may be responsible for much of the extraordinary 

predominance of chronic diseases afflicting modern 

SRSXODWLRQV��FKDUDFWHUL]HG�E\�R[LGDWLYH�VWUHVV�� LQÀDP-

mation and mitochondrial dysfunction. 

��� �,V�1UI��D�PDVWHU�UHJXODWRU�RI� ORQJHYLW\�
DQG�KHDOWKVSDQ"

The concept that Nrf2 is a master regulator of not only 

longevity, but also more importantly of healthspan was 

suggested by Lewis et al.[105]
 in their paper entitled 

“Nrf2, a guardian of healthspan and gatekeeper of spe-

cies longevity.” They state
[105]

 that “There is mounting 

evidence across evolutionarily distant species that 

1UI��$5(�GHSHQGHQW�FRPSRQHQWV�DUH�DVVRFLDWHG�ZLWK�
both longevity and extension of healthspan.” These 

studies include a number of genetic studies in the 

mouse and in several other species, showing that rais-

ing Nrf2 activity produces prolonged lifespans and 

healthspans and that lowering Nrf2 produces shorter 

lifespans and healthspans. The mouse studies are par-

ticularly important here because genetic manipulation 

in transgenic mice allows one to easily determine ef-

IHFWV�RI�ERWK� UDLVHG�DQG� ORZHUHG�1UI��DFWLYLW\��2QH�
change that may contribute to determining lifespans 

and healthspans is replicative senescence of cells which 

has been reported to be delayed by Nrf2
[106]��&RQYHUVH-

ly, a knockout of the Nrf2 gene leads to premature cel-

lular senescence
[107]

. These roles of Nrf2 in determining 

cellular senescence rates should not be surprising, giv-

en the roles of oxidative stress in producing cellular se-

nescence
[108]

. 

This general notion regarding Nrf2, longevity and 

healthspan is, of course, strongly supported by the 

many diseases including diseases of aging that are low-

ered, at least in animal studies by raising Nrf2 (Table 

����,W� LV�DOVR�VWURQJO\�VXSSRUWHG�E\�WKH�YDULRXV�KHDOWK�
promoting nutritional and other factors that all raise 

Nrf2 and act, at least in part through the raising of Nrf2 

�7DEOH�����,W� LV�VXSSRUWHG�DV�ZHOO�E\�WKH�KLJK�OHYHOV�RI�

Nrf2-raising nutrients found in the two most healthful 

diets known, the traditional Mediterranean diet and the 

WUDGLWLRQDO�2NLQDZDQ�GLHW��7DEOH����

����+RZ�LV�1UI��UHJXODWHG�E\�WKH�KHDOWK�SUR-
PRWLQJ�IDFWRUV�OLVWHG�LQ�7DEOH��"

(DFK�RI� UHIV[1–22]
 has reviewed the mechanisms by 

which Nrf2 is regulated and each provides some infor-

mation on how various factors raise Nrf2. Their discus-

sions on mechanisms of Nrf2 regulation are, in general, 

PXFK�PRUH�GHWDLOHG�WKDQ�LV�WKH�GLVFXVVLRQ�KHUH��&RQVH-
TXHQWO\��WKH�UHDGHU�LV�HQFRXUDJHG�WR�JR�WR�WKHP�DQG�LQ�
particularly to

[1–4]
 for more detailed information than is 

provided here. 

Nrf2 protein under what have been called noninduced 

situations is mostly contained in an inactive complex 

ZLWK�DQRWKHU�SURWHLQ�NQRZQ�DV�.HDS���.HDS��KDV�¿YH�
reactive cysteine residues, in each of which reaction of 

inducing chemicals with the cysteine thiol, can start a 

SURFHVV�OHDGLQJ�WR�UHOHDVH�RI�1UI��IURP�.HDS���)ROORZ-

ing release, Nrf2 can move into the nucleus, complex 

ZLWK�RWKHU�SURWHLQV�FDOOHG�0DI��ELQG�WR�$5(�VHTXHQFHV�
RQ�'1$�DQG�VWLPXODWH�WUDQVFULSWLRQ�RI�DGMDFHQW�JHQHV��
The agents that react with these thiols are electrophilic 

and/or oxidative and the reaction with these thiols is 

thought to be the most important mechanism of regula-

tion of Nrf2. The five different cysteine thiols differ 

from one another in what compounds they react with. 

However there are many other mechanisms that come 

into play, making the Nrf2 control system very com-

plex. There are several protein kinases that have roles 

LQ�UHJXODWLQJ�1UI��� LQFOXGLQJ�WKH�(5.�-1.�SDWKZD\��
3,�.�$NW�*6.��ȕ�SDWKZD\��SURWHLQ�NLQDVH�&��$03.[65]

 

DQG�SURWHLQ�NLQDVH�*��,Q�DGGLWLRQ��ZKHQ�1UI��LV�ERXQG�
WR�.HDS���1UI�� WHQGV� WR�EH� WDUJHWHG� IRU�SURWHDVRPDO�
degradation, so that its levels are kept low. Release 

IURP�.HDS�� LQFUHDVHV� WKH� VWDELOLW\�RI�1UI�� URXJKO\�
7-fold, leading to substantially increased levels. Fur-

thermore, Nrf2 stimulates the transcription of its own 

JHQH�DQG�DOVR�WKH�0DI*�JHQH��WKXV�IXUWKHU�VWLPXODWLQJ�
Nrf2-dependent transcription. The P62 protein involved 

in autophagy that is activated by Nrf2 also is involved 

in a positive feedback loop, increasing Nrf2 activity
[66]

. 

While the mechanisms in the previous three sentences 

act to amplify Nrf2 activation, there is also two mecha-

nisms that lower Nrf2 activation. Nrf2 also stimulates 

WUDQVFULSWLRQ�RI�WKH�.HDS��JHQH��ORZHULQJ�1UI��HOHYD-
tion. Furthermore Nrf2 also stimulates the transcription 
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RI�D�JHQH�HQFRGLQJ�,1UI���D�SURWHLQ� WKDW�DOVR� ORZHUV�
Nrf2 activity

[109]
. 

1UI��LV�DOVR�UHJXODWHG�E\�PLFUR51$V��LQFOXGLQJ�PL5�
���D�� WKDW� ORZHU�WKH�WUDQVODWLRQ�RI�WKH�1UI��P51$�RU�
P51$V�RI�1UI��UHODWHG�SURWHLQV[110,111]��%HFDXVH�OHYHOV�
of miR-200a are regulated by histone acetylation

[111]
, 

VXFK�DFHW\ODWLRQ�PD\�EULQJ�LQ�DQRWKHU�OHYHO�RI�FRQWURO��
this may explain part of the action of the histone 

deacetylase inhibitor butyrate, discussed above, in rais-

ing Nrf2
[94]��)XUWKHUPRUH��WKH�SURWHLQ�GHVLJQDWHG�S����

&%3�LV�DQ�DFHW\OWUDQVIHUDVH� WKDW�DFHW\ODWHV�ERWK�KLV-
tones and Nrf2 itself, with Nrf2 acetylation stimulating 

LWV� DFWLYLW\� LQ�$5(�PHGLDWHG�JHQH� WUDQVFULSWLRQ[112]
. 

&RQVHTXHQWO\�� WKH�KLVWRQH�GHDFHW\ODVH�LQKLELWRU�EXW\U-
ate may also act by increasing Nrf2 acetylation to in-

crease Nrf2 transcriptional activity. 

$QRWKHU�UHJXODWRU\�OLQNDJH�LV�WKDW�DJHQWV�WKDW�VWLPX-

ODWH�WKH�DU\O�K\GURFDUERQ�UHFHSWRU��$K5��LQFUHDVH�1UI��
transcription, leading to increases in Nrf2 activity, a 

VXEMHFW�WKDW�KDV�RQO\�IDLUO\�UHFHQWO\�DWWUDFWHG�PXFK�DW-
tention

>���@
.

3URWHLQ�NLQDVH�*�KDV�UHFHQWO\�EHHQ�VKRZQ�WR�KDYH�D�
substantial role in activating Nrf2

[114–117]�� ,WV�UROH�PD\�
H[SODLQ�RQH�RI� WKH� ORQJ�VWDQGLQJ�SX]]OHV�DERXW�1UI���
ZK\�GRHV�+2���LQGXFWLRQ�KDYH�VXFK�DQ�LPSRUWDQW�UROH�
in the action of Nrf2? This has been shown in a number 

RI�VWXGLHV�RI�1UI��DFWLRQ��ZKHUH�D�VSHFL¿F�LQKLELWRU�RI�
heme oxygenase has been shown to greatly lower the 

biological effects of Nrf2 activation. Why then should 

+2���EH�VR�LPSRUWDQW�LQ�WKH�DFWLRQ�RI�1UI�"�2QH�RI�WKH�
SURGXFWV�RI�+2���HQ]\PDWLF�DFWLYLW\�LV�&2��ZKLFK�DFWV��
DV�GRHV�12�� WR�JUHDWO\� VWLPXODWH� WKH�SURGXFWLRQ�RI�
F*03�DQG�WKHUHIRUH�RI�SURWHLQ�NLQDVH�*�VWLPXODWLRQ�RI�
Nrf2

[117,118]��,W�IROORZV�IURP�WKLV�WKDW�+2���LQGXFWLRQ�E\�
Nrf2 may be an important positive feedback loop, pro-

ducing a much more rapid increase in Nrf2 activity and 

therefore Nrf2-dependent responses over time follow-

ing any initial steps raising Nrf2 activity, than will oc-

FXU�LQ�WKH�DEVHQFH�RI�LQFUHDVHG�+2���DFWLYLW\��,W�LV�RXU�
opinion, that substantial indirect effects of Nrf2 may be 

SURGXFHG�YLD�LQFUHDVHG�F*03�SURWHLQ�NLQDVH�*��HIIHFWV�
that are distinct from this positive feedback loop. 

How then do the agents listed in Table 2 stimulate 

1UI��DFWLYLW\"�,VRWKLRF\DQDWHV[2,7]
, H222 and other oxi-

GDQWV��SKHQROLF�DQWLR[LGDQWV��ORQJ�FKDLQ�RPHJD���IDWW\�
DFLGV�DQG�FDURWHQRLGV�DFW�E\�UHDFWLRQ�ZLWK�.HDS��UHDF-
tive thiols with the last three of these acting through 

WKHLU�R[LGDWLRQ�SURGXFWV��$OOLXP�VXOIXU�FRPSRXQGV��
LVRWKLRF\DQDWHV�DQG�FDURWHQRLGV�DFW�YLD�(5.�VWLPXOD-

tion
[119,120]

, with the latter two acting via two distinct 

PHFKDQLVPV�WR�UDLVH�1UI���6RPH�ÀDYRQRLGV�DQG�RWKHU�
phenolics, including some that are inactive in the 

.HDS��UHDFWLRQV�DFW�DV�$K5�DJRQLVWV[121]
, some act via 

protein kinase signaling
[122]�DQG�VRPH�DFW�YLD�WKHLU�TXL-

QRQH�R[LGDWLRQ�SURGXFWV�GLUHFWO\�RQ�.HDS�� WKLROV[2]
. 

Terpenoids are thought to act via three distinct mecha-

QLVPV��GLUHFWO\�RQ� WKH�.HDS��1UI��SURWHLQ�FRPSOH[��
WKURXJK�SURWHLQ�NLQDVH�UHJXODWLRQ�DQG�DOVR�YLD�PL51$�
regulation

[2,19]
.

,W�IROORZV�IURP�DOO�WKLV�WKDW�SK\WRFKHPLFDOV�DQG�RWKHU�
agents can increase Nrf2 activity by reacting either di-

rectly or through their oxidation products with different 

F\VWHLQH�UHVLGXHV�RQ�.HDS���E\�UHJXODWLQJ�WKH�DFWLYLW\�
of a number of different protein kinases, by stimulating 

WKH�$K5�UHFHSWRUV�RU�E\�DFWLQJ�YLD�KLVWRQH�DFHW\ODWLRQ�
RU�RWKHU�PHFKDQLVPV�WR�LQÀXHQFH�PLFUR51$�V\QWKHVLV�
DQG� WKHUHIRUH�1UI��DFWLYLW\�� ,W� IROORZV�IURP�WKLV� WKDW�
phytochemicals and other agents that act in different 

ways to raise Nrf2 may be expected to act synergisti-

FDOO\�WRJHWKHU��$Q�H[DPSOH�RI�VXFK�V\QHUJLVP�ZDV�UH-
ported by Saw et al.>���@ who showed that the carotenoid 

DVWD[DQWKLQ�DQG�WKH�¿VK�RLO�IDWW\�DFLGV�'+$�DQG�(3$�
acted synergistically with each other in raising Nrf2. 

The components of Protandim were shown in cell cul-

ture to act synergistically in raising Nrf2 responses, 

probably due to the role of multiple signaling pathways 

in their actions in raising Nrf2
>��@

.

&RQVHTXHQWO\�SK\WRFKHPLFDOO\�ULFK�GLHWV�VXFK�DV�WKH�
WUDGLWLRQDO�0HGLWHUUDQHDQ�GLHW�DQG�WKH�WUDGLWLRQDO�2NL-
nawan diet may be expected to be more active in Nrf2 

DFWLYDWLRQ�WKDQ�PD\�EH�VXJJHVWHG�IURP�MXVW�ORRNLQJ�DW�
the activities of their individual Nrf2 raising nutrients, 

due to such synergisms.

���&DQ�WRR�PXFK�1UI��RYHU�H[WHQVLYH�WLPH�SH-
ULRGV�EH�WR[LF"

,Q�JHQHUDO�DV�LQGLFDWHG�LQ�UHI�[105]
 raising Nrf2 produces 

prolonged lifespans and healthspans in animal studies. 

,Q�DGGLWLRQ��KXPDQ�GLHWV�ULFK�LQ�QXWULHQWV�WKDW�UDLVH�1UI��
LQFOXGLQJ�WKH�WUDGLWLRQDO�0HGLWHUUDQHDQ�DQG�2NLQDZDQ�
diets produce longer lifespans and lowered disease in-

cidences. However, there are situations where chronic 

high-level Nrf2 stimulation produces pathophysiologi-

cal responses in the body. Perhaps the clearest, well- 

documented example of this is where high level chronic 

UDLVLQJ�RI�1UI��OHYHOV�E\�7&''��GLR[LQ��OHDGV�WR�FKORU-
acne

[124,125]��7&''�DOVR�KDV�RWKHU��1UI�� LQGHSHQGHQW�
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toxic effects but these acne-like changes in skin proper-

ties are clearly caused by excessive, long-term levels of 

Nrf2, such that chloracne may serve as a marker for 

H[FHVVLYH�1UI��VWLPXODWLRQ��$UVHQLWH�DQG�RWKHU�DUVHQL-
cals can also produce similar skin responses, acting via 

excessive Nrf2 activity
[125]

, but again arsenite has other 

1UI��LQGHSHQGHQW�WR[LF�HIIHFWV��%RWK�WKH�7&''�DQG�WKH�
DUVHQLWH�HIIHFWV�DFW�WKURXJK�$K5�VWLPXODWLRQ�WR�SURGXFH�
elevated Nrf2 activity. These skin effects of excessive 

Nrf2 appear to be caused in part by the elevated sensi-

tivity of keratinocytes to Nrf2. 

This keratinocyte role also shows up in perhaps the 

PRVW�GUDPDWLF�HIIHFW�RI�H[FHVVLYH�1UI���,W�ZDV�VKRZQ�
WKDW�.HDS��WUDQVJHQLF�PRXVH�NQRFNRXW�PXWDQWV�GHYHO-
oped hyperkeratosis in the esophagus and forestomach 

during gestation, which led to death from malnutrition 

after birth
[126]

. This was shown to be caused by exces-

sive Nrf2 activity
[126]

.

Months long, high level chronic elevation of Nrf2 is 

produced by certain conditions in the mouse, condi-

tions that produce cardiac dysfunction
[127,128]

. While it is 

unclear how much of this dysfunction is caused by 

Nrf2, this may be another example where chronic, high 

level Nrf2 elevation may produce pathophysiological 

responses. 

,W� LV�JHQHUDOO\�DFFHSWHG� WKDW�VWHDG\�KLJK�OHYHO�1UI��
activity is much more likely to be damaging than is 

variable activation
[2,129]��$V�VWDWHG�HDUOLHU[129]

, “Pharma-

cologic induction of the pathway, however, allows for 

pulsed induction rather than permanent induction of the 

.HDS��1UI��VLJQDOLQJ�D[LV��ZKLFK�PD\�UHGXFH�DQ\�XQ-

toward effects of constant pathway activation.” The 

same reasoning applies to Nrf2 raising nutrients con-

sumed at certain times of the day. 

The possibility of what may appear to be paradoxical 

Nrf2 effects may occur where there is no Nrf2 at all, in 

Nrf2 knockout mutant cells. For example, it has been 

reported that such knockout cells are deficient in the 

DFWLYDWLRQ�RI�LQÀDPPDVRPHV��VKRZLQJ�WKDW�VRPH�1UI��
DFWLYLW\�PD\�EH� UHTXLUHG� IRU�VRPH� LQIODPPDWRU\� UH-

sponses
>���@

. 

,Q�FRQFOXVLRQ��LW�PD\�EH�H[SHFWHG�WKDW�OHYHOV�RI�1UI��
raising nutrients that occur in the Mediterranean or 

2NLQDZDQ�GLHWV�ZLOO�SURGXFH�SUHGRPLQDQWO\�KHDOWK�SUR-

moting effects. Nevertheless, very high chronic, long-

term Nrf2 elevation can produce pathophysiological ef-

fects like almost any regulatory effect taken to extreme. 

Therefore, one needs to take care not to raise Nrf2 lev-

HOV�WRR�KLJK�IRU�WRR�ORQJ��,W�LV�SRVVLEOH�WKDW�VRPH�LQGL-

viduals may be much more susceptible to such patho-

physiological effects, given the great amount of genetic 

KHWHURJHQHLW\� LQ� WKH�KXPDQ�SRSXODWLRQ��2QH�ZD\�RI�
PLQLPL]LQJ�DQ\�SDWKRSK\VLRORJLFDO�HIIHFWV� LV� WR�YDU\�
the levels of Nrf2-raising agents in the body at different 

times of the day. The acne-like skin responses to exces-

sive, chronic long-term elevation of Nrf2 activity may 

serve as a visual indication of whether such excessive 

Nrf2 activity is occurring in humans in response to 

Nrf2 raising agents. 

����6XPPDU\

*DR�et al.[4]
 state that “Nrf2 activation or inhibition re-

sponding to oxidative or electrophilic stress, and de-

signed to restore redox homeostasis, paves a new way 

to understand prevent or even cure complex diseases.” 

The list of diseases in Table 1 where raising Nrf2 acts 

to prevent and/or treat the disease, at least in animal 

models is truly stunning. The regulation of Nrf2 and 

WKH�UHJXODWRU\�UHVSRQVHV�SURGXFHG�E\�LW�DUH�VXPPDUL]HG�
in Fig. 1.

The actions of 7 classes of health-promoting nutrients 

(box, inner left side, Fig. 1) are each known to act to a 

JUHDW�H[WHQW�E\�UDLVLQJ�1UI���DV�DUH���RWKHU�KHDOWK�SUR-

moting factors. The two most healthful diets known, 

WKH�WUDGLWLRQDO�0HGLWHUUDQHDQ�DQG�2NLQDZDQ�GLHWV��DQG�
the Paleolithic diet are all thought to be rich in Nrf2 

UDLVLQJ�QXWULHQWV��ZKHUHDV�PRGHUQ�GLHWV�DUH�GH¿FLHQW�LQ�
such nutrients (Fig. 1, left). These findings strongly 

suggest that health-promotion by these diets acts, to a 

great extent via Nrf2 but that most of us are currently 

GH¿FLHQW�LQ�1UI��UDLVLQJ�QXWULHQWV��1UI��DFWV��LQ�WXUQ�YLD�
transcription of roughly 500 genes, to raise antioxidant 

responses, mitochondrial biogenesis and energy metab-

ROLVP��GHWR[L¿FDWLRQ�RI�FDUERQ�FRQWDLQLQJ�[HQRELRWLFV�
and toxic metals, autophagy of toxic protein aggregates 

and dysfunctional organelles and greatly lowering 

PDQ\�LQÀDPPDWRU\�UHVSRQVHV��)LJ�����ORZHU�ULJKW���,W�LV�
not surprising, therefore, that a large number of chronic 

GLVHDVHV�FKDUDFWHUL]HG�E\�R[LGDWLYH�VWUHVV�� LQIODPPD-

tion and often mitochondrial function can be treated 

and/or prevented by raising Nrf2, at least in animal 

models (Fig. 1, right). Nor should it be surprising that 

Nrf2 has been proposed to produce both lifespan and 

healthspan extension, given the many diseases of aging 

FKDUDFWHUL]HG�E\�R[LGDWLYH�VWUHVV��LQÀDPPDWLRQ�DQG�PL-
tochondrial dysfunction (Fig. 1, upper right). 

There are 16 other diseases that are reported to be 
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prevented and/or treated by raising Nrf2
>��±��@

, with each 

1UI��OLQNHG�GLVHDVH�EDVHG�RQ�RQH�RU�WZR�VWXGLHV��2QH�
would tend to ignore these, except for the fact that each 

of these diseases are diseases of oxidative stress and in-

flammation and therefore may plausibly be impacted 

E\�1UI���DQG�DOVR�H[FHSW�IRU�WKH�IDFW�WKDW�WKHVH�DUH�DOO�
based on recent and rapidly increasing numbers of 

studies (Table 4), suggesting that we are still in the ear-

O\�VWDJHV�RI�¿QGLQJV�DERXW�GLVHDVH�LPSDFWV�RI�1UI��
While no doubt it is too early to make a conclusion, it 

LV�GLI¿FXOW�WR�HVFDSH�WKH�VXJJHVWLRQ��IURP�7DEOHV���DQG�
4, that we may be on the verge of a new literature on 

health effects of Nrf2 which may well become the most 

extraordinary therapeutic and most extraordinary pre-

ventive breakthrough in the history of medicine.

,W� LV�RXU�RSLQLRQ�WKDW�UDLVLQJ�1UI��LV�OLNHO\�WR�EH�WKH�
most important health promoting approach into the 

foreseeable future. That is not to say that it is a magic 

bullet. More is not always better and other health pro-

moting nutrients and other agents acting in other ways 

DUH�OLNHO\�WR�DFW�DORQJ�ZLWK�1UI���$JHQWV�WKDW�ORZHU�1)�
ț%�YLD�1UI��LQGHSHQGHQW�ZD\V�DUH�OLNHO\�WR�EH�XVHIXO��
So are agents or diets that lower the production of ad-

YDQFHG�JO\FDWLRQ�HQG�SURGXFWV�ZLWK�WKHLU�5$*(�UHFHS-

WRU�PHGLDWHG�LQÀDPPDWRU\�UHVSRQVHV��1XWULHQWV�WKDW�DUH�
KHDOWK�SURPRWLQJ�LQ�RWKHU�ZD\V��VXFK�DV�%�YLWDPLQV�DQG�
YLWDPLQ�&��PDJQHVLXP�DQG�VRPH� WUDFH�HOHPHQWV�DUH�
likely to be useful, as are agents like high doses of the 

K\GUR[RFREDODPLQ� IRUP�RI�%����ZKLFK� ORZHUV�SHU-
R[\QLWULWH�E\�ORZHULQJ�LWV�WZR�SUHFXUVRUV��2WKHU�DJHQWV�
that act to improve mitochondrial function independent 

of Nrf2 are also likely to be useful, as well. 

Many of the diseases that are thought to be prevented 

and/or treated by raising Nrf2 activity are also thought 

WR�EH�FDXVHG�E\�ZKDW� LV�FDOOHG�WKH�12�2122–
 cycle. 

7KHVH�DSSDUHQW�12�2122–
 cycle diseases that respond 

to Nrf2 include several cardiovascular and neurodegen-

erative diseases, asthma, multiple sclerosis, epilepsy, 

VSLQDO�FRUG�LQMXU\�DQG�JODXFRPD>���±���@. Heart failure is 

QRZ�WKH�EHVW�GRFXPHQWHG�12�2122–
 cycle disease

>���@
. 

7KH���rd
 and most recent disease to be proposed to be 

caused by the local impact of the cycle is glaucoma
>���@

. 

%HFDXVH�WKH�F\FOH� LQYROYHV�R[LGDWLYH�VWUHVV� LQFOXGLQJ�
SHUR[\QLWULWH�HOHYDWLRQ��LQÀDPPDWRU\�DVSHFWV�DQG�PLWR-

chondrial dysfunction, it should not be surprising that 

DSSDUHQW�12�2122–
 cycle diseases may be prevented 

DQG�RU�WUHDWHG�E\�UDLVHG�1UI���%HFDXVH�WKH�12�2122–
 

F\FOH�LV�SULPDULO\�ORFDO��ORFDOL]HG�LQ�GLIIHUHQW�WLVVXHV�LQ�
different individuals, it may cause a variety of different 

GLVHDVHV��GHSHQGLQJ�RQ�ZKHUH� LW� LV� ORFDOL]HG� LQ� WKH�
body

>���±���@��2QH�TXHVWLRQ�WKDW�VKRXOG�EH�DVNHG�KHUH�LV 

)LJ�����2XWOLQH�RI�WKH�1UI��UHJXODWRU\�V\VWHP�

7DEOH����1UI��	�RWKHU�GLVHDVHV�FLWHG�LQ�FLWDWLRQV�>��±��@

            Year                                     Numbers of citations

2006 2

2007 1

2008 1

2009 1

2010 1

2011 4

2012 4

����� �
2014 (5 months) 4
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whether this notion that the Nrf2 regulatory system 

PD\�EH�QDWXUH¶V�ZD\�RI�SUHYHQWLQJ�12�2122–
 cycle 

diseases holds up in looking at other aspects of the cy-

cle. While clearly increased Nrf2 activity may be ex-

SHFWHG�WR�ORZHU�WKH�R[LGDWLYH�QLWURVDWLYH�VWUHVV��LQÀDP-

matory and mitochondrial dysfunction parts of the 

F\FOH��DQG�WKH�PDMRULW\�RI�WKH�F\FOH�HOHPHQWV�DUH�SDUW�RI�
these three aspects of the cycle

>���±���@
, there are other 

cycle elements that are not involved with oxidative/ni-

trosative stress, inflammation or mitochondrial dys-

IXQFWLRQ��'RHV�1UI��DOVR� ORZHU�SDWKRSK\VLRORJLFDO�
FRQVHTXHQFHV�RI� WKHVH�RWKHU�SDUWV�RI� WKH�F\FOH"�+HUH��
the data are limited, but what data we have are support-

LYH�RI�WKLV�SUHGLFWLRQ��3DWKRSK\VLRORJLFDO�FRQVHTXHQFHV�
RI�H[FHVVLYH�10'$�DFWLYLW\>���±���@ and excessive intra-

cellular calcium levels
>�������@

 are both lowered by Nrf2. 

Tetrahydrobiopterin oxidation and depletion, another 

part of the cycle, have been shown to be elevated in a 

Nrf2 knockout mouse
[140]

, suggesting but not proving 

WKDW�UDLVLQJ�1UI��ZLOO�ORZHU�WKLV�SDUW�RI�WKH�F\FOH��&OHDU-
ly we need more studies on these issues, but the data 

available to date support the view that Nrf2 may well 

EH�QDWXUH¶V�ZD\�RI�SUHYHQWLQJ�12�2122–
 cycle dis-

HDVHV��,W� IROORZV�WKDW�RXU�GLHWDU\�GHILFLHQFLHV�RI�1UI��
raising nutrients may well be the central cause of the 

high incidence and prevalence of these diseases in the 

modern world. 

The stunning apparent breadth of the effects of Nrf2 

on diverse diseases produces a challenge for medicine. 

Medicine has historically focused mainly on the ways 

in which these various diseases differ from one another, 

as a way of understanding their differences. However it 

LV�SRVVLEOH�WKDW�WKHVH�GLYHUVH�FKURQLF�LQÀDPPDWRU\�GLV-
eases all have a similar underlying mechanism and dif-

IHU�IURP�RQH�DQRWKHU�SULPDULO\�LQ�WKHLU� ORFDOL]DWLRQ�LQ�
WKH�ERG\��ZLWK�WKH�GLIIHUHQFHV�LQ�ORFDOL]DWLRQ�EHLQJ�UH-
sponsible for any differences in their etiologies. That 

does not necessarily mean that all these diseases are 

12�2122– 
cycle diseases, but that may well be the 

most apparent available explanation.

,W�KDV�EHFRPH�FRPPRQSODFH�IRU�VRPH�SK\VLFLDQV�DQG�
some other scientists to argue against the importance of 

oxidative stress in human disease despite the extensive 

and repeated evidence for the existence of and impor-

tance of protein changes produced by oxidative/nitrosa-

WLYH�FKHPLVWU\�LQ�GR]HQV�RI�FKURQLF�GLVHDVHV��:DWVRQ��
in his recent paper

[141]
, shows that he knows about the 

existence of Nrf2, but is apparently completely un-

aware of its activation by oxidants and its role in pro-

ducing complex and extraordinarily well coordinated 

HQ]\PDWLF�DQWLR[LGDQW�UHVSRQVHV��7KH�FRPSOH[LW\�DQG�
coordination of these responses could not possibly have 

evolved without strong genetic selection based on the 

pathophysiological roles of oxidative/nitrosative stress 

in the etiology of many diseases. The Nrf2-controlled 

antioxidant mechanisms are telling us, therefore, that 

antioxidant mechanisms are among the most important 

PHFKDQLVPV�LQ�PHWD]RDQ�HYROXWLRQ��:KLOH�LW�LV�D�PDMRU�
mistake to ignore the other Nrf2 cytoprotective mecha-

QLVPV��LW�LV�DOVR�D�PDMRU�PLVWDNH�WR�LJQRUH�WKH�FRPSHO-
ling evidence that the Nrf2 studies give us on the im-

SRUWDQFH�RI�HQ]\PDWLF�DQWLR[LGDQW�PHFKDQLVPV�
7KLV�SDSHU�VWDUWHG�RXW�HPSKDVL]LQJ�WKH�VSHFLDO�LPSRU-

tance of Nrf2 to the hundreds of millions of people 

around the world who are exposed on a daily basis to 

toxic chemicals. The role of Nrf2 in producing complex 

DQG�ZHOO�FRRUGLQDWHG�GHWR[L¿FDWLRQ�PHFKDQLVPV�DOORZV�
us to focus on raising Nrf2 as a way of substantially 

lowering the pathophysiological effects of such expo-

VXUHV�E\�GHWR[L¿FDWLRQ�RI�WKH�ERG\��ORZHULQJ�OHYHOV�RI�
both organic, carbon-containing xenobiotic toxicants 

and also toxic metals. 
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52 6FKDFKWHOH�6-��+X�6��/RNHQVJDUG�-5��0RGXODWLRQ�RI�H[SHU-

imental herpes encephalitis-associated neurotoxicity 

WKURXJK�VXOIRUDSKDQH� WUHDWPHQW��3/R6�2QH�������������
H������

��� &ODUNH�-'��+VX�$��<X�=��'DVKZRRG�5+��+R�(��'LIIHUHQWLDO�
effects of sulforaphane on histone deacetylases, cell cycle 

arrest and apoptosis in normal prostate cells versus hyper-

plastic and cancerous prostate cells. Mol Nutr Food Res 

�������������±�����
54 0\]DN�0&��+DUGLQ�.��:DQJ�5��'DVKZRRG�5+��+R�(��6XO-

IRUDSKDQH�LQKLELWV�KLVWRQH�GHDFHW\ODVH�DFWLYLW\�LQ�%3+����
/Q&D3�DQG�3&���SURVWDWH�HSLWKHOLDO�FHOOV��&DUFLQRJHQHVLV�
�������������±����

55 0DWKHZ�67��%HUJVWU|P�3��+DPPDUVWHQ�2��5HSHDWHG�1UI��
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stimulation using sulforaphane protects fibroblasts from 

LRQL]LQJ� UDGLDWLRQ��7R[LFRO�$SSO�3KDUPDFRO������������
188–194.

56 5HLVPDQ�6$��/HH�&<��0H\HU�&-��3URNVFK�-:��6RQLV�67��
:DUG�.:��7RSLFDO�DSSOLFDWLRQ�RI�WKH�V\QWKHWLF�WULWHUSHQRLG�
57$�����SURWHFWV�PLFH�IURP�UDGLDWLRQ�LQGXFHG�GHUPDWLWLV��
5DGLDW�5HV���������������±����

57 (O�$OL�=��*HUEHL[�&��+HPRQ�3��(VVHU�35��0DUWLQ�6)��3DO-
ODUG\�0��.HUGLQH�5|PHU�6��$OOHUJLF�VNLQ�LQÀDPPDWLRQ�LQ-

GXFHG�E\�FKHPLFDO�VHQVLWL]HUV� LV�FRQWUROOHG�E\� WKH� WUDQ-

VFULSWLRQ�IDFWRU�1UI���7R[LFRO�6FL��������������±���
58 YDQ�GHU�9HHQ�-:��*UHPPHU�(5��9HUPHXOHQ�-3��YDQ�/RY-

HUHQ�+��(]HQGDP�-��,QGXFWLRQ�RI�VNLQ�VHQVLWL]DWLRQ�LV�DXJ-

PHQWHG� LQ�1UI��GHILFLHQW�PLFH��$UFK�7R[LFRO�����������
���±����

59 /X�-��+ROPJUHQ�$��7KH� WKLRUHGR[LQ�DQWLR[LGDQW�V\VWHP��
)UHH�5DGLF�%LRO�0HG�������������±���

60 :X�.&��/LX�--��.ODDVVHQ�&'��1UI��DFWLYDWLRQ�SUHYHQWV�
FDGPLXP�LQGXFHG�DFXWH�OLYHU�LQMXU\��7R[LFRO�$SSO�3KDUPD-
FRO��������������±���

61 6HDUV�0(��&KHODWLRQ��KDUQHVVLQJ�DQG�HQKDQFLQJ�KHDY\�
PHWDO�GHWR[LILFDWLRQ��D� UHYLHZ��6FLHQWLILF:RUOG-RXUQDO�
��������������������

62 <DQJ�&&��&KHQ�+,��&KLX�<:��7VDL�&+��&KXDQJ�+<��
0HWDOORWKLRQHLQ��$�SRO\PRUSKLVPV�PD\� LQIOXHQFH�XULQH�
uric acid and N-acetyl-beta-D�JOXFRVDPLQLGDVH��1$*��H[-

FUHWLRQ�LQ�FKURQLF�OHDG�H[SRVHG�ZRUNHUV��7R[LFRORJ\�������
�������±���

��� 7R\DPD�7��6KLQNDL�<��<DVXWDNH�$��8FKLGD�.��<DPDPRWR�0��
.XPDJDL�<��,VRWKLRF\DQDWHV�UHGXFH�PHUFXU\�DFFXPXODWLRQ�
via an Nrf2-dependent mechanism during exposure of mice 

WR�PHWK\OPHUFXU\��(QYLURQ�+HDOWK�3HUVSHFW������������
1117–1122.

64 *DUFtD�1LxR�:5��3HGUD]D�&KDYHUUt�-��3URWHFWLYH�HIIHFW�RI�
curcumin against heavy metals-induced liver damage. Food 

&KHP�7R[LFRO��������������±���
65 0R�&��:DQJ�/��=KDQJ�-��1XPD]DZD�6��7DQJ�+��7DQJ�;��

+DQ�;��/L�-��<DQJ�0��:DQJ�=��:HL�'��;LDR�+��7KH�FURVV-
WDON�EHWZHHQ�1UI��DQG�$03.�VLJQDO�SDWKZD\V�LV�LPSRUWDQW�
IRU�WKH�DQWL�LQÀDPPDWRU\�HIIHFW�RI�EHUEHULQH�LQ�/36�VWLPX-

ODWHG�PDFURSKDJHV�DQG�HQGRWR[LQ�VKRFNHG�PLFH��$QWLR[LG�
5HGR[�6LJQDO��������������±����

66 -DLQ�$��/DPDUN�7��6M¡WWHP�(��/DUVHQ�.%��$ZXK�-$���YHU-
YDWQ�$��0F0DKRQ�0��+D\HV�-'��-RKDQVHQ�7��S���64670��
is a target gene for transcription factor NRF2 and creates a 

positive feedback loop by inducing antioxidant response 

HOHPHQW�GULYHQ�JHQH�WUDQVFULSWLRQ��-�%LRO�&KHP������������
22576–22591.

67 1H]LV�,3��6WHQPDUN�+��S���DW� WKH� LQWHUIDFH�RI�DXWRSKDJ\��
R[LGDWLYH�VWUHVV�VLJQDOLQJ��DQG�FDQFHU��$QWLR[LG�5HGR[�6LJ-

QDO��������������±����
68 $UWDXG�0DFDUL�(��*RYHQ�'��%UD\HU�6��+DPLPL�$��%HVQDUG�

9��0DUFKDO�6RPPH�-��$OL�=(��&UHVWDQL�%��.HUGLQH�5|PHU�
6��%RXWWHQ�$��%RQD\�0��1XFOHDU�IDFWRU�HU\WKURLG���UHODWHG�
IDFWRU���QXFOHDU�WUDQVORFDWLRQ�LQGXFHV�P\R¿EUREODVWLF�GH-
GLIIHUHQWLDWLRQ�LQ� LGLRSDWKLF�SXOPRQDU\�ILEURVLV��$QWLR[LG�
5HGR[�6LJQDO�������������±���

69 2K�&-��.LP�-<��0LQ�$.��3DUN�.*��+DUULV�5$��.LP�+-��
/HH� ,.�� 6XOIRUDSKDQH� DWWHQXDWHV� KHSDWLF� ILEURVLV� YLD�
1)�(��UHODWHG�IDFWRU���������PHGLDWHG�LQKLELWLRQ�RI�WUDQV-
IRUPLQJ�JURZWK�IDFWRU�ȕ�6PDG�VLJQDOLQJ��)UHH�5DGLF�%LRO�
0HG��������������±����

70 5\RR�,*��+D�+��.ZDN�0.��,QKLELWRU\�UROH�RI�WKH�.($3��
15)��SDWKZD\�LQ�7*)ȕ��VWLPXODWHG�UHQDO�HSLWKHOLDO�WUDQVL-
WLRQ� WR� ILEUREODVWLF�FHOOV��D�PRGXODWRU\�HIIHFW�RQ�60$'�
VLJQDOLQJ��3/R6�2QH�������������H������

71 +HFNHU�/��/RJVGRQ�1-��.XUXQGNDU�'��.XUXQGNDU�$��%HU-
QDUG�.��+RFN�7��0HOGUXP�(��6DQGHUV�<<��7KDQQLFNDO�9-��
5HYHUVDO�RI�SHUVLVWHQW�¿EURVLV�LQ�DJLQJ�E\�WDUJHWLQJ�1R[��
1UI�� UHGR[� LPEDODQFH��6FL�7UDQVO�0HG������� ��������
���UD����

72 +VLHK�7&��(ODQJRYDQ�6��:X�-0��'LIIHUHQWLDO�VXSSUHVVLRQ�
RI�SUROLIHUDWLRQ�LQ�0&)���DQG�0'$�0%�����EUHDVW�FDQFHU�
cells exposed to alpha-, gamma- and delta-tocotrienols is 

accompanied by altered expression of oxidative stress 

PRGXODWRU\�HQ]\PHV��$QWLFDQFHU�5HV���������������±
4176.

��� 6PRODUHN�$.��6R�-<��7KRPDV�3(��/HH�+-��3DXO�6��'RP-

EURZVNL�$��:DQJ�&;��6DZ�&/��.KRU�72��.RQJ�$1��5HXKO�
.��/HH�0-��<DQJ�&6��6XK�1��'LHWDU\�WRFRSKHUROV� LQKLELW�
FHOO�SUROLIHUDWLRQ��UHJXODWH�H[SUHVVLRQ�RI�(5Į��33$5Ȗ��DQG�
1UI���DQG�GHFUHDVH�VHUXP�LQÀDPPDWRU\�PDUNHUV�GXULQJ�WKH�
GHYHORSPHQW�RI�PDPPDU\�K\SHUSODVLD��0RO�&DUFLQRJ�
�������������±����

74 +R�&<��&KHQJ�<7��&KDX�&)��<HQ�*&��(IIHFW�RI�GLDOO\O�VXO-
¿GH�RQ�in vitro and in vivo Nrf2-mediated pulmonic antiox-

LGDQW�HQ]\PH�H[SUHVVLRQ�YLD�DFWLYDWLRQ�(5.�S���VLJQDOLQJ�
SDWKZD\��-�$JULF�)RRG�&KHP��������������±����

75 &ROtQ�*RQ]iOH]�$/�� 6DQWDQD� 5$�� 6LOYD�,VODV� &$��
&KiQH]�&iUGHQDV�0(��6DQWDPDUtD�$��0DOGRQDGR�3'��7KH�
antioxidant mechanisms underlying the aged garlic extract- 

DQG�6�DOO\OF\VWHLQH�LQGXFHG�SURWHFWLRQ��2[LG�0HG�&HOO�
/RQJHY�������������������

76 <DQJ�&0��+XDQJ�60��/LX�&/��+X�0/��$SR��¶�O\FRSHQDO�
LQGXFHV�H[SUHVVLRQ�RI�+2���DQG�142���YLD�WKH�(5.�S���
1UI��$5(�SDWKZD\�LQ�KXPDQ�+HS*��FHOOV��-�$JULF�)RRG�
&KHP���������������±�����

77 /LQQHZLHO�.��(UQVW�+��&DULV�9H\UDW�&��%HQ�'RU�$��.DPSI�
$��6DOPDQ�+��'DQLOHQNR�0��/HY\�-��6KDURQL�<��6WUXFWXUH�
activity relationship of carotenoid derivatives in activation 



Acta Physiologica Sinica, February 25, 2015, 67(1): 1–18 16

of the electrophile/antioxidant response element transcrip-

WLRQ�V\VWHP��)UHH�5DGLF�%LRO�0HG��������������±����
78 =KDQJ�0��:DQJ�6��0DR�/��/HDN�5.��6KL�<��=KDQJ�:��+X�

;��6XQ�%��&DR�*��*DR�<��;X�<��&KHQ�-��=KDQJ�)��2PHJD���
IDWW\�DFLGV�SURWHFW�WKH�EUDLQ�DJDLQVW�LVFKHPLF�LQMXU\�E\�DFWL-
YDWLQJ�1UI��DQG�XSUHJXODWLQJ�KHPH�R[\JHQDVH����-�1HXURV-
FL���������������±�����

79 1DNDJDZD�)��0RULQR�.��8JL�6��,VKLNDGR�$��.RQGR�.��6DWR�
'��.RQQR�6��1HPRWR�.��.XVXQRNL�&��6HNLQH�2��6XQDJDZD�
$��.DZDPXUD�0��,QRXH�1��1LVKLR�<��0DHJDZD�+����+\-

GUR[\�KH[HQDO�GHULYHG�IURP�GLHWDU\�Q���SRO\XQVDWXUDWHG�
IDWW\�DFLGV� LQGXFHV�DQWL�R[LGDWLYH�HQ]\PH�KHPH�R[\JHQ-

DVH���LQ�PXOWLSOH�RUJDQV��%LRFKHP�%LRSK\V�5HV�&RPPXQ�
��������������±����

80 0DKHU�-��<DPDPRWR�0��7KH�ULVH�RI�DQWLR[LGDQW�VLJQDOLQJ²
7KH�HYROXWLRQ�DQG�KRUPHWLF�DFWLRQV�RI�1UI���7R[LFRO�$SSO�
3KDUPDFRO�������������±���

81 6RQWDJ�7-��3DUNHU�56��,QIOXHQFH�RI�PDMRU�VWUXFWXUDO� IHD-

tures of tocopherols and tocotrienols on their omega-oxida-

WLRQ�E\�WRFRSKHURO�RPHJD�K\GUR[\ODVH��-�/LSLG�5HV�������
48: 1090–1098.

82 7KLPPXODSSD�5.��0DL�.+��6ULVXPD�6��.HQVOHU�7:��<D-
PDPRWR�0��%LVZDO�6�� ,GHQWLILFDWLRQ�RI�1UI��UHJXODWHG�
genes induced by the chemopreventive agent sulforaphane 

E\�ROLJRQXFOHRWLGH�PLFURDUUD\��&DQFHU�5HV������� ����
����±�����

��� .ZDN�0.��:DNDED\DVKL�1��,WRK�.��0RWRKDVKL�+��<DPD-
PRWR�0��.HQVOHU�7:��0RGXODWLRQ�RI�JHQH�H[SUHVVLRQ�E\�
cancer chemopreventive dithiolethiones through the 

.HDS��1UI��SDWKZD\��,GHQWL¿FDWLRQ�RI�QRYHO�JHQH�FOXVWHUV�
IRU�FHOO�VXUYLYDO��-�%LRO�&KHP����������������±�����

84 0F0DKRQ�0��,WRK�.��<DPDPRWR�0��&KDQDV�6$��+HQGHU-
VRQ�&-��0F/HOODQ�/,��:ROI�&5��&DYLQ�&��+D\HV�-'��7KH�
&DS�µQ¶&ROODU�EDVLF�OHXFLQH�]LSSHU�WUDQVFULSWLRQ�IDFWRU�1UI��
�1)�(��S���UHODWHG�IDFWRU����FRQWUROV�ERWK�FRQVWLWXWLYH�DQG�
LQGXFLEOH�H[SUHVVLRQ�RI�LQWHVWLQDO�GHWR[L¿FDWLRQ�DQG�JOXWD-
WKLRQH�ELRV\QWKHWLF�HQ]\PHV��&DQFHU�5HV���������������±
�����

85 &KR�+<��-HGOLFND�$(��5HGG\�63��.HQVOHU�7:��<DPDPRWR�
0��=KDQJ�/<��.OHHEHUJHU�65��5ROH�RI�15)��LQ�SURWHFWLRQ�
DJDLQVW�K\SHUR[LF� OXQJ�LQMXU\� LQ�PLFH��$P�-�5HVSLU�&HOO�
0RO�%LRO��������������±����

86 ,WRK�.��7RQJ�.��<DPDPRWR�0��0ROHFXODU�PHFKDQLVP�DFWL-
YDWLQJ�1UI��.HDS��SDWKZD\�LQ�UHJXODWLRQ�RI�DGDSWLYH�UH-
VSRQVH� WR�HOHFWURSKLOHV��)UHH�5DGLF�%LRO�0HG�����������
����±�����

87 1DLU�6���;X�&��6KHQ�*��+HEEDU�9��*RSDODNULVKQDQ�$��+X�
5��-DLQ�05��/LHZ�&��&KDQ�-<��.RQJ�$1��3KDUPDFRJHQRP-

ics of phenolic antioxidant butylated hydroxyanisole 

�%+$��LQ� WKH�VPDOO� LQWHVWLQH�DQG� OLYHU�RI�1UI��NQRFNRXW�

DQG�&��%/��-�PLFH��3KDUP�5HV���������������±�����
88 :DQJ�+��.KRU�72��6DZ�&/��/LQ�:��:X�7��+XDQJ�<��.RQJ�

$1��5ROH�RI�1UI��LQ�VXSSUHVVLQJ�/36�LQGXFHG�LQÀDPPD-
tion in mouse peritoneal macrophages by polyunsaturated 

fatty acids docosahexaenoic acid and eicosapentaenoic 

DFLG��0RO�3KDUP��������������±�����
89 *HUKlXVHU�&��.OLPR�.��+�PPHU�:��+|O]HU�-��3HWHUPDQQ�

$��*DUUHWD�5XIDV�$��%|KPHU�)'��6FKUHLHU�3��,GHQWL¿FDWLRQ�
RI���K\GUR[\�EHWD�GDPDVFRQH�DQG�UHODWHG�FDURWHQRLG�GH-
rived aroma compounds as novel potent inducers of 

Nrf2-mediated phase 2 response with concomitant anti-in-

ÀDPPDWRU\�DFWLYLW\��0RO�1XWU�)RRG�5HV���������������±
1244.

90 0DUWtQ�0RQWDOYR�$��9LOODOED� -0��1DYDV�3��GH�&DER�5��
15)���FDQFHU�DQG�FDORULH�UHVWULFWLRQ��2QFRJHQH�����������
505–520.

91 3HDUVRQ�.-��/HZLV�.1��3ULFH�1/��&KDQJ�-:��3HUH]�(��&DV-
FDMR�09��7DPDVKLUR�./��3RRVDOD�6��&VLV]DU�$��8QJYDUL�=��
.HQVOHU�7:��<DPDPRWR�0��(JDQ�-0��/RQJR�'/��,QJUDP�
'.��1DYDV�3��GH�&DER�5��1UI��PHGLDWHV�FDQFHU�SURWHFWLRQ�
but not prolongevity induced by caloric restriction. Proc 

1DWO�$FDG�6FL�8�6�$����������������±�����
92 8QJYDUL�=��3DUUDGR�)HUQDQGH]�&��&VLV]DU�$��GH�&DER�5��

Mechanisms underlying caloric restriction and lifespan 

UHJXODWLRQ��LPSOLFDWLRQV�IRU�YDVFXODU�DJLQJ��&LUF�5HV�������
102: 519–528. 

��� 9HOPXUXJDQ�.��$ODP�-��0F&RUG�-0��3XJD]KHQWKL�6��6\Q-

ergistic induction of heme oxygenase-1 by the components 

RI�WKH�DQWLR[LGDQW�VXSSOHPHQW�3URWDQGLP��)UHH�5DGLF�%LRO�
0HG��������������±����

94 <DNX�.��(QDPL�<��.XUDM\R�&��0DWVXL�<XDVD�,��.RQLVKL�<��
.RMLPD�<XDVD�$��7KH�HQKDQFHPHQW�RI�SKDVH���HQ]\PH�DF-
tivities by sodium butyrate in normal intestinal epithelial 

FHOOV� LV�DVVRFLDWHG�ZLWK�1UI��DQG�S����0RO�&HOO�%LRFKHP�
������������±���

95 &LSROOLQD�&��6DOYDWRUH�65��0XOGRRQ�0)��)UHHPDQ�%$��
6FKRSIHU�)-��*HQHUDWLRQ�DQG�GLHWDU\�PRGXODWLRQ�RI�DQWL�LQ-

ÀDPPDWRU\�HOHFWURSKLOLF�RPHJD���)DWW\�$FLG�GHULYDWLYHV��
3/R6�2QH�������������H������

96 :LOOFR[�'&��:LOOFR[�%-��7RGRULNL�+��6X]XNL�0��7KH�2NL-
nawan diet: health implications of a low-calorie, nutri-

ent-dense, antioxidant-rich dietary pattern low in glycemic 

ORDG��-�$P�&ROO�1XWU����������6XSSO�����6����6�
97 0XUDNDPL�$��,VKLGD�+��.RER�.��)XUXNDZD�,��,NHGD�<��<R-

QDKD�0��$QL\D�<��2KLJDVKL�+��6XSSUHVVLYH�HIIHFWV�RI�2NL-
nawan food items on free radical generation from stimu-

lated leukocytes and identification of some active 

FRQVWLWXHQWV��LPSOLFDWLRQV�IRU�WKH�SUHYHQWLRQ�RI�LQÀDPPD-
WLRQ�DVVRFLDWHG�FDUFLQRJHQHVLV��$VLDQ�3DF�-�&DQFHU�3UHY�
������������±����
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98 6X]XNL�0��:LOFR[�%-��:LOFR[�&'��,PSOLFDWLRQV�IURP�DQG�
IRU�IRRG�FXOWXUHV�IRU�FDUGLRYDVFXODU�GLVHDVH��ORQJHYLW\��$VLD�
3DF�-�&OLQ�1XWU��������������±����

99 .DIDWRV�$��9HUKDJHQ�+��0RVFKDQGUHDV�-��$SRVWRODNL�,��9DQ�
:HVWHURS�--��0HGLWHUUDQHDQ�GLHW�RI�&UHWH��IRRGV�DQG�QXWUL-
HQW�FRQWHQW��-�$P�'LHW�$VVRF����������������±�����

100 0DQLRV�<��'HWRSRXORX�9��9LVLROL�)��*DOOL�&��0HGLWHUUDQHDQ�
diet as a nutrition education and dietary guide: misconcep-

tions and the neglected role of locally consumed foods and 

ZLOG�JUHHQ�SODQWV��)RUXP�1XWU��������������±����
101 :LOOHWW�:&��6DFNV�)��7ULFKRSRXORX�$��'UHVFKHU�*��)HU-

UR�/X]]L�$��+HOVLQJ�(��7ULFKRSRXORV�'��0HGLWHUUDQHDQ�GLHW�
S\UDPLG��D�FXOWXUDO�PRGHO� IRU�KHDOWK\�HDWLQJ��$P�-�&OLQ�
1XWU�����������6XSSO�������6±����6�

102 6LPRSRXORV�$3�������7KH�0HGLWHUUDQHDQ�GLHWV��:KDW�LV�VR�
VSHFLDO�DERXW�WKH�GLHW�RI�*UHHFH"�7KH�VFLHQWL¿F�HYLGHQFH��-�
1XWU��������������6XSSO�������6�����6�

���� 6DOHQ�3��GH�/RUJHULO�0��7KH�2NLQDZDQ�GLHW��D�PRGHUQ�YLHZ�
RI�DQ�DQFHVWUDO�KHDOWK\�OLIHVW\OH��:RUOG�5HY�1XWU�'LHW�������
��������±����

104 6LPRSRXORV�$3��2PHJD���IDWW\�DFLGV�DQG�DQWLR[LGDQWV� LQ�
HGLEOH�ZLOG�SODQWV��%LRO�5HV��������������±����

105 /HZLV�.1��0HOH� -��+D\HV� -'��%XIIHQVWHLQ�5��1UI��� D�
guardian of healthspan and gatekeeper of species longevity. 

,QWHJU�&RPS�%LRO��������������±����
106 .DSHWD�6��&KRQGURJLDQQL�1��*RQRV�(6��1XFOHDU�HU\WKURLG�

factor 2-mediated proteasome activation delays senescence 

LQ�KXPDQ�¿EUREODVWV��-�%LRO�&KHP����������������±�����
107 -yGDU�/��0HUFNHQ�(0��$UL]D�-��<RXQWV�&��*RQ]iOH]�5H\HV�

-$��$OFDtQ�)-��%XUyQ�,��GH�&DER�5��9LOODOED�-0��*HQHWLF�
GHOHWLRQ�RI�1UI��SURPRWHV�LPPRUWDOL]DWLRQ�DQG�GHFUHDVHV�
OLIH�VSDQ�RI�PXULQH�HPEU\RQLF� ILEUREODVWV��-�*HURQWRO�$�
%LRO�6FL�0HG�6FL��������������±����

108 7DNDKDVKL�$��2KWDQL�1��<DPDNRVKL�.��,LGD�6��7DKDUD�+��
1DND\DPD�.��1DND\DPD�.,��,GH�7��6D\D�+��+DUD�(��0LWR-
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