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Nuclear factor (erythroid-derived 2)-like 2 (Nrf2) is the mas-
ter regulator of the antioxidant response, and its function is
tightly regulated at the transcriptional, translational, and post-
translational levels. It is well-known that Nrf2 is regulated at the
protein level by proteasomal degradation via Kelch-like ECH-
associated protein 1 (Keap1), but how Nrf2 is regulated at the
translational level is less clear. Here, we show that pharmacolog-
ical stimulation increases Nrf2 levels by overcoming basal trans-
lational repression. We developed a novel reporter assay that
enabled identification of natural compounds that induce Nrf2
translation by a mechanism independent of Keap1-mediated
degradation. Apigenin, resveratrol, and piceatannol all induced
Nrf2 translation. More importantly, the pharmacologically
induced Nrf2 overcomes Keap1 regulation, translocates to the
nucleus, and activates the antioxidant response. We conclude
that translational regulation controls physiological levels of
Nrf2, and this can be modulated by apigenin, resveratrol, and
piceatannol. Also, targeting this mechanism with novel com-
pounds could provide new insights into prevention and treat-
ment of multiple diseases in which oxidative stress plays a sig-
nificant role.

Eukaryotic cells have evolved a highly sophisticated mecha-
nism for cellular defense against harmful oxidative conditions.
Oxidative stress is a major player in the perpetuation of the
most frequent human diseases related to advanced age such as
atherosclerosis (1), cancer (2), chronic obstructive pulmonary
disease (3), and neurodegenerative diseases (4, 5). The antioxi-
dant capacity of a cell is governed by a broad network of
enzymes that dynamically respond to unfavorable environmen-
tal conditions for the prevention and repair of oxidative dam-
age. Nuclear factor (erythroid-derived 2)-like 2 (Nrf2) is the
transcription factor that is considered the master regulator of

this antioxidant response, and its function is tightly regulated at
different levels, including transcription, translation, and post-
translational control (6 –9). A better understanding of the pro-
cesses regulating the function of Nrf2 will offer the possibility of
identifying novel ways to enhance its function for the treatment
or prevention of diseases where oxidative stress plays a signifi-
cant role. Under basal conditions, cytoplasmic Nrf2 is bound to
the Kelch-like ECH-associated protein 1 (Keap1), which facili-
tates its proteasomal degradation after ubiquitination by the
Cul3/E3 ubiquitin ligase system, which maintains the intracel-
lular levels of Nrf2 at very low concentrations (10, 11).

Upon exposure to external stimuli, i.e. UV radiation, carcin-
ogens, xenobiotics, etc. or internal free radical stressors, the
Nrf2–Keap1 complex dissociates after post-translational mod-
ifications of reactive cysteines in Keap1. This process prevents
the degradation of Nrf2 and facilitates the Nrf2 accumulation
and intranuclear translocation (12). In the nucleus, Nrf2 forms
a heterodimer with a small Maf protein (13) and interacts with
the antioxidant-response element (ARE)3 in the promoter
region of target genes, increasing the expression of the battery
of protective antioxidant genes.

Newly translated Nrf2 is required to actively counteract the
effect of electrophiles, rather than just inhibiting Keap1-medi-
ated protein degradation (12, 14, 15). Recent reports also indi-
cate that the expression of Nrf2 is regulated at the level of trans-
lation (9, 16). The translational control allows the cells to
quickly respond to noxious conditions by specifically regulating
temporal and spatial translation by keeping specific mRNA
molecules in a repressed state. This allows their translation in
response to environmental signals without requiring mRNA
transcription, maturation, and nuclear export (17).

Recently, we reported the identification of a novel regulatory
mechanism controlling the translation of the Nrf2 mRNA
inside the open reading frame (ORF). Specifically, the terminal
portion of the ORF sequence was shown to repress the basal
translation. Also, we showed that it is possible to overcome this
repression by creating a mutant with an alternative codon com-
position in this portion that does not alter the amino acid
sequence of Nrf2 (18).

Recently, we got interested in identifying molecules that
physiologically enhance the translation of Nrf2. Here, we report
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the identification of apigenin, resveratrol, and piceatannol in a
library of 84 known small molecules that are antioxidants/oxi-
dants as activators of the translation of Nrf2. Moreover, we
demonstrate that an increase in Nrf2 translation promotes
nuclear translocation and activation of the antioxidant
response independent of Keap1.

Results

Development of a reporter system to identify compounds that
promote Nrf2 translation

The mRNA sequence in the Nrf2 ORF between nucleotides
1159 and 1815 bp prevents the translation of eGFP when fused
at the 3�-end. This construct used a stop codon between the two
sequences to demonstrate that the inhibition of GFP transla-
tion is mediated by the mRNA sequence of Nrf2 and not by the
amino acids encoded by the sequence (18). Here, we used a
similar approach to generate a novel reporter system except
that we used the luciferase gene instead of eGFP to fuse it to the
translation regulatory portion of Nrf2 (Fig. 1A). To validate the
functionality of the novel reporter, we compared the expression
of the vector-containing luciferase fused to the Nrf2 regulatory
element and luciferase alone. We found that the Nrf2 regula-

tory element inhibits more than 70% of the expression of lucif-
erase (Fig. 1B) and also confirmed that this finding was not due
to reduced levels of the Luc2–Sg3 mRNA transcript (Fig. 1C).
We used this luciferase-based reporter system to screen a
library containing 84 known antioxidant and pro-oxidant mol-
ecules to identify potential activators of Nrf2 translation. Only
the flavonoid apigenin and the stilbene resveratrol with its
metabolite piceatannol were able to promote an increase in
translation of the luciferase reporter regulated by the Nrf2
translational control element (Fig. 2 and supplemental Table 1).
Additionally, we observed no difference for this property if the
cells were treated for 12 or 24 h (data not shown). In contrast, none
of the compounds caused a similar effect on cells transfected with
a construct of luciferase alone, confirming that the compounds
require the 3�-sequence of Nrf2 to promote an increase in protein
expression (Fig. 3A and supplemental Table 2).

To determine the ability of apigenin, resveratrol, and picea-
tannol to increase Nrf2 protein expression independent of
Keap1, we performed a secondary experiment using a Nrf2 con-
struct lacking amino acids 17–32 that was resistant to Keap1-
mediated degradation (19). The cells were treated for 24 h post-
transfection with apigenin, resveratrol, and piceatannol. We
also used the well-known inhibitors of the Keap1/Nrf2 interac-
tion (tert-butylhydroquinone, epigallocatechin gallate, and sul-
foraphane) as controls. Only apigenin, resveratrol, and picea-
tannol were able to increase the expression of �17–32 Nrf2
(Fig. 4A). As expected, the known Keap1 modulators (TBHQ,
EGCG, and sulforaphane) were not able to alter the expression
of the �17–32 Nrf2 construct but were able to increase the
expression of the recombinant wild-type construct (Fig. 4B).
This was further confirmed by evaluating the expression of
recombinant wild-type Nrf2 in a HEK293T Keap1 knock-out
cell line treated with apigenin, where we show that a Keap1-
independent mechanism was responsible for promoting an
increase in the levels of Nrf2 (Fig. 4C). The identification and
confirmation of apigenin as an inducer of the expression of Nrf2
allowed us to evaluate the quality of the reporter system by
calculating the z-factor as described by Zhang et al. (20). We
determined that the z-factor was 0.58, which reflects as an
excellent assay for future screening studies (20).

Apigenin as a tool to study Nrf2 translation regulation

Based on the screening results, we chose to pursue the capa-
bility of apigenin to increase the activity of Nrf2 by promoting
an increase in protein expression. We used Western blotting to
confirm that the increase in Nrf2 expression by apigenin was
dose-dependent but was independent of Keap1 (Fig. 5A). Next,
we showed that apigenin actively promotes Nrf2 nuclear trans-
location of recombinant WTNrf2 (Fig. 5B). Additionally, we
verified by Western blotting that apigenin induces the expres-
sion of endogenous Nrf2 in HepG2 cells (Fig. 5C). The HepG2
cell line is known to have a functional Nrf2 pathway (21). Thus,
by using a commercial reporter cell line (ARE-HepG2), we were
able to confirm the activation of the antioxidant response path-
way upon treatment with apigenin in a dose-dependent manner
(Fig. 5D). Interestingly enough, contrary to what has been
reported for mouse skin cells (22), where apigenin was shown to
increase the expression of Nrf2 we did not find an increase in

Figure 1. Novel reporter system to detect activators of Nrf2 translation.
A, schematic representation of the composition of the recombinant transcript
used to identify activators of Nrf2 translation. B, expression of luciferase in
HEK293T cells was evaluated by Western blotting with or without the fusion
of the 3�-region of Nrf2 as depicted in A (n � 3). The relative intensity of the
bands is represented as the ratio with �-actin as a loading control. The statis-
tical significance of the difference in the levels of expression of Luc2 versus
Luc2-sg3 is indicated by **, p � 0.01. C, real-time PCR (n � 3) of the transcripts
of luciferase or Luciferase-Nrf2 overexpressed in HEK293T cells.
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transcription of the endogenous Nrf2 upon HepG2 cell stimu-
lation with apigenin (Fig. 5E).

To further evaluate the molecular mechanism and to deter-
mine the basis for the increase of Nrf2 after the treatment with
apigenin, the increase in Nrf2 transcription, inhibition of pro-
teasomal degradation, and increase in Nrf2 translation were
studied. Nrf2 transcription studies using real-time PCR showed
that apigenin does not induce changes in the transcription of
the recombinant Nrf2 (Fig. 6A). The potential of apigenin to
inhibit proteasomal degradation was evaluated by measuring
the polyubiquitinated proteins upon treatment with either api-
genin or the proteasome inhibitor MG132 as a positive control.
Fig. 6B shows that apigenin was not effective in inhibiting pro-
teasomal degradation. Additionally, we showed that apigenin
does not induce the common post-translational modifications
in Keap1 (Fig. 6C), which are induced by tert-butylhydroqui-
none or sulforaphane (23). In other words, the novel mecha-
nism is Keap1-independent. Finally, we evaluated the possibil-
ity that the increased expression of Nrf2 upon apigenin
treatment was dependent on promoting Nrf2 translation. For
this, we used a technology that allows the labeling of newly
synthesized proteins with a methionine analogue (5-azido-
homoalanine) for the subsequent purification for detection of
only the newly synthesized proteins (24, 25). With this state of
the art approach, we were able to show that apigenin directly
stimulates the translation of Nrf2, because newly synthesized
Nrf2 was only identified in the purified fraction of cells treated
for 4 h with apigenin (Fig. 6D).

Activation of the AMPK pathway partially promotes Nrf2
translation

To identify potential molecular mechanism(s) for apigenin to
activate Nrf2 translation, we searched the literature for a com-
mon molecular target between structurally similar apigenin,
resveratrol, and piceatannol (Fig. 3B). All three compounds are
known activators of the AMP-activated protein kinase (AMPK)
pathway (26 –30). AMPK is a central regulator of cellular
energy homeostasis and primarily responds to the levels of
AMP/ATP to phosphorylate its targets but also can be con-
trolled by upstream regulatory kinases such as calcium/
calmodulin-dependent protein kinase kinase 2 (CAMKK2, also
known as CAMKK�) (31) and serine/threonine protein kinase
LKB1 (32). It has been shown that apigenin activates AMPK
indirectly by activating its upstream regulator CAMKK2 (30).
Thus, we decided to explore the requirement of AMPK or
CAMKK2 for the activation of Nrf2 translation by apigenin.
The cells previously transfected with the Luc2–Nrf2Sg3
reporter were treated with dorsomorphin (also known as com-
pound C), an AMPK inhibitor (33) and STO-609, a CAMKK2

Figure 2. Detection of compounds that increase the expression of Luc2–
Nrf2Sg3. Changes in the expression of the construct Luc2–Nrf2Sg3 were

evaluated after treatment with 84 compounds from the redox library
(mean � S.E. n � 3). The statistical significance of the difference in the levels
of expression of luciferase after the treatment with DMSO alone versus each of
the compounds in the library is indicated by **, p � 0.0001, and *, p � 0.005.
The expression was normalized against the cell viability data measured with
Cell-titer Glo� after the treatment with the library. The fold change in expres-
sion was calculated against the basal expression of Luc2–Nrf2Sg3 in cells
treated with DMSO only as a negative control. A secondary confirmatory
assay was done for compounds that increased the expression of Luc2–
Nrf2Sg3 more than three times (red line).
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inhibitor (34). Two hours later, we added apigenin to determine
whether the kinase inhibitors were able to block the translation
of the Luc2–Nrf2Sg3 reporter. We were able to confirm that
the inhibition of AMPK or CAMKK2 reduces the ability of api-
genin to induce the translation of Nrf2 between 40 and 50%,
respectively. Importantly, this reduction in activation of Nrf2
was not as a result of inhibitor toxicity (Fig. 7, A and B). To
confirm the role of these two proteins in Nrf2 translational
control, we decided to co-transfect an activated � subunit of
AMPK and the full-length Camkk2 gene from mouse (91%
identity with humans) with WTNrf2 into HEK293T cells to
evaluate the expression of recombinant Nrf2. With this, we
were able to show that the co-transfection of activated AMPK
or Camkk2 increases the basal translation of recombinant Nrf2
(Fig. 7C).

Nrf2 translational regulation inside the ORF does not respond
to oxidative stress

Since the discovery of Nrf2 translational control (9), most of
the research in this area has centered on the regulation of Nrf2
translation by oxidative stress (9, 36). It is known that there are
two different translation regulatory elements in the 5�-UTR
of the Nrf2 mRNA transcript, and it has been reported that
these two elements are regulated by hydrogen peroxide (36, 37).
Based on this, we evaluated the ability of well-known inducers
of oxidative stress to stimulate the novel reporter of Nrf2 trans-
lation regulated by the Sg3 motif (nucleotides 1159 –1815 bp in
the ORF). We treated HEK293T cells transfected with the
Luc2–Nrf2Sg3 by increasing concentrations of hydrogen per-
oxide, tert-butyl hydroperoxide, and paraquat for 24 h to eval-
uate the luciferase expression and compare it against the effect
of apigenin. None of the inducers of oxidative stress increased

the translation of luciferase when compared with apigenin in
the tested concentrations (Fig. 8), suggesting that oxidative
stress is not required to activate the translation of Nrf2 regu-
lated by the 3�-portion of the ORF.

Discussion

Nrf2 has become an important target for the treatment
and/or prevention of multiple chronic diseases influenced by
oxidative stress (38 – 42). To date, research on Nrf2 activation
for therapeutic purposes has predominantly centered on inter-
rupting the regulatory process controlled by Keap1, which pro-
motes Nrf2 degradation (43– 45). A smaller subset of reports
indicates that there are other Keap1-independent mechanisms
that regulate the activity of Nrf2. For example, it is known that
the overexpression of the gene DPP3 can promote nuclear
translocation and activation of Nrf2 without affecting Keap1
(46). Moreover, the post-translational modifications on Nrf2 by
phosphorylation, ubiquitination, or acetylation can alter its
activity by interfering with its cytoplasmic and nuclear localiza-
tion (47, 48). Although several mechanisms are known to acti-
vate Nrf2, strategies to translate these findings into the devel-
opment of novel molecules for treating or preventing chronic
diseases without affecting Keap1 have not been reported.

A myriad of xenobiotics and natural compounds have been
shown to have antioxidant activity in mammalian cells. Some of
these molecules, such as vitamin C, are free radical scavengers
with the capacity to quench reactive oxygen or nitrogen species
(49). Other groups of natural compounds instead can activate
the endogenous antioxidant response by promoting nuclear
translocation of Nrf2. For some of these activators of Nrf2, such
as sulforaphane, curcumin, epigallocatechin gallate, etc., the
mechanism involves the prevention of the Keap1-mediated

Figure 3. Specificity of compound hits for increasing the translation of Luc2–Nrf2Sg3 versus Luc2 alone. A, Z-score values are plotted against the fold
change (supplemental Tables 1 and 2) in the translation of either the construct Luc2–Nrf2Sg3 or Luc2 alone after the treatment with 84 compounds from the
redox library. Apigenin, resveratrol, and piceatannol increased the expression of the reporter more than 3-fold and with a Z-score higher than three only in the
construct containing the Nrf2–Sg3 sequence. B, chemical structures of apigenin, resveratrol, and piceatannol.
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Nrf2 protein degradation (50). Other compounds activate Nrf2,
but the mechanism of activation is poorly understood. How-
ever, it is possible that some of these natural compounds pres-
ent in the human diet could increase Nrf2 translation. To test
this hypothesis, we decided to create a novel reporter system to
identify molecules that were able to increase the translation of
Nrf2.

Our recent work on the regulation of Nrf2 at the level of
translation (18) indicated that the pharmacophores that pro-
mote an increase in the translation of Nrf2 might have the
potential for improving antioxidant capacity by exploiting this
alternative mechanism. Therefore, we used the property of the
translation regulatory element of Nrf2 to inhibit the translation
of reporter genes such as eGFP and luciferase to develop a

Figure 4. Apigenin increases the expression of Nrf2 independent of Keap-1. A, apigenin, resveratrol, and piceatannol promote an increase in the expres-
sion of the Keap1-resistant �17–32 Nrf2 in transfected HEK293T cells (n � 3). The statistical significance of the difference in the levels of expression of �17–32
Nrf2 in untreated versus treated cells is indicated by **, p � 0.01. Additionally, the effect on Nrf2 translation of TBHQ, EGCG, and sulforaphane was evaluated.
B, apigenin also increases the expression of wild-type Nrf2 transfected into HEK293T cells. The effect of well-known inhibitors of the Keap1/Nrf2 interaction
(TBHQ, EGCG, and sulforaphane) was also compared against apigenin (n � 3). The statistical significance of the difference in the levels of expression of wild-type
Nrf2 in untreated versus treated cells is indicated by **, p � 0.01, or *, p � 0.05. C, apigenin increases the expression of recombinant WTNrf2 in transfected
HEK293T cells independent of Keap1. The relative intensity of the Nrf2 band in all the Western blottings is represented as a ratio with �-actin as a loading
control. The statistical significance of the difference in the levels of expression of Nrf2 in apigenin-treated versus untreated cells is indicated by **, p � 0.01.
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reporter system that allows for the identification of pharmaco-
phores that induce Nrf2 translation. We selected luciferase
instead of eGFP to construct a Nrf2 translation reporter
because luciferase is preferred for small molecule screening
with reporter assays due to the existence of multiple molecules
with native fluorescence (51) that can generate false positives.
Also, we are not aware of previous reports that show the capac-
ity of small molecules to stimulate the translation of Nrf2. Thus,
before committing to future vast and expensive molecular

screenings, we reduced the risk for testing our novel reporter
system by selecting a small library with well-known molecules
that were either antioxidants or pro-oxidants. Interestingly
enough, we found only three polyphenols that were able to pro-
mote an increase in the translation of the reporter (Fig. 3B).
This capacity was verified in an independent assay by evaluating
the changes in the expression of Nrf2 in a Keap1 knock-out cell
line by Western blotting after treatment with apigenin (Fig. 4C).
Also, because apigenin exerted the strongest activation of the

Figure 5. Apigenin promotes nuclear translocation and activation of the antioxidant response. A, apigenin induced a dose-dependent increase in the
expression of recombinant Keap1-resistant �17–32 Nrf2 in transfected HEK293T (n � 3). The statistical significance of the difference in the levels of expression
of �17–32 Nrf2 in untreated versus treated cells is indicated by **, p � 0.01. The relative intensity of the Nrf2 band is represented as a ratio with �-actin as a
loading control. B, apigenin treatment promoted translocation of recombinant WTNrf2 to the nucleus in transfected HEK293T (n � 3). The statistical signifi-
cance of the difference in the levels of Nrf2 in apigenin-treated versus untreated cells is indicated by **, p � 0.01. Actin and histone 3 were used as loading
controls. The relative intensity of the Nrf2 band is represented as a ratio with �-actin for the total lysate and the cytoplasmic fractions and as a ratio with histone
3 for the nuclear fractions. C, expression of the endogenous Nrf2 in HepG2 cells was evaluated after the treatment with apigenin for 12 h (n � 3). D, apigenin
was a strong activator of the ARE in the ARE-HepG2 cell line. TBHQ at 50 �M was used as a positive control (C�) (mean � S.E. n � 6). The statistical significance
of the difference in the increase in Nrf2 activity after the treatment with apigenin or TBHQ versus untreated cells is indicated by **, p � 0.01, or *, p � 0.05. E,
mRNA levels of the endogenous Nrf2 in HepG2 cells was evaluated by real-time PCR after 12 h of treatment with apigenin (12.5 �M) (n � 3).
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reporter and promoted a higher expression of Nrf2, we used it
as a tool to confirm that the mechanism was mediated by acti-
vation of Nrf2 protein translation (Fig. 6D).

The antioxidant and protective characteristics of apigenin
have been previously reported with animal models and human
studies (52–54). Also, it was known that apigenin activates
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the Nrf2 pathway (55, 56), but a clear understanding of the
molecular mechanism for this effect was not completely
understood. Here, we show that apigenin directly affects the
production of Nrf2 by reversing translational repression.
Additionally, our data suggest that increasing the translation
of Nrf2 with small molecules is an alternative way to pro-
mote nuclear translocation of Nrf2 and induction of the anti-
oxidant response (Fig. 9).

Previous studies have reported the presence of translation
regulatory elements in the 5�- and 3�-UTR of the mRNA tran-

script of Nrf2. In particular, these regulatory elements present
in the 5�-UTR respond to hydrogen peroxide to increase the
translation of Nrf2 (36, 37). In contrast, the 3�-region of the
mRNA of Nrf2 allows the regulation of Nrf2 by microRNAs (57,
58). More than likely, this type of regulation is more tissue-
specific and is likely to facilitate the control of the levels of the
Nrf2 transcript in specific tissues or cell types that express those
microRNAs. We have previously described a new type of regu-
lation of Nrf2 translation that occurs inside the ORF (18). In
this study, we show that this regulatory element does not

Figure 6. Apigenin activates the translation of Nrf2. A, real-time PCR indicated that apigenin did not affect the transcription of rNrf2 in HEK293T cells. B,
analysis of polyubiquitinated proteins in HEK293T cells after apigenin treatment suggested that it was not an inhibitor of the proteasome (n � 3). As a
positive control, the effect of the proteasome inhibitor MG132 was included in the assay. The relative intensity of the signal from the polyubiquitinated
proteins is indicated as a ratio with �-actin as the loading control. The statistical significance of the difference in the levels of polyubiquitinated proteins
in treated versus control cells is indicated by **, p � 0.01. C, apigenin treatment of HA-Keap1-transfected HEK293T cells did not induce post-translational
modifications in Keap1 (arrow) when compared with TBHQ, a well-known inhibitor of the Nrf2 degradation mediated by Keap1 (n � 3). The relative
intensity of the bands for modified Keap1 is indicated as a ratio with �-actin as a loading control. The statistical significance of the difference in the levels
of modified Keap1 in treated versus untreated cells is indicated by **, p � 0.01. The arrow indicates the appearance of a slow migrating isoform of Keap1
due to cysteine disulfur bridge formation. D, apigenin activated the translation of Nrf2. An assay to isolate newly synthesized proteins was performed
by following the steps indicated in the top diagram. The presence of newly synthesized recombinant Nrf2 in the eluates from cells treated or untreated
with apigenin was evaluated by Western blotting (n � 3).

Figure 7. AMPK and CAMKK2 regulate Nrf2 translation. HEK293T cells transfected with the Nrf2 translation reporter (Luc2–Sg3Nrf2) were pre-treated with
increasing doses of an AMPK inhibitor (A) and a CAMKK2 inhibitor (B) for 2 h before stimulation of Nrf2 translation with apigenin for 24 h. The fold change in the
expression of luciferase after apigenin treatment with or without the presence of increasing doses of the inhibitor was calculated (n � 6). The statistical
significance of the difference in the reduction of luciferase expression after stimulation with apigenin in cells treated with the kinase inhibitor versus non-
treated cells is indicated by **, p � 0.01. The cell viability of the cells under treatment was evaluated in parallel with Cell-Titer Glo to verify the absence of the
reduction in cell viability with the treatments higher than 15% (n � 6). C, HEK293T cells were co-transfected with wild-type Nrf2 and activated AMPK or Camkk2
to evaluate the effect of the kinases on the expression of Nrf2. The expression of recombinant wild-type Nrf2 was detected by Western blotting 24 h after
co-transfection (n � 3). The overexpression of the recombinant kinases was verified by Western blotting with an anti-c-Myc antibody, and �-actin was used as
a loading control. The relative intensity of the bands for Nrf2 is indicated as a ratio with �-actin as a loading control. The statistical significance of the difference
in the levels of expression of Nrf2 in cells co-transfected with the active kinases versus untreated cells is indicated by **, p � 0.01.
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respond to classical Keap1 regulators or to well-known induc-
ers of oxidative stress such as hydrogen peroxide, tert-butyl
hydroperoxide, or paraquat.

The molecular mechanism that allows the 3�-portion of the
ORF of Nrf2 to regulate its translation it is not well-understood.
Previously, we reported that the mechanism is dependent on
the mRNA sequence but not in the amino acids encoded by the
nucleotides 1159 –1815 bp. The identification of apigenin as a
potent inducer of Nrf2 translation adds another set of questions
to this puzzle. For example, how is apigenin able to increase the
translation of Nrf2? Based on what has been found in other
genes regulated at the level of translation (17, 59), we speculate
that unknown proteins or RNA molecules are interacting with
the 3�-portion of the mRNA ORF of Nrf2 to regulate its expres-
sion according to environmental conditions. Apigenin might
prevent or enhance the interaction of these trans-regulatory
factors directly or indirectly with the mRNA of Nrf2. An exam-
ple of this type of mechanism was reported for the P53 gene in
keratinocytes, where it was found that apigenin enhanced the
translation of P53 by promoting the interaction of the HUR
protein with the mRNA of P53 (60). Additionally, there is a
possibility that other indirect mechanisms induced by apigenin,
such as kinase activation, could induce the translation of Nrf2.
Here, we have shown that the AMPK kinase and CAMKK2
kinase are important for a full activation of the translation of
Nrf2 mediated by apigenin. Significantly, the role of these
kinases in regulating the translation of Nrf2 was confirmed by
co-transfection experiments that show partial restoration of
Nrf2 translation in the absence of apigenin (Fig. 7C). Interest-
ingly, the co-expression of CAMKK2 with Nrf2 led to a much
stronger activation of Nrf2 translation than the co-transfection
with activated AMPK. This finding is in agreement with the
reports that indicated that CAMKK2 is a direct target of apige-
nin (30) and resveratrol (61) and that the activation of AMPK
is secondary because AMPK is a downstream effector of
CAMKK2 (31). It is known that CAMKK2 has two additional
downstream effectors, calcium/calmodulin-dependent protein
kinase I and IV (CAMKI and CAMKIV) (62). Interestingly,
CAMKIV has been reported to be directly implicated in protein
translation regulation. Specifically, liver cancer cells that over-
express CAMKK2 display higher levels of activated CAMKIV,
and this stimulates protein translation by causing phosphory-
lation of multiple targets of the mechanistic target of rapamycin
pathway implicated in translation regulation (63). Thus, the
higher expression of Nrf2 when co-expressed with CAMKK2
instead of AMPK can be explained by the synergistic activa-
tion of two downstream effectors (CAMKIV and AMPK)
that directly affect protein translational control. Finally, we
show that the activation of Nrf2 translation by recombinant
CAMKK2 did not reach the expression levels induced by
apigenin alone, indicating that there might be other proteins
that are targeted by apigenin to induce the translation of
Nrf2.

In conclusion, our findings suggest an alternative mechanism
for maintaining physiological levels of Nrf2 through transla-
tional control inside the ORF. We believe that this is comple-
mentary to the fast degradation of Nrf2 mediated by Keap1 to
efficiently respond to different types of environmental stimuli
that might be harmful to the cell. Therefore, although the
Keap1 regulatory process would be efficient in responding to
electrophilic stressors, the novel mechanism based on transla-

Figure 8. Oxidative stress does not overcome the translational repres-
sion motif that exists inside the open reading frame of Nrf2. HEK293T
cells transfected with the Nrf2 translation reporter (Luc2–Sg3Nrf2) were
treated 24 h after transfection with increasing doses of three inducers of
oxidative stress: A, hydrogen peroxide; B, tert-butyl hydro peroxide; and C,
paraquat, to evaluate the induction of luciferase translation and compared
against apigenin. 24 h after the treatment with inducers of oxidative stress,
the fold change in expression of luciferase was calculated against the basal
expression of Luc2–Nrf2Sg3 in cells treated with DMSO only as a negative
control (n � 6). The statistical significance of the difference in the levels of
expression of luciferase in cells treated with apigenin or inducers of oxidative
stress versus untreated cells is indicated by **, p � 0.01. The expression was
normalized against the cell viability data measured with Cell-titer Glo� after
the treatment. The range of concentrations for each inducer of oxidative
stress was selected around known reported concentrations that induce oxi-
dative stress in HEK293T cells (35, 73, 74).
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tional control seems to respond to a specific type of xenobiotics
or natural bioactive compounds. It has been established that the
function of Nrf2 is central to respond to multiple types of harm-
ful stimuli (64, 65) and that there are Keap1-independent
mechanisms that can regulate the activity of Nrf2 (66 – 68).
Thus, this suggests that eukaryotic cells have evolved multiple
sensing mechanisms for different types of stressors to regulate
one central transcription factor to respond to environmental
stress. Our findings raise further questions centered around
these natural bioactive compounds as follows: Does the trans-
lation of Nrf2 respond to a metabolite synthesized in mamma-
lian cells or does it only respond to xenobiotic or phytochemical
molecules? Finding the answers will advance the development
of novel activators of Nrf2 for their potential use in the preven-
tion and treatment of multiple diseases where oxidative stress
plays a major role.

Experimental procedures

Reagents

All the reagents used were of the highest purity available.
Apigenin and piceatannol were obtained from Santa Cruz Bio-
technology. Trans-resveratrol, sulforaphane, dorsomorphin
(AMPK inhibitor), STO-609 (CAMKK2 inhibitor), and epigal-
locatechin gallate were purchased from Cayman Biochemicals.
tert-Butyl hydroperoxide, paraquat, and hydrogen peroxide
were obtained from Sigma. The Screen-WellTM REDOX library
(Enzo Life Sciences) that contains 84 compounds with defined
pro-oxidant or antioxidant activity was used to identify activa-
tors of Nrf2 translation.

DNA constructs

The DNA constructs for WTNrf2 (this construct encodes
the protein referred to as rNrf2) and Nrf2�17–32 were cloned
in the plasmid PLEX-MCS (Thermo Fisher Scientific), and the
required oligos and the sequence of the mutant Nrf2 were pre-
viously described (18). The plasmid containing the HA-Keap1
gene was previously described (69) and was obtained from Add-
gene (plasmid no. 21556). The constructs Luc2 and Luc2–
Nrf2Sg3 were cloned in the PLEX vector, which was previously
digested with BamHI and AgeI (Thermo Fisher Scientific) using
the Gibson assembly method (70). For generating the construct
Luc2–Nrf2Sg3, the luciferase2 gene was amplified from the

plasmid PGL4 (Promega) using the primers forward 5�-ATA
GAA GAC ACC GAC TCT ACT AGA GGA TCC GCC GCC
ACC ATG GAA GAT GCC AAA AAC ATT AA-3� and reverse
5�-TGG TGT TTT AGG ACC ATT CTG TTT GAC ACT TTA
TTA CAC GGC GAT CTT GC-3�, and the NRF2 segment
1159 –1815 bp was amplified from the clone WTNrf2 by using
the primer set forward 5�-A GTG TCA AAC AGA ATG GTC
CTA AA-3� and reverse 5�-GTT GGC GCA GCA GCC GGG
GCA GCA ACC GGT GTT TTT CTT AAC ATC TGG CTT
CTT-3�. Both fragments contained recombination sites that are
underlined, and two stop codons were included between the
two fragments. After PCR purification, these two PCR frag-
ments were cloned into the previously digested PLEX-MCS by
using the Gibson assembly mix (New England Biolabs) follow-
ing the manufacturer’s recommendations. To generate the con-
struct containing only Luc2, we used the same methodology
except that the luciferase2 gene was amplified with the reverse
oligo 5�-GTT GGC GCA GCA GCC GGG GCA GCA ACC
GGT TTA TTA CAC GGC GAT CTT GC-3� in combination
with the forward oligo described above. The plasmid contain-
ing the gene for the c-Myc-tagged mouse calcium/calmodulin-
dependent protein kinase kinase 2 (Camkk2) was obtained from
Origene Technologies (MR208650). The DNA construct to
overexpress a constitutively active form of the AMPK �2 pro-
tein (gene symbol PRKAA2) was constructed by cloning the
first 936 nucleotides of the open reading frame, as described
previously (71), into the mammalian vector pHTC (Promega
catalogue G7711) previously digested with XhoI using the Gib-
son assembly method (70). The PRKAA2 construct was built as
a synthetic gblock by IDT DNA Technologies and contained a
c-Myc C-terminal tag.

The authenticity of the constructs described here was con-
firmed by sequencing at Genewiz Inc., and all the primers were
synthesized by IDT DNA Technologies.

Cells and transfection

HEK293T cells were obtained from ATCC and were grown
in Dulbecco’s minimal essential medium (DMEM) supple-
mented with 10% fetal bovine serum. HepG2 cells were also
obtained from ATCC and were cultured in minimal essential
medium supplemented with 10% fetal bovine serum. ARE-
HepG2 cells were obtained from BPS Bioscience and were

Figure 9. Turning on Nrf2 by activating its translation. The translation of Nrf2 is repressed under basal circumstances by a sequence contained inside the
open reading frame between nucleotides 1159 and 1815 bp (red portion). The translation of Nrf2 can be stimulated by treating the cell with apigenin (step 1).
This process promotes an increase in the levels of Nrf2 (step 2) and its nuclear translocation (step 3), where together with other proteins such as small Maf
proteins, they recognize the ARE in the promoter of their target genes. This promotes the transcription of the genes needed for activating the antioxidant
response (step 4).
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grown under similar conditions as the HepG2 cells described
above. All recombinant plasmids were extracted using the
Pureyield Maxiprep system (Promega) and were transfected
into HEK293T by using Jetprime (Polyplus) by following the
manufacturers’ recommendations without modifications. The
CRISPR/Cas9 system for genomic modification was used to
develop a HEK293T Keap1 knock-out cell line (HEK293T-
Keap KO) with vectors obtained from Santa Cruz Biotechnol-
ogy (catalogue no. sc-400190 and sc-400190-HDR). For this, a
plasmid co-expressing Cas9 and a Keap1-targeting sgRNA was
co-transfected into HEK293T cells with a donor plasmid con-
taining a puromycin resistance gene and red fluorescent pro-
tein. 72 h after transfection, positive cells were selected with
puromycin following the manufacturer’s recommendations.
Single clones were isolated by limited dilution, and the knock-
out of Keap1 was confirmed by Western blotting.

Antibodies and protein lysates

The antibody for Strep II tag was a mouse monoclonal from
Genescript (catalogue no. A01742-40); monoclonal anti Nrf2
was from Cell Signaling (catalogue no. 12721P); monoclonal
anti Keap1 was from Origene (catalogue no. TA502059); mono-
clonal anti-histone 3 was from Active Motif (catalogue no.
39763); and monoclonal anti-luciferase, monoclonal anti-ubiq-
uitin, monoclonal anti-�-actin, anti-HA tag, and anti-c-Myc
tag were from Santa Cruz Biotechnology (catalogue no.
sc-57603, sc-8017, sc-47778 HRP, sc-73294, and sc-40, respec-
tively). Cytoplasmic and nuclear fractions of HEK293T cells
were obtained following cellular lysis in a hypotonic buffer
(0.1� PBS, 0.001% Triton X-100, and protease inhibitor mix-
ture (Thermo Fisher Scientific)). Briefly, hypotonic lysis buffer
(200 �l) was added to the HEK293T cell pellet of 2 � 106 cells.
The resulting suspension was agitated by pipetting and was
placed on ice for 15 min. Following incubation, the suspension
was vortexed for 1 min and centrifuged at 16,000 � g for 30 min.
The supernatant containing the cytoplasmic fraction was
recovered, and the pellet containing the nuclei was washed
twice with PBS and lysed with MPER Lysis buffer (Pierce) under
sonication for 30 s, followed by centrifugation to isolate a solu-
ble nuclear lysate. The protein concentration of both fractions
was obtained by following the Bradford assay (Bio-Rad).

Real-time PCR

The expression of recombinant Nrf2, Luc2, and Luc2–
Nrf2Sg3 was evaluated in HEK293T cells by RT-PCR. The
expression of the endogenous Nrf2 (NFE2L2) was assessed in
HepG2 cells by the same technique. HEK293T cells were plated
on 6-well plates and were independently transfected with
WTNrf2, Luc2, and Luc2–Nrf2Sg3. All the cells were harvested
after 24 h. Untransfected HepG2 cells or transfected HEK293T
cells with WTNrf2 were treated with or without apigenin for
12 h to quantitate the concentration of endogenous or recom-
binant Nrf2 post-treatment, respectively. After harvesting the
cells, the total cellular RNA was extracted using RNAzol
(Molecular Research Center Inc.) and was treated with DNase I
(Promega) following the manufacturer’s recommendations.
500 ng of RNA from each treatment was used to set up a one-
step real-time quantitation assay using the TaqMan RNA-

to-CT one-step kit (Applied Biosystems). The RNA quantita-
tion was conducted in Step One Plus� real-time PCR system
(Applied Biosystems), and the PCR cycles proceeded as follows:
initial reverse transcription for 15 min at 48 °C, followed by 10
min at 95 °C for activating Taq polymerase, followed by 40
cycles of 15 s at 95 °C, and 1 min at 60 °C. All the reactions were
done in triplicates. The Primetime� qPCR probe and oligos
used for the reaction were made by IDT DNA Technologies and
targeted a unique sequence located in the recombinant con-
structs in the region that contained the Strep II tag sequence.
The sequences were as follows: probe with FAM and TAMRA
5�-FAM-ATT GAG GAT GGG ACC AAT TGC TGC-
TAMRA-3�; Primer1 5�-GGA AGT ACA GGT TCT CGC
TG-3�; Primer2 5�-CAG TTC GAG AAG GGC GG-3�. For
detecting the endogenous Nrf2, the following Primetime�
qPCR probe was used: 5�-FAM-ATC CAT GTC CCT TGA
CAG CAC AGA AG-TAMRA-3�; Primer1 5�-GTC TTT GGA
TTT AGC GTT TCA GA-3�; Primer2 5�-TCT TGC CTC CAA
AGT ATG TCA A-3�. To guarantee that equal amounts of RNA
were added to the one-step real-time PCR mixture, the expres-
sion of �-actin was also quantitated in a parallel reaction by
using the following probe and oligos: Probe 5�-FAM-TCA TCC
ATG GTG AGC TGG CGG-TAMRA-3�; Primer1 5�-CCT
TGC ACA TGC CGG AG-3�; Primer2 5�-ACA GAG CCT CGC
CTT TG-3�. The threshold cycle (CT), which inversely corre-
lates with the target mRNA level, was measured as the cycle
number at which the reporter fluorescent emission appeared
above the background threshold. Data analysis was performed
with Step-one software as described in the manufacturer’s
instructions (Applied Biosystems).

Luciferase reporter assay for identifying Nrf2 translation
activators or inhibitors

HEK293T cells were transfected with the plasmid containing
the reporter Luc2–Nrf2Sg3 or a vector containing the lucifer-
ase gene alone with HTS-jetPEI (Polyplus), as per the manufa-
cturer’s recommendations. The cells were seeded into white
96-well plates (Greiner Bio-one) at a concentration of 1 � 104

cells per well in a final media volume of 100 �l. To identify Nrf2
translation activators, we used a compound library containing
84 known antioxidant/pro-oxidant molecules. Twenty four
hours after seeding, the compounds in the Screen-WellTM

REDOX library (Enzo Life Sciences) were transferred to the
culture plates to a final concentration of 10 �M by using a Janus
automated work station (PerkinElmer Life Sciences) and incu-
bated at 37 °C, 5% CO2. Twelve hours after treatment, the One-
Glo� luciferase assay system (Promega) was used as recom-
mended by the manufacturer. The luciferase activity was
measured using a Glomax luminometer (Promega) following
the manufacturer’s setup for the One-Glo� luciferase assay sys-
tem. To study the role of the AMPK pathway in the translation
of Nrf2 two kinase inhibitors (dorsomorphin, an AMPK inhib-
itor, and STO-609, a CAMKK2 inhibitor) were added to
HEK293T previously transfected with the reporter Luc2–
Nrf2Sg3. The kinase inhibitors were added 24 h after transfec-
tion, and 2 h later the cells were treated with apigenin (12.5 �M).
Twenty four hours later, the luciferase activity was detected by
adding the One-Glo� luciferase assay system (Promega). To
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determine the cell viability, replicate plates were made, and the
cell viability was measured by quantifying ATP with CellTiter�-
Glo (Promega) using the standard protocol and expressed as
percent viability compared with vehicle-treated cells. To study
the role of three inducers of oxidative stress (tert-butyl
hydroperoxide, paraquat, and hydrogen peroxide) in the trans-
lation of Nrf2, we treated HEK293T previously transfected with
the reporter Luc2–Nrf2Sg3 with increasing concentrations of
each of the oxidants for 24 h in white 96-well plates followed by
luciferase activity determination with the One-Glo� luciferase
assay system (Promega).

Luciferase reporter assay for detecting the activation of the
antioxidant-response element in ARE-HepG2 cells

ARE-HepG2 cells (BPS Bioscience) was seeded into white
96-well plates (Greiner Bio-one) at a concentration of 1 � 104

cells per well in a final media volume of 100 �l. Twenty four
hours after seeding, the cells were treated for 12 h with increas-
ing concentrations of apigenin or tert-butylhydroquinone as a
positive control (50 �M). For detecting the luciferase expression
after the treatment, the One-Glo� luciferase assay system (Pro-
mega) with a Glomax luminometer (Promega) was used as indi-
cated above.

Selective isolation and detection of the newly synthesized
proteins

A modified version of the method of Dieterich et al. (24, 25)
was used to label and isolated newly synthesized proteins upon
treatment with apigenin. For this, we used HEK293T cells pre-
viously transfected (24 h) with wild-type Nrf2. For labeling, we
replaced regular DMEM with pre-warmed DMEM without
methionine (MP Bio) with L-azidohomoalanine at 4 mM for
incorporation into newly synthesized proteins. Subsequently,
we treated the cells with or without apigenin at 12.5 �M for 4 h.
After harvesting the cells, these were lysed, and the proteins
were quantified with the Bradford assay (Bio-Rad). To isolate
newly synthesized proteins, they were biotinylated by using
biotin alkyne (Life Technologies, Inc.) with the Click-it� pro-
tein reaction buffer (Life Technologies, Inc.) that specifically
biotinylated the proteins where L-azidohomoalanine was incor-
porated. The isolation of the biotinylated proteins was per-
formed with a purification column containing CaptAvidinTM

(Life Technologies, Inc.) as recommended by the manufacturer.
The eluates from treated or untreated cells were concentrated
by using an Amicon Ultra (Millipore) centrifugal filter with a
cutoff of 3 kDa. The concentrated eluates were separated by
SDS-PAGE and processed for Western blotting for the detec-
tion of Nrf2.

Statistical analysis

All figures in this work are representative of at least three
independent experiments. Differences between control and
treated samples in which two groups were compared were ana-
lyzed by t test analysis. The comparison of multiple groups was
performed by using one-way analysis of variance with Dun-
nett’s test in Graphpad Prism version 6. p values �0.05 were
considered statistically significant. The Z score is the number of
standard deviations from the mean for the expression of lucif-

erase for each readout value (n � 3) after the treatment with
compounds from the redox library and was calculated as
described by Malo et al. (72). The Z-factor for determining the
quality of the novel assay to discover inducers of Nrf2 transla-
tion was done as described by Zhang et al. (20) by using the
readout values of the expression of Luc2–Nrf2Sg3 treated with
DMSO (n � 8) or apigenin (n � 8) as follows: Z factor � 1 	
(3S.D.(apigenin) � 3SD(DMSO)/mean(apigenin) 	 mean(DMSO)),
S.D. � standard deviation.

Author contributions—O. P. L. conceived the project, designed the
experiments, performed the research, analyzed the data, and wrote
the paper. C. A. B. performed real-time PCR and subcellular frac-
tionations. S. M. designed the experiments, analyzed the data, and
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