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Activation of the transcription factor nuclear factor-
erythroid 2-related factor 2 (NRF2) has been shown to be a
promising therapeutic approach in the treatment of hep-
atosteatosis. NRF2 is believed to exert beneficial effects by
upregulating cellular oxidative defense mechanisms and
inhibiting inflammation. However, a major concern associated
with long-term treatment with NRF2 activators are drug side
effects, including the promotion of tumorigenesis. Many NRF2
activators function by forming cysteine adducts with KEAP1,
which normally mediates the ubiquitination and degradation
of NRF2. In this study, we identified NRF2 activator prodrugs
of 4-methylcatechol and tert-butylhydroquinone. These pro-
drugs are converted into their active metabolites in a liver se-
lective, cytochrome P450-dependent manner and function by
inhibiting KEAP1, resulting in NRF2 activation. Unexpectedly,
we also found that a number of NRF2-activating compounds,
including 4-methylcatechol and tert-butylhydroquinone, show
a markedly lower activity under hypoxic conditions than nor-
moxia. Our findings suggest that the lower activity of these
NREF2 inducers is a consequence of less potent cysteine adduct
formation with KEAP1. The lower activity of NRF2 inducing
compounds in hypoxia may limit tumor promoting effects of
NRF2 induction. Our study provides an important proof of
concept that it is possible to selectively activate NRF2 in the
liver for the treatment of hepatosteatosis while avoiding
tumorigenic effects as well as side effects of NRF2 activation in
other tissues.

Nonalcoholic fatty liver disease (NAFLD) and nonalcoholic
steatohepatitis (NASH) are of major concern worldwide due to
their increasing prevalence and because they are important
risk factors for type 2 diabetes and cardiovascular disease
(1, 2). In addition, NAFLD and NASH frequently progress to
liver cirrhosis and hepatocellular carcinoma, and liver disease
is a major cause of death in individuals with NAFLD and
NASH (3). Hence, there is an urgent need to develop new
therapeutics for these conditions.

One very promising approach for the treatment of NAFLD
and NASH that has recently emerged is activation of the
transcription factor nuclear factor-erythroid 2-related factor 2
(NRF2). Thus, deletion of NRF2 was found to result in rapid
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progression of steatohepatitis in high-fat diet fed mice (4, 5),
while activation of NRF2 with sulforaphane led to reduced
hepatic glucose production and improved glucose control in
patients with type 2 diabetes, one of the major metabolic
diseases associated with NASH (6). NRF2 is known as a master
regulator of the cellular phase 2 response to inactivate drugs
and xenobiotics. In addition, NRF2 plays an important role in
the cellular antioxidant defense by upregulating the expression
of various reactive oxygen species scavenging and other anti-
oxidant enzymes as well as in mediating anti-inflammatory
effects. Both antioxidant and anti-inflammatory mechanisms
are likely to be involved in the beneficial effects of NRF2
activation in NASH. Activation of NRF2 was also shown to
limit the lipid accumulation in the liver of high-fat diet fed
mice (7, 8). This effect has been suggested to be due to both
inhibition of lipogenesis and stimulation of lipid oxidation in
the liver.

NREF2 is primarily regulated at the posttranslational level via
its binding partner KEAP1. Under basal conditions, Keapl
anchors Nrf2 in the cytoplasm and targets it for ubiquitination
and consequently 26S proteasome mediated degradation.
Keapl functions as substrate receptor of a cullin-3—-based E3
ubiquitin ligase. The Keapl mediated constitutive ubiquitina-
tion and degradation represses the ability of Nrf2 to activate
gene expression. Inducers of NRF2 are usually electrophilic
compounds, which form adducts with specific cysteine resi-
dues in KEAP1. As a result, KEAP1 becomes inactivated and
NRF2 accumulates and translocates into the nucleus, where it
binds to the antioxidant response elements (AREs) of target
genes.

Although various NRF2 activators have been developed and
some have been used in clinical trials, there are concerns that
long-term treatment may elicit adverse effects. For instance,
NREF?2 activation is known to promote tumorigenesis as well as
mediate chemoresistance (9, 10). Inactivating mutations in
KEAP1 or activating mutations in NRF2 are frequently found
in a number of cancers, including cancers of the lung, gall-
bladder, and liver. While generally cytoprotective, NRF2 acti-
vators can also exert important other adverse effects. For
instance, NRF2 activation has been reported to promote hy-
pertension in diabetic mice via the transcriptional induction of
angiotensin and angiotensin-converting enzyme in renal
proximal tubule cells (11, 12). Nrf2 activation in regulatory T
cells has been shown to promote regulatory T cell loss and to
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Identification of liver selective NRF2 activator prodrugs

induce an autoinflammatory phenotype in mice (13). NRF2 has
also been reported to play an important role in regulating
hematopoietic stem cell quiescence (14, 15). In addition,
electrophilic NRF2 activators are also likely to have off-target
effects by reacting with other target proteins with reactive
cysteine residues. These studies suggest that long-term treat-
ment with NRF2 inducers can promote tumorigenesis and lead
to unwanted side effects due to pleiotropic effects of NRF2
activation in different tissues and toxicity due to off target
effects of electrophilic NRF2 activators. Indeed, a clinical trial
for the treatment of patients with type 2 diabetes and chronic
kidney disease with the triterpenoid Nrf2 activator bardox-
olone methyl was interrupted prematurely because of an
increased incidence of adverse cardiovascular events and death
in drug recipients (16).

The goal of this study was to identify novel strategies to
activate NRF2 for the treatment of NASH while avoiding tu-
mor promoting effects as well as side effects in other tissues.
We identified NRF2 inducer prodrugs that are activated in a
cytochrome P450-dependent manner. We also identified the
cellular oxygen concentration as a critical factor in deter-
mining the activity of NRF2-inducing drugs.

Results
tBHQ and 4-MC induce a robust activation of NRF2

In order to explore liver selective NRF2 activator prodrugs
that can be activated by cytochrome P450 enzymes via hy-
droxylation, we initially tested a small panel of NRF2 activator
compounds whose molecular structures include one or more
hydroxyl group(s). To assess the potency of NRF2 activation by
these compounds, we used the NRF2 protein level in drug-
treated HEK293T cells as a read-out of compound activity.
Among the NRF2 activators tested, tert-butylhydroquinone
(tBHQ) and 4-methylcatechol (4-MC) induced the highest
level of NRF2 stabilization. When used at a concentration of
10 UM, both tBHQ and 4-MC caused a statistically significant
increase in NRF2 protein concentrations (Fig. 1, A and B).
Notably, both compounds were more potent in stabilizing
NRF2 compared to the widely studied prototypical NRF2
activator sulforaphane (Fig. 1, A and B), consistent with a
previous report (17).

To further validate the activity of both compounds with an
independent assay, we measured NRF2 transcriptional activity
using an NRF2 ARE luciferase reporter plasmid containing the
ARE upstream of the Ngol gene. NRF2 binding to the ARE
transactivates luciferase gene expression and gives a read-out
of NRF2 transcriptional activity. As a negative control, we
also transfected the cells with a luciferase reporter plasmid in
which the ARE sequence was mutated. At a concentration of
10 puM, both tBHQ and 4-MC induced an approximately 2.5-
fold increase in ARE reporter activity while not stimulating
luciferase activity in cells expressing the mutant ARE construct
(Fig. 1C). These results suggest that tBHQ and 4-MC increase
NREF?2 transcriptional activity. Based on the Western blot and
luciferase reporter results, tBHQ and 4-MC were considered
promising candidates for the identification of prodrugs.
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Modifications of the hydroxyl group(s) in tBHQ and 4-MC
convert the compounds into inactive NRF2 activator prodrugs

Both tBHQ and 4-MC contain functionally important hy-
droxyl groups that likely undergo tautomerization to form keto
groups. The resulting benzoquinone structures contain an
electrophilic a,B-unsaturated carbonyl, which can alkylate
thiolates of reactive cysteines, for example, Cys151 in KEAP]I,
via a Michael addition reaction. This would lead to KEAP1
inhibition and NRF2 induction. To convert the active com-
pound 4-MC into an inactive prodrug that can be activated by
cytochrome P450 enzymes via hydroxylation, we selected
prodrug analogs containing modifications that we hypothe-
sized will result in reduced or abolished basal NRF2-inducing
activity. These analogs either (1) possess one or both of the
hydroxyl group(s) substituted with a methoxy group (Fig. 24,
series B) (2), lack one or both of the hydroxyl group(s) (series
C) or have the 4-methyl group substituted with a nitro group
(series A).

To determine the intrinsic NRF2-inducing activity of these
prodrug analogs, we treated HEK293T cells that lack expres-
sion of cytochrome P450 enzymes with the prodrugs and
measured the NRF2 protein level. No NRF2 activation was
observed with all prodrug analogs from all three series when
compared to the induction of NRF2 by the parental compound
4-MC (Fig. 2B), suggesting that these modifications completely
abolished any intrinsic NRF2-inducing activity of the analogs.
These analogs are therefore good starting points for prodrug
candidates. Using a similar approach, we also selected prodrug
analogs of tBHQ wherein one of the hydroxyl groups is
substituted with a methoxy group or either one or both of the
hydroxyl group(s) is/are absent. None of these prodrug analogs
of tBHQ exerted any intrinsic NRF2-inducing activity even at a
high concentration of 100 pM (Fig. 2C). The lack of intrinsic
NRF2-inducing activity indicates that these tBHQ analogs are
also good prodrug candidates.

3-Methylphenol, 2-tert-butylphenol, and 3-tert-butylphenol
prodrugs can be activated by liver cytochrome P450 enzymes

To next determine whether the prodrugs of 4-MC can be
activated by liver cytochrome P450 enzymes, we preincubated
the prodrugs with rat liver microsomes containing P450 en-
zymes, either in the presence or absence of NADPH cofactor
that is required for P450 enzyme activity. Preincubated drugs
were then added to HEK293T cells and NRF2 activation
was assessed by measuring NRF2 protein expression levels.
As shown in Figure 3A, one prodrug analog of 4-MC,
3-methylphenol with a single hydroxyl group at the meta-
position, induced NRF2 in the presence but not in the
absence of NADPH (series C). This suggests that 3-
methylphenol can be activated by cytochrome P450 enzymes
to induce NRF2. Notably, the prodrug analog 4-methylphenol,
with a single hydroxyl group in the para-position, was not
activated by rat liver microsomes and no induction of NRF2
was observed (series C). This suggests that cytochrome P450
enzymes exhibit some degree of substrate specificity. To
confirm that activation of 3-methylphenol is dependent on
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Figure 1. Tert-butylhydroquinone and 4-methylcatechol activate NRF2 potently. A, HEK293T cells treated with sulforaphane (SFN), tBHQ, or 4-MC at
the indicated concentrations (4 h), followed by measurement of NRF2 protein levels by Western blotting. B, the graph represents the mean and SD values
from three independent Western blot experiments. The densitometry data were normalized by the sum of all data points method (40), as described under
Experimental procedures. Statistical significance was evaluated using two-way ANOVA with Tukey’s multiple comparisons test. C, NRF2 transcriptional
activity in HEK293T cells was measured by transfecting cells with WT or mutant (inactive) ARE luciferase reporter plasmid for 40 h and treating the cells with
10 uM BHQ or 4-MC, as indicated, for the past 24 h, followed by determining the luciferase activity in the cell lysates. Data are mean + SD of three in-
dependent experiments; p values are calculated using an unpaired t test. 4-MC, 4-methylcatechol; tBHQ, tert-butylhydroquinone; NRF2, nuclear factor-

erythroid 2-related factor 2; ARE, antioxidant response element.

cytochrome 450 enzyme activity, we preincubated the prodrug
analogs with heat-inactivated rat liver microsomes, followed by
treatment of HEK293T cells with the preincubated drug. No
NREF?2 induction was observed when 3-methylphenol was pre-
incubated with the heat-inactivated rat liver microsomes in the
presence of NADPH, confirming that activation of 3-
methylphenol is indeed dependent on cytochrome P450
enzyme activity (Fig. 3B).

Using the same bioassay, we examined tBHQ prodrug
activation by rat liver microsomes. We identified two prodrug
analogs of tBHQ, 2-tert-butylphenol and 3-tert-butylphenol,
with a single hydroxyl group each at the 2- or 3-position that
induced NRF2 in the presence but not in the absence of
NADPH (Fig. 4A). This suggests that 2-tert-butylphenol and
3-tert-butylphenol can be activated by cytochrome P450
enzymes to induce NRF2. Further assessment using
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heat-inactivated rat liver microsomes showed loss in
NRF2-inducing activities by both analogs, confirming that
activation of 2-tert-butylphenol and 3-tert-butylphenol is
dependent on cytochrome P450 enzymes (Fig. 4B).

The cytochrome P450 homolog sequences and expression
levels differ between rats and mice. Hence, we performed ex-
periments analogous to Figures 3 and 4 using mouse liver
microsomes. As shown in Figure 5, very similar results were
obtained. Thus, 3-methylphenol, but not 4-methylphenol or
any of the other potential 4-MC prodrugs shown in Figure 34,
induced NRF2 accumulation in HEK293T cells after pre-
incubation with the mouse liver microsomes in the presence of
NADPH (Fig. 54 and data not shown). Likewise, 2-tert-
butylphenol and 3-tert-butylphenol, but not 4-tert-butylphe-
nol, 3-tert-butyl-4-hydroxyanisol, and tert-butylbenzene,
caused a notable increase in NRF2 expression in cells after
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Figure 2. Modifications of the hydroxyl groups on 4-MC and tBHQ
abolished intrinsic NRF2-inducing activity. A, prodrug candidates of 4-MC.
B and G, to determine the basal NRF2-inducing activity of prodrug candi-
dates, HEK293T cells were treated for 4 h with 4-MC (B) and tBHQ (C) analogs,
followed by measuring endogenous NRF2 protein concentrations by West-
ern blotting. 4-MC, 4-methylcatechol; tBHQ, tert-butylhydroquinone; NRF2,
nuclear factor-erythroid 2-related factor 2.

B-actin

preincubation with the mouse liver microsomes. Taken
together, these results suggest that 3-methylphenol as well as
2-tert-butylphenol and 3-tert-butylphenol are prodrugs of
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4-MC and tBHQ, respectively, which are activated via rat or
mouse liver cytochrome P450 enzymes.

Given that CYP3A4 is the most abundant cytochrome P450
homolog expressed in human liver and is responsible for
metabolizing up to 50% of all known drugs in humans, we
further examined whether activation of 3-methylphenol, 2-tert-
butylphenol, and 3-tert-butylphenol can be mediated specif-
ically by CYP3A4. To assess prodrug activation by CYP3A4, we
utilized HEK293T cells, which normally lack CYP3A4 expres-
sion. We transfected the cells with a CYP3A4 expression
plasmid or empty vector, followed by treatment of the cells with
the active compound 4-MC or the prodrugs 3-methylphenol or
4-methylphenol and measurement of NRF2 activation by
Western blotting. 4-MC induced NRF2 accumulation in both
CYP3A4-transfected cells as well as in transfection control cells,
although only the increase in CYP3A4-transfected cells reached
statistical significance (Fig. 6, A and B). NRF2 induction by
4-MC in the presence and absence of CYP3A4 is expected
because the drug does not require cytochrome P450-dependent
activation. 4-methylphenol also caused an increase in NRF2
abundance in both the presence and absence of CYP3A4
(Fig. 6A). However, neither of these effects was statistically
significant based on four independent Western blot experi-
ments (Fig. 6B). In contrast, 3-methylphenol induced NRF2 in
the CYP3A4-overexpressing cells to a level comparable to
4-MC, but was without effect in control cells (Fig. 6, A and B).
Importantly, the difference in the effect of the 3-methylphenol
prodrug in CYP3A4 transfected compared to control cells was
highly significant (Fig. 6C). None of the other potential 4-MC
prodrugs shown in Figure 3A induced a CYP3A4-dependent
NRF2 accumulation in HEK293T cells (data not shown). Our
results suggest that human CYP3A4 can mediate the activation
of 3-methylphenol.

We performed analogous experiments using the same
CYP3A4 overexpression system with the tBHQ prodrug can-
didates. As expected, tBHQ induced a robust, highly statisti-
cally significant, increase in NRF2 protein expression in both
CYP3A4 and empty vector transfected cells (Fig. 7, A and B).
Consistent with the rat and mouse liver microsome results,
3-tert-butylphenol induced a statistically significant increase in
NRF2 expression in CYP3A4-expressing HEK293T cells, but
not in control cells (Fig. 7, A and B). The difference in the
effect of the 3-tert-butylphenol prodrug in CYP3A4 trans-
fected compared to control cells was also highly significant
based on five independent experiments (Fig. 7C). However, the
effect of 3-tert-butylphenol was smaller than the parental
compound tBHQ. This suggests that CYP3A4 can catalyze
activation of 3-tert-butylphenol, but may not represent the
exclusive cytochrome P450 enzyme that is involved in this
conversion. 2-tert-butylphenol, which was also activated by
cytochrome P450 enzymes present in rat and mouse micro-
somes, displayed a similar trend to 3-tert-butylphenol
(Fig. 7A). However, the effect of 2-tert-butylphenol was not
statistically significant (Fig. 7, B and C). Notably, 4-tert-
butylphenol and 3-tert-butyl-4-hydroxyanisole, which were
not activated by rat and mouse liver microsomes, induced
CYP3A4 dependent increases in NRF2 expression that were
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Figure 3. The 3-methylphenol prodrug is activated by cytochrome P450 enzymes in rat liver microsomes. A, HEK293T cells were treated for 4 h with
the indicated prodrug analogs of 4-MC after preincubation of the prodrug candidates with rat liver microsomes in the presence or absence of NADPH
(1 mM, 1 h), as described under Experimental procedures. NRF2 protein levels were measured by Western blotting. B, the figure shows the NRF2 protein
levels in HEK293T cells following treatment for 4 h with 4-MC or 3-methylphenol after preincubation of the compounds with functional (RLM) or heat-
inactivated rat liver microsomes (HI RLMs) with or without NADPH (1 mM, 1 h). 4-MC, 4-methylcatechol; NRF2, nuclear factor-erythroid 2-related factor 2.

statistically significant (Fig. 7, C and E), while tert-
butylbenzene did not cause any increase in NRF2 expression
(data not shown). In particular, the NRF2 expression induced
by 3-tert-butyl-4-hydroxyanisole in CYP3A4-expressing cells
was pronounced (Fig. 7, A and E), suggesting that human
CYP3A4 has different substrate specificities compared to its
orthologs and paralogs in rat and liver microsomes. In
conclusion, human CYP3A4 can catalyze the activation of
3-methylphenol, 3-tert-butylphenol, 4-tert-butylphenol, and
3-tert-butyl-4-hydroxyanisole. Among the various prodrugs,
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3-methylphenol exhibited the most robust and consistent ef-
fects in the different experimental systems.

4-MC and tBHQ are inactive under hypoxic conditions

Our results suggest that utilizing prodrugs of 4-MC and
tBHQ may be a potential approach to selectively activate NRF2
in the liver and avoid nonspecific effects in other tissues. Of
note, both 4-MC and tBHQ require bioactivation in an
oxygen-dependent reaction to produce the reactive quinone
compounds 4-methyl-1,2-benzoquinone and 2-tert-butyl-1,4-
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Figure 4. Activation of 2-tert-butylphenol and 3-tert-butylphenol prodrugs by cytochrome P450 enzymes in rat liver microsomes. A, HEK293T cells
were treated for 4 h with the indicated prodrug analogs of tBHQ after preincubation with rat liver microsomes (RLMs) with or without NADPH (1 mM, 1 h), as
described under Experimental procedures. B, the figure shows the NRF2 protein levels in HEK293T cells following treatment with tBHQ, 2-tert-butylphenol,
or 3-tert butylphenol (4 h) after preincubation with functional (RLM) or heat-inactivated rat liver microsomes (HI RLMs) with or without NADPH (1 mM, 1 h).
4-MC, 4-methylcatechol; tBHQ, tert-butylhydroquinone; NRF2, nuclear factor-erythroid 2-related factor 2.

benzoquinone, respectively, which can then form adducts with
Cys151 in KEAP1 (18). Hence, we investigated the oxygen
dependence of the NRF2 activation by 4-MC and tBHQ, which
could be an important factor for the efficacy as well as for the
side effects of these compounds and our identified prodrugs in
the context of the tumor environment. We exposed HEK293T
cells to an oxygen concentration of 1% and treated the cells
with tBHQ and 4-MC, followed by measuring NRF2 protein
levels. As shown in Figure 84, only a very small activation of
NRF2 by 4-MC and tBHQ was observed at 1% oxygen when
compared to the same treatment performed in cells at nor-
moxia (oxygen concentration of 21%, which was utilized in all
previous assays). This indicates that both 4-MC and tBHQ
have a markedly reduced activity at low concentrations of
oxygen, as found in the tumor environment.

To test whether the lack of activity of 4-MC and tBHQ in
hypoxia is due to the requirement of oxygen for their con-
version to the respective quinols, we utilized 4-methyl-1,2-
benzoquinone, the oxidized active metabolite of 4-MC. As
expected, 4-methyl-1,2-benzoquinone caused a dose-
dependent and time-dependent increase in NRF2 protein
expression (Fig. 8, B and C). When comparing the dose and
time dependence of the NRF2 activation with that of 4-MC,
4-methyl-1,2-benzoquinone was found to exhibit a lower
activity (Fig. 8, B and C). This may be due to the greater
reactivity and consequently a shorter half-life of 4-methyl-
1,2-benzoquinone.

We then compared the ability of 4-MC and 4-methyl-1,2-
benzoquinone to induce NRF2 activation in hypoxia. Given
that 4-methyl-1,2-benzoquinone does not require oxygen-
dependent bioactivation, we expected that the compound
would show a similar activity in both normoxia (21% oxygen)
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and hypoxia (1% oxygen). Unexpectedly, the activity of
4-methyl-1,2-benzoquinone was also dramatically inhibited
in hypoxia (Fig. 8D). These results suggest that the low ac-
tivity of 4-MC in hypoxia may not be due to the lack of
bioactivation and that hypoxia may inhibit NRF2 activation
by 4-MC and 4-methyl-1,2-benzoquinone via a different
mechanism.

We also determined the effect of 4-MC and 4-methyl-1,2-
benzoquinone at 4% oxygen, which is more representative of
the physiological oxygen tension under in vivo conditions. As
shown in Figure 8D, incubation of cells at 4% oxygen resulted
in an intermediate stabilization of the Hypoxia-inducible fac-
tor-1o. (HIF-1a) protein, as expected. Incubation at 4% also
resulted in an intermediate induction of NRF2 by both 4-MC
and 4-methyl-1,2-benzoquinone. Thus, low and physiological
oxygen concentrations appear to inhibit 4-MC induced NRF2
stabilization independently of the oxygen-dependent bio-
activation to the reactive quinone compound.

We next wanted to test if the oxygen-dependent oxidation
of quinols to quinone compounds can still occur at oxygen
concentrations of 4% and 1%. To this end, we measured the
autoxidation of 6-hydroxydopamine, which is well known to
undergo an autoxidation reaction analogous to catechols and
hydroquinones to form a quinone compound. Autoxidation
was measured by monitoring oxygen consumption using a
Clark oxygen electrode. We found that the autoxidation rate of
6-hydroxydopamine was markedly increased in the presence of
HEK293T cell lysate (data not shown). This may be due to the
requirement of Cu** and possibly other divalent metal ions
present in the cell lysate for the efficient autoxidation of
6-hydroxydopamine and 4-MC (19-22). As shown in
Figure 8E, addition of 10 mM 6-hydroxydopamine in the
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Figure 5. Activation of 4-methylcatechol and tert-butylhydroquinone prodrugs by cytochrome P450 enzymes in mouse liver microsomes. A-C,
HEK293T cells were treated for 4 h with the indicated prodrug analogs of 4-MC or tBHQ after preincubation with mouse liver microsomes (using functional
(MLMs) or heat-inactivated mouse liver microsomes [HI MLMs]) with or without NADPH (1 mM, 1 h), as described under Experimental procedures. After the
incubation, the cells were lysed and cell lysates subjected to Western blotting.

presence of cell lysate caused a decrease in the oxygen con-
centration, indicative of 6-hydroxydopamine autoxidation. The
autoxidation reaction proceeded at a very fast rate to an oxy-
gen concentration of 5% saturation, corresponding to 12 M
or 1.0% O,. 6-hydroxydopamine autooxidation continued at
even lower oxygen concentrations, although at a slower rate,
and ceased only at 1.5% oxygen saturation, corresponding to
3.5 UM or 0.3% O,. Addition of the reducing agent sodium
dithionate, which reacts rapidly with oxygen, decreased the
oxygen concentration in the chamber to 0. These results

SASBMB

suggest that even in 1% hypoxia, autoxidation of
6-hydroxydopamine still occurs rapidly. Unfortunately, the
rate of 4-MC oxidation was too slow to perform the same kind
of analysis (data not shown). However, given the analogous
autoxidation mechanism of 6-hydroxydopamine and 4-MC, it
is likely that the oxygen dependence of the two compounds is
similar. These results further support the conclusion that the
inhibitory effect of hypoxia on NRF2 activation by 4-MC and
tBHQ is not due to decreased bioactivation of these
compounds.
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Figure 6. CYP3A4 activates the prodrug 3-methylphenol. A, HEK293T cells were transfected with a CYP3A4 expression plasmid for 2 days, followed by
24 h treatment with 10 uM 4-MC and 50 UM of the prodrugs, as indicated, followed by Western blot analysis. B, the graph represents the mean and SD
values from four independent Western blot experiments. The densitometry data were normalized by the sum of all data points method (40), as described
under Experimental procedures. Statistical significance was evaluated using two-way ANOVA with Tukey’s multiple comparisons test. C, the graph rep-
resents a statistical test of the differences in the prodrug effects in CYP3A4 transfected compared to control cells, which is necessary to determine whether
the prodrugs have a selective effect in the presence of CYP3A4 (41). Thus, we calculated the differences in the NRF2 abundance, normalized to B-actin, of
prodrug and DMSO-treated cells and compared these differences between empty vector and CYP3A4-transfected cells. The graph represents the mean and
SD values from four independent Western blot experiments. Statistical significance was evaluated using an unpaired t test. 4-MC, 4-methylcatechol; NRF2,

nuclear factor-erythroid 2-related factor 2.

Inhibition of NRF2 activation by hypoxia is not limited to 4-MC
and tBHQ

Given that the low activity of 4-MC and tBHQ in hypoxia is
likely not a consequence of lack of autooxidation of these
compounds, we tested whether hypoxia also affects the activity
of other NRF2 inducing compounds. As shown in Figure 94,
the well-established NRF2 activators sulforaphane, androgra-
pholide, and CDDO-imidazole (CDDO-Im) displayed a
markedly reduced activity in hypoxia (1% oxygen). NRF2
activation by sulforaphane, andrographolide, and CDDO-Im
was not inhibited at an oxygen concentration of 4%
(Fig. 9B). In contrast, NRF2 induction by 4-MC and tBHQ was
reduced at 4% oxygen compared to normoxia, although to a
lesser degree than at an oxygen concentration of 1%. Arsenite
caused no or only weak induction of NRF2 protein expression.
As shown in Figure 9C, incubation of MCEF-7 cells at 1%

8 J Biol. Chem. (2025) 301(6) 108487

oxygen also resulted in less NRF2 induction by 4-MC, tBHQ,
and andrographolide compared to incubation at 21% oxygen.
In conclusion, hypoxia exerts an inhibitory effect on the sta-
bilization of NRF2 by various NRF2 activators.

The inhibitory effect of hypoxia on NRF2 is not due to
activation of HIF-1a or inhibition of NRF2 protein synthesis
Given that the inhibitory effect of hypoxia on the NRF2
stabilization by various well-established NRF2 inducer com-
pounds is likely highly relevant under in vivo conditions, in
particular in hypoxic tumor tissue, we carried out mechanistic
studies. Hypoxia leads to the stabilization of the transcription
factor HIF-1a, which functions as a master regulator of the
cellular hypoxic response by activating the transcription of
numerous genes involved in the adaptation of cells to low
oxygen concentrations. We hence first determined whether
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Figure 7. CYP3A4 activates prodrugs 3-tert-butylphenol and 3-tert-4-hydroxyanisole. A, HEK293T cells were transfected with a CYP3A4 expression
plasmid for 2 days, followed by 24 h treatment with 10 uM tBHQ and 50 UM of the prodrugs, as indicated, followed by measurement of NRF2 protein levels.
B and D, the graph represents the mean and SD values from five (B) or three (D) independent Western blot experiments. The densitometry data were
normalized by the sum of all data points method. Statistical significance was evaluated using two-way ANOVA with Tukey’s multiple comparisons test. C
and E, the graph represents a statistical test of the differences in the prodrug effects in CYP3A4-transfected cells compared to control cells. We calculated
the differences in the NRF2 abundance, normalized to B-actin, of prodrug and DMSO-treated cells and compared these differences between empty vector
and CYP3A4-transfected cells (C: n = 5; E: n = 4, p values calculated using an unpaired t test). tBHQ, tert-butylhydroquinone; NRF2, nuclear factor-erythroid
2-related factor 2.
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Figure 8. 4-MC and tBHQ are inactive under hypoxic conditions. A, HEK293T cells were treated with 4-MC and tBHQ for 4 h under normoxic (21% O,) or
hypoxic (1% O,) conditions, as indicated, followed by measurement of NRF2 and HIF-1¢. protein levels. B, cells were treated with 4-MC and 4-methyl-1,2-
benzoquinone for 4 h at increasing concentrations, as indicated, followed by measurement of NRF2 protein levels. C, cells were treated with 10 uM 4-MC
and 4-methyl-1,2-benzoquinone for the indicated times, followed Western blotting for NRF2 protein levels. D, HEK293T cells were treated with 4-MC and
4-methyl-1,2-benzoquinone for 4 h at oxygen concentrations of 21%, 4%, or 1%, as indicated, followed by Western blotting for NRF2 and HIF-1a. E,
autoxidation of 6-hydroxydopamine (6-OH-dopamine) was measured by monitoring oxygen consumption using a Clark type oxygen electrode. 6-OH-
dopamine at a final concentration of 10 mM was added to the 1T ml chamber containing water and 50 pl of cell lysate (protein concentration of 2.5 pg/ml).
Excess sodium dithionite was added where indicated in order to determine the remaining oxygen concentration in the chamber. 4-MC, 4-methylcatechol;
tBHQ, tert-butylhydroquinone; NRF2, nuclear factor-erythroid 2-related factor 2; HIF-1a,hypoxia-inducible factor-1a.

the inhibitory effect of hypoxia on NRF2 activation is mediated
by HIF-1a. Treatment of HEK293T cells with the HIF-1o-
inducing, hypoxia-mimetic compounds desferrioxamine and
dimethyloxalylgycine resulted in an increase in HIF-1a protein
expression (see V5 bot in Fig. S2A). However, desferrioxamine
and dimethyloxalylgycine did not replicate the inhibitory effect
of hypoxia on NRF2 induction in the presence of absence of
transfected wild type HIF-1a (Fig.S1, A and B). These results
argue against a role of HIF-1a.

We next determined whether the inhibition of drug induced
NRF2 accumulation is due to an inhibitory effect on NRF2
synthesis or a faster protein degradation rate. Of note, hypoxia
is well known to inhibit the cellular protein synthesis rate via
inhibition of the mechanistic target of rapamycin complex I
(mTORC1) activity as well as induction of elF2a Ser51 phos-
phorylation. However, when NRF2 accumulation was induced
by inhibiting its ubiquitination or proteasomal degradation
using MLN4924 or MG-132, respectively, NRF2 protein
accumulated to comparable levels in normoxia and hypoxia,
suggesting that hypoxia does not inhibit NRF2 translation
(Fig. 10). We also observed that inhibition of mTORC1 using

10 J Biol Chem. (2025) 301(6) 108487

Torinl, rapamycin or serum, and amino acid deprivation was
without effect on drug-induced NRF2 accumulation in nor-
moxia (Fig. S1, B-D). Although inhibiting mTORC1 with
PP242 did prevent NRF2 induction (Fig.S1, B and C), the lack
of effect of the other three approaches to inhibit mTORC1
suggests that the effect of PP242 is nonspecific. Furthermore,
to determine if the effect of hypoxia is due to induction of
elF2a. Ser51 phosphorylation, we overexpressed of a C-ter-
minal deletion construct of GADD34, the regulatory subunit of
protein phosphatase 1, which is highly effective in preventing
elF20.  Ser51 phosphorylation (references (23-25) and
Fig.S2C). As shown in Figure S2, A and B, preventing elF2a
Ser51 phosphorylation did not reverse the inhibitory effect of
hypoxia on 4-MC and andrographolide-induced NRF2 accu-
mulation. In conclusion, the inhibitory effect of hypoxia on
NREF2 induction is unlikely due to lower NRF2 synthesis rates.

We also tested whether hypoxia affected the degradation
rate of ubiquitinated NRF2. To this end, we first induced high
NRF2 ubiquitination levels by treating cells for 4 h with the
proteasome inhibitor MG-132. Subsequently, MG-132 was
washed out by incubating cells with fresh medium, which
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Figure 9. Inhibition of NRF2 activation by hypoxia is not limited to 4-MC and tBHQ. A and B, HEK293T cells were treated for 4 h with the indicated
drugs at 21%, 1%, or 4% oxygen (SFN = sulforaphane; Andro = andrographolide). Cell lysates were used for Western blotting with the indicated antibodies.
C, MCF-7 cells were treated for 3 h with the indicated drugs at 21% or 1% oxygen, followed by Western blotting of cell lysates using NRF2 and B-actin
antibodies. 4-MC, 4-methylcatechol; tBHQ, tert-butylhydroquinone; NRF2, nuclear factor-erythroid 2-related factor 2.

contained the cullin E3 ligase inhibitor MLN4924 to prevent comparable in normoxia and hypoxia (Fig.S2D). In conclusion,
new NRF2 ubiquitination. The decrease in the levels of ubiq- the inhibition of drug-induced NRF2 accumulation in hypoxia
uitinated NRF2 was then measured over time. We found that is unlikely due to an inhibitory effect on NRF2 synthesis or a
the rate with which ubiquitinated NRF2 decreased was faster protein degradation rate.
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Figure 10. The inhibition of drug-induced NRF2 accumulation at 1%
oxygen is not due to an inhibitory effect of hypoxia on NRF2 synthesis.
HEK293T cells were treated for 3.5 h with 10 uM 4-MC, 10 uM MG-132, or
2 UM MLN-4924, as indicated. The cells incubated in hypoxia were pre-
equilibrated at 1% oxygen for 30 min before drug addition and the drugs
were added inside the hypoxic incubator. After the incubation time, the
cells were lysed and the cell lysates were analyzed by Western blotting. 4-
MC, 4-methylcatechol; NRF2, nuclear factor-erythroid 2-related factor 2.

The inhibitory effect of hypoxia on NRF2 is not due to a more
reduced cellular redox state

Given that we observed that treatment with electron
transport chain inhibitors myxothiazol and sodium azide
caused a partial inhibition of 4-MC-induced NRF2 stabiliza-
tion (Fig.S1C), we hypothesized that hypoxia may inhibit
cysteine oxidation and adduct formation in KEAP1 by
increasing the cellular NADH concentration. Indeed, hypoxic
conditions are generally considered to cause a more reduced
cellular redox state as a consequence of lower electron trans-
port chain activity and NADH accumulation. In order to test
this hypothesis, we lowered the cellular NADH concentration
in hypoxia using two approaches. First, we added d-ketobu-
tyrate, which is transported into cells and then converted to
nonmetabolizable ¢-hydroxybutyrate by B-hydroxybutyrate
dehydrogenase in an NADH-consuming reaction (26, 27).
Second, we overexpressed in the cytosol the Lactobacillus
brevis NADH oxidase LbNOX as a genetic tool to decrease the
cytosolic NADH concentration (28). As shown in Figure 114,
both interventions were effective in lowering the cellular
NADH concentration. However, neither intervention reversed
the inhibitory effect of hypoxia on drug-induced NRF2 accu-
mulation (Fig. 11B). Consistent with these results, we found
that hypoxia caused only a marginal increase in the cellular
NADH concentration (Fig. 11C). Hence, it is unlikely that the
inhibitory effect of hypoxia on NRF2 accumulation is due to an
increased cellular NADH concentration.

We also considered the possibility that hypoxia may inhibit
NRF2 accumulation by causing an increase in the cellular
NADPH concentration, which would disfavor or reverse
oxidative cysteine modifications. We first validated the
NADPH assay by treating cells with the redox cycling drug
menadione or by overexpressing the first enzyme of the
phosphate pentose pathway glucose-6-phosphate dehydroge-
nase. As expected, these manipulations decreased or increased

12 J Biol Chem. (2025) 301(6) 108487

the cellular NADPH concentration, respectively (Fig. 11D).
When we then incubated cells in hypoxia, we found that
hypoxia causes a decrease in the cellular NADPH concentra-
tion (Fig. 11E), consistent with previous findings in hepato-
cytes (29). These results indicate that the inhibitory effect of
hypoxia on NRF2 accumulation is not due to an increased
cellular NADPH concentration.

The inhibitory effect of hypoxia on NRF2 is due to slower
kinetics of cysteine adduct formation in KEAP1

We finally investigated the hypothesis that hypoxia inhibits
drug-induced cysteine adduct formation in KEAP1. Toward
this end, we measured NRF2 adduct formation in cells directly
using a Western blot based PEG-maleimide cysteine alkylation
assay. Thus, we transfected cells with a truncated V5-epitope—
tagged KEAP1 plasmid, lacking the double-glycine repeat
domain responsible for substrate binding. Given that Cys151 is
the main target of NRF2-inducing drugs, we used a plasmid in
which all cysteines except Cys151 were mutated to serine (V5-
KEAP1(1-315)Cys151only). Cells were treated with increasing
concentrations of the cysteine alkylating agent N-ethyl-
maleimide (NEM) at 21% or 1% oxygen, followed by cell lysis
under non-reducing conditions and treatment of the cell ly-
sates with methoxypolyethylene glycol-maleimide (PEG-mal-
eimide, molecular weight 10,000 g/mol). Only non-modified
Cys151 reacts with PEG-maleimide, resulting in an approxi-
mately 30 kDa band shift in a Western blot. As shown in
Figure 12A, treatment of cells with increasing NEM concen-
trations resulted in a gradual disappearance of the high mo-
lecular weight, PEG-maleimide modified KEAP1 band,
indicating alkylation of KEAP1 at Cysl51 in cells. We con-
ducted four independent experiments. Because there was
substantial inter-experiment variation in the NEM concen-
trations required to induce Cys151 alkylation, we were unable
to carry out a quantitative analysis. However, we found a right
shift in the NEM adduct formation concentration dependence
in hypoxia in all four repeats (Fig. S3). In conclusion, hypoxia
appears to exert an inhibitory effect on KEAP1 Cysl51
modification, resulting in lower kinetics of KEAP1 inhibition
and NREF?2 stabilization.

Finally, we also compared the NEM-induced modification of
Cys151 in KEAPI in lysates of cells transfected with the V5-
KEAP1(1-320)Cys151only plasmid in normoxia versus hyp-
oxia using the same experimental approach. Of note, we found
that under these in vitro conditions hypoxia had no inhibitory
effect (Figs. 12B, S4), suggesting that a cellular mechanism is
involved in the oxygen dependent regulation of KEAP1 adduct
formation.

Discussion

NRE?2 plays a central role in maintaining redox homeostasis
in health and disease through its antioxidant and cytopro-
tective capacities. Activation of NRF2 by cysteine electrophiles
that inhibit KEAP1 has been extensively studied as a thera-
peutic approach in diverse disease contexts including NAFLD,
where oxidative stress and inflammation drive disease
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Figure 11. The inhibition of drug induced NRF2 accumulation in hypoxia is not due to an increase in the cellular NADH or NADPH concentration. A,
HEK293T cells were transfected for 2 days with an LbNOX expression plasmid or treated for 3 h with 2.5 mM a-ketobutyrate (2KB). The intracellular NADH
concentrations were measured as described under Experimental procedures. The NADH luminescence readings were normalized to the protein concen-
tration of the lysates and plotted according to the sum of all data points method (40), where each bar corresponds to the proportion of the sum of all
luminescence readings. The graph represents the mean and SD values from three independent Western blot experiments. Statistical significance was
evaluated using two-way ANOVA with Tukey’s multiple comparisons test. B, the cells were transfected for 2 days with an LoNOX expression plasmid, where
indicated, and treated for 3 h at 21% or 1% oxygen in the presence of 10 UM andrographolide, 10 UM tBHQ, and 2.5 mM a-ketobutyrate, as indicated.
Subsequently, the cells were lysed and subjected to Western blotting. The asterisk in the NRF2 blots corresponds to a nonspecific band. C, HEK293T cells
were incubated at 1% oxygen or kept at 21% for 4 h, followed by measurement of the cellular NADH concentration as in (A). The data were normalized and
presented as described in (A). The graph represents the mean and SD values from three independent Western blot experiments. Statistical significance was
evaluated using an unpaired t test. D and E, the cells were transfected with a human glucose-6-phosphate dehydrogenase (G6PDH) expression plasmid for
2 days and incubated at 21% oxygen in the presence of 80 [LIM menadione, as indicated, for 3 h (D) or incubated at 21% or 1% oxygen for 3 h (E). The
intracellular NADPH concentrations were measured analogously to the NADH measurements in (A) and (B) using the NADP/NADPH-Glo Assay kit (Promega),
as described under Experimental procedures. The data normalization and presentation was performed as in (A). The graphs in (D) and (E) represent the
mean and SD values from two or three independent experiments, respectively. Statistical significance in (E) was evaluated using an unpaired t test. tBHQ,
tert-butylhydroquinone; NRF2, nuclear factor-erythroid 2-related factor 2.

pathologies (30). A major limitation to the effective translation special concern given that any treatment of NASH or NAFLD
of NRF2 activators to the clinic lies in their poor safety profiles would likely be chronic and it is often difficult to anticipate
due to in vivo side effects including their potential tumor patient risk factors such as cancer susceptibility. Therefore, we
promoting properties. These effects of NRF2 activators are of sought to explore novel therapeutic approaches that enable
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Figure 12. Hypoxia inhibits drug-induced cysteine adduct formation in
KEAP1. A, PEG-maleimide cysteine alkylation assay in HEK293T cells. The
cells were transfected with the V5-KEAP1(amino acids 1-315)Cys151only-
pcDNA3.1 plasmid, containing a single cysteine at position 151, for 2 days,
followed by treatment of cells with the indicated concentrations of N-eth-
ylmaleimide (NEM) for 90 min under conditions of 21% or 1% oxygen. The
cells incubated in hypoxia were pre-equilibrated at 1% oxygen for 30 min
prior to addition of NEM. After the incubation time, the cells were lysed in
Triton X-100 containing lysis buffer in the absence of reducing agent. Ali-
quots of the cleared lysates were then mixed with an equal volume of 3 mM
methoxypolyethylene glycol maleimide (PEG-maleimide) (molecular weight
[MW] 10,000, Sigma-Aldrich Cat. No.712469) + 2% SDS in PBS (or in the
absence of PEG-maleimide as negative control) for 20 min at room tem-
perature. The PEG-maleimide alkylation reaction was stopped by adding 4x
SDS loading buffer including 10% B-mercaptoethanol and analyzed by SDS-
PAGE and Western blotting using a V5 antibody. The faster migrating V5
bands represent KEAP1(1-315) modified by NEM at Cys151. Absence of
NEM modification resulted in alkylation of Cys151 by PEG-maleimide,
leading to an increase in the MW and slower migration. The shown
experiment is representative of four independent experiments (Fig. S3). B,
in vitro PEG-maleimide cysteine alkylation assay. HEK293T cells grown in a
Petri dish were transfected with the V5-KEAP1(amino acids 1-315)
Cys157only-pcDNA3.1 plasmid for 2 days, followed by cell lysis in Triton X-
100 containing lysis buffer in the absence of reducing agent. Aliquots of the
cleared lysates were then incubated in the presence of the indicated NEM
concentrations for 20 min and subsequently mixed with an equal volume of
3 mM PEG-maleimide + 2% SDS in PBS for 20 min at room temperature. The
PEG-maleimide alkylation reaction was stopped by adding 4x SDS loading
buffer including 10% B-mercaptoethanol and analyzed by SDS-PAGE and
Western blotting using a V5 antibody.

activation of NRF2 selectively in the liver to target the path-
ological triggers of NAFLD and NASH without initiating off-
target tissue effects.

To initially explore potential prodrug candidates of 4-MC
and tBHQ that can be activated in a cytochrome P450-
dependent, liver selective manner, we tested two possible ap-
proaches. In the first approach, we used methoxy analogs of
4-MC and tBHQ. This approach was inspired by a report by
Perry and colleagues (31), who demonstrated that demethyla-
tion of a methoxy group is an effective approach for achieving
liver selective prodrug activation of the mitochondrial uncou-
pler 24-dinitrophenol via cytochrome P450 enzymes.
Furthermore, Fetherrolf et al. (32) have shown that members of
the cytochrome P450 CYP255A1 and CYP255A2 families from
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the bacterial strains Rhodococcus rhodochrous EP4 and Rhodo-
coccus jostii RHA1 can mediate the efficient O-demethylation
of 4-alkylguaiacols to 4-alkylcatechols (including that of
2-methoxy-4-methylphenol to 4-MC). Second, we used analogs
of 4-MC and tBHQ that lack one or both phenolic hydroxyl
groups. The latter approach proved to be more successful, and
we identified two analogs of 4-MC and tBHQ, 3-methylphenol
and 3-tert-butylphenol, respectively, that lack one hydroxyl
group and are activated via cytochrome P450-mediated hy-
droxylation in rat, mouse, and human experimental systems.
These studies provide proof-of-principle of a liver cytochrome
P450 enzymes—dependent NRF2 prodrug activation approach.
We believe that this approach can be leveraged to facilitate a
high local drug concentration in the liver and mitigate NRF2
effects in off-target tissues in vivo.

We also observed that both tBHQ and 4-MC are inactive or
markedly less active under hypoxic conditions (1% oxygen).
This finding is consistent with one previous report by Senger
et al. (17), who found lower activity of the NRF2 activators
4-MC and 4-ethylcatechol at an oxygen concentration of 2%
compared to 21%. Notably, the physiological oxygen concen-
trations at which NRF2 activators exert their effects in vivo and
especially the oxygen concentrations in tumors are much
lower than those commonly employed in cell culture experi-
ments. Hence, the markedly reduced activity of 4-MC is of
great importance. Therefore, we conducted experiments to
study the underlying mechanism.

Both 4-MC and tBHQ are quinol compounds, which
initially undergo an oxygen-dependent autooxidation reaction.
This gives rise to the respective quinones, which then form
adducts with reactive cysteines via Michael addition. We
therefore considered the possibility that the oxygen depen-
dence of 4-MC and tBHQ is due to the requirement to un-
dergo autooxidation. However, several reasons argue against
this hypothesis. First, the activated form of 4-MC, 4-methyl-
1,2-benzoquinone, exhibits a similar oxygen dependence as
compared to the parent compound. Second, the oxidation of
the quinol 2-hydroxydopamine to its quinone form in the
presence of cell lysate can still occur efficiently at 1% oxygen.
Finally, other NRF2 activator compounds, including sulfo-
raphane, andrographolide, and CDDO-Im, which do not
require activation via autooxidation, also exhibit lower NRF2-
inducing activity in hypoxia.

Our results indicate that the low NRF2 activation by 4-MC,
andrographolide, and potentially other NRF2 activators in
hypoxia is not mediated through HIF-1la stabilization or
mTORCI1 inhibition. Hypoxia is also known to cause a more
reduced cellular redox state, which may promote the inacti-
vation of electrophilic NRF2 activators or antagonize oxida-
tive cysteine modifications. However, our results suggest that
the inhibition of the NRF2 response in hypoxia is independent
of the cellular NADH and NADPH concentrations. Instead,
our results suggest that the inhibitory effect of hypoxia on
NRF2 is due to slower kinetics of cysteine adduct formation in
KEAP1. Notably, this effect was only observed in intact cells,
but not under in vitro conditions. It remains to be determined
how hypoxia inhibits cysteine reactivity. One potential
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mechanism is that hypoxia lowers the sensitivity of KEAP1
cysteine residues to become modified due to a lower cellular
pH, resulting in a lower proportion of cysteines existing in the
reactive cysteine thiolate anion state. However, we found that
varying the pH in the cell culture media between 6.6 and 8.0
or increasing the intracellular pH inside the cells through
treatment with 10 mM NH4CI did not affect drug-induced
NRF2 stabilization (data not shown), arguing against this
mechanism.

Irrespective of the precise mechanism through which hyp-
oxia inhibits the effect of various NRF2 activators, the results
of this study have important implications. First, they suggest
that NRF2 activators might have very low activity under con-
ditions of tumor hypoxia. Thus, tumor-promoting effects
during long-term treatment with NRF2 activators may be a
smaller concern when considering long-term treatment of
chronic diseases such as NAFLD and NASH with NRF2 acti-
vator drugs. Second, the results of our study imply that it is
important to take into account the effect of the oxygen con-
centration when evaluating any new NRF2-inducing com-
pounds and to assess their effects at low oxygen
concentrations found in tumors and at physiological oxygen
concentrations present in tissues in vivo.

A large body of research has demonstrated the beneficial
effects of NRF2 activation in several NAFLD and NASH
related clinical metrics including hepatic steatosis, inflam-
mation, and insulin resistance (33). While various recent
studies have confirmed the beneficial role of NRF2 in NAFLD
and NASH (34-36), there has also been a recent report
suggesting that NRF2 activation in the liver does not lead to
overall metabolic improvement but can cause liver pathology
and systemic metabolic disturbances (37). The authors re-
ported that NRF2 activation as a result of hepatocyte-specific
knockout of cullin 3 results in rapid resolution of steatosis in
obese mice, confirming various other studies. The resolution
of steatosis was due to NRF2-dependent inhibition of lipo-
genic genes and induction of lipolytic genes, as well as in-
duction of NADH reductive stress. However, resolving
steatosis in hepatocyte Cul3 KO mice did not lead to overall
metabolic improvement but caused liver pathology and sys-
temic metabolic changes, including hepatic ceramide accu-
mulation, elevated circulating fatty acid levels, and systemic
insulin resistance. The authors hypothesized that this
phenotype is a consequence of an NRF2-induced triglyceride
storage defect, increased lipolysis, and inhibition of hepatic
glucose oxidation.

Irrespective of the still uncertain therapeutic potential of
liver selective NRf2 activation in mice and particularly in
humans, we believe that our findings are of significance for a
number of reasons. First, they provide important insights
about how cytochrome P450 enzymes can be leveraged to
achieve liver selective prodrug activation. Second, our study
identifies NRF2 activation via the formation of cysteine ad-
ducts in KEAP1 as an oxygen-regulated process and charac-
terizes the oxygen dependence of this process. These findings
are of fundamental importance for our understanding of NRF2
biology, to predict and assess therapeutic effects of NRF2
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activators as well as for the discovery and evaluation of new
NREF?2 activator drugs.

Experimental procedures
Cell culture

HEK293T cells were obtained from the ATCC (CRL-3216)
and were cultured in Dulbecco’s modified eagle medium
(Invitrogen) supplemented with 10% (v/v) heat-inactivated
fetal bovine serum (Hyclone), 2 mM L-glutamine (Invi-
trogen), 100 U/ml penicillin, and 100 pg/ml streptomycin
(Invitrogen) in a humidified 37 °C, 5% CO2 tissue culture
incubator. For hypoxia incubations, HEK293T cells in 12-well
plates were pre-equilibrated under controlled oxygen partial
pressure of 1% or 4% (5% CO,, 94% or 91% N, respectively) in
a humidified 37 °C hypoxia workstation (Coy Laboratory
Products, O, Control Polymer Glove Box) for 1 h and treated
with the different NRF2 activators or 0.1% DMSO for 4 h.
After treatment, cells were lysed inside the hypoxia worksta-
tion followed by Western blot analysis. For normoxic condi-
tions, cells were treated similarly and incubated in a
humidified 37 °C, 5% CO, tissue culture incubator for 4 h.

ARE luciferase reporter assay

The ARE-pGL2 reporter plasmid contained the 25-bp
sequence (GCAGTCACAGTGACTCAGCAGAATC) of the
ARE upstream of the NgoI gene (NCBI# M81596), containing
the core ARE 5’GTGACNNNGC'3’ (38), cloned into the Kpnl
and Xhol restriction sites of the pGL2-promoter plasmid
(Promega). To generate the mutant ARE-pGL2 plasmid, the
core ARE sequence was mutated to 5’AAAAANNNAA'Z.
Thus, the 25-bp mutant sequence corresponding to
GCAGTCACAAAAAATCAAAAGAATC was inserted be-
tween the Kpnl and Xhol restriction sites. HEK293T cells in
12-well plates at 50% confluency were transfected (Genejuice,
Merck Millipore) with 0.1 pg of WT or mutant ARE-pGL2
plasmid for 40 h and treated with 1 UM or 10 M of tBHQ
or 4-MC, 10 UM of sulforaphane, or 0.1% DMSO for the last
24 h. Cells were lysed directly in 80 [l of Steady-Glo Reagent
(E2510, Promega), incubated for 5 min at room temperature,
and the luminescence in 25 pl aliquots of cell lysates was
measured using a luminometer.

Western blotting

Cells were washed with ice-cold PBS and lysed in 100 pl of
Triton-lysis buffer (25 mM Tris—HCI, pH 7.5, 100 mM NaCl,
2.5 mM EDTA, 2.5 mM EGTA, 20 mM NaF, 1 mM Na3VO4,
20 mM sodium B-glycerophosphate, 10 mM sodium pyro-
phosphate, 0.5% Triton X-100, Roche protease inhibitor
cocktail, and 0.1% P mercaptoethanol). Lysates were pre-
cleared by centrifugation at 16,000g, 5 min, 4 °C, denatured
and reduced with Laemmli sample buffer containing 5% f-
mercaptoethanol, and boiled at 95 °C for 10 min. Equal
amounts of proteins were resolved on 10% SDS-PAGE gels and
transferred onto nitrocellulose membranes. The membranes
were immunoblotted with anti-NRF2 (Cell Signaling, C12721,
rabbit monoclonal or Abcam, ab137550, rabbit polyclonal),
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mouse anti-HIF-1¢. (BD Pharmingen, 610959), anti-B-actin
(Sigma, A5316, mouse monoclonal), anti-CYP3A4 (Santa
Cruz, sc-53850, mouse monoclonal), anti GAPDH (US Bio-
logical, G8140-04, mouse monoclonal or Santa Cruz, sc-
365062, mouse monoclonal), anti-phospho p70 S6K1 (Cell
Signaling, 9234, rabbit monoclonal), anti-phospho 4EBP1 (Cell
Signaling, 2855, rabbit monoclonal), anti HA (Roche, clone
3F10, rat monoclonal), and anti-V5 (AbD Serotec, MCA1360,
mouse monoclonal) antibodies, followed by incubation with
horseradish peroxidase—conjugated secondary antibodies.
Enhanced chemiluminescence detection was carried out with
Immobilon Western Chemiluminescent horseradish peroxi-
dase substrate (Millipore) using the Bio-Rad ChemiDoc MP
Imaging system operated in the signal accumulation mode. All
shown Western blot results are representative of at least two
independent experiments.

Prodrug activation bioassay

All prodrugs of 4-MC and tBHQ (1 mM) or DMSO (0.25%)
were preincubated with pooled male and female rat liver
microsomes (0.75 mg microsomal protein per ml, M9066 and
M9191, Sigma) or mouse liver microsomes (M9441 and
M9566, Sigma) in PBS at 37 °C in a shaking water bath for
5 min. The reaction was initiated with 1 mM NADPH or
without NADPH as control and incubated for an additional
1 h (total reaction volume of 200 Ll). Microsomal suspensions
were then centrifuged at 16,000g for 10 min at 4 °C to pellet
the microsomes. The supernatant (50 ) was then added to
90 to 95% confluent HEK293T cells (final drug concentration
of 50 uM) in 12-well plates and incubated at 37 °C, 5% CO,
for 4 h, followed by cell lysis and Western blot analysis. For
assays where heat-inactivated microsomes were used, pooled
microsomes in PBS were heated at 95 °C for 10 min and
cooled to room temperature before incubation with the
prodrugs.

CYP3A4 overexpression

Human CYP3A4 overexpression plasmid was generated by
gene amplification from pCellFree_G03 CYP3A4 (a gift from
Kirill Alexandrov, Addgene plasmid # 67104) (39) and cloning
of the PCR product into pcDNA3 (using 5 Kpnl and 3’ Xbal
restriction sites). The sequence was verified by Sanger
sequencing. HEK293T cells in 12-well plates at 50% con-
fluency were transfected (Genejuice, Novagen) with 0.8 [ig
CYP3A4 pcDNA3 or empty pcDNA3 for 36 to 52 h, and
treated with 10 pM of tBHQ or 4-MC, or 50 pM of the
different prodrug candidates for the last 24 h. Cells were then
lysed, followed by Western blot analysis.

Measurement of the intracellular NADH and NADPH
concentrations

Following various cell treatments in 24-well plates, the cell
culture media was removed and the cells rinsed with PBS and
lysed by adding 100 pl PBS and 100 pl base solution (0.2 N
NaOH, 0.5% Triton X-100). Aliquots of the cleared lysate were
heated for 15 min at 60 °C to degrade intracellular NAD" and
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neutralized by adding an equal volume of 0.4 N HCl/0.5 M
Trizma base (pH10.7) solution, followed by the measurement
of the intracellular NADH concentration using the NAD/
NADH-Glo Assay kit (Promega), according to the manufac-
turer’s instructions. The luminescence readings were normal-
ized to the protein concentration of the lysates. The
intracellular NADPH concentration was determined with the
NADP/NADPH-Glo Assay kit (Promega) by using the proto-
col for cell lysis and NADP+ degradation as described for the
NADH measurements.

Statistical analysis

The Western blot densitometry data were normalized by the
sum of all data points method (40). After performing densi-
tometry analysis for Nrf2 and the f-actin loading control using
the Image] 1.50i software application and calculating the Nrf2/
B-actin ratios, all Nrf2/B-actin ratios (control and all treat-
ments) were added up. For each sample Nrf2/B-actin ratio, we
then calculated the proportion of the total Nrf2/actin ratio
sum. Statistical significance was analysed using two-way
ANOVA and Tukey’s multiple comparisons test or unpaired
¢ tests, as indicated in the figure legends.

Data availability

All data generated are contained within the article. Data and
material requests should be made to T. H.

Supporting article  contains

information.
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