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Editorial on the Research Topic

Role of Nrf2 in Disease: Novel Molecular Mechanisms and Therapeutic Approaches

Oxidative stress and inflammation are pathological processes involved in the genesis and 
development of numerous disorders. Nuclear factor erythroid 2–related factor 2 (Nrf2) is a 
transcription factor that regulates the expression of multiple antioxidant and cytoprotective 
proteins and enzymes, thus playing a key role in protection against oxidative damage. There 
is a growing interest in understanding the specific role of Nrf2 in the development and 
progression of diseases as well as design novel approaches targeting Nrf2 to prevent and/or 
retard tissue injury.

This special issue contains 16 papers, including 7 original research articles and 9 reviews, 
reporting important data about the key role of Nrf2 in different pathological conditions.

In the article entitled “Nrf2 as a potential mediator of cardiovascular risk in metabolic 
diseases” by da Costa et al., a reduction in Nrf2 activity in diabetes, obesity, and atherosclerosis, 
thus increasing cardiovascular risk, was described. Importantly, systemic administration of 
specific Nrf2 inducers provided beneficial effects in cardiovascular diseases (da Costa et al.). 
In this sense, a wide range of natural products are promising therapeutic approaches to reduce 
atherogenesis progression by targeting the Nrf2 signaling pathway. These compounds activate 
Nrf2 by multiple mechanisms, such as targeting cysteine residues of Keap-1, disturbance of 
Nrf2/Keap1 interaction, epigenetic modification, and activation of protein kinases pathways. 
The beneficial effects of bioactive compounds are related to a reduction in reactive oxygen 
species (ROS) production, augmentation of glutathione levels, inhibition of nuclear factor 
kappa B inflammatory signaling pathway, and lowering foam cell production (Ooi et al.). Nrf2 
activation endows antioxidant defense and reduces atherosclerosis risk in diabetes, where 
vascular lesions are a common complication of this disease. Tert-butyl hydroquinone (tBHQ) 
increased Nrf2 activation in vascular smooth cells and macrophages. Treatment with tBHQ  
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decrease the size and extension of the atheroma plaque, 
besides lipid content, inflammation, foam cell size, and 
chemokine expression. An increase in the autophagic flux 
in the aorta and an upregulation of autophagy-related 
molecules after tBHQ treatment were also observed (Lazaro 
et al.). Another complication of chronic hyperglycemia is 
related to cognitive dysfunction. Nrf2 is involved in cellular 
homeostasis during diabetes mellitus. Astaxanthin, a potent 
antioxidant, exerted a protective effect on cognitive function 
through the inhibition of oxidative stress and inflammatory 
responses by the elevation of the Nrf2 antioxidant responsive 
element signaling pathway in the brains of chronic diabetic 
rats (Feng et al.). Nrf2 activation has been proposed as an 
antidiabetic strategy. In this context, naringenin, a bioactive 
flavonoid found in citrus fruits, protected pancreatic beta 
cells from oxidative damage in vitro and in streptozotocin-
induced diabetic mice by activating Nrf2. Naringenin 
treatment decreased blood glucose levels, normalized lipid 
profile, restored insulin expression, promoted glycolysis, and 
inhibited gluconeogenesis in streptozotocin-induced diabetic 
mice (Rajappa et al.).

Oxidative stress and inflammation play a key role in the 
central nervous system physiology and pathophysiology of 
different diseases. The brain is highly susceptible to oxidative 
damage, so modulation of Nrf2 is important to provide 
beneficial effects in cerebrovascular diseases like ischemic 
stroke (Liu et al.). Free radical accumulation, due to impaired 
cellular antioxidant defenses or excessive production, results in 
neurotoxicity and cell death. Aging leads to a gradual increase 
in brain oxidative stress, which is accompanied by reduced 
antioxidant defenses, and a reduction in Nrf2 activity. Nrf2 
could be modulated by dietary interventions (dietary energy 
restriction and high energy consumption) in animal models 
of neurological disorders, which leads to improving cognitive 
function, metabolic health, and longevity (Vasconcelos et al.). 
As oxidative stress is an important contributor of age-related 
macular degeneration, an increase in the antioxidant defenses 
can provide novel therapeutic strategies for this disease. 
Beneficial effects of Nrf2 activation have been described in 
retinal cells exposed to different types of oxidative stress 
inductors, so several natural and synthetic activators of Nrf2 
have been tested as effective therapeutic agents for age-related 
macular degeneration (Bellezza).

Depression is a heterogeneous mood disorder characterized 
by mood alterations, social withdrawal, feelings of guilt, low 
self-esteem, anhedonia, idiopathic pain, loss of interest in 
enjoyable activities, and suicidal tendencies. Clinical and 
preclinical studies have revealed that oxidative stress and 
increased activity of immune factor cascades play significant 
roles in the pathophysiology of depression. Different studies 
published in this special issue have outlined the participation 
of Keap1-Nrf2 axis in depression (Hashimoto) and the role 
of quinolinic acid, an N-methyl-D-aspartate agonist, a 
pro-oxidant factor that reduce Nrf2 activity in depression 
(Bansal et al.).

Oxidative stress and inflammation are also a common 
feature of painful diseases. ROS are generated by enzymes of 
immune and nonimmune cells as part of protective actions. In 
this context, Staurengo-Ferrari et al. reviewed the involvement 
of Nrf2 in the mechanisms of action of classic analgesic 
and anti-inflammatory drugs, as well as natural products 
and other molecules that modulate Nrf2, in preclinical and 
clinical stages (Staurengo-Ferrari et al.). Chronic neuropathic 
pain is associated with anxiety- and depressive-like disorders. 
Interestingly, administration of sulforaphane (SFN), a Nrf2 
inductor, had antinociceptive, anxiolytic, and antidepressant 
effects after the induction of persistent neuropathic 
pain (chronic constriction injury of the sciatic nerve) by 
normalizing oxidative stress and inhibiting microglial 
activation, which goes along with by the normalization of 
several biochemical parameters in the spinal cord. Moreover, 
SFN potentiated the antiallodynic effect of morphine 
(Ferreira-Chamorro et al.). In another article, administration 
of SFN 30 min before spared nerve injury surgery significantly 
reduced mechanical withdrawal threshold scores and sucrose 
preference, and restored tissue Keap1 and Nrf2 levels. This 
study suggests that decreased Keap1-Nrf2 signaling in the 
medial prefrontal cortex, hippocampus, and muscle may 
contribute to anhedonia susceptibility and that SFN exerts 
beneficial effects by normalization of decreased Keap1-Nrf2 
signaling (Li et al.).

In another review submitted to this special issue, different 
therapeutic approaches for improving the prognosis of liver 
diseases, including acute liver failure, alcoholic and nonalcoholic 
fatty liver disease, viral hepatitis, and hepatocellular carcinoma 
by targeting hepatic Nrf2 are extensively described (Xu 
et  al.). Besides liver diseases, Nrf2 activators can be used as 
potential therapies for other inflammatory disorders. For 
example, dinardokanshone C, a new compound isolated 
from the roots of Nardostachys chinensis, suppressed the 
induction of inflammatory markers such as cyclooxygenase 2, 
prostaglandin E2, tumor necrosis factor alpha, and interleukin 
6 in lipopolysaccharide-stimulated macrophages, inhibiting 
M1 phenotype and ROS production, through the activation of 
Nrf2 pathway (Luo et al.).

Finally, the article by Rubio-Navarro et al. described that 
Nrf2 also plays an important role in renal protection against 
oxidative stress in renal diseases (Rubio-Navarro et al.). Massive 
intravascular hemolysis induces acute kidney injury. In this 
context, hemoglobin is accumulated in the kidney, inducing 
oxidative stress, inflammation, and tubular cell death. It has 
been demonstrated that Nrf2 plays an important role against 
hemoglobin-mediated renal damage. Thus, Nrf2 deficiency 
produces an increase in renal injury, loss of kidney function, 
oxidative and reticulum endoplasmic stress, and cell death. 
Moreover, Nrf2 activation by SFN treatment protected both in 
vivo and in vitro against hemoglobin toxicity.

In summary, this special issue will help to understand the 
important role of Nrf2 in disease. The articles published in this 
special issue show novel molecular mechanisms involved in 
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Nrf2-mediated tissue protection as well as possible therapeutic 
approaches to decrease organ injury.
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Currently, there are no effective treatments for diabetes-related cognitive dysfunction.
Astaxanthin (AST), the most powerful antioxidant in nature, exhibits diverse biological
functions. In this study, we tried to explore whether AST would ameliorate cognitive
dysfunction in chronic type 2 diabetes mellitus (T2DM) rats. The T2DM rat model was
induced via intraperitoneal injection of streptozotocin. Forty Wistar rats were divided
into a normal control group, an acute T2DM group, a chronic T2DM group, and an
AST group (treated with AST at a dose of 25 mg/kg three times a week). The Morris
water maze test showed that the percentage of time spent in the target quadrant of the
AST group was identical to that of the chronic T2DM group, while the escape latency
of the AST group was decreased in comparison to that of the chronic T2DM group.
Histology of the hippocampus revealed that AST ameliorated the impairment in the
neurons of diabetic rats. Western blot showed that AST could upregulate nuclear factor
erythroid 2-related factor 2 (Nrf2) and heme oxygenase 1 (HO-1) expression and inhibit
nuclear transcription factor kappa B (NF-κB) p65 activation in the hippocampus. We
found that AST increased the level of superoxide dismutase (SOD) and decreased the
level of malondialdehyde (MDA) in the hippocampus. In addition, the levels of interleukin
1 beta (IL-1β) and interleukin 6 (IL-6) were reduced in the AST group compared with
those in the chronic T2DM group. The findings of this research imply that AST might
inhibit oxidative stress and inflammatory responses by activating the Nrf2-ARE signaling
pathway.
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INTRODUCTION

Diabetes mellitus (DM) has become the most common chronic metabolic disease that threatens
global health. The most common form of DM is type 2 diabetes mellitus (T2DM), characterized by
insulin resistance and relative insulin insufficiency (Chatterjee et al., 2017). T2DM is associated
with long-term complications that affect the eyes, kidneys, heart, blood vessels, and brain.
Increasing evidence has indicated that patients with chronic T2DM can exhibit various intracranial
neuropathies and neurobehavioral changes (McCrimmon et al., 2012). Lately, the incidence
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of diabetes-related cognitive dysfunction has increased with the
aging of the global population. This diabetes-related cognitive
dysfunction is connected to the duration of diabetes and to the
level of blood glucose; it can also be partially prevented by strict
blood glucose control (Munshi et al., 2006).

The multifactorial process of cognitive dysfunction in DM is
not yet completely understood (Gaspar et al., 2016), however,
classical factors, such as oxidative stress and inflammatory
responses, may contribute to the pathogenesis of diabetes-related
cognitive dysfunction, leading to abnormal brain structure and
dysfunction in diabetic rats (Mastrocola et al., 2005; Wang et al.,
2015a). Nuclear factor erythroid 2-related factor 2 (Nrf2) plays
an anti-oxidative role by binding with the antioxidant responsive
element (ARE) in the nucleus (Nguyen et al., 2009). In addition,
Nrf2 signaling is involved in inflammatory responses (Ahmed
et al., 2017).

Astaxanthin (AST) is the most potent antioxidant found in
nature (Ambati et al., 2014). It is one of the carotenoids, and the
hydroxyl and keto endings located on ionone ring at both ends.
Due to the optical rotation of hydroxyl at both ends, AST mainly
has 3 isomers of 3S-3′S, 3R-3′S, and 3R-3′R (Guerin et al., 2003).
Among them, the 3S-3′S has stronger antioxidant properties
than ordinary carotenoids, which makes it easily penetrate the
cell membrane and maintain the integrity of the membrane
structure. The unique chemical structure of AST enables it to
cross the blood-brain barrier easily and plays an important role
in the treatment of central nervous system diseases (Zhang et al.,
2014b; Ying et al., 2015). AST is capable of various biological
characteristics, such as anti-inflammation, anti-oxidation, anti-
apoptosis, and other biological characteristics (Zhang et al.,
2014a,b; Ying et al., 2015). It has been demonstrated that AST
can inhibit oxidative stress in human vascular endothelial cells
exposed to glucose fluctuations (Regnier et al., 2015). Meanwhile,
AST is considered able to alleviate cognitive dysfunction in
diabetic mice by inhibiting inflammatory responses (Zhou et al.,
2015). Whether AST inhibits oxidative stress and inflammatory
responses in T2DM rats with cognitive dysfunction via Nrf2/ARE
signaling is unclear. To investigate the therapeutic effect and
potential mechanism of AST in chronic T2DM rats with cognitive
dysfunction, we performed this study.

MATERIALS AND METHODS

Reagents
Astaxanthin (purity ≥ 98%) was purchased from Shanghai
Kaimaishu Biotechnology Co., Ltd. Streptozocin (STZ) was
purchased from Sigma company. Chloral hydrate was purchased
from Shanghai Engineering Show Biological Technology Co., Ltd.
The MILLIPLEX MAP Rat Cytokine/Chemokine Magnetic Bead
Panel was purchased from Merck Millipore.

Experimental Grouping and
Establishment of the T2DM Rat Model
A total of 40 male Wistar rats (140–160 g) were purchased
from Shanghai Slack Laboratory Animal Co., Ltd. These rats
were utilized in conformity with the regulations of the Shanghai

Animal Management Commission. The experimental procedures
were approved by Ethics Committee of Jinshan Hospital, Fudan
University, and the authorization number was Jin Medical Ethics
2016(21). These animals were kept under a 12 h light/dark cycle
at 20 ± 2◦C and a relative humidity of 60%. The rats were
divided into a control group, an acute T2DM (aT2DM) group,
a chronic T2DM (cT2DM) group, and an AST group, with 12
rats in each group. The control group was fed a common diet for
12 weeks. The aT2DM group was fed a common diet for 6 weeks
and then was given a high-fat, high-sugar diet containing 10%
lard, 20% sucrose, and 70% regular feed for another 6 weeks.
Then, the rats were injected with STZ intraperitoneally at a
dose of 35 mg/kg. Fasting blood glucose levels (fasted for 12 h,
with water) were determined 72 h later. The T2DM rats were
considered successfully established with blood glucose levels
>16.7 mmol/L. The cT2DM group and the AST group were
directly fed a high-fat, high-sugar diet for 6 weeks. After, the
T2DM rats were produced in the same manner. AST, dissolved
in polyethylene glycol 400 (PEG400) (Choi et al., 2011), was
administered intraperitoneally at a dose of 25 mg/kg (Tripathi
and Jena, 2010), three times a week for 6 weeks. The cT2DM
group was injected intraperitoneally with the same amount of
PEG400. During this period, the two groups of rats were still fed
a high-fat, high-sugar diet (Figure 1).

Blood Glucose Measurement
Abbott blood glucose meter and test strips were used to measure
fasting blood glucose in rats. At first, the test strip was inserted
into the groove in the Abbott blood glucose meter. Then about
0.05 mL blood samples of the rats were taken from the tail vein
72 h after the intraperitoneal injections. At last, the obtained
venous blood was transferred to the detection area of test strip.
Before the rats were sacrificed, the FBG level of each rat was
measured again in the same way.

Morris Water Maze Test
The Morris water maze test is used to detect spatial learning
and memory in rodents that rely on distal cues to navigate from
start locations around the perimeter of an open swimming tank
to locate a submerged platform. Spatial learning is evaluated
via repeated place navigation, and reference memory is assessed
by a preference for the platform area when the platform is
absent. The spatial learning and memory of the rats were assessed
using the Morris water maze test system (Shanghai Xin Soft
Information Technology Co., Ltd.). The place navigation test was
performed four times a day for 4 consecutive days with intervals
of 15–20 min between each test, and a probe trial was conducted
on the fifth day. In each test, a rat was released into the water from
each quadrant, in turn, facing the pool wall. The rats were allowed
to swim for a maximum of 60 s until they found the platform. If
the rat failed to find the platform in 60 s, it was assigned a score of
60 s and was gently guided to the platform and allowed to stay on
it for 15 s. On the probe trial day, the platform was removed, and
each rat was released into the pool from the position opposite the
target quadrant. The swimming paths of the rats were recorded
for 60 s. The room was maintained at 20± 2◦C, and the water in
the pool was changed every day.
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FIGURE 1 | A schematic flow chart exhibiting the experimental paradigm of the present study. aT2DM, acute type 2 diabetes mellitus; cT2DM, chronic type 2
diabetes mellitus; AST, astaxanthin. WMM: Morris water maze; STZ: streptozocin; PEG400: polyethylene glycol 400.

Histology Analysis
The four groups of rats were deeply anesthetized via
intraperitoneal injections with 10% chloral hydrate at a
dose of 30–35 mg/kg. The rats were first perfused with 100 mL of
physiological saline in the left ventricle and then with 100 mL of
4% paraformaldehyde in 0.1 M phosphate buffer (pH 7.4) at 4◦C.
Brain tissue was obtained and dissected into four small blocks.
After the brain blocks were soaked in 4% paraformaldehyde for
24 h, they were dehydrated and embedded in paraffin. Coronal
sections (5 µm thick) were stained with hematoxylin-eosin
(H-E). The stained sections were then viewed and photographed
with an Olympus BX53 light microscope (Tokyo, Japan).

Western Blot Assay
After the rats were deeply anesthetized, they were sacrificed
to directly obtain hippocampal tissue. Total protein was
obtained from the hippocampal tissue with sodium dodecyl
sulfate lysis buffer (Beyotime, Shanghai, China) and mixed
with 1 mM phenylmethylsulfonyl fluoride (Beyotime).
Equal amounts of protein were examined with 10% SDS-
polyacrylamide gel electrophoresis and then transferred to
a polyvinylidene difluoride membrane (Merck Millipore,
Billerica, MA, United States). The membrane was blocked with
5% bovine serum albumin at room temperature for 1 h and
then incubated with primary antibodies at 4◦C for 12 h. The
primary antibodies were Nrf2 antibody (1:500 dilution; Santa
Cruz Biotechnology, Santa Cruz, CA, United States), HO-1
(1:500 dilution; Abcam, Cambridge, MA, United States), NF-κB
p65 antibody (1: 1,000 dilution; Cell Signaling Technology,
Danvers, MA, United States), anti-tubulin and anti-β-actin
primary antibody (1:5,000 dilution; Proteintech Group Inc.,
Chicago, IL, United States). After washing, suitable horseradish
peroxidase-conjugated secondary antibodies (1: 5,000 dilution)
were incubated with the membranes at room temperature for
at least 2 h. The bound antibody was visualized using enhanced

chemiluminescence solution (Merck Millipore), and the signals
were detected using ECL-Plus (Merck Millipore). The relative
density of each group was quantified using the ImageJ Software
(National Institutes of Health, Bethesda, MD, United States).

Determination of MDA and SOD
The determination of superoxide dismutase (SOD) and
malondialdehyde (MDA) in the hippocampal tissue was
quantified using a SOD kit (Fujian Fuyuan Biological Technology
Co., Ltd., Fujian, China) and an MDA kit (Nanjing Jiancheng
Bioengineering Institute, Nanjing, China). A 25 mg sample
of hippocampal tissue was weighed and added to 475 µl of
physiological saline. The mixture was homogenized using a
vortex mixer. Supernatants were obtained after centrifugation at
4,000 RPM for 5 min. The SOD was determined by pyrogallol
autoxidation method. Reagent 1 and reagent 2 in the SOD
reagent kit are formulated in a ratio of 5:1. Then 2 mL of working
solution and 100 ul of sample were added to each detection
well and were mixed. Then the mixed liquor was detected by
automatic biochemical analyzer at a wavelength of 420 nm and
the temperature of 37◦C. At last the SOD level of each sample
were calculated by automatic biochemical analyzer. The level of
MDA was quantified by thiobarbituric acid (TBA) method. In the
process of measuring, standard tube, standard blank tube, and
measuring tube were used. The 4 mL of working solution was
added to the three kinds of tube respectively. Besides, 100 µL of
standard sample was added to standard tube. At the same time,
100 µL of anhydrous alcohol was added to standard blank tube
and 100 µL of sample was added to measuring tube. The mixed
solution of each tube was homogenized using a vortex mixer, and
then were incubated for 80 min at 95◦ water temperature. When
they were cool down by running water and then were centrifuged
at 3,500 RPM for 10 min. The 200 µL of supernatants were
obtained from each tube. The absorbance of each sample was
measured using a microplate reader at a wavelength of 532 nm.
Each sample was calculated according to the conversion formula.
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Determination of Inflammatory
Cytokines
When the rats were deeply anesthetized, the blood was collected
from the heart. The blood samples were centrifuged at 4,000
RPM for 5 min, and then plasma samples were obtained.
The plasma samples were stored at −80◦C when not in use.
The levels of interleukin 1 beta (IL-1β) and interleukin 6
(IL-6) in the serum were quantified using the MILLIPLEX
MAP Rat Cytokine/Chemokine Magnetic Bead Panel as per
the manufacturer’s instructions (Merck Millipore, Billerica, MA,
United States). The IL-6 and IL-1β cytokines were determined.
Premixed magnetic beads conjugated to specific antibodies for
12 analytes were mixed with 25 µL of plasma samples in
96-well plates. Plates were preserved to avoid light and were
incubated on a shaker at 4◦C for less than 12 h, and then
magnetic beads were washed for three times with 200 µL of
wash buffer. Then detection antibodies were added to each
well, and the mixtures were incubated at room temperature
for 1 h. Streptavidin-phycoerythrin was added to each well,
and the mixtures were incubated at room temperature for
30 min. The magnetic beads were resuspended in sheath fluid,
and plates were assayed on a Luminex R© 200TM system with
xPONENT R© software. The experimental data are presented in
pg/mL as a unit.

Statistical Analysis
All the measurement data are expressed as the mean ± standard
deviation (SD). The SPSS 23.0 (IBM Corp., Armonk, NY,
United States) statistical software was used for the analyses.
Two sets of data collected from the same sample at different
times were analyzed using paired t-tests. One-way ANOVA
was used to compare the differences among multiple samples.
Repeated-measures ANOVA was used to analyze continual
measurement data for the same subject among multiple samples.
Pearson correlation analyses were carried out to clarify the
relationship between Nrf2 and SOD and between MDA and
inflammatory cytokines. Differences were statistically significant
at P < 0.05.

RESULTS

Effect of AST on the Blood Glucose
Levels
As shown in Table 1, the fasting blood glucose level of each group
was different at the 6th week (F = 941.6, P < 0.01). The blood
glucose levels of the cT2DM group and of the AST group were
significantly higher than that of the control group at the 6th week
(P < 0.01). There was no significant difference between the AST
group and the cT2DM group (P = 0.785, P > 0.05). The fasting
blood glucose levels of the control, cT2DM, and AST groups were
not different at the 12th week (F = 0.388, P > 0.05). The blood
glucose level of the AST group was slightly lower than that before
AST treatment, but there was no significant difference between
the two groups (t = 0.464, P > 0.05). This finding implied that

AST had no obvious effect on the blood glucose levels of the
diabetic rats in this study.

Effects of AST on Cognitive Dysfunction
It has been considered that cognitive function is correlated
with hippocampal bioenergetics. Thus, we performed the place
navigation and probe trials to explore whether AST would
successfully preserve the cognitive dysfunction of diabetic rats.
Repeated-measures ANOVA proved that the escape latencies
were significantly different between each group (F = 5.893,
P< 0.01, Figure 2A) and among the different periods (F = 55.568,
P < 0.01, Figure 2A). Compared with the control group, the
escape latency in the aT2DM group was unchanged (P = 0.201,
P > 0.05), while the escape latency in the cT2DM group was
increased (P = 0.002, P < 0.01). The escape latency in the AST
group was shorter than that in the cT2DM group after the
treatment with AST (P = 0.001, P < 0.01). In the probe trial
session, the percentage of time spent in the target quadrant was
different for each group (F = 6.706, P < 0.01). The percentage of
time spent in the target quadrant was not significantly different
between the control group and the aT2DM group (P = 0.058,
P > 0.05). The percentage of time spent in the target quadrant
in the cT2DM group was less than that of the control group
(P < 0.01). Under treatment with AST, the percentage of time
spent in the target quadrant in the AST group was identical
to that in the cT2DM group (P = 0.072, P < 0.05). The
behavioral data indicated that the cT2DM group rats displayed
severe cognitive dysfunction in terms of both damaged spatial
learning (Figure 2A) and spatial memory (Figure 2B). In
addition, there existed no serious cognitive impairments in the
early stages of diabetes. Under the treatment with AST, the
spatial learning of the diabetic rats was evidently improved
(Figure 2A). However, the spatial memory deficits were not
obviously alleviated (Figures 2B,C). The data acquired from
the Morris water maze test revealed that AST could ameliorate
the cognitive impairment of chronic diabetic rats to a certain
extent.

Histological Examination
The dentate gyrus has been considered to be closely related
to cognitive function. To observe the morphological changes
in the dentate gyrus, we performed HE staining. No obvious
histological changes were observed among the control group,
the aT2DM group, or the AST group (Figures 3A–D,G,H).
Meanwhile, karyopyknosis was observed in the dentate gyrus
of the cT2DM group hippocampus compared with those of
the control group and the AST group (Figures 3E,F). This

TABLE 1 | Effect of AST on the blood glucose level in each group (unit: mmol/l).

Time Control aT2DM cT2DM AST

6th week 2.45 ± 0.59 2.97 ± 0.63 19.21 ± 1.20∗∗ 19.09 ± 1.28∗∗

12th week 2.82 ± 0.35 18.58 ± 1.32 18.27 ± 1.13 18.09 ± 1.29

Data are shown as the mean ± SD. ∗∗P < 0.01. aT2DM, acute type 2 diabetes
mellitus; cT2DM, chronic type 2 diabetes mellitus; AST, astaxanthin.
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FIGURE 2 | Effect of AST on the spatial learning and memory of each group. This figure exhibits the cognitive function (as measured by the Morris water maze test)
of the control, aT2DM, cT2DM, and AST groups. The line chart shows the average escape latency (A) in the place navigation test over 4 consecutive days. In the
probe trial, the percentage of time spent in the target quadrant (B), and the typical swimming traces (C) were recorded. (i) control group; (ii) aT2DM group;
(iii) cT2DM group; (iv) AST group. Data are shown as the mean ± SD. ∗P < 0.05, ∗∗P < 0.01. aT2DM, acute type 2 diabetes mellitus; cT2DM, chronic type 2
diabetes mellitus; AST, astaxanthin.

finding indicated that the morphological impairment was clearly
distinguished in chronic diabetic rats, and AST could ameliorate
this morphological impairment.

The Expression Levels of Nrf2, HO-1,
SOD, and MDA in Each Group
Western blot (Figures 4A,B) analysis showed that the expression
levels of Nrf2 were significantly different among the groups
(F = 44.858, P < 0.01). Compared with the control group, the
expression of Nrf2 in the aT2DM group was statistically unvaried
(P = 0.109, P > 0.05), while the expression of Nrf2 in the
cT2DM group was significantly reduced (P = 0.003, P < 0.01).
Meanwhile, the expression of Nrf2 in the cT2DM group was
decreased compared with that in the aT2DM group (P < 0.01).
The expression of Nrf2 in the AST group was higher than that
in the cT2DM group (P < 0.01). The expression levels of HO-1
were also significantly different between each group (F = 46.616,
P < 0.01) (Figures 4A,B). The expression of HO-1 in the aT2DM
group was lower than that in the control group (P < 0.01) but
significantly higher than that in the cT2DM group (P = 0.008,
P < 0.01). The expression of HO-1 in the cT2DM group was
visibly increased in comparison to that in the control group
(P < 0.01). The expression of HO-1 in the AST group was higher
than that in the cT2DM group (P = 0.001, P < 0.01). This finding
revealed that AST could upregulate the expression of Nrf2 and
HO-1 and that Nrf2 and HO-1 were slightly changed in the early
periods of diabetes. The levels of SOD were significantly different
in each group (F = 7.496, P < 0.01, Figure 4C). Compared with

the control group, the level of SOD in the aT2DM group was
slightly decreased (P = 0.044, P < 0.05) but was higher than
that in the cT2DM group (P = 0.033, P < 0.05). The level of
SOD in the cT2DM group was decreased in comparison to that
in the control group (P < 0.01). The level of SOD in the AST
group was higher than that in the cT2DM group under treatment
with AST (P = 0.003, P < 0.01). This result revealed that the
ability to resist oxidative stress in the early stages of diabetes was
diminished and that AST elevated the ability to resist oxidative
stress in the diabetic rats. The levels of MDA were significantly
different between each group (F = 91.727, P < 0.01, Figure 4D).
Compared to the control group, the level of MDA in the aT2DM
group was unchanged (P = 0.113, P > 0.05), while the level of
MDA in the cT2DM group was increased (P < 0.01). Meanwhile,
the level of MDA in the cT2DM group was higher than that in
the aT2DM group (P < 0.01). The level of MDA in the AST
group was lower than that in the cT2DM group after treatment
with AST (P < 0.01). This finding demonstrated that AST could
clearly inhibit lipid peroxidation and that there was no obvious
lipid peroxidation in early periods of diabetes. According to the
above results, it was implied that the oxidation and anti-oxidation
systems are slightly unbalanced in the early stage of diabetes and
that AST inhibits the level of oxidative stress.

The Expression Levels of NF-κB p65 and
Inflammatory Cytokines in Each Group
The immunoblots (Figures 5A,B) indicated that the expression
levels of NF-κB p65 were significantly different between each
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FIGURE 3 | HE staining of the dentate gyrus in the hippocampus. (A,B) Control group; (C,D) acute type 2 diabetes group; (E,F) chronic type 2 diabetes group;
(G,H) astaxanthin group.

group (F = 64.459, P < 0.01). Compared with the control group,
the expression levels of NF-κB p65 in the aT2DM and cT2DM
groups were increased (P < 0.01). However, the expression of
NF-κB p65 in the aT2DM group was lower than that in the
cT2DM group (P < 0.01). The expression level of NF-κB p65 in
the AST group was significantly lower than that in the cT2DM
group (P = 0.003, P < 0.01). This result indicated that AST
could down-regulate the expression of NF-κB p65 to a certain
extent and that NF-κB p65 was wildly activated in the early
periods of diabetes. The results of the multiplex immunoassay

(Figures 5C,D) showed that the expression levels of IL-β and IL-
6 in each group were significantly different (F = 62.072, P < 0.01;
F = 218.975, P < 0.01). The expression of IL-1β in the aT2DM
group was significantly higher than that in the control group
(P < 0.01) but lower than that in the cT2DM group (P < 0.01).
Meanwhile, the expression of IL-1β in the cT2DM group was
increased in comparison to the control group (P < 0.01). The
expression of IL-1β in the AST group was lower than that in the
cT2DM group (P < 0.01). Compared with the control group,
the expression of IL-6 in the aT2DM group was significantly
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FIGURE 4 | The expression levels of Nrf2, HO-1, SOD, and MDA in each group. Representative protein bands of Nrf2 and HO-1 (A); Nrf2/tubulin and HO-1/tubulin
ratio according to band density (B); The average level of SOD in each group (C, units: U/mg); The average level of MDA in each group (D, units: nmol/mg). Data are
shown as the mean ± SD. ∗P < 0.05, ∗∗P < 0.01. aT2DM, acute type 2 diabetes mellitus; cT2DM, chronic type 2 diabetes mellitus; AST, astaxanthin.

increased (P < 0.01) but was lower than that in the cT2DM group
(P < 0.01). The expression level of IL-6 in the cT2DM group was
increased in comparison to the control group (P < 0.01). The
expression level of IL-6 in the AST group was lower than that in
the cT2DM group (P < 0.01). This finding indicated that a mild
inflammatory reaction arose in the early stages of diabetes and
that AST could down-regulate the expression of inflammatory
cytokines in chronic diabetic rats.

The Correlation Between Nrf2 and SOD,
MDA, and Inflammatory Cytokines
Pearson correlation analyses showed that Nrf2 was positively
correlated with SOD (Figure 6A). There was a negative
correlation between Nrf2 and MDA, IL-1β, and IL-6
(Figures 6B–D). This demonstrated that MDA, IL-6, and
IL-1β were decreased, but SOD was increased when Nrf2 was
activated. This finding implied that activated Nrf2 inhibited
oxidative stress and inflammatory responses.

DISCUSSION

Diabetes mellitus is a common chronic metabolic disease that
can cause a variety of complications. As a complication of
DM, cognitive dysfunction manifests as impairments in learning
and memory, space-time orientation dysfunction, and even in
the formation of dementia. Large-scale cross-sectional studies
have found that diabetes and dementia are positively correlated

(Ahtiluoto et al., 2010). A prospective population-based study
found that baseline scores on cognitive function tests in elderly
patients with T2DM were lower than those without diabetes
(Logroscino et al., 2004). Several clinical studies confirmed
that T2DM was associated with cognitive decline (Nooyens
et al., 2010; Gao et al., 2016). The diabetes-related cognitive
dysfunction appears mild to moderate but can significantly
impede daily functioning and seriously decrease the quality
of life (Brands et al., 2005). At present, most of the research
regarding the diabetes-related cognitive dysfunction is based on
STZ-induced diabetic animal models. STZ at low doses partly
impairs the function of islet beta cells, resulting in decreased
insulin sensitivity in peripheral tissues. A high-fat, high-sugar
diet with low doses of STZ can induce T2DM rats (Srinivasan
et al., 2005). In this study, we produced T2DM rats using a high-
fat, high-sugar diet with STZ intraperitoneally injected at a dose
of 35 mg/kg.

Due to the complicated pathogenesis of diabetes-related
cognitive dysfunction, there is currently no effective treatment.
Therefore, looking for specific and effective drugs for treatment is
necessary. AST is a keto carotenoid that is widely found in algae,
shrimp, crabs, shellfish, fish and other foods (Higuera-Ciapara
et al., 2006). Recent studies have shown that AST elicits the
benefits of anti-inflammation, anti-apoptosis, and anti-oxidation,
anti-aging, anti-tumor, and immunity enhancement (Wang et al.,
2015b). It has been widely applied in the areas of intellectual
nourishment, healthcare products, and commercialism (Guerin
et al., 2003). The linear portion of the AST molecule contains
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FIGURE 5 | The expression levels of NF-kB p65, IL-1β, and IL-6 in each group. Immunoblots (A) and histogram (B) showing the expression of NF-kB p65. The
levels of IL-6 (C) and IL-1β (D) are also displayed in the histogram. Data are shown as the mean ± SD. ∗∗P < 0.01. aT2DM, acute type 2 diabetes mellitus; cT2DM,
chronic type 2 diabetes mellitus; AST, astaxanthin.

FIGURE 6 | The correlations between Nrf2 and SOD, MDA, IL-1β, and IL-6. Associativity between Nrf2 and SOD (A, r2 = 0.4647, P < 0.05), MDA (B, r2 = 0.8535,
P < 0.01), IL-1β (C, r2 = 0.7357, P < 0.01), and IL-6 (D, r2 = 0.5119, P < 0.01).
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FIGURE 7 | The potential pathway of Nrf2 inhibiting oxidative stress and inflammatory response.

multiple double bonds, each of which can be either cis or trans.
This enables AST to generate many isomers, of which all-trans
structures are almost stable and widely disseminated in nature.
AST has been proven to exert potent protective effects on diabetic
nephropathy in rat models of T2DM by inhibiting expression of
oxidative stress and inflammatory mediators (Naito et al., 2004).
In addition, it is also effective as an anticoagulant and an
anti-inflammatory in diabetic rats (Chan et al., 2012). In T2DM
mice, AST ameliorates the apoptosis of retinal ganglion cells by
inhibiting oxidative stress (Dong et al., 2013). In the present
study, AST alleviated cognitive dysfunction and the structural
damage to the hippocampus to some extent, suggesting that AST
has a certain therapeutic effect on diabetic cognitive dysfunction.

The role of oxidative stress and inflammatory responses in
diabetes-related cognitive dysfunction has gradually attracted the
attention of researchers (Zhou et al., 2015; Tian et al., 2016).
Under normal and unstressed conditions, the levels of oxidation
and of antioxidants are in a relatively balanced state. Under
harmful external stress, the oxidation and anti-oxidation systems
of an organism lose balance, resulting in the mass production
of reactive oxygen species (ROS) and antioxidants that are
relatively inadequate (Mittler, 2002). Subsequently, substantial
ROS accumulate in the organism, causing lipid peroxidation
of polyunsaturated fatty acids to form MDA. Nrf2, a key
transcription factor, regulates the expression of cytoprotective
and antioxidant genes when it is activated (Nguyen et al., 2009).
Under normal conditions, Nrf2 forms a complex with Kelch-
like ECH-related protein 1 (Keap1), resulting in the degradation
and inactivation of Nrf2 via ubiquitination. When the cell
is stimulated by harmful stimuli, Nrf2 separates from Keap1,
translocates to the nucleus and binds to the ARE to induce the

expression of glutathione-S-transferase, HO-1, NADPH quinine
oxidoreductase 1 and other genes (Ma, 2013). This study revealed
that AST promotes the expression of Nrf2, HO-1, and SOD,
while inhibiting the generation of MDA. From this viewpoint,
the protective effects of AST on cognitive dysfunction may be
partially due to the recovery of anti-oxidative enzyme levels
through Nrf2 activating.

In recent years, a large number of experiments have
confirmed that the inflammatory reaction is also closely
related to diabetes-related cognitive dysfunction. It has been
experimentally confirmed that IL-6, tumor necrosis factor-α,
and cyclooxygenase-2 are elevated in the brain tissue of T2DM
rats with cognitive dysfunction (Miao et al., 2015). The above
studies showed that inflammatory cytokines are involved in the
pathogenesis of diabetes-related cognitive dysfunction. In present
study we also found the level of pro-inflammatory cytokines
IL-1β and IL-6 in chronic diabetic rats were elevated, which
was consistent with the opinion that inflammatory cytokines
are involved in the pathogenesis of diabetes-related cognitive
dysfunction. NF-κB, as one of the regulators of inflammatory
responses, plays a key role in the inflammatory response and
could promote lipid peroxidation (Menghini et al., 2016; Mitchell
et al., 2016). It consists of five protein subunits: RelA (p65),
RelB, C-Rel, NF-κB1 (p50 and its precursor p105) and NF-
κB2 (p50 and its precursor p105). There is growing evidence
that NF-κB is closely linked to synaptic plasticity, memory,
and cognitive dysfunction (Kaltschmidt et al., 2006; Ahn et al.,
2008). The activation of NF-κB in microglia plays a major
role in inflammatory processes. NF-κB is also involved in
long-term memory consolidation and fear memory recovery
(Boccia et al., 2007). Studies have confirmed that the NF-κB
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signaling pathway is activated in diabetic rats with cognitive
dysfunction (Kuhad et al., 2009). This is consistent with the
results of this experiment. At the same time, we found that
AST reduced the level of IL-1β and IL-6 in chronic diabetic
rats, which implied that AST inhibited the level of inflammatory
response. Some experiments confirmed that AST plays a role
in lowering blood glucose (Uchiyama et al., 2002), whereas
we found that the blood glucose levels were not significantly
different between the AST group and the cT2DM group. This
might have been due to fact that the treatment time of AST
was not long enough. Therefore, the decreased inflammatory
responses in the diabetic rats was not caused by hypoglycemia
and might be achieved by other pathways. Nrf2 is thought
to inhibit the expression of inflammatory cytokines (Ahmed
et al., 2017). Previous studies have shown that the expression of
inflammatory cytokines is higher in knockout Nrf2 mice than
in non-knockout mice (Kong et al., 2015). Experiments have
demonstrated that when Nrf2 is activated, Keap1 is isolated from
it and then can inhibit the activity of IKK kinase, resulting in
NF-κB inactivation (Kim et al., 2010). The carbon monoxide
and biliverdin, catalytic products of HO-1, have been shown
to suppress the activation of NF-κB (Soares et al., 2004).
The transcriptional coactivator, CREB binding protein (CBP),
performs its role by activating the transcription process, wherein
interaction with transcription factors is managed by its domains
(Gerritsen et al., 1997; Wang et al., 2012). The Nrf2 of a
free state in the nucleus competitively binds CBP with NF-
κB, resulting in impedance of NF-κB activation when the level

of Nrf2 increases (Liu et al., 2008; Kim et al., 2013). We
surmise that AST improves the expression of Nrf2, and Nrf2
and its intermediate metabolites exert an inhibitory effect on
the inflammatory response by inhibiting the activation of NF-κB
(Figure 7).

In summary, with the assistance of behavioral approaches,
morphology, and molecular bioenergetic, this study clarified that
AST can effectively alleviate cognitive dysfunction. Although the
comprehensive mechanism related to the protective effects of
AST on ameliorating the cognitive impairment remains to be
fully understood, inhibiting oxidative stress and inflammatory
response by the elevation of the Nrf2-ARE signaling may be
effective for diabetic cognitive dysfunction.
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Interactive relationships between metabolism, inflammation, oxidative stress, and
autophagy in the vascular system play a key role in the pathogenesis of
diabetic cardiovascular disease. Nuclear factor (erythroid-derived 2)-like 2 (Nrf2) is a
stress-sensitive guarantor of cellular homeostasis, which cytoprotective contributions
extend beyond the antioxidant defense. We investigated the beneficial effects and
underlying mechanisms of the Nrf2 inducer tert-butyl hydroquinone (tBHQ) on
diabetes-driven atherosclerosis. In the experimental model of streptozotocin-induced
diabetes in apolipoprotein E-deficient mice, treatment with tBHQ increased Nrf2 activity
in macrophages and vascular smooth muscle cells within atherosclerotic lesions.
Moreover, tBHQ significantly decreased the size, extension and lipid content of
atheroma plaques, and attenuated inflammation by reducing lesional macrophages
(total number and M1/M2 phenotype balance), foam cell size and chemokine
expression. Atheroprotection was accompanied by both systemic and local antioxidant
effects, characterized by lower levels of superoxide anion and oxidative DNA marker
8-hydroxy-2′-deoxyguanosine, reduced expression of NADPH oxidase subunits, and
increased antioxidant capacity. Interestingly, tBHQ treatment upregulated the gene and
protein expression of autophagy-related molecules and also enhanced autophagic flux
in diabetic mouse aorta. In vitro, Nrf2 activation by tBHQ suppressed cytokine-induced
expression of pro-inflammatory and oxidative stress genes, altered macrophage
phenotypes, and promoted autophagic activity. Our results reinforce pharmacological
Nrf2 activation as a promising atheroprotective approach in diabetes, according to the
plethora of cytoprotective mechanisms involved in the resolution of inflammation and
oxidative stress, and restoring autophagy.

Keywords: nuclear factor (erythroid-derived 2)-like 2, redox balance, autophagy, inflammation, diabetes
complications
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INTRODUCTION

Diabetes is a major risk factor for atherosclerosis (Eckel
et al., 2002). Vascular complications are the leading cause
of disability and mortality in diabetic patients (Rask-Madsen
and King, 2013). Chronic hyperglycemia has been linked to a
low-grade inflammatory state, in which excessive production
of pro-inflammatory cytokines and ROS by mitochondria
and NADPH oxidase (Nox), and impaired antioxidant and
autophagic mechanisms contribute to the pathology and
complications of diabetes (Jung et al., 2008; Rask-Madsen
and King, 2013). Therefore, in addition to intensive glycemic
control, there is an urgent need for novel therapies to limit
vascular inflammation and restore redox balance in diabetic
patients.

Nuclear factor (erythroid-derived 2)-like 2 (Nrf2) is a
redox-sensitive transcription factor and a master regulator of
cytoprotective and antioxidant genes including heme oxygenase
1 (HMOX1), superoxide dismutase 1 (SOD1) and catalase
(Itoh et al., 1997). Beyond the resolution of oxidative stress,
additional roles of Nrf2 include the inhibition of inflammation by
directly impeding pro-inflammatory cytokine gene transcription
(Kobayashi et al., 2016), the regulation of genes involved in
lipid metabolism, apoptosis and cell death, and the induction
of autophagy markers such as sequestosome 1 (SQTSM1/p62)
and autophagy-related protein 5 (ATG5) (Pajares et al.,
2016). Nrf2 under the canonical pathway remains bound to
Kelch-like ECH-associated protein 1 (KEAP1) which facilitates
the ubiquitination and constant proteasomal degradation of Nrf2
(Itoh et al., 1997; Ma et al., 2011). Upon cellular stress, KEAP1
inhibitory effect is abolished, and subsequently stabilized Nrf2
translocates into the nucleus and binds to the AREs to activate
transcription of detoxifying and antioxidant genes (Itoh et al.,
1997). Furthermore, the non-canonical pathway tightly links
Nrf2 and autophagy. In this cysteine-independent mechanism,
SQSTM1/p62 sequesters KEAP1 to autophagic degradation
that ultimately leads to Nrf2 stabilization and transactivation
of Nrf2-dependent genes (Jain et al., 2010; Komatsu et al.,
2010; Lau et al., 2010). Autophagy is a highly conserved
lysosomal degradation pathway that removes protein aggregates
and damaged organelles to maintain metabolic processes and
cellular homeostasis (Singh et al., 2009; Levine and Klionsky,
2017).

Nrf2-mediated pathway is increasingly proposed as a way to
prevent or treat disease. In preclinical models, pharmacological

Abbreviations: apoE−/−, apolipoprotein E-deficient; ARE, antioxidant
response element; ARG, arginase; ATG5, autophagy-related gene 5; ATG7,
autophagy-related gene 7; BECN1, beclin 1; CAT, catalase; CCL C-C motif,
chemokine ligand; DHE, dihydroethidium; DMEM, Dulbecco’s modified Eagle
medium; FBS, fetal bovine serum; HMOX, heme oxygenase 1; IL-6, interleukin
6; IFNγ, interferon γ; KEAP1, Kelch-like ECH-associated protein 1; MAP1LC3B,
microtubule-associated protein 1A/1B light chain B; MRC1, mannose receptor
C-type 1; NF-κB, nuclear factor κB; NOS2, inducible nitric oxide synthase;
Nox, NADPH oxidase; Nrf2, nuclear factor (erythroid-derived 2)-like 2; O−2 ,
superoxide anion; 8-OHdG, 8-hydroxy-2′-deoxyguanosine; ROS, reactive oxygen
species; SMA, smooth muscle actin; SOD1, superoxide dismutase 1; SQSTM1/p62,
sequestosome 1; STZ, streptozotocin; tBHQ, tert-butyl hydroquinone; tBQ,
tert-butylbenzoquinone; VSMC, vascular smooth muscle cell.

Nrf2 activators including 1,2-mercapto-3-sulfur ketone
derivatives (oltipraz), isopropyl sulfur cyanogen compounds
(sulforaphane), selenium-containing drugs (ebselen), natural
products (resveratrol and curcumin) and phenolic compounds
tBHQ, have been used as treatments for cancer, cardiovascular,
metabolic and neurodegenerative diseases (Jiang et al., 2010;
Ma, 2013; Tan and de Haan, 2014; Tan et al., 2014; Chen et al.,
2015; Lazaro et al., 2017). Several in vivo studies have described
tBHQ cytoprotective actions under pathological conditions.
Indeed, tBHQ treatment suppresses ischemia and reperfusion
injury in brain (Shih et al., 2005; Hou et al., 2018; Xu et al., 2018)
and kidney (Guerrero-Beltrán et al., 2012). Neuroprotective
actions have been also reported in experimental models of
traumatic brain injury (Saykally et al., 2012; Chandran et al.,
2017), Alzheimer’s disease (Akhter et al., 2011), and neonatal
hypoxic-ischemic brain damage (Zhang et al., 2018). Moreover,
tBHQ ameliorates overload-induced cardiac dysfunction by
suppressing apoptosis and promoting autophagy (Lin et al.,
2014; Zhang et al., 2015), and also improves angiogenesis and
heart function in a model of myocardial infarction (Zhou
et al., 2017). tBHQ results from butylated hydroxyanlisole
biotransformation, and readily auto-oxidizes to an electrophilic
metabolite, tert-butylbenzoquinone (tBQ). It has been described
that tBQ chemically modifies KEAP1 protein by covalent binding
through its reactive cysteines (Cys23, Cys151, Cys226, and
Cys368). Due to the resultant profound conformational change
in KEAP1, Nrf2 escapes from KEAP1-mediated proteasomal
degradation and is able to trigger the antioxidant response
(Abiko et al., 2011).

Because uncontrolled inflammation, oxidative stress, and
defective autophagy all concur in the pathogenesis of diabetic
micro- and macrovascular complications (Schrijvers et al.,
2011; Tabas et al., 2015), we hypothesize that targeting
Nrf2 in the diabetic milieu could lead to a concerted
upregulation of cytoprotective pathways in the vasculature
to mitigate atherosclerosis progression. This study aims to
explore in vivo and in vitro the effects and underlying
mechanisms of the Nrf2 activator tBHQ, on preventing
diabetes-associated atherosclerosis. To that end, in vivo studies
were performed in streptozotocin (STZ)-induced diabetic
apolipoprotein E-deficient (apoE−/−) mice, an insulin-deficient
model that combines hyperglycemia and hyperlipidemia and
develops accelerated vascular injury with similarities to human
atherosclerosis (Hsueh et al., 2007; Chew et al., 2010). And finally,
in vivo results were further mechanistically characterized in vitro
in vascular cell cultures.

MATERIALS AND METHODS

Diabetes Model and Treatments
The housing and care of animals and all the procedures
performed in this study were strictly in accordance with
the Directive 2010/63/EU of the European Parliament and
were approved by the Institutional Animal Care and Use
Committee of IIS-Fundacion Jimenez Diaz (Reference No.
PROEX 116/16).
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Study I: Atherogenesis Model (Figure 1A)
Experimental diabetes was induced in 8-week old male apoE−/−

mice (Jackson Laboratory, Bar Harbor, ME, United States) by
intraperitoneal injection of STZ (125 mg/kg/day in 10 mmol/L
citrate buffer, pH 4.5; S0130, Sigma-Aldrich, St. Louis, MO,
United States) once a day for two consecutive days (Recio et al.,
2014; Lazaro et al., 2015). Animals were maintained on standard
diet and monitored every 2–3 days (always at the same time
of day) for body weight and non-fasting blood glucose. Mice
with overt diabetes (glucose >19.4 mmol/L) were randomized
to receive 6 weeks of treatment with tBHQ (50 mg/kg/day;
112941, Sigma-Aldrich, St. Louis, MO, United States; n = 15)
or vehicle (5% ethanol in saline; n = 15), via intraperitoneal
injection every second day. Age-matched non-diabetic mice
(tBHQ and vehicle; n = 6 each group) were used as controls.
At the study endpoint, 16 h-fasted mice were anesthetized
(100 mg/kg ketamine and 15 mg/kg xylazine), saline-perfused
and euthanized. Blood, urine, and tissue (aorta and liver)
samples were collected. Serum levels of glucose, cholesterol (total,
HDL, and LDL), triglycerides, and transaminases were measured
by automated methods. Serum and urine concentrations
of 8-hydroxy-2′-deoxyguanosine (8-OHdG) were assessed by
ELISA (SKT-120, StressMarq Biosciences, Inc., Victoria, BC,
Canada); total antioxidant capacity by colorimetric assay
(STA-360, OxiSelect TAC Assay Kit, Cell Biolabs, Inc., San Diego,
CA, United States).

Study II: In Vivo Blockage of Autophagic Flux
(Figure 1B)
Diabetic apoE−/− mice were treated with tBHQ and vehicle
(n = 6/group) for 3 weeks (same protocol as described for

Study I). Circadian and nutritional regulation of autophagy
was considered in experimental design for autophagic flux
measurement (Haspel et al., 2011; Ma et al., 2011). We injected
intraperitoneally a single dose of leupeptin 20 mg/kg b.w.
(BP2662, Fisher Scientific, Waltham, MA, United States) or saline
into 6 h starved mice during dark cycle, and harvested tissues
(aorta and liver) 2 h later.

Atherosclerotic Lesion Analysis
To analyze plaque area and composition, the upper aortic root
was embedded in Tissue-Tek OCT Compound (Sakura Finetek
Europe, Alphen aan den Rijn, Netherlands) and cryosectioned.
Atherosclerotic lesion area (µm2) and neutral lipid content
were quantified in serial 8 µm aortic sections (covering about
1,000 µm from valve leaflets) after oil-red-O/hematoxylin
staining and averages were calculated from 2 to 3 sections.
The average foam cell size was calculated by counting the
number of nuclei (hematoxylin staining) in lipid-rich areas
(oil-red-O positive staining) of sections from 10 randomly
selected mice per group. Total macrophages (CD68; ab53444,
Abcam, Cambridge, United Kingdom), macrophage phenotypes
[M1 marker arginase (ARG) 2, sc-20151; M2 marker ARG1,
sc-18354; Santa Cruz Biotechnology, Inc., Santa Cruz, CA,
United States], VSMCs (α-smooth muscle actin; ab5694,
Abcam) and HMOX1 protein (ADI-SPA-895, Enzo Life
Sciences, Farmingdale, NY, United States) were detected by
immunoperoxidase (HRP-conjugated secondary antibodies:
anti-rabbit, 711-035-152; anti-mouse, 715-035-150; anti-rat,
712-035-150; Jackson ImmunoResearch, West Grove, PA,
United States) or immunofluorescence (Alexa Fluor 488/568
antibodies: anti-rabbit, A-11011; anti-goat, A-11055; Thermo

FIGURE 1 | Experimental protocols for diabetes induction in apoE−/− mice. (A) Study I: Atherogenesis model. (B) Study II: In vivo blockage of autophagic flux
model.
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Fisher Scientific, Waltham, MA, United States). Activated
Nrf2 was detected by in situ Southwestern histochemistry
using digoxigenin-labeled probe (Mallavia et al., 2013; Lazaro
et al., 2015, 2017). Intracellular superoxide anion (O−2 ) in
atherosclerotic lesions was assessed by microscopy using the
O−2 -sensitive fluorescent dye dihydroethidium (DHE; D1168,
Life Technologies, Carlsbad, CA, United States), followed
by nuclear counterstain (DAPI; D9542, Sigma-Aldrich, St.
Louis, MO, United States) (Mallavia et al., 2013). As negative
control, adjacent sections were treated with polyethylene glycol-
superoxide dismutase (PEG-SOD 500 U/mL; Sigma, S9549) for
2 h before DHE to determine the specificity of the fluorescence
signal. All the histological evaluations were conducted in a
blinded fashion. Positive staining was quantified in at least two
sections per mice using Image Pro-Plus (Media Cybernetics,
Bethesda, MD, United States) and expressed as percentage or
number of positive cells per lesion area.

Cell Cultures
Vascular smooth muscle cell (VSMC) were isolated from mouse
aorta by enzymatic digestion with collagenase type II (C6885,
Sigma-Aldrich, St. Louis, MO, United States), cultured in
DMEM (D6546, Sigma-Aldrich, St. Louis, MO, United States)
supplemented with 10% FBS (F7524, Sigma-Aldrich, St. Louis,
MO, United States), and used between 2nd and 8th passages
(Recio et al., 2014; Lazaro et al., 2015). Murine bone marrow-
derived macrophages were obtained after 7 days in DMEM
containing 10% FBS and 10% L929 cell-conditioned medium
as a source of macrophage colony stimulating factor (Recio
et al., 2014; Lazaro et al., 2015). All culture media were
supplemented with 2 mmol/L L-glutamine, 100 U/mL penicillin
and 100 µg/mL streptomycin (G7513 and P0781, Sigma-Aldrich,
St. Louis, MO, United States). Cell viability was assessed by
the 1-(4,5-dimethylthiazol2-yl)-3,5-diphenylformazan thiazolyl
blue formazan (MTT; M5655, Sigma-Aldrich, St. Louis, MO,
United States) method. Quiescent cells pretreated with tBHQ
(5–25 µmol/L for 1–3 h) were exposed to the combination
of inflammatory cytokines [102 units/mL interleukin (IL)-6
plus 103 units/mL interferon-γ (IFNγ); 216-16 and 315-05,
PeproTech, Rocky Hill, NJ, United States], then processed
and analyzed for gene and protein expressions. For autophagy
experiments, cells in serum-deprived (0% FBS) or serum-
supplemented (10% FBS) medium were treated with tBHQ
for 90 min prior to incubation with autophagy inhibitors
(100 µmol/L leupeptin plus 20 mmol/L NH4Cl; L2884 and
A9434, Sigma-Aldrich, St. Louis, MO, United States) for
additional 2 h (Bejarano et al., 2014).

mRNA Expression Analysis
Total RNA from mouse tissues and cultured cells was extracted
with TRIzol (Life Technologies). The resulting total RNA
was quantified using a Nanodrop ND-1000 Spectrophotometer
(NanoDrop Technologies, Wilmington, DE, United States). For
each RNA sample, 1.5 µg of total RNA was reversely transcribed
into cDNA using High-Capacity cDNA Reverse Transcription Kit
(Applied Biosystems, Foster City, CA, United States). Real-time
PCR was performed using a 7,500 Fast Real-Time PCR system

(Applied Biosystems, Foster City, CA, United States) with
TaqMan or SYBR Green Gene Expression detection assays.
Expression levels of target genes were normalized to 18S
housekeeping gene. The relative expression was determined using
the formula 2−1Ct.

Protein Expression Analysis
For total protein extraction, mouse tissues and cells were
homogenized in 0.25 M sucrose buffer containing 0.2 mmol/L
Na3VO4, 10 mmol/L NaF, 0.2 mmol/L PMSF, and protease
inhibitor cocktail (P8340, Sigma-Aldrich, St. Louis, MO,
United States). Nuclear fractions were obtained by cellular
homogenization in 10 mmol/L HEPES (pH 7.8), 15 mmol/L KCl,
2 mmol/L MgCl2, 1 mmol/L EDTA, 1 mmol/L dithiothreitol,
1 mmol/L PMSF, and protease inhibitors. Proteins were resolved
on SDS-PAGE gels, transferred and immunoblotted for Nrf2
(sc-722, Santa Cruz Biotechnology, Beverly, MA, United States;
orb6544, Biorbyt, Ltd., Cambridge, United Kingdom), HMOX1,
microtubule-associated protein 1 light chain 3 (MAP1LC3B;
2,775, Cell Signaling), SQSTM1/p62 (sc-28359, Santa Cruz
Biotechnology) and beclin-1 (BECN1; sc-11427, Santa Cruz
Biotechnology), using histone H3 (4499, Cell Signaling), β-actin
(sc-47778, Santa Cruz Biotechnology) and α-tubulin (T5168,
Sigma-Aldrich) as loading controls. Peroxidase-conjugated
secondary antibodies (anti-rabbit 711-035-152, anti-mouse
715-035-150, Jackson ImmunoResearch) were used for
chemiluminescence detection. Blots were quantified using
Quantity One software (Bio-Rad Laboratories, Hercules, CA,
United States). For monitoring autophagic flux blockage in vivo
(Study II) and in vitro, tissue and cell lysates were immunoblotted
for MAP1LC3B or SQSTM1/p62 and the autophagic flux rate was
determined as the amount of accumulated proteins (normalized
to loading control) in the presence of lysosomal protease
inhibitors vs. protease inhibitor-free conditions (Bejarano et al.,
2014; Klionsky et al., 2016).

Statistical Analysis
Results are presented as individual data points and mean ± SEM
of duplicate/triplicate determinations from separate animals
and cell experiments. Statistical analyses were performed using
Prism 5 (GraphPad Software, Inc., La Joya, CA, United States).
Differences across groups were considered significant at P < 0.05
using either non-parametric Mann–Whitney U-test, or one-way
ANOVA with post hoc Bonferroni pairwise comparison test when
appropriate.

RESULTS

In Vivo and in Vitro Induction of Nrf2
Activity by tBHQ
To explore in vivo whether Nrf2 induction protects against
development of diabetes-driven atherosclerosis, we set up an
experimental model of accelerated vascular injury alike to
human atherosclerotic lesions, resulting from the combination
of hyperglycemia and hyperlipidemia (Hsueh et al., 2007;
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Chew et al., 2010; Recio et al., 2014; Lazaro et al., 2015).
In this study, streptozotocin-induced diabetic apoE−/− mice
were treated with either vehicle or tBHQ for 6 weeks. In
situ southwestern histochemistry revealed a 2.2-fold increase
in the number of Nrf2-activated cells within atherosclerotic
lesions of tBHQ-treated mice (Figure 2A). Activated Nrf2
colocalized with both macrophages and VSMC (Figure 2B)
which are main cellular constituents of atherosclerotic lesions
with an active role in atherogenesis. In addition, tBHQ treatment
induced Nrf2 expression at both mRNA and protein levels
in the aorta of non-diabetic and diabetic mice, as showed by
real-time PCR (Figure 2C) and Western blot (Figure 2D). The
induction of Nrf2 gene was also confirmed in liver tissue from
tBHQ-treated mice (Figure 2C). According to these in vivo
observations, we next tested in vitro the ability of tBHQ to bolster
intrinsic Nrf2 pathway in cultures of VSMC and macrophages.
Western blot analysis revealed increased levels of Nrf2 protein in
nuclear fractions from both VSMC and macrophages incubated
with tBHQ (Figure 2E). Real-time PCR analysis confirmed a
dose-dependent induction of Nrf2 gene by tBHQ in primary
macrophages (Figure 2F). Consistently, tBHQ dose-dependently
induced the gene and protein expression of HMOX1, which is a
Nrf2-downstream target gene, in both cell types (Figures 2G,H).

Atheroprotective Effect of tBHQ
Treatment in Non-diabetic and Diabetic
Mice
Quantitative assessment of aortic root sections after
oil-red-O/hematoxylin staining evidenced the role of diabetes
as a driving force in the early progression of atherosclerosis
(twofold increase in lesion area in diabetic vs. non-diabetic
mice; P = 0.0004) (Figures 3A,B). Interestingly, tBHQ treatment
significantly reduced the size (Figure 3B) and extension
(Figure 3C) of atherosclerotic lesions both in non-diabetic
and diabetic mice compared to their respective age-matched
vehicle controls (% of decrease: non-diabetic, 66 ± 6; diabetic,
46 ± 8). In addition, plaques from tBHQ-treated mice displayed
lower neutral lipid content (% of decrease: non-diabetic, 64 ± 5;
diabetic, 28 ± 5; Figure 3D). Throughout the study, non-fasting
blood glucose levels remained similar between vehicle and tBHQ
in both non-diabetic and diabetic groups (Figure 3E). At the end
of the study, there were no significant changes in body weights
and serum lipid levels (Table 1) after tBHQ treatment. Serum
transaminase activities kept similar between vehicle and tBHQ
groups, indicating preserved liver function (Table 1).

Impact of Nrf2 Activation on
Inflammation and Redox Balance
Histological assessment of diabetic mouse aorta showed that
tBHQ treatment limited the accumulation of macrophages
(CD68 positive staining) within atherosclerotic plaques
(Figure 4A) and also altered the phenotypic distribution of
macrophages in atheroma by reducing M1 marker (ARG2)
and increasing M2 marker (ARG1) (Figure 4B). Furthermore,
calculation of average foam cell size in atherosclerotic plaques
demonstrated that lesional macrophages in tBHQ-treated mice

were smaller than in vehicle group (Figure 4C), indicating a
reduced lipid accumulation in these cells. Likewise, real-time
PCR analysis in aortic samples evidenced that tBHQ significantly
reduced the chemokine gene pattern both in non-diabetic and
diabetic mice (Figure 4D), thus confirming its anti-inflammatory
function.

Next, we explored in vitro the Nrf2-dependent anti-
inflammatory effects of tBHQ in macrophages stimulated with
cytokines (IL-6 plus IFNγ), in an attempt to mimic the
inflammatory environment of the atheroma plaque. As shown
in Figure 4E, tBHQ prevented cytokine-induced expression
of chemokines C-C motif chemokine ligand (CCL) 2 and
CCL5. In addition, tBHQ primed macrophages toward the
anti-inflammatory M2 phenotype, as evidenced by decreased
expression of inducible nitric oxide synthase (NOS2, marker of
pro-inflammatory M1 phenotype), modest increase in mannose
receptor C-type 1 (MRC1, M2 marker), and lower ratio of ARG
isoforms [ARG2 (M1) to ARG1 (M2)].

To assess the impact of tBHQ on redox balance, we analyzed
oxidative stress markers in atherosclerotic plaques. In situ
detection of O−2 production by PEG-SOD-inhibitable DHE
fluorescence in aortic sections revealed that tBHQ treatment
markedly reduced the number of DHE+ cells in atherosclerotic
plaques compared to vehicle-treated group (Figure 5A).
Concomitantly, tBHQ almost reversed the increase of serum and
urinary levels of 8-OHdG (a marker of oxidative DNA damage)
to control levels (Figure 5B). Next, we examined the tBHQ
effectiveness on antioxidant defense by assessing Nrf2-driven
antioxidant genes not only in aorta but also in hepatic tissue,
due to the important role of liver in atherogenesis as an essential
hub of lipid metabolism. Immunodetection of HMOX1 protein
revealed higher expression levels in atherosclerotic plaques
(Figure 5C) and also in protein extracts from aortic and
hepatic tissues (Figure 5D) of tBHQ-treated mice. Real-time
PCR analysis also showed upregulated gene expression of
the antioxidant enzymes HMOX1, SOD1, and CAT in both
diabetic and non-diabetic mice receiving tBHQ when compared
with respective vehicle-treated groups (Figure 5E). A parallel
analysis of the total antioxidant status revealed that tBHQ
recovered the impaired capacity of serum and urine to resist
oxidation (Table 1). Complementary in vitro studies in primary
macrophages confirmed that tBHQ altered the macrophage redox
balance, with reduced gene expression of Nox components
(membrane-associated Nox2 protein and cytosolic p47phox and
p67phox regulatory subunits), alongside increased expression of
antioxidant enzymes HMOX1, SOD1, and CAT (Figure 5F).

Effect of tBHQ Treatment on Autophagy
Mechanisms in Vivo and in Vitro
To investigate the involvement of autophagy in Nrf2-mediated
atheroprotection we analyzed the expression of genes involved
in key steps of autophagy, from initiation (BECN1), to
autophagosome formation (ATG7, ATG5, and MAP1LC3B)
and targeting polyubiquitinated proteins for degradation
(SQSTM1/p62). Real-time PCR analysis in diabetic mouse
aorta showed that tBHQ treatment significantly increased the
mRNA expression of autophagy genes, except for MAP1LC3B
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FIGURE 2 | Nrf2 activation by tBHQ in vivo and in vitro. (A,B) In situ detection of activated Nrf2 by Southwestern histochemistry in aorta of diabetic apoE−/− mice
(2 sections per mice) after 6 weeks of treatment with either vehicle (n = 9) or tBHQ (n = 6). (A) Representative images (magnification ×200, scale bars: 40 µm) and
quantification of positive cells per lesion area are shown. Arrows indicate Nrf2 positive cells (blue–purple). Results are presented as individual data points and
mean ± SEM (P-value as indicated). (B) Representative micrographs (magnification ×40) and higher-magnifications (×200 and ×400) of the boxed regions showing
colocalization of Nrf2 with macrophages (CD68) and VSMC (α-SMA). Arrows indicate double positive staining (blue–purple, Nrf2; red-brown, cell type marker). L,
lumen. (C) Real-time PCR analysis of Nrf2 gene expression in aorta and liver from non-diabetic and diabetic mice treated with vehicle or tBHQ. The mRNA values
were normalized to 18S rRNA. (D) Western blot analysis of Nrf2 levels in aortic protein extracts (β-actin as loading control). Shown are representative blots and the
summary of normalized densitometric quantification. Data in (C,D) are presented as mean ± SEM [non-diabetic (ND)-vehicle, n = 4; ND-tBHQ, n = 4; diabetic
(D)-vehicle, n = 6; D-tBHQ, n = 9] of the relative (fold change) expression over control group (ND-vehicle; indicated by horizontal dashed lines). #P < 0.05,
##P < 0.01, and ###P < 0.001 vs. ND-vehicle; ∗P < 0.05 and ∗∗P < 0.01 vs. D-vehicle. (E) Representative Western blot images and quantification of Nrf2 in nuclear
extracts from cultured VSMC and macrophages (Mφ) incubated with increasing concentrations of tBHQ (0–25 µmol/L) for 3 h. Histone H3 was used as nuclear
loading control. Real-time PCR analysis of Nrf2 (F) and Hmox1 (G) gene expression at 6 h of treatment with tBHQ. Data are normalized to 18S. (H) Western blot
analysis of HMOX1 (β-actin as loading control) in total cell lysates from VSMC and macrophages incubated for 24 h with tBHQ. Representative immunoblots and
summary of normalized densitometry values are shown. Data in (E–H) are expressed as fold increases over basal conditions (indicated by horizontal dashed lines)
and are the mean ± SEM of n = 3 independent experiments analyzed in duplicate. $P < 0.05, $$P < 0.01, and $$$P < 0.001 vs. basal.
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FIGURE 3 | tBHQ treatment lessens the development of atherosclerosis in mice. (A) Representative images (magnification ×40, scale bars: 200 µm) of
oil-red-O/hematoxylin staining in aortic root sections from non-diabetic and diabetic mice treated with either vehicle or tBHQ. (B) Average of individual maximal lesion
area in each group (calculated from 2 to 3 sections per mice). (C) Quantification of the extent of atherosclerotic lesions within the aorta (9–11 sections per mice).
(D) Quantification of intraplaque lipid content (% oil-red-O per lesion area, calculated from 2 to 3 sections per mice in individual maximal lesion area). (E) Evolution of
mean blood glucose values in non-fasted mice along the 6-week follow-up. Results are expressed as individual data points and mean ± SEM [non-diabetic
(ND)-vehicle, n = 6; ND-tBHQ, n = 6; diabetic (D)-vehicle, n = 15; D-tBHQ, n = 15]. ∗P < 0.05 vs. D-vehicle; #P < 0.05 vs. ND-vehicle.

TABLE 1 | Biochemical data of apoE−/− mice after 6 weeks of treatment.

Non-diabetic Diabetic

Vehicle tBHQ Vehicle tBHQ

(n = 6) (n = 6) (n = 15) (n = 15)

Body weight change (final–initial) (g) 3.2 ± 0.0 0.0 ± 3.0 −2.8 ± 1.0 −3.0 ± 1.0

Total cholesterol (mg/dL) 330 ± 19 263 ± 18 852 ± 47### 935 ± 69###

LDL cholesterol (mg/dL) 293 ± 18 227 ± 13 819 ± 42### 901 ± 66###

HDL cholesterol (mg/dL) 15.3 ± 0.6 15.5 ± 0.8 10.3 ± 0.7## 11.2 ± 0.7#

Triglycerides (mg/dL) 111 ± 10 124 ± 16 109 ± 15 112 ± 15

Aspartate aminotransferase (units/L) 169 ± 4 169 ± 25 188 ± 21 184 ± 14

Alanine aminotransferase (units/L) 51 ± 7 52 ± 7 86 ± 11 88 ± 8

Serum total antioxidant capacity (mmol/L) 0.34 ± 0.04 0.62 ± 0.06## 0.19 ± 0.02 0.42 ± 0.03∗

Urine total antioxidant capacity (mmol/L) 1.5 ± 0.1 2.4 ± 0.1### 1.2 ± 0.1 2.0 ± 0.1∗∗,#

Data are mean ± SEM. #P < 0.05, ##P < 0.01, and ###P < 0.001 vs. non-diabetic vehicle group. ∗P < 0.05 and ∗∗P < 0.01 vs. diabetic vehicle group.

(Figure 6A). Western blot further confirmed upregulated
levels of BECN1 and SQSTM1/p62 proteins, and conversion
of MAP1LC3B-I to MAP1LC3B-II form in tBHQ-treated
mice (Figure 6B). Similar results were observed in liver
(Figures 6A,B), thus corroborating the beneficial systemic effects
of tBHQ.

In addition to the steady-state changes of autophagy
markers, we also studied the effect of tBHQ on autophagic
flux by assessing MAP1LC3B-II levels in the presence or
absence of lysosomal protease inhibitors. In these experiments,

blockage of lysosomal proteolysis in vivo was assessed by
intraperitoneal injection of leupeptin in 6 h starved diabetic
mice. Under these conditions, Western blot analysis revealed
that tBHQ increases autophagic flux in the vasculature,
as evidenced by higher accumulation of MAP1LC3B-II
protein in tBHQ-treated mice compared with vehicle group
(Figure 7A). However, no accumulation of autophagic adaptor
SQSTM1/p62 was found in the aortic tissue upon tBHQ
treatment (Figure 7A). Finally, we investigated the in vitro
effects of tBHQ on autophagy machinery. Real-time PCR
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FIGURE 4 | Reduced inflammation in atherosclerotic plaques of tBHQ-treated mice. (A) Immunoperoxidase detection of total macrophages (magnification ×100,
scale bars: 80 µm) and quantitative analysis of CD68+ cells in aortic root sections of diabetic mice (vehicle, n = 12; tBHQ, n = 10; 2 sections per mice).
(B) Immunofluorescence analysis of macrophage phenotypes (red, ARG2 (M1); green, ARG1 (M2); blue, DAPI (nuclear staining); magnification ×200; scale bars:
20 µm; L, lumen) and quantification of M1/M2 ratio in aorta of diabetic mouse (vehicle, n = 8; tBHQ, n = 8; 2 sections per mice). (C) Representative images
(magnification x200, scale bars: 40 µm) of foam cell-rich areas in atherosclerotic lesions of diabetic mice (vehicle, n = 10, and tBHQ, n = 7; 2–3 sections per mice)
and quantitative assessment of foam cell size. (D) Real-time PCR analysis of inflammatory markers [chemokines Ccl2 and Ccl5) in aortic tissue from non-diabetic
(ND)-vehicle (n = 4), ND-tBHQ (n = 4), diabetic (D)-vehicle (n = 10), and D-tBHQ (n = 10) mice]. Data normalized by 18S are expressed as fold increases over control
group (ND-vehicle, represented by horizontal dashed line). (E) Real-time PCR analysis of Ccl2 and Ccl5, macrophage phenotype markers Nos2 (M1), Mrc1 (M2), and
Arg2/Arg1 (ratio M1/M2) in primary macrophages pretreated with tBHQ (25 µmol/L, 90 min) or vehicle prior to stimulation with cytokines (IL-6 102 units/mL plus
IFNγ 103 units/mL) for 6 h. Data normalized by 18S are expressed as fold increases over basal condition (vehicle-treated cells, represented by horizontal dashed line;
n = 6 independent experiments). Results are expressed as individual data points and mean ± SEM. ∗∗P < 0.01 and ∗∗∗P < 0.001 vs. D-vehicle; #P < 0.05,
##P < 0.01, and ###P < 0.001 vs. ND-vehicle; $P < 0.05 and $$P < 0.01 vs. cytokine stimulation.

analysis showed upregulated BECN1, ATG5/7, MAP1LC3B,
and SQSTM1/p62 gene expression by tBHQ in VSMC under
both pro-autophagic (serum-deprived medium) and basal
(serum-supplemented medium) conditions (Figure 7B).
Moreover, increased autophagic flux rate by tBHQ was
underscored by the higher accumulation of MAP1LC3B-II
protein, but not SQSTM1/p62, in VSMC incubated with
lysosomal inhibitors (Figure 7C).

DISCUSSION

The present study provides mechanistic evidence of the
atheroprotective effects of Nrf2 pathway beyond its role
in commanding the antioxidant response. We report that
Nrf2 activation by tBHQ counteracts diabetes-accelerated
atherosclerosis through a multiple cytoprotective action based

on the attenuation of vascular inflammation and oxidative stress,
and bolstering autophagy.

Previous reports demonstrated that myeloid-specific Nrf2
deletion in mice aggravates early and advanced stages of
atherosclerosis (Ruotsalainen et al., 2013), and controversially,
total gene deficiency protects against atherogenesis by affecting
both systemic and local mechanisms (Barajas et al., 2011;
Freigang et al., 2011). Our work indicates that administration of
tBHQ in diabetic mice further activated Nrf2 in macrophages
and VSMC, two main cellular components of atherosclerotic
lesions with a key role in atherogenesis (Moore and Tabas,
2011; Razani et al., 2012; Salabei and Hill, 2013). Associated
with Nrf2 induction in diabetic mouse aorta, tBHQ treatment
reduced the area, extension, lipid content and inflammatory
milieu of atherosclerotic plaques, independently of changes
in blood glycemia and lipids. Our results are in agreement
with the previously reported effect of tBHQ in ischemic
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FIGURE 5 | tBHQ treatment attenuates oxidative stress and promotes antioxidant response in mice. (A) In situ detection of O−2 production by DHE fluorescent probe
labeling in aortic sections of diabetic mice (vehicle, n = 10; tBHQ, n = 8; 2 sections per mice). Representative images (magnification x200, scale bars: 40 µm; L,
lumen) and quantification of percentage of positive DHE red-cells vs. total DAPI blue-nuclei. (B) Concentrations of 8-OHdG in serum and urine samples from
non-diabetic (ND)-vehicle (n = 4), ND-tBHQ (n = 6), diabetic (D)-vehicle (n = 3) and D-tBHQ (n = 6) mice. (C) Immunoperoxidase images (magnification ×100, scale
bars: 80 µm; L, lumen) of HMOX1 protein in aortic sections of diabetic mice (vehicle, n = 13; tBHQ, n = 11; 2 sections per mice) and summary of quantification.
(D) Western blot analysis of HMOX1 in aorta and liver extracts from ND-vehicle (n = 4), ND-tBHQ (n = 4), D-vehicle (n = 11) and D-tBHQ (n = 11) mice (β-actin and
α-tubulin as loading controls). Shown are representative blots and the summary of normalized densitometry expressed as fold increases over control group
(ND-vehicle, represented by horizontal dashed line). (E) Real-time PCR analysis of antioxidant defense genes (Hmox1, Sod1, and Cat) in aorta and liver from
ND-vehicle (n = 4), ND-tBHQ (n = 4), D-vehicle (n = 12) and D-tBHQ (n = 12) groups. Data normalized by 18S are expressed as fold increases over control group
(ND-vehicle, represented by horizontal dashed line). (F) Real-time PCR analysis of Nox subunits and antioxidant enzymes in primary macrophages pretreated with
tBHQ (25 µmol/L, 90 min) prior to stimulation with cytokines (IL-6 102 units/mL plus IFNγ 103 units/mL) for 6 h. Data are normalized to 18S and expressed as fold
increases over basal condition (vehicle-treated cells, represented by horizontal dashed line; n = 6 independent experiments). Results are expressed as individual data
points and mean ± SEM. ∗∗P < 0.01 and ∗∗∗P < 0.001 vs. D-vehicle; #P < 0.05, ##P < 0.01, and ###P < 0.001 vs. ND-vehicle; $P < 0.05, $$P < 0.01, and
$$$P < 0.001 vs. cytokine stimulation.

stroke (Shih et al., 2005) and cardiac dysfunction (Zhang
et al., 2015) and support the use of Nrf2 activators as
potential therapy for diabetic complications (Xue et al., 2008;
Jiang et al., 2010; Tan and de Haan, 2014; Tan et al.,
2014).

Macrophage accumulation in the subendothelial space
contributes to atherogenesis by promoting inflammatory
response and plaque instability (Moore and Tabas, 2011). Our
results showed that tBHQ treatment impaired the accumulation
of macrophages within atherosclerotic lesions, but also affected
the macrophage inflammatory state by favoring the alternatively
activated M2 phenotype. Previous studies have determined
a linkage of M2 macrophages with fatty acid oxidation
(Vats et al., 2006), a process regulated by Nrf2 (Dinkova-
Kostova and Abramov, 2015). In this sense, tBHQ might

modulate macrophage capacity to catabolize extravased modified
lipoproteins, leading to smaller-sized foam cells. Additionally,
tBHQ treatment attenuated the aortic expression of CCL2
and CCL5, two prototypical chemokines of fundamental
importance in the atherosclerotic process (Zernecke et al.,
2008; van der Vorst et al., 2015). Either gene deficiency or
pharmacological inhibitions of CCL2, CCL5, and their cognate
receptors have been demonstrated to reduce lesion size and
macrophage infiltration and to promote plaque stability in
mice. In vascular cells and leukocytes, CCL2 and CCL5
expression by many atherogenic stimuli is transcriptionally
regulated by nuclear factor κB (NF-κB) (Monaco and Paleolog,
2004). Evidence indicates a functional crosstalk between
Nrf2 and NF-κB pathways. In macrophages, Nrf2 opposes
transcriptional upregulation of proinflammatory cytokine
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FIGURE 6 | tBHQ promotes autophagy in diabetic mouse. (A) Real-time PCR analysis of autophagy genes in aortic and hepatic tissues from diabetic mice treated
with either vehicle (n = 15) or tBHQ (n = 15). Values normalized by 18S are expressed as arbitrary units. (B) Western blot analysis of autophagy markers BECN1,
MAP1LC3B-II, and SQSTM1/p62 in aorta and liver of diabetic mice (D-vehicle, n = 13; D-tBHQ, n = 14). Values normalized by loading controls (β-actin and α-tubulin)
are expressed as arbitrary units. Results are expressed as mean ± SEM. ∗P < 0.05, ∗∗P < 0.01, and ∗∗∗P < 0.001 vs. D-vehicle.

genes (Kobayashi et al., 2016) and its absence exacerbates
NF-κB activity and promotes atherogenesis (Ruotsalainen
et al., 2013). Conversely, NF-κB represses Nrf2 by a physical
interaction with KEAP1 (Yu et al., 2011). We have reported
opposite regulation of NF-κB and Nrf2 by heat shock protein
90 inhibitor in diabetic atherosclerosis (Lazaro et al., 2017).
In consonance, our results reinforce Nrf2 as direct regulator
of inflammation, and help reconsider the concept of Nrf2-
mediated anti-inflammation as an off-target effect of ROS
suppression.

Hyperglycemia-induced ROS generation by Nox family
promotes cellular damage and contributes to development and
progression of vascular diabetic complications (Giacco and
Brownlee, 2010; Jiang et al., 2011; Rask-Madsen and King, 2013).
In atherosclerotic lesions, macrophages and VSMC contribute
to Nox-derived ROS production (Vendrov et al., 2007), which
is exacerbated in the absence of Nrf2 (Kong et al., 2010;
Ashino et al., 2013). In line with this, our study demonstrates
that tBHQ treatment attenuated oxidative stress both locally
(reduced O−2 production in aorta) and systemically (lower
circulating levels of oxidative DNA stress marker 8-OHdG) in
diabetic mice. Moreover, tBHQ suppressed the cytokine-induced
expression of Nox subunits in macrophages. It is well-known

that diabetes itself promotes antioxidant defense in aortas, as
an adaptative response to overcome injury due to the chronic
exposure to hyperglycemia-driven oxidative stress (Giacco and
Brownlee, 2010; Rask-Madsen and King, 2013). Remarkably,
we observed that tBHQ treatment further boosted Nrf2 system
for the expression of antioxidant enzymes (HMOX1, SOD1,
and CAT). Besides the positive effects on the aortic tissue, we
also showed that tBHQ reinforced antioxidant machinery in
liver and restored systemic total antioxidant capacity in diabetic
mice.

Autophagy is activated in response to several stressors such
as starvation, lipids, ROS and cytokines to maintain cellular
integrity, but chronic insults can result in autophagic impairment
and loss of vascular cellular homeostasis thus contributing to
atherogenesis (Schrijvers et al., 2011; Salabei and Hill, 2013).
Autophagy related gene deficiency in macrophages promotes
atherosclerosis by triggering inflammasome hyperactivation,
Nox-mediated oxidative stress, apoptosis, defective efferocytosis
and necrosis (Liao et al., 2012; Razani et al., 2012), whereas
VSMC-specific deletion promotes a phenotype switch with
attenuated proliferative capacity, ensuing migration and
premature senescence (Salabei and Hill, 2013; Grootaert et al.,
2015). Moreover, defective lipid management due to a blunted
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FIGURE 7 | In vivo and in vitro effect of tBHQ on autophagic activity. (A) In vivo 2 h blockage of autophagic flux in 6 h starved diabetic mice treated with either
vehicle or tBHQ for 3 weeks by intraperitoneal injection of leupeptin (vehicle-group, n = 3; tBHQ, n = 3) or saline (vehicle-group, n = 3; tBHQ, n = 3). Shown are
representative blots of MAP1LC3B-II, SQSTM1/p62 and α-tubulin (loading control) and quantification of autophagic flux rate in aortic tissue. (B) Real-time PCR
analysis of autophagy genes in VSMC treated with tBHQ 25 µmol/L for 6 h in serum-deprived (-FBS) or serum-supplemented (+FBS) conditions. Data normalized by
18S are expressed as fold increase over respective basal conditions (n = 9 independent experiments). (C) In vitro blockage of autophagic flux in starved VSMC
pretreated with either tBHQ (25 µmol/L, 90 min) or vehicle prior to the addition of lysosomal inhibitors (20 mmol/L NH4Cl plus 100 µmol/L leupeptin; N-leup) for 2 h.
Shown are representative blots and quantification of autophagic flux rate in VSMC (n = 7 independent experiments). The rate of autophagic flux is expressed as
lysosomal protease inhibitor (leup or N-leup) induced protein accumulation (MAP1LC3B-II or SQSTM1/p62) vs. respective lysosomal protease inhibitor-free
condition. Results are expressed as mean ± SEM. ∗P < 0.05 and ∗∗∗P < 0.001 vs. basal; #P < 0.05 and ###P < 0.001 vs. respective lysosomal protease
inhibitor-free condition.

autophagy impedes cholesterol efflux and contributes to foam
cell formation (Singh et al., 2009; Koga et al., 2010). In line with
this, the atheroprotection found in diabetic mice after tBHQ
treatment can be linked to the restoration of cellular autophagy
and the subsequent attenuation of macrophage infiltration,
intracellular lipid content and foam cell formation.

Nrf2-KEAP1-ARE axis and autophagy are linked by
SQSTM1/p62 protein. Indeed, direct interaction between
SQSTM1/p62 and KEAP1 favors its autophagy-mediated
degradation with subsequent activation of Nrf2-driven genes
(Komatsu et al., 2010; Lau et al., 2010). Nrf2 upregulates
SQSTM1/p62 and ATG5 genes thus creating a positive
feedback loop (Jain et al., 2010; Pajares et al., 2016). In

agreement, our results showed that Nrf2 activation by tBHQ
upregulated gene and protein expression of components of
the autophagy machinery in diabetic mice. Remarkably, tBHQ
promoted autophagic activity, as measured by MAP1LC3B-II
accumulation, the gold standard method to monitor autophagic
activity (Klionsky et al., 2016). The data in vivo (aorta and liver
of diabetic mice) were consistent with the data in vitro (primary
VSMC), and together they demonstrate structural and functional
modulation of autophagy by Nrf2 activation. It has previously
been reported that SQSTM1/p62 protein plays a pivotal role
between autophagy and proteasome degradation pathways in a
MAP1LC3B-II-independent manner (Itakura and Mizushima,
2011; Liebl and Hoppe, 2016). Therefore, and according to
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previous reports in other systems (Jain et al., 2010; Xu et al.,
2016), it is likely that the protective role of tBHQ involves
an increase of SQSTM1/p62 and an activation in proteasomal
activity, and be related with a switch in the shuttling of
SQSTM1/p62 observed in diabetic mouse aorta and cultured
VSMC.

Collectively, this study proposes pharmacological Nrf2
activation as a useful therapeutic strategy to restrain
diabetes-driven atherosclerosis, by attenuating oxidative stress
and inflammation, and bolstering antioxidant defense and
autophagy.
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Role of Keap1-Nrf2 Signaling in
Anhedonia Symptoms in a Rat Model
of Chronic Neuropathic Pain:
Improvement With Sulforaphane
Shan Li1†, Chun Yang1†, Xi Fang1, Gaofeng Zhan1, Niannian Huang1, Jie Gao1, Hui Xu1,
Kenji Hashimoto2* and Ailin Luo1*

1 Department of Anesthesiology, Tongji Hospital, Tongji Medical College, Huazhong University of Science and Technology,
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Patients with chronic neuropathic pain frequently suffer from symptoms of anhedonia
(loss of pleasure), which is a core clinical manifestation of depression. Accumulating
studies have shown the beneficial effects of the natural compound sulforaphane (SFN),
an activator of nuclear factor (erythroid-derived 2)-like 2 (Nrf2), on depression-like
phenotype through a potent anti-inflammatory effect. However, it is unknown whether
SFN confers beneficial effects in neuropathic pain-associated anhedonia. Spared nerve
injury (SNI) is classical rodent model of chronic neuropathic pain. We here used a rat
model of SNI. Hierarchical cluster analysis of sucrose preference test (SPT) results
was used to classify the SNI rats with or without an anhedonia phenotype. Nrf2
protein expression was significantly decreased in the medial prefrontal cortex (mPFC),
hippocampus, spinal cord, and skeletal muscle, but not in the nucleus accumbens,
in anhedonia-susceptible rats compared with sham or anhedonia-resistant rats. The
expression of Kelch-like erythroid cell-derived protein with CNC homology (ECH)-
associated protein 1 (Keap1), a partner of Nrf2, in mPFC, hippocampus, and muscle of
anhedonia-susceptible rats was also significantly lower than that in sham or anhedonia-
resilient rats. Subsequent SFN administration after SNI surgery exerted therapeutic
effects on reduced mechanical withdrawal threshold (MWT) scores, but not on sucrose
preference, through the normalization of Keap1-Nrf2 signaling in the spinal cords
of anhedonia-susceptible rats. Interestingly, treatment with SFN 30 min prior to SNI
surgery significantly attenuated reduced MWT scores and sucrose preference, and
restored tissue Keap1 and Nrf2 levels. In conclusion, this study suggests that decreased
Keap1-Nrf2 signaling in mPFC, hippocampus, and muscle may contribute to anhedonia
susceptibility post-SNI surgery, and that SFN exerts beneficial effects in SNI rats by
normalization of decreased Keap1-Nrf2 signaling.

Keywords: pain, anhedonia, sulforaphane, Keap1-Nrf2, medial prefrontal cortex, hippocampus, spinal cord,
skeletal muscle
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INTRODUCTION

Patients with chronic pain often suffer with depressive symptoms.
Previous clinical studies have demonstrated that the incidence of
comorbid chronic pain and depression is approximately 30 to
50% (Bair et al., 2003; Gustorff et al., 2008; Radat et al., 2013).
Thus, comorbid pain and depression are a serious clinical, social,
and economic issue that needs to be resolved. However, the
underlying mechanisms and therapeutic strategies for managing
this comorbidity remain undetermined.

Non-steroidal anti-inflammatory drugs (NSAIDs) and opioid
drugs are widely used for pain relief. However, several studies
have shown that NSAIDs are not effective in approximately
half of patients with chronic pain (White, 2005; Vanegas et al.,
2010; Shah and Mehta, 2012). Furthermore, although opioids
have powerful analgesic effects, their considerable side effects
limit their widespread use when administered in larger doses
(Sehgal et al., 2013). Opioid crisis and drug overdose-related
deaths are a serious problem in the United States (Volkow and
Collins, 2017). New treatment options for opioid-use disorders
are sorely needed. Although analgesics and antidepressant agents
are currently prescribed for depression in patients with somatic
symptoms or chronic pain, drugs without significant side effects
are needed for treating the comorbidity of pain and depression.

Nuclear factor (erythroid-derived 2)-like 2 (Nrf2) is a
transcription factor that plays a central role in cellular defense
against oxidative and electrophilic insults (Kobayashi et al.,
2013; Ma, 2013; Suzuki et al., 2013; Suzuki and Yamamoto,
2015; Cuadrado et al., 2018; Yamamoto et al., 2018). Under
normal conditions, Nrf2 is repressed by Kelch-like erythroid cell-
derived protein with CNC homology (ECH)-associated protein
1 (Keap1), which is an adaptor protein for Nrf2 degradation
(Suzuki et al., 2013; Suzuki and Yamamoto, 2015; Yamamoto
et al., 2018). During oxidative stress, including inflammation,
Nrf2 is derepressed, which activates the transcription of
cytoprotective genes. In addition, the Keap1-Nrf2 system is also
involved in attenuating inflammation-associated pathogenesis
(Kobayashi et al., 2013; Suzuki et al., 2013; O’Connell and
Hayes, 2015; Suzuki and Yamamoto, 2015; Yamamoto et al.,
2018). In the learned helplessness (LH) paradigm, Keap1
and Nrf2 protein levels in the prefrontal cortex and dentate
gyrus of the hippocampus in LH (susceptible) rats were lower
than those in control and non-LH (resilient) rats (Zhang
et al., 2018). Furthermore, the expression of Keap1 and
Nrf2 proteins in the parietal cortex of depressed patients
was lower than that in controls, suggesting that Keap1-Nrf2
signaling contributes to stress resilience, which plays a key
role in the pathophysiology of depression (Zhang et al.,
2018).

Nrf2 signaling pathway has been commonly reported to
be activated by food supplements and natural compounds
(Bhaskaran et al., 2013; Menghini et al., 2016, 2018; Efentakis
et al., 2017). Sulforaphane (SFN), a natural potent anti-
inflammatory compound, is an organosulfur compound derived
from glucoraphanin (a glucosinolate precursor of SFN) which
is fully enriched in cruciferous vegetables (Zhang et al., 1992;
Fahey et al., 1997; Dinkova-Kostova et al., 2017; Fahey et al.,

2017). SFN is reported to have potent anti-inflammatory effects
through the activation of Nrf2. Previously, we reported that
pretreatment with SFN has prophylactic effects on depression-
like phenotype and dendritic spine changes in an inflammation-
induced model of depression (Zhang et al., 2017), and that novel
Nrf2 activators (TBE-31 and MCE-1) demonstrate antidepressant
effects in an inflammation model of depression (Yao et al.,
2016b). Furthermore, dietary intake of glucoraphanin during
juvenile and adolescent stages confers resilience to chronic social
defeat stress in adulthood (Yao et al., 2016b). Previous reports
have shown that intrathecal administration of SFN attenuated
mechanical allodynia and thermal hyperalgesia in spinal nerve
transfection-injured mice (Kim et al., 2010), and that SFN
inhibited complete Freund’s adjuvant-induced allodynia and
hyperalgesia (Redondo et al., 2017). Taken together, it is likely
that SFN is a potential natural compound for treating comorbid
pain and depression.

The purpose of the present study was to examine the
role of the Keap1-Nrf2 signaling system in selected tissues
following surgery for spared nerve injury (SNI). Furthermore,
we investigated whether abnormalities in behaviors and Keap1-
Nrf2 levels in selected tissues following SNI are attenuated with
subsequent administration of SFN. Finally, we examined whether
pretreatment with SFN could prevent pain and anhedonia-like
symptoms and alter Keap1-Nrf2 protein expression in selected
tissues following SNI.

MATERIALS AND METHODS

Animals
Male Sprague Dawley (SD) rats (weighing 180–230 g) were
purchased from the Laboratory Animal Centre of Tongji Medical
College, Huazhong University of Science and Technology
(Wuhan, China). A total of 98 rats were enrolled and were
divided into groups in accordance with the random number
table. The animals were housed under 12 h light/dark cycle
with free access to food and water. Procedures of this animal
experiment were in accordance with the National Institute of
Health Guide for the Care and Use of Laboratory Animals. The
experimental protocols were approved by the Experimental
Animal Committee of Tongji Hospital, Tongji Medical
College, Huazhong University of Science and Technology
(No. 34724466).

Experimental Design
As shown in Figure 1A, rats were acclimated to environment
for 6 days. Then the mechanical withdrawal threshold (MWT)
was performed 1 day before the SNI surgery for baseline
measurement. MWT and sucrose preference test (SPT) were
implemented from day 2 to 5, 9 to 12, and 16 to 19 after
surgery, respectively. Twenty-three days after SNI surgery,
medial prefrontal cortex (mPFC), hippocampus, and nucleus
accumbens (NAc) of brain, L2-5 spinal cord, skeletal muscle,
and liver were collected. Tissue samples were stored at
−80◦C before Western blot analysis. A single dose of SFN
(30 mg/kg, Absin Bioscience Inc., Shanghai, China) was
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FIGURE 1 | The results of MWT and SPT in sham, anhedonia-susceptible, and anhedonia-resilient rats. (A) The schedule of the experiment. SNI surgery was
performed on day 0 after acclimation. MWT was measured on day 7, 14, and 21 after SNI, respectively. SPT was performed on day 5, 12, and 19 after SNI,
respectively. (B) Dendrogram of hierarchical clustering analysis. A total of 25 SNI rats were divided into anhedonia-susceptible and anhedonia-resilient groups by
SPT results. (C) MWT [Time: F(3,21) = 38.352, P < 0.001; Group: F(2,14) = 66.232, P < 0.001; Interaction: F(6,42) = 9.711, P < 0.001] was measured on day 7,
14, and 21 in the sham, anhedonia-resilient, and anhedonia-susceptible groups after SNI, respectively. Data are shown as mean ± SEM (n = 8). ∗∗∗P < 0.001,
susceptible group vs. sham group; ###P < 0.001, resilient group vs. sham group. (D) SPT [Time: F(2,14) = 2.523, P = 0.13; Group: F(2,14) = 30.388, P < 0.001;
Interaction: F(4,28) = 0.687, P = 0.609] was measured in the sham, anhedonia-resilient, and anhedonia-susceptible groups on day 5, 12, and 19 after SNI,
respectively. Data are shown as mean ± SEM (n = 8). ∗P < 0.05, ∗∗P < 0.01, or ∗∗∗P < 0.001. MWT, mechanical withdrawal test; N.S., not significant; SNI, spared
nerve injury; SPT, sucrose preference test.

intraperitoneally injected before or after SNI surgery to
investigate its effects on pain and anhedonia symptoms
(Figures 3A, 5A). The dose (30 mg/kg) of SFN was used as
previously reported (Shirai et al., 2012, 2015; Zhang et al.,
2017).

SNI
The SNI surgery was performed as previously described (Fang
et al., 2018). Rats were anesthetized with 10% chloral hydrate
(3 ml/kg) and then the skin of left thigh was incised. The sciatic
nerve and its three terminal branches after bluntly dissecting
biceps femoris muscle were totally exposed. The common
peroneal and tibial nerves were ligated with a 4-0 silk and cut off
the distal to the ligation. The muscle and skin were sutured with a
4-0 silk. Rats in the sham group were exposed to the sciatic nerve

and its three terminal branches but without ligated and cut off the
common peroneal and tibial nerves.

MWT
Before MWT, rats were placed in plexiglass chambers with a
wire net floor for 30 min avoiding the stress resulting from the
test conditions. The Electronic Von Frey (UGO BASILE S.R.L.,
Italy) filaments were applied to the lateral 1/3 of right paws. The
paws quick withdrawal or flinching was considered as a positive
response. Every filament stimuli were applied 4 times with a
period of 30 s interval (Fang et al., 2018).

SPT
Rats were exposed to water and 1% sucrose solution for 48 h,
followed by 24 h of water and food deprivation and a 24 h
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exposure to two identical bottles, one is water, and another is
1% sucrose solution. The bottles containing water and sucrose
were weighed before and at the end of this period and the sucrose
preference was determined (Fang et al., 2018).

Western Blot
Samples were homogenized with RIPA buffer (150 mM sodium
chloride, Triton X-100, 0.5% sodium deoxycholate, 0.1% sodium
dodecyl sulfate, 50 mM Tris, pH 8.0) at 4◦C for 30 min, then
were centrifuged for 15 min at 4◦C. BCA protein assay kit
(Boster, Wuhan, China) was used to determine the protein levels
in supernatant. The samples were separated by 10% sodium
dodecyl sulfate-polyacrylamide gel electrophoresis and were
transferred to polyvinylidene fluoride membranes (Millipore,
Bedford, MA, United States). Bands were blocked with 5%
BSA in TBST (0.1% Tween 20 in Tris-buffered saline) for
1 h at room temperature. Relative primary antibodies were
incubated at 4◦C overnight: rabbit Keap1 (1:1,000, Affinity,
Cincinnati, OH, United States), rabbit Nrf2 (1:1,000; Affinity,
Cincinnati, OH, United States), and mouse GAPDH (1:1,000,
Qidongzi, Wuhan, China). Then bands were washed with
TBST and incubated second antibody for 2 h at room
temperature: goat anti-rabbit IgG horseradish peroxidase or
goat anti-mouse IgG horseradish peroxidase (1:5,000, Qidongzi,
Wuhan, China). Finally, these bands were detected by enhanced
chemiluminescence reagents (Qidongzi, Wuhan, China) with the
ChemiDoc XRS chemiluminescence imaging system (Bio-Rad,
Hercules, CA, United States).

Statistical Analyses
The data show as the mean ± standard error of the mean (SEM).
Analysis was performed using PASW Statistics 20 (formerly SPSS
Statistics; SPSS). Comparisons between groups were performed
using the one-way analysis of variance (ANOVA) or two-way
ANOVA, followed by post hoc Tukey test. In Hierarchical cluster
analysis, the data were firstly standardized by z-scores. Then,
hierarchical cluster analysis of SPT results was performed using
Ward’s method and applying squared Euclidean distance as
the distance measure, and mice were classified as anhedonia-
susceptible rats or anhedonia-resilient rats (Fang et al., 2018). The
P-values of less than 0.05 were considered statistically significant.

RESULTS

Comparison of MWT and SPT Among the
Sham, Anhedonia-Susceptible and
Anhedonia-Resilient Rats
A total of 25 SNI rats were divided into anhedonia-susceptible
and anhedonia-resilient groups by hierarchical clustering analysis
of SPT results (Figure 1B). MWT was significantly decreased
in both anhedonia-susceptible and anhedonia-resilient rats as
compared with that of sham on day 7, 14, and 21 after SNI
surgery (Figure 1C). However, there was no any change in the
MWT between anhedonia-susceptible and anhedonia-resilient
rats (Figure 1C). Furthermore, the sucrose preference in the

anhedonia-susceptible rats was significantly lower than those in
the sham or anhedonia-resilient rats on day 5, 12, and 19 after
SNI (Figure 1D).

Altered Expression of Keap1 and Nrf2 in
Selected Tissues in Sham,
Anhedonia-Susceptible, and
Anhedonia-Resilient Rats
There were significant alterations in the levels of Keap1 protein
in the mPFC, hippocampus, L2-5 spinal cord, muscle, and
liver in the SNI-treated rats. Post hoc test showed a significant
decrease of Keap1 protein in the mPFC, hippocampus and
muscle in anhedonia-susceptible rats than that of sham and
anhedonia-resilient rats (Figures 2A,C,E). Interestingly, there
was a significant decrease of Keap1 protein in the L2-5 spinal
cord and liver in anhedonia-susceptible rats than that of sham
rats although there were no changes in the spinal cord and
liver between anhedonia-susceptible and anhedonia-resilient rats
(Figures 2D,F). In contrast, there were no changes of Keap1 in
the NAc among the three groups (Figure 2B).

Anhedonia-susceptible rats showed a significant decrease of
Nrf2 protein in the mPFC, hippocampus, spinal cord, and muscle
compared to sham or anhedonia-resilient rats (Figures 2A,C).
In contrast, the expression of Nrf2 protein in the NAc from
anhedonia-susceptible rats was no difference among the three
groups (Figure 2B). In the liver, both anhedonia-susceptible and
anhedonia-resilient rats significantly decreased levels of Nrf2
compared to sham rats, but there was no significant change
between the two groups (Figure 2F).

Effects of Subsequent SFN Treatment on
the Results of MWT and SPT After SNI
Surgery
Seventeen anhedonia-susceptible rats from 35 SNI rats were
selected by hierarchical clustering analysis of SPT results
(Figures 3A,B). The reduction of scores of MWT in anhedonia-
susceptible rats after SNI surgery was attenuated significantly
after subsequent single administration of SFN (30 mg/kg)
(Figure 3C). In contrast, the reduced sucrose preference in
anhedonia-susceptible rats after SNI surgery was not improved
after subsequent single administration of SFN (Figure 3D).

Effects of Subsequent SFN Treatment on
the Levels of Keap1-Nrf2 Signaling in
Selected Tissues After SNI Surgery
A single administration of SFN (30 mg/kg) into anhedonia-
susceptible rats after SNI surgery did not alter the levels of Keap1
and Nrf2 in the mPFC, NAc, hippocampus, muscle, and liver
(Figures 4A–C,E,F). In contrast, SFN significantly increased the
reduced levels of Keap1 and Nrf2 proteins in the spinal cord of
anhedonia-susceptible rats (Figure 4D). Collectively, it is likely
that activation of Keap1-Nrf2 system in the spinal cord by SFN
may play a role in the SFN-induced beneficial effects for reduced
MWT scores in anhedonia-susceptible rats after SNI.
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FIGURE 2 | Expression of Keap1 and Nrf2 proteins in selected tissues among the sham, anhedonia-susceptible, and anhedonia-resilient groups. (A) Keap1
[F(2,15) = 9.477, P = 0.02] and Nrf2 [F(2,15) = 11.497, P = 0.013] levels in the mPFC. (B) Keap1 [F(2,15) = 1.811, P = 0.243] and Nrf2 [F(2,15) = 0.289, P = 0.759]
levels in the NAc. (C) Keap1 [F(2,15) = 10.833, P = 0.01] and Nrf2 [F(2,15) = 9.248, P = 0.015] levels in the hippocampus. (D) Keap1 [F(2,15) = 62.237, P = 0.011]
and Nrf2 [F(2,15) = 31.095, P < 0.001] levels in the L2-5 spinal cord. (E) Keap1 [F(2,15) = 6.35, P = 0.033] and Nrf2 [F(2,15) = 144.8, P < 0.001] levels in the
muscle. (F) Keap1 [F(2,15) = 25.886, P = 0.001] and Nrf2 [F(2,15) = 22.201, P = 0.002] levels in the liver. Data are shown as mean ± SEM (n = 6). ∗P < 0.05,
∗∗P < 0.01, or ∗∗∗P < 0.01. Keap1, kelch-like ECH-associated protein 1; mPFC, medial prefrontal cortex; NAc, nucleus accumbens; Nrf2, nuclear factor (erythroid
2-derived)-like 2; N.S., not significant.
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FIGURE 3 | Effects of SFN treatment after SNI surgery on the results of MWT and SPT. (A) The schedule of the experiment. SNI surgery was performed on day 0
after acclimation. SFN (30 mg/kg, i.p.) was administered on day 11. SPT was measured on day 5 and 12 after SNI, respectively. MWT was performed on day 7 and
14 after SNI, respectively. (B) Dendrogram of hierarchical clustering analysis. A total of 35 SNI rats were divided into anhedonia-susceptible and anhedonia-resilient
groups by SPT results. Thirteen-seven of 35 SNI rats were anhedonia-susceptible phenotype. (C) MWT [Time: F(2,42) = 160.9, P < 0.001; SFN: F(1,42) = 1.635,

P = 0.208; Interaction: F(2,42) = 6.284, P = 0.0041]. Data are shown as mean ± SEM (n = 8). ∗P < 0.05, SFN group vs. vehicle group. (D) SPT [Time:
F(1,28) = 3.361, P = 0.0774; SFN: F(1,28) = 0.04322, P = 0.8368; Interaction: F(1,28) = 0.9291, P = 0.3434]. Data are shown as mean ± SEM (n = 8). MWT,
mechanical withdrawal test; N.S., not significant; SFN, sulforaphane; SNI, spared nerve injury; SPT, sucrose preference test.

Effects of Pretreatment With SFN on the
Results of MWT and SPT After SNI
Surgery
Spared nerve injury surgery was performed 30 min after a
single administration of SFN (30 mg/kg) or vehicle (Figure 4A).
The ratio of anhedonia-susceptible rats to total SNI rats in
vehicle-treated group and SFN-treated group were 50 and 31%,
respectively (Figures 5B–D). Thus, pretreatment with SFN
significantly increased the number of anhedonia-resilient rats
after SNI surgery (Figure 5D).

On day 7, SFN (30 mg/kg) significantly increased the
scores of MWT in both anhedonia-susceptible and anhedonia-
resilient rats (Figure 5E). On day 14, SFN-treated rats
showed a significant increase in the MWT scores in both
anhedonia-susceptible and anhedonia-resilient rats as compared
with that of vehicle-treated rats. Furthermore, the MWT

scores of SFN-treated anhedonia-resilient rats were significantly
higher than those of SFN-treated anhedonia-susceptible rats
(Figure 5E).

There was a significant change in the results of SPT between
anhedonia-susceptible rats and anhedonia-resilient rats in both
vehicle- and SFN-treated groups on day 5 and 12 (Figure 5F).
On day 5, SFN significantly increased the sucrose preference
of anhedonia-resilient rats, but not anhedonia-susceptible rats.
On day 12, SFN significantly increased the sucrose preference of
susceptible rats, but not resilient rats (Figure 5F).

Prophylactic Effects of SFN on the
Altered Levels of Keap1-Nrf2 Signaling in
Selected Tissues After SNI Surgery
Pretreatment with SFN (30 mg/kg) significantly increased
the Keap1 and Nrf2 levels in the mPFC, hippocampus,
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FIGURE 4 | Effects of SFN treatment after SNI surgery on the expression of Keap1 and Nrf2 proteins in selected tissues. (A) Keap1 (t = 0.5248, P = 0.6112) and
Nrf2 (t = 0.9042, P = 0.3872) levels in the mPFC. (B) Keap1 (t = 0.4853, P = 0.6379) and Nrf2 (t = 0.01363, P = 0.9894) levels in the NAc. (C) Keap1 (t = 0.1111,

P = 0.9137) and Nrf2 (t = 0.3427, P = 0.7389) levels in the hippocampus. (D) Keap1 (t = 5.45, P < 0.001) and Nrf2 (t = 3.861, P = 0.0032) levels in the L2-5 spinal
cord. (E) Keap1 (t = 0.6394, P = 0.5369) and Nrf2 (t = 0.4178, P = 0.6850) levels in the muscle. (F) Keap1 (t = 0.463, P = 0.6533) and Nrf2 (t = 0.3559, P = 0.7293)
levels in the liver. Data are shown as mean ± SEM (n = 6). ∗∗P < 0.01 or ∗∗∗P < 0.001. Keap1, kelch-like ECH-associated protein 1; mPFC, medial prefrontal cortex;
NAc, nucleus accumbens; Nrf2, nuclear factor (erythroid 2-derived)-like 2; N.S., not significant; SFN, sulforaphane.
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FIGURE 5 | Effects of SFN treatment before SNI surgery on the results of MWT and SPT. (A) The schedule of this study. SNI was performed on day 0 after
acclimation. SFN at a single dose of 30 mg/kg was administered 30 min before SNI surgery. MWT was measured on day 5 and 12 after SNI, respectively. SPT was
performed on day 7 and 14 after SNI, respectively. (B) Dendrogram of hierarchical clustering analysis. A total of 16 SNI rats were divided into anhedonia-susceptible
and anhedonia-resilient groups by SPT results. Eight of 16 SNI rats were anhedonia susceptible phenotype. (C) Dendrogram of hierarchical clustering analysis. A total
of 16 SNI rats were divided into anhedonia-susceptible and anhedonia-resilient groups by SPT results. Five of 16 SNI rats were anhedonia-susceptible phenotype.
(D) Ratio of anhedonia-susceptible rats to total SNI rats. The ratio of anhedonia-susceptible rats in vehicle and SFN groups were 50 and 31%, respectively. (E) MWT
[Time: F(1,16) = 8.851, P = 0.0089; SFN: F(3,16) = 30.58, P < 0.001; Interaction: F(3,16) = 0.9991, P = 0.4186]. Data are shown as mean ± SEM (n = 5). ∗P < 0.05,
∗∗P < 0.01 or ∗∗P < 0.001. (D) SPT [Time: F(1,16) = 32.05, P < 0.001; SFN: F(3,16) = 361.7, P < 0.001; Interaction: F(3,16) = 7.569, P = 0.0023]. Data are shown
as mean ± SEM (n = 5). MWT, mechanical withdrawal test; N.S., not significant; SFN, sulforaphane; SNI, spared nerve injury; SPT, sucrose preference test.

spinal cord, muscle, and liver of anhedonia-resilient rats
compared to vehicle-treated anhedonia-resilient rats or
SFN-treated anhedonia-susceptible rats (Figures 6A,C–F).
However, SFN did not induce any change in the
levels of Keap1 and Nrf2 protein in the NAc from
anhedonia-resilient rats and anhedonia-susceptible rats
(Figure 6B).

DISCUSSION

The present study demonstrated that although SNI rats suffered
almost identical nociceptive damage, some rats exhibited
anhedonia-like phenotypes. Tissue levels of Keap1 and Nrf2 in
mPFC, hippocampus, and muscle of rats with anhedonia-like
phenotypes were lower than those in rats without anhedonia-like
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FIGURE 6 | Effects of SFN treatment before SNI surgery on Keap1-Nrf2 signaling in selected tissues. (A) Keap1 [SFN: F(1,16) = 25.1, P = 0.001; Phenotype:
F(1,16) = 26.36, P < 0.001; Interaction: F(1,16) = 1.184, P = 0.2926] and Nrf2 [SFN: F(1,16) = 12.9, P = 0.0024; Phenotype: F(1,16) = 40.27, P < 0.001; Interaction:
F(1,16) = 0.2745, P = 0.6075] levels in the mPFC. (B) Keap1 [SFN: F(1,16) = 3.965, P = 0.0638; Phenotype: F(1,16) = 9.697, P = 0.0067; Interaction:
F(1,16) = 0.2142, P = 0.6497] and Nrf2 [SFN: F(1,16) = 0.088, P = 0.7706; Phenotype: F(1,16) = 0.6729, P = 0.4241; Interaction: F(1,16) = 0.8057, P = 0.3827]
levels in the NAc. (C) Keap1 [SFN: F(1,16) = 11.79, P = 0.0034; Phenotype: F(1,16) = 41.42, P < 0.001; Interaction: F(1,16) = 2.94, P = 0.1057] and Nrf2 [SFN:
F(1,16) = 12.01, P = 0.0032; Phenotype: F(1,16) = 23.12, P < 0.001; Interaction: F(1,16) = 4.539, P = 0.049] levels in the hippocampus. (D) Keap1 [SFN:
F(1,16) = 20.69, P < 0.001; Phenotype: F(1,16) = 49.2, P < 0.001; Interaction: F(1,16) = 0.3084, P = 0.5863] and Nrf2 [SFN: F(1,16) = 13.11, P = 0.0023;
Phenotype: F(1,16) = 34.32, P < 0.001; Interaction: F(1,16) = 1.179, P = 0.2936] levels in the L2-5 spinal cord. (E) Keap1 [SFN: F(1,16) = 4.55, P = 0.0488;
Phenotype: F(1,16) = 291.3, P < 0.001; Interaction: F(1,16) = 149.2, P < 0.001] and Nrf2 [SFN: F(1,16) = 27.85, P < 0.001; Phenotype: F(1,16) = 6.673, P = 0.02;
Interaction: F(1,16) = 3.469, P = 0.081] levels in the muscle. (F) Keap1 [SFN: F(1,16) = 14.27, P = 0.0017; Phenotype: F(1,16) = 9.022, P = 0.0084; Interaction:
F(1,16) = 1.393, P = 0.2551] and Nrf2 [SFN: F(1,16) = 6.814, P = 0.0189; Phenotype: F(1,16) = 13.18, P = 0.0023; Interaction: F(1,16) = 5.598, P = 0.0309] levels in
the liver. Data are shown as mean ± SEM (n = 5). ∗P < 0.05, ∗∗P < 0.01, or ∗∗∗P < 0.001. Keap1, kelch-like ECH-associated protein 1; mPFC, medial prefrontal
cortex; NAc, nucleus accumbens; Nrf2, nuclear factor (erythroid 2-derived)-like 2; N.S., not significant; SFN, sulforaphane.
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phenotypes and sham-operated rats. Furthermore, tissue levels
of Keap1 and Nrf2 in the spinal cord and liver of rats with
anhedonia-like phenotypes were lower than those of sham rats.
Decreased MWT scores, but not decreased sucrose preference,
in susceptible rats following SNI surgery were attenuated
with subsequent single administration of SFN (30 mg/kg).
Furthermore, SFN significantly improved the decreased Keap1
and Nrf2 expression levels in the spinal cord of susceptible rats
following SNI. Moreover, SFN treatment (30 mg/kg) prior to
SNI surgery significantly ameliorated the reduced MWT scores,
anhedonia-like behavior, and decreased Keap1-Nrf2 signaling in
mPFC, hippocampus, and spinal cord of rats with anhedonia-
like phenotypes. To the best of our knowledge, this is the
first study demonstrating the role of the Keap1-Nrf2 system in
individual differences of anhedonia after neuropathic pain. In
addition, this is the first study to establish the role of Keap1-
Nrf2 signaling in the prophylactic and therapeutic effects of
SFN in the comorbidity of neuropathic pain and depression in
rodents.

In preclinical studies, depression-related behaviors of
hyperalgesic rats were highly diverse. Using resident-
intruder social interaction and sleep–wake analyses, it is
reported that chronic constriction injury induced a subgroup
(approximately 30%) of rats with altered dominant behavior
(Monassi et al., 2003) and sleep–wake cycle (Austin and
Moalem-Taylor, 2010). In the present study, hierarchical
cluster analysis was used to divide SNI rats into two clusters:
one group (approximately 68%; anhedonia-like phenotype)
with reduced sucrose preference in the SPT and the other
(approximately 32%; without anhedonia-like phenotype)
with sucrose preference similar to that in sham-operated
rats, consistent with our previous report (Fang et al., 2018).
In the current study, we also found that rats, regardless
of the presence or absence of anhedonia-like phenotype,
exhibited similar MWT scores, suggesting that alterations
in mood-related behaviors were independent of the degree
of nociceptive damage, which was consistent with previous
studies (Monassi et al., 2003; Austin and Moalem-Taylor, 2010;
Austin et al., 2015; Gui et al., 2016; Xie et al., 2017; Fang et al.,
2018).

We identified decreased Keap1-Nrf2 signaling in mPFC
and hippocampus of rats with anhedonia-like phenotypes on
day 23 following SNI. Low levels of Keap1-Nrf2 in mPFC and
hippocampus are reportedly associated with the development
of depression-like phenotypes, including anhedonia, in rodents
(Yao et al., 2016a; Zhang et al., 2017). Furthermore, Nrf2
knockout mice demonstrated depression-like phenotype,
including anhedonia (Yao et al., 2016b). A recent study using
postmortem brain samples exhibited reduced Keap1 and Nrf2
expression levels in the parietal cortex of depressed patients
(Zhang et al., 2018), suggesting that decreased Keap1-Nrf2
signaling plays a role in depression. Interestingly, SFN did
not improve the decreased sucrose preference in rats with
anhedonia-like phenotypes, although it significantly attenuated
decreased MWT scores through the improvement of the Keap1-
Nrf2 system in the spinal cord of rats with anhedonia-like
phenotype. Thus, it appears that Keap1-Nrf2 signaling in

the spinal cord plays a role in pain following SNI. Overall, it
is likely that decreased Keap1-Nrf2 signaling in mPFC and
hippocampus is associated with anhedonia-like phenotype in
rats with neuropathic pain, and that Nrf2 activators, including
SFN, have therapeutic potential in patients with neuropathic
pain-associated anhedonia.

In this study, we found that SNI rats with anhedonia-like
phenotype had lower tissue Keap1 and Nrf2 levels in the spinal
cord than those in sham-operated rats. Given the role of Keap1-
Nrf2 signaling in pain (Kim et al., 2010; Redondo et al., 2017),
reduced Keap1-Nrf2 signaling in the spinal cord may play a role
in neuropathic pain, although not in anhedonia-like phenotypes.

Skeletal muscle, which consumes two-third of the body’s
energy supply, comprises approximately 40% of the body
mass in a healthy individual with normal body weight (Rolfe
and Brown, 1997). Following skeletal muscle injury, Nrf2
activity is required for muscle regeneration and effective
healing by regulating satellite cell proliferation (Shelar et al.,
2016) and preventing inflammation-induced muscle wasting
and fibrosis (Al-Sawaf et al., 2014). In the present study,
we also found decreased Keap1 and Nrf2 expression levels
in the muscle of anhedonia-susceptible rats. Furthermore,
these levels were significantly lower than those in the
muscle of anhedonia-resilient rats. Thus, decreased Keap1-
Nrf2 signaling in the muscle may contribute to anhedonia
susceptibility to SNI surgery, although further detailed studies
are warranted.

In addition, we found decreased Keap1 and Nrf2 expression
levels in the liver of rats with or without anhedonia-like
phenotype following SNI surgery. Hence, it is unlikely that
Keap1 and Nrf2 signaling alterations in the liver contribute to
anhedonia susceptibility to SNI surgery. Given the role of the
Keap1-Nrf2 system in the host cell defense against oxidative
stress (Kobayashi et al., 2013; Suzuki et al., 2013; O’Connell and
Hayes, 2015; Suzuki and Yamamoto, 2015; Wardyn et al., 2015;
Cuadrado et al., 2018; Yamamoto et al., 2018), decreased Keap1-
Nrf2 signaling in the liver may play a role in oxidative stress
in the liver of SNI rats. Nonetheless, further detailed studies
regarding the underlying role of Keap1-Nrf2 signaling in the
brain and peripheral tissues (spinal cord, muscle, and liver) are
needed.

In the present study, we used a single injection of SFN
(30 mg/kg) in a rat SNI model. Our previous studies
demonstrated that dietary intake of glucoraphanin (a precursor
of SFN) can prevent the onset of behavioral abnormalities
and biochemical changes in the brain following phencyclidine
administration (Shirai et al., 2015), inflammation (Zhang et al.,
2017), chronic social defeat stress (Yao et al., 2016a), and maternal
immune activation (Matsuura et al., 2018). Collectively, dietary
intake of glucoraphanin during the experimental period may
show prophylactic effects in reducing MWT and SPT scores
following SNI surgery. Therefore, further study on the long-
term administration of SFN (or glucoraphanin) is of great
interest. These results suggested that SFN or its precursor
glucoraphanin could potentially be used for the treatment of
anhedonia in patients with neuropathic pain, because they are
naturally occurring compounds found in cruciferous vegetables.
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Finally, further study regarding the dietary intake of
glucoraphanin-rich vegetables (or SFN supplements) in
depressed patients with neuropathic pain is necessary to study
their prophylactic effects.

CONCLUSION

The current study suggests that decreased Keap1-Nrf2 signaling
in mPFC, hippocampus, and muscle is associated with individual
differences of the anhedonia-like phenotype in rats with
neuropathic pain, whereas in the spinal cords of SNI rats, it is
associated with neuropathic pain. Therefore, it is likely that Nrf2
activators, including SFN, are a potential therapeutic target for
comorbid pain and anhedonia in patients with neuropathic pain.
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The roots and rhizomes of Nardostachys chinensis have neuroprotection and
cardiovascular protection effects. However, the specific mechanism of N. chinensis is
not yet clear. Nardochinoid C (DC) is a new compound with new skeleton isolated
from N. chinensis and this study for the first time explored the anti-inflammatory and
anti-oxidant effect of DC. The results showed that DC significantly reduced the release
of nitric oxide (NO) and prostaglandin E2 (PGE2) in lipopolysaccharide (LPS)-activated
RAW264.7 cells. The expression of pro-inflammatory proteins including inducible nitric
oxide synthase (iNOS) and cyclooxygenase-2 (COX-2) were also obviously inhibited by
DC in LPS-activated RAW264.7 cells. Besides, the production of interleukin-6 (IL-6) and
tumor necrosis factor-α (TNF-α) were also remarkably inhibited by DC in LPS-activated
RAW264.7 cells. DC also suppressed inflammation indicators including COX-2, PGE2,
TNF-α, and IL-6 in LPS-stimulated THP-1 macrophages. Furthermore, DC inhibited the
macrophage M1 phenotype and the production of reactive oxygen species (ROS) in
LPS-activated RAW264.7 cells. Mechanism studies showed that DC mainly activated
nuclear factor erythroid 2-related factor 2 (Nrf2) signaling pathway, increased the level of
anti-oxidant protein heme oxygenase-1 (HO-1) and thus produced the anti-inflammatory
and anti-oxidant effects, which were abolished by Nrf2 siRNA and HO-1 inhibitor.
These findings suggested that DC could be a new Nrf2 activator for the treatment and
prevention of diseases related to inflammation and oxidative stress.

Keywords: Nardostachys chinensis, Nardochinoid C, Nrf2, HO-1, ROS
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INTRODUCTION

Multiple inflammatory diseases, including RA (McInnes and
Schett, 2011), AD (Akiyama et al., 2000), seriously endanger
human health. It is well accepted that inflammation is linked with
oxidative stress. Oxidative stress refers to elevated intracellular
levels of ROS that is considered to be the most potent
inflammatory mediators (Shin et al., 2008). Antioxidants play
a significant role in reducing inflammation (Waxman, 1996).
The activation of nuclear factor erythroid 2-related factor 2
(Nrf2) pathway could inhibit the progression of inflammation
(Xu et al., 2003). Nrf2-mediated antioxidant gene expression
can reduce the macrophage M1 phenotype and ROS production
(Kobayashi et al., 2016). Since Nrf2 pathway plays a critical
role in inflammation, Nrf2 activators has become a potential
therapeutic strategy for numerous disorders (Crunkhorn, 2012),
such as inflammatory disorders (Kim et al., 2010), cardiovascular
diseases (Li et al., 2009), neurodegenerative diseases (Joshi and
Johnson, 2012), cancer (Sporn and Liby, 2012), type 2 diabetes
(Chartoumpekis and Kensler, 2013), chronic kidney disease (Ruiz
et al., 2013) and multiple sclerosis (Gold et al., 2012). However,
there are only very little Nrf2 activators in clinics. Tecfidera
(dimethyl fumarate), a potent Nrf2 activator, has been approved
for the treatment of multiple sclerosis (Gold et al., 2012), but
long-term use of this drug can cause resistance and other side
effects (Deeks, 2014). So, the discovery of new and safer Nrf2
activator for clinical use has become an important task in drug
discovery.

In recent years, the research showed that natural components
extracted from plant have anti-inflammatory and antioxidant
effects (Shen et al., 2014). The roots and rhizomes of Nardostachys
chinensis have been used for blood disorders, herpes and
infection (Arora, 1965; Pakrashi and Chatarji, 1994), the
extracts of N. chinensis were also used for the treatment
of epilepsy and hysteria (Bagchi et al., 1991). Above all,
N. chinensis have neuroprotection and cardiovascular protection
properties. However, the action mechanism of N. chinensis
remains unclear. There are some studies reporting that the
compounds isolated from N. chinensis suppressed LPS-induced
activation of RAW264.7 cells (Hwang et al., 2012; Shin et al.,
2015). The activation of Nrf2-mediated antioxidant pathway
has the neuroprotective effect (Catino et al., 2016) and
antioxidant could promote anti-inflammatory effect (Li et al.,
2008).

Until now, the antioxidant activity of the compounds
extracted from N. chinensis in macrophages remain unknown.
Therefore, the anti-inflammatory activity and the antioxidant

Abbreviations: AD, Alzheimer’s disease; BSA, bovine serum albumin;
COX-2, cyclooxygenase-2; DC, nardochinoid C; DCFH-DA, 2,7-
dichlorodihydrofluorescein diacetate; DEX, dexamethasone; HO-1, heme
oxygenase-1; IL-6, interleukin-6; iNOS, nitric oxide synthase; Keap1, Kelch-like
ECH-associated protein 1; LPS, lipopolysaccharide; Maf, musculoaponeurotic
fibrosarcoma; MAPK, mitogen-activated protein kinases; NF-κB, nuclear
factor-κB; NO, nitric oxide; NQO1, NAD(P)H quinoneoxidoreductase 1; Nrf2,
nuclear factor-E2-related factor 2; PGE2, prostaglandin E2; PMA, phorbol
myristate acetate; RA, rheumatoid arthritis; ROS, reactive oxygen species; SFN,
sulforaphane; siRNA, small interfering RNA; TNF-α, tumor necrosis factor-α;
ZnPP, zinc protoporphyrin IX.

effect of Nardochinoid C (DC) (Figure 1A), a new compound
with new skeleton isolated from N. chinensis was studied for the
first time in this research.

Macrophages play a key role in the innate immune response.
It serves as the first line of defense in the body against invading
pathogens and promotes cell protection and repair processes
(Linde et al., 2007). Activated macrophage produces a variety
of pro-inflammatory mediators, such as interleukin -6 (IL-6),
tumor necrosis factor-α (TNF-α), prostaglandin E2 (PGE2), and
nitric oxide (NO) (Noguchi et al., 2003; Kang et al., 2006;
Szekanecz and Koch, 2007), which can promote the development
of inflammatory (Coussens and Werb, 2002).

Therefore, two inflammatory cell models, LPS-stimulated
RAW264.7 macrophage and LPS-stimulated THP-1 macrophage,
were chosen to examine the anti-inflammatory activity of DC in
this study.

We found that: (1) DC had significant anti-inflammatory
activity both in LPS-induced RAW264.7 cells model and LPS-
induced THP-1 cells model. (2) DC produced anti-inflammatory
effect mainly through activating Nrf2/HO-1 pathway, rather
than inhibiting NF-κB and MAPK pathways in LPS-stimulated
RAW264.7 cell. (3) DC activated Nrf2 antioxidant pathways
to reduce ROS production in LPS-stimulated RAW264.7 cell.
(4) DC produced anti-inflammatory effect mainly through
increasing the expression and the activity of HO-1 antioxidant
protein.

These findings suggest that DC could be a new potential Nrf2
activator for the treatment and prevention of diseases related to
inflammation and oxidative stress.

MATERIALS AND METHODS

Materials
DC (HPLC purity > 98%) was obtained from the Institute
of Traditional Chinese Medicine and Natural Products,
Jinan University. LPS, SFN, DEX, ZnPP, PMA, hemin,
bilirubin, NADPH, glucose-6-phosphate, glucose-6-phosphate
dehydrogenase and antibody to α-Tubulin were obtained from
Sigma (St. Louis, MO, United States). LPS was first dissolved
in PBS and then diluted with the medium to get the final
working concentration. All the other test compounds (DEX,
SFN, DC, ZnPP, and hemin) were first dissolved in DMSO and
then diluted with the medium or potassium phosphate buffer
to reach the final working concentration, respectively. The
final concentration of DMSO was less than 0.1%. Antibodies
to iNOS, COX-2, p-IKKα/β, p-p65, IKKα/β, p65, p-JNK,
p-ERK, p-p38, JNK, ERK, p38, Nrf2, and Keap1 were from
Cell Signaling Technology (Boston, MA, United States).
Antibodies to p62, HO-1 and NQO-1 were from Abcam
(Abcam, Cambridge, United Kingdom). Griess reagent from
Promega (Promega, United States). ELISA kit for PGE2 were
from Cayman Chemical (Cayman Chemical, Ann Arbor, MI,
United States), ELISA kits for IL-6 and TNF-α were from
eBioscience (eBioscience, Inc., United States). siRNA for Nrf2
(sc-37049), non-specific siRNA (sc-37007) and antibody to
β-actin were from Santa Cruz Biotechnology (Santa Cruz, CA,
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FIGURE 1 | The effect of Nardochinoid C (DC) on the release of NO and PGE2 in LPS-stimulated RAW264.7 cells. (A) The chemical structure of DC. (B) Cytotoxicity
of DC on LPS-unstimulated RAW264.7 cells. (C) Cytotoxicity of DC on LPS-stimulated RAW264.7 cells. The cells were treated with DC at various concentrations
(1.25–40 µM) for 1 h, and then stimulated with or without LPS for 18 h, the cell viability was analyzed with MTT method. Effects of DC on the productions of NO (D)
and PGE2 (E) in LPS-stimulated RAW264.7 cells. The cells were incubated with indicated concentrations of DC or DEX for 1 h, and then stimulated with LPS for
18 h. The concentration of NO (expressed as nitrite) and PGE2 in the culture medium were quantified by ELISA kits. Statistical analysis was carried out by using
one-way ANOVA with Tukey’s multiple comparison tests in GraphPad Prism7 (P < 0.05, ANOVA). Results are expressed as mean ± SEM of three independent
experiments (N = 3), #p < 0.05, ##p < 0.01, vs. LPS-unstimulated cells (B,C) or ∗p < 0.05, ∗∗p < 0.01, vs. LPS-stimulated cells (D,E).
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United States). Lipofectamine 2000 (Lipo2000) was obtained
from Invitrogen (Carlsbad, CA, United States). The secondary
antibodies for Western blot were from Li-COR Biotechnology
(Lincoln, NE, United States).

Cell Culture
The RAW264.7 cells were from American Type Culture
Collection (ATCC, Manassas, VA, United States). The cells were
retained in Dulbecco’s modified Eagle’s medium (DMEM), which
contained L-glutamine (2 mM), penicillin G (100 U/ml), 10%
heat-inactivated FBS and streptomycin (100 mg/ml). The cells
were incubated in a cell incubator remained at 37◦C and a
relative humidity of about 95% with 5% CO2. Conventional cell
subculture by trypsinizing cells for 1–2 min. The cells before the
30th generation were taken for experimental research.

THP-1 human monocytic leukemia cells were from ATCC.
The cells were cultured in RPMI 1640 medium containing 10%
fetal bovine serum and antibiotics. THP-1 cells were treated with
50 nM PMA (Sigma-Aldrich, St. Louis, MO, United States) for
48 h to induce differentiation of the cells into macrophages.
Following differentiation, non-attached cells were removed by
aspiration. The adherent macrophages were then washed three
times with RPMI 1640 medium and maintained in a 37◦C
humidified incubator containing 5% CO2. The cells before the
30th generation were used for the experiments.

Cytotoxicity Assay
Cell viability was determined by MTT assay. Briefly, RAW264.7
cells were seeded in a 96-well tissue culture plate at a density of
1.4 × 104 cells/well and incubated for 24 h, and then exposed to
DC at various concentrations (1.25, 2.5, 5, 10, and 20 µM) for 18 h
with or without LPS (100 ng/mL). THP-1 derived macrophages
were seeded in a 96-well tissue culture plate at a density of
5 × 104 cells/well and incubated with various concentrations
(1.25, 2.5, 5, 10, and 20 µM) of DC for 24 h with or without LPS
(1 µg/mL). Then, each well was added 10 µL of MTT solution
(5 g/L) respectively, incubated at 37◦C for 4 h, and then added
100 µL of 10% SDS-HCl solution. At last, the optical density of
each well was determined at 570 nm (the reference wavelength
was 650 nm).

Measurement of NO, PGE2, TNF-α, and
IL-6
RAW264.7 cells were seeded in a 24 well plate at a density of
8 × 104 cells/well and incubated for 24 h. The cells were then
pretreated with DC for 1 h, and next exposed to LPS (100 ng/mL)
for 18 h. THP-1 derived macrophages (1 × 106 cells/well) were
seeded in 6 well plates and incubated with various concentrations
(2.5, 5, and 10 µM) of DC or DEX (0.5 µM) for 1 h, finally,
exposed to LPS (1 µg/mL) for 24 h.

The cell supernatant of each well was collected, respectively,
for detecting the concentration of PGE2, TNF-α, and IL-6 with
the ELISA kits according to the manufacturer’s instructions.
Detection of NO content is based on Griess Reagent System
(Promega, United States) according to the kit instructions.

Real-Time PCR Analysis
RAW264.7 cells were seeded at a density of 8 × 104 cells/well,
and then incubated for 24 h. The cells were pretreated with
various concentrations (2.5, 5, and 10 µM) of DC for 1 h,
and then exposed to LPS (100 ng/mL) for 18 h. THP-1 derived
macrophages (1 × 106 cells/well) were seeded in 6 well plates
and incubated with various concentration (2.5, 5, and 10 µM) of
DC or DEX (0.5 µM) for 1 h, finally, exposed to LPS (1 µg/mL)
for 24 h.

Total RNA was extracted from the cells by using the RNeasy
Mini Kit (Qiagen, Germany). One microgram of total RNA
was synthesized into cDNA by using the cDNA kit from
Roche (Roche, Mannheim, Germany). Target RNA levels were
determined by using ViiATM 7 real-time PCR.

PCR reaction system included 1 µl cDNA, 10 µl SYBR Green
PCR Master Mix (Roche, Mannheim, Germany), 2 µl primers
and 7 µl PCR-grade water. The reactions were performed with
a denaturation step at 95◦C for 10 min, 40 cycles of 95◦C for 15 s
and 60◦C for 1 min. The relative mRNA expression levels were
normalized to that of the internal control, using the 2−11Ct cycle
threshold method.

The gene relative expression for target gene were first
normalized with internal reference gene (β-actin or GAPDH) and
then the relative expression level of target gene for each test group
were normalized with control group value. This explain why the
value in the control group was 1. Therefore, the value for the
normal control group was always 1 unit for each independent
experiment and there is no SEM for the control group. The
primers used in this study were listed in Tables 1, 2, respectively.

Protein Preparation and Western Blot
Analysis
RAW264.7 cells (8× 104 cells/well) were seeded in 24 well plates.
After being incubated for 24 h, the cells were treated with various
concentrations (2.5, 5, and 10 µM) of DC, DEX (0.5 µM) or SFN

TABLE 1 | The primers for real time PCR of RAW264.7 cells.

Target gene Primer sequences

β-actin_F 5′-CGGTTCCGATGCCCTGAGGCTCTT-3′

β-actin_R 5′-CGTCACACTTCATGATGGAATTGA-3′

iNOS_F 5′-CAGCACAGGAAATGTTTCAGC-3′

iNOS_R 5′-TAGCCAGCGTACCGGATGA-3′

COX-2_F 5′-TTTGGTCTGGTGCCTGGTC-3′

COX-2_R 5′-CTGCTGGTTTGGAATAGTTGCTC-3′

TNF-α_F 5′-TATGGCTCAGGGTCCAACTC-3′

TNF-α_R 5′-CTCCCTTTGCAGAACTCAGG-3′

IL-6_F 5′-GGTGACAACCACGGCCTTCCC-3′

IL-6_R 5′-AAGCCTCCGACTTGTGAAGTGGT-3′

Nrf2_F 5′-AGCAGGACATGGAGCAAGTT-3′

Nrf2_R 5′-TTCTTTTTCCAGCGAGGAGA-3′

HO-1_F 5′-CCCACCAAGTTCAAACAGCTC-3′

HO-1_R 5′-AGGAAGGCGGTCTTAGCCTC-3′

NQO1_F 5′-TTCTGTGGCTTCCAGGTCTT-3′

NQO1_R 5′-AGGCTGCTTGGAGCAAAATA-3′
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(10 µM) for 1 h, then exposed to LPS (100 ng/mL) for 6 h or 18 h.
THP-1 derived macrophages (1× 106 cells/well) were seeded in 6
well plates and incubated with various concentration (2.5, 5, and
10 µM) of DC or DEX (0.5 µM) for 1 h, finally, exposed to LPS
(1 µg/mL) for 24 h.

The cells were lysed using RIPA lysis buffer and the protein
concentration was detected, respectively, by using the Bradford
Assay Reagent (Bio-Rad, Philadelphia, PA, United States). The
nuclear and cytoplasmic protein fractions were extracted by using
NE-PER nuclear and cytoplasmic extraction kit (Thermo, Pierce,
United States). Equal amounts of proteins were then separated
by SDS-PAGE and transferred to a nitrocellulose membrane,
the membrane was blocked by using 5% BSA solution,
then incubated with the corresponding primary antibody for
overnight at 4◦C. Then, the membranes were incubated with
the secondary antibodies for 1 h at 24◦C. The band of antigen-
antibody complexes were scanned by using the Odyssey CLx
Imager (Li-COR, United States). Western blot data were analyzed
by using ImageJ software. The image densities of specific bands
for target protein were first normalized with the density of
loading control reference protein band (β-actin or α-tubulin).
Then, the relative expression level of target protein for each test
group were normalized with the control group value. This explain
why the value in the control group was 1. Therefore, the value for
the normal control group was always 1 unit for each independent
experiment and there is no SEM for the control group.

Immunofluorescence Analysis
For immunofluorescence analysis, RAW264.7 cells were seeded
on glass coverslip in a six-well plate at a density of 2 × 105

cells/well, and then incubated overnight. After being treated
with 10 µM DC or SFN for 6 h, the cells were fixed with
4% paraformaldehyde for 30 min at room temperature, and
subsequently permeabilized with 0.1% Triton X-100 for 30 min
and blocked with 5% BSA for 30 min. The cells were then
incubated with Nrf2 antibody for overnight, next incubated with
the secondary antibody (Alexa Fluor 488-conjugated secondary
antibody) for 1 h. At last, the cells were stained with DAPI for
5 min. The fluorescence images were captured by using a Leica
TCS SP8 Confocal Laser Scanning Microscope System (Leica,
Wetzlar, Germany).

Flow Cytometric Analysis
Reactive oxygen species induction and macrophage M1 subtype
were detected by flow cytometry. The cells (3 × 105 cells/well)
were cultured in a six-well plate, incubated for 18 h and then

TABLE 2 | The primers for real time PCR of THP-1 cells.

Target gene Primer sequences

GAPDH_F 5′- ACCAGCCTCAAGATCATCAGCA-3′

GAPDH_R 5′- TGCTAAGCAGTTGGTGGTGC-3′

TNF-α_F 5′- GCCCAGGCAGTCAGATCATC-3′

TNF-α_R 5′- CGGTTCAGCCACTGGAGCT-3′

IL-6_F 5′- GTGTTGCCTGCTGCCTTC-3′

IL-6_R 5′- AGTGCCTCTTTGCTGCTTTC-3′

treated with 10 µM DC for 1 h, followed by stimulation with
LPS (100 ng/mL) for 6 h. The cells were collected and stained for
F/480 and CD11c to detect macrophage M1 subtype according
to the manufacturer’s directions (BioLegend, San Diego, CA,
United States) or stained with the fluorescent probe DCFH-DA to
determine ROS level according to the manufacturer’s directions
(Invitrogen, Carlsbad, CA, United States).

Transfection Assay
Nrf2 siRNA and non-specific siRNA (NS siRNA) were transfected
into RAW264.7 cells by using lipofectamine 2000 reagent
according to the manufacturer’s directions. In brief, the cells were
seeded in a 24-well culture plate and incubated with the NS
siRNA or Nrf2 siRNA at 300 nM for 24–48 h in serum-free OPTI-
MEM media (Invitrogen, United States). After incubation, the
transfected cells were pretreated with indicated concentration of
DC for 1 h and stimulated with or without LPS (100 ng/ml) for
18 h. The cells were prepared and the expressions of Nrf2 and
HO-1 were analyzed by real-time PCR and Western blot analysis.

Measurement of Heme Oxygenase
Activity
Heme oxygenase activity was determined by the production
of bilirubin. The production of bilirubin from hemin was
determined upon addition of rat-liver cytosol as the source
of biliverdin reductase (Srisook and Cha, 2004) with some
modifications. Briefly, after the incubation, RAW264.7
macrophages were washed with PBS. Harvested cells were
sonicated and centrifuged (18,000 × g, 10 min, 4◦C). The
supernatant (400 µl) was re-suspended in ice-cold potassium
phosphate buffer (100 mM), then was added to a NADPH-
generating system in 200 µl of reaction mixture containing 2 mg
rat liver cytosol, 20 µM hemin, 1 mM NADPH, 2 mM glucose-
6-phosphate, and 0.2 unit glucose-6-phosphate dehydrogenase
in 100 mM potassium phosphate buffer, pH 7.4, at 37◦C for
1 h. Bilirubin was then extracted with 1 ml chloroform and
measured by the absorbance difference between 464 and 530 nm
(extinction coefficient, 40 mM−1 cm−1 for bilirubin). HO-1
activity was expressed as nanomoles of bilirubin formed per mg
of cell protein per hour.

Statistical Analysis
The results were expressed as mean± SEM and represented three
independent experiments. Statistical analysis was carried out by
using one-way ANOVA with Tukey’s multiple comparison tests
or unpaired t-test in GraphPad Prism7. P < 0.05 were considered
statistically significant.

RESULTS

Nardochinoid C Reduced the Production
of NO and PGE2 in LPS-Stimulated
Macrophages
The MTT results showed that DC at 1.25–10 µM concentrations
was non-toxic to RAW264.7 cells with or without LPS stimulation
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(Figures 1B,C). Based on these results, 2.5–10 µM DC were
selected to study the anti-inflammatory activity. When the cells
were exposed to LPS for 18 h, the production of NO in the cell
supernatant was significantly increased (P < 0.01). DC obviously
reduced the NO production induced by LPS in a concentration-
dependent manner (P < 0.05, Figure 1D). Pretreatment with DC
for 1 h also obviously and concentration-dependently reduced
the production of PGE2 induced by LPS in LPS-stimulated
RAW264.7 cells (P < 0.05, Figure 1E). DEX is a classic anti-
inflammatory drug that significantly inhibits the release of
inflammatory indicators (Kim et al., 2014), therefore, it was
selected as a positive control to evaluate the anti-inflammatory
activity of DC in this study. As shown in Figures 1D,E, the
levels of NO and PGE2 were also significantly reduced by DEX
(P < 0.01).

Nardochinoid C Suppressed the
Expression of iNOS, COX-2, TNF-α, and
IL-6 in LPS-Stimulated RAW264.7
Macrophages
In the inflammatory response, NO and PGE2 are synthesized
by inducible nitric oxide synthase (iNOS) and cyclooxygenase-
2 (COX-2), respectively (Williams et al., 1999; Sampey et al.,
2005). Figures 2A,B showed that iNOS and COX-2 proteins
were increased in LPS treatment group, while DC pre-treatment
obviously and concentration-dependently decreased the elevated
expression levels of iNOS and COX-2 proteins, and DEX
also inhibited the expressions of iNOS and COX-2 proteins
(P < 0.05∼0.01, Figures 2A,B).

As shown in Figures 2C,D, LPS stimulation increased
the mRNA levels of iNOS and COX-2, DC pre-treatment
obviously and concentration-dependently decreased
the elevated mRNA levels of iNOS and COX-2, and
DEX also showed inhibitory effects similar to DC
(P < 0.05∼ 0.01).

When inflammation occurs, activated macrophages acts
as the major effector cells that secrete large amounts of
inflammatory mediators (e.g., TNF-α and IL-6) to promote
the development and progression of inflammation (Fujiwara
and Kobayashi, 2005). Therefore, these related inflammatory
mediators, including TNF-α and IL-6 were detected in this
study. As shown in Figures 2E,F, LPS stimulation increased
the protein levels of TNF-α and IL-6, while the increased
protein levels of TNF-α and IL-6 were both significantly
inhibited by DC in a concentration-dependent manner and
by DEX (P < 0.05 ∼ 0.01). LPS stimulation also increased
the mRNA levels of TNF-α and IL-6 (Figures 2G,H),
while these increases were significantly inhibited by DC
concentration dependently and by DEX (P < 0.05 ∼ 0.01,
Figures 2G,H).

Nardochinoid C Suppressed the Levels
of COX-2, PGE2, TNF-α, and IL-6 in
LPS-Stimulated THP-1 Macrophages
The MTT results showed that DC at 1.25–10 µM concentrations
was non-toxic to THP-1 cells with or without LPS stimulation

(Figures 3A,B). Based on these results, 2.5–10 µM DC
were selected to study the anti-inflammatory activity in LPS-
stimulated THP-1 macrophages.

Figure 3C showed that COX-2 proteins were increased
in LPS treatment group, while DC pre-treatment obviously
and concentration-dependently decreased the elevated
expression levels of COX-2 proteins (P < 0.05 ∼ 0.01,
Figure 3C).

When the cells were exposed to LPS for 24 h, the production
of PGE2 in the cell supernatant was significantly increased
(P < 0.01). DC obviously reduced the PGE2 production induced
by LPS in a concentration-dependent manner (P < 0.05,
Figure 3D). As shown in Figures 3C,D, the levels of
COX-2 and PGE2 were also significantly reduced by DEX
(P < 0.01).

As shown in Figures 3E,F, LPS stimulation also increased the
mRNA levels of TNF-α and IL-6 in THP-1 cells model, while
these increases were significantly inhibited by DC concentration
dependently and DEX (P < 0.05∼ 0.01, Figures 3E,F).

Nardochinoid C Failed to Inhibit the
Activation of NF-κB and MAPK Pathway
in LPS-Stimulated RAW264.7
Macrophages
Nuclear factor-κB (NF-κB) pathway is activated in inflammatory
process and then promotes the expression of inflammatory
mediators in different cells, including macrophages (DiDonato
et al., 2012). LPS activates NF-κB pathway to induce the
production of inflammatory cytokines (Ghosh and Hayden,
2008). MAPK pathway also plays an critical role in inflammatory
response (Liu et al., 2007). The activation of NF-κB and MAPK
signaling pathways are both involved in the development of
inflammation (Liu et al., 2016). Therefore, the inhibition of
NF-κB and MAPK signaling pathways are considered as the
useful ways to regulate inflammatory reaction. In the non-
inflammatory condition, NF-κB and IκBα are present in the
cytoplasm as complex (Sahu et al., 2014). The activation
of NF-κB resulted in the phosphorylation of IKKα/β, p65,
and then leading to the transcription of inflammatory genes
and the expression of inflammatory proteins (Ghosh et al.,
1998).

As Figure 4A shows, LPS stimulation increased the
phosphorylation of IKKα/β and p65. However, DC failed to
inhibit the phosphorylation of these proteins (Figure 4A).
LPS also increased the nuclear translocation of NF-κB p65
protein, but the pretreatment of DC failed to inhibit the nuclear
translocation of NF-κB p65 induced by LPS (Figure 4B).
MAPKs activation involves in regulating inflammation
process (Kaminska, 2005). The activation of MAPK pathway
resulted in the phosphorylation of p38, JNK and ERK (Rao,
2001), which may promote pro-inflammatory cytokines
production (Sun et al., 2015). The results showed that LPS
increased the protein levels of p-JNK, p-p38 and p-ERK
(Figure 4C), but DC pretreatment didn’t inhibit the increased
levels of p-JNK, p-p38 and p-ERK proteins induced by LPS
(Figure 4C).
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FIGURE 2 | Effects of DC on the expressions of iNOS, COX-2, TNF-α, and IL-6 in LPS-stimulated RAW264.7 cells. The cells were plated in 24-well plates and
incubated for 24 h, next the cells were pretreated with indicated concentrations of DC for 1 h and stimulated with LPS for 18 h. The total proteins of the cells were
prepared and the expressions of iNOS (A) and COX-2 (B) were analyzed by Western blot. Total mRNA was prepared, the mRNA expressions of iNOS (C) and
COX-2 (D) were analyzed by real time PCR. The protein expression levels of TNF-α (E) and IL-6 (F) in cell supernatant were analyzed by ELISA. The mRNA
expression of TNF-α (G) and IL-6 (H) were analyzed by real time PCR. Statistical analysis was carried out by using one-way ANOVA with Tukey’s multiple
comparison tests in GraphPad Prism7 (P < 0.05, ANOVA). Results are expressed as mean ± SEM of three independent experiments (N = 3). ∗p < 0.05, ∗∗p < 0.01,
vs. LPS-stimulated cells.
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FIGURE 3 | Effects of DC on the levels of COX-2, PGE2, TNF-α, and IL-6 in LPS-stimulated THP-1 cells. (A) Cytotoxicity of DC on LPS-unstimulated THP-1 cells.
(B) Cytotoxicity of DC on LPS-stimulated THP-1 cells. (C) Effects of DC on the expression of COX-2 in LPS-stimulated THP-1 cells. (D) Effects of DC on the
productions of PGE2 in LPS-stimulated THP-1 cells. The mRNA expression of TNF-α (E) and IL-6 (F) were analyzed by real time PCR. THP-1 cells (1 × 106

cells/well) were seeded in six well plates. After being incubated for 24 h, the cells were treated with 50 nM PMA for 48 h, then incubated with various concentration
(2.5, 5, and 10 µM) of DC or DEX (0.5 µM) for 1 h, finally, exposed to LPS (1 µg/mL) for 24 h. The cell supernatant, total proteins and mRNA of the cells were
prepared as described before for Western blot and real time PCR. Statistical analysis was carried out by using one-way ANOVA with Tukey’s multiple comparison
tests in GraphPad Prism7 (P < 0.05, ANOVA). Results are expressed as mean ± SEM of three independent experiments (N = 3). #p < 0.05, ##p < 0.01, vs.
LPS-unstimulated cells (A,B) or ∗p < 0.05, ∗∗p < 0.01, vs. LPS-stimulated cells (C–F).
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FIGURE 4 | The effect of DC on the activation of NF-κB and MAPK pathways in LPS-stimulated RAW264.7 cells. The cells were plated in 24-well plates and
incubated for 24 h, next the cells were pretreated with indicated concentration of DC for 1 h and stimulated with LPS for 15 min. The total proteins of the cells were
prepared and the expression of phosphorylation level of IKKα/β and p65 (A) were detected by Western blot. The cells were treated with DC (10 µM) for 1 h and
stimulated with LPS for 15 min. The subcellular localization of p65 was detected with immunofluorescence assay (B) and the images were acquired using the Leica
DM2500 fluorescent microscopy. The total proteins of the cells were prepared and the expressions of phosphorylated JNK, ERK and p38 (C) were detected by
Western blot.
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Nardochinoid C Attenuated LPS-Induced
M1 Phenotype and ROS Generation and
Also Increased the Levels of HO-1 and
NQO1 in LPS-Stimulated RAW264.7
Macrophages
Previous reports showed that Nrf2-mediated antioxidant gene
expression reduced the M1 phenotype and ROS production
and contributed to anti-inflammation (Kobayashi et al., 2016).
Macrophages could polarize to M1 phenotype under an
inflammatory environment (Jaguin et al., 2013). As shown in
Figure 5A, LPS induced an increase of macrophages in M1
phenotype and DC pretreatment at 10 µM suppressed this
increase (P < 0.05). ROS participates in inflammation (Yang
et al., 2015), the activation of Nrf2 could decrease the levels of
ROS (Surh, 2003). As shown in Figure 5B, intracellular ROS was
increased by LPS stimulation and DC pretreatment at 10 µM also
suppressed the ROS generation induced by LPS (P < 0.05).

Nrf2 dimerizes with small Maf proteins in the nucleus, and
then binds cis-oxidation reaction elements, i.e., HO-1 and NQO1,
to activate their transcription (Buchman, 2001; Hotamisligil,
2006). Antioxidant protein HO-1 has anti-oxidative and anti-
inflammatory effects (Linton and Fazio, 2003; McInnes and
Schett, 2011). Many studies have shown that defective expression
of HO-1 in humans is accompanied by an increase in the
inflammatory state (Pae and Chung, 2009). Nrf2 also could
increase the transcription of its target genes, including HO-1
and NQO1 (Hu et al., 2017). In order to understand whether
DC could exert its anti-inflammatory effect through activating
Nrf2 pathway, the downstream proteins (HO-1 and NQO1)
of Nrf2 pathway were investigated in this study. As shown in
Figures 5C–F, compared with LPS-stimulated RAW264.7 cell,
DC concentration-dependently increased the levels of NQO1
and HO-1 proteins (P < 0.05 ∼ 0.01, Figures 5C,D) and the
expressions of NQO1 and HO-1 mRNA (P < 0.05, Figures 5E,F).
However, DEX have no obvious influence on the protein and
mRNA levels of NQO1 and HO-1, compared with LPS group
(Figures 5C–F).

Nardochinoid C Promoted the Nucleus
Translocation of Nrf2 Protein and
Activated Nrf2 Pathway by Inhibiting
Keap1 in LPS-Unstimulated RAW264.7
Macrophages
Above studies have showed that DC increased the protein
levels of HO-1 and NQO1 in LPS-stimulated RAW264.7 cells.
Next, the effects of DC on Nrf2 pathway in LPS-unstimulated
RAW264.7 cells were also investigated. SFN, a potent Nrf2
activator (Fahey et al., 2002), was selected as a positive control.
As shown in Figures 6A,B, pretreatment of DC at 10 µM
significantly promoted Nrf2 protein entering into the nucleus
in RAW264.7 cells, this is similar to SFN (P < 0.01). DC or
SFN pretreatment both increased the level of NQO1 and HO-1
proteins (P < 0.05 ∼ 0.01, Figures 6C,D) and the expressions
of NQO1 and HO-1 mRNA (P < 0.05, Figures 6E,F) in
unstimulated RAW264.7 cell. Keap1 is a negative regulator of

the transcription factor Nrf2 (Satoh et al., 2006). Recently, p62
was thought to be an upstream protein of Nrf2 (Komatsu et al.,
2010). Figures 6G,H show that DC decreased Keap1 protein
expression in a concentration-dependent manner but didn’t
promote p62 protein expression in LPS-unstimulated RAW264.7
macrophages.

Nrf2 siRNA and HO-1 Inhibitor
Significantly Abolished the Effect of
Nardochinoid C
To further demonstrate the contribution of Nrf2 signaling
pathway to the anti-inflammatory effect of DC, Nrf2 gene
knockdown model was established by using Nrf2 siRNA
transfection in RAW264.7 cells. The results showed that the
protein and mRNA expressions of Nrf2 were significantly
suppressed by using specific Nrf2 siRNA (Figures 7A,B). The
increases in Nrf2 and HO-1 at protein levels caused by DC
pretreatment at 10 µM were significantly suppressed by Nrf2
siRNA (Figures 7C–F). The suppressive effect of DC on NO
production was also abolished by Nrf2 siRNA (Figure 7G). These
results indicated that the expression of antioxidant proteins HO-1
mediated the anti-inflammatory effect of DC.

In this study, we found that DC decreased the expression of
iNOS (Figure 8A) and the release of NO (Figure 8C). ZnPP, the
inhibitor of HO-1 activity (Kim et al., 2008), significantly reversed
the effect of DC on HO-1 protein activity (Figure 8D) rather
than HO-1 expression (Figure 8B) to reverse the effect of DC
on the expression of iNOS (Figure 8A) and the release of NO
(Figure 8B).

DISCUSSION

When inflammation occurs, activated macrophages release a
large number of different inflammatory mediators (NO, PGE2,
TNF-α, and IL-6) and regulatory enzymes (iNOS and COX-2)
(Linton and Fazio, 2003; Chawla et al., 2011; McInnes and
Schett, 2011; Balkwill and Mantovani, 2012). In this research, LPS
stimulation elevated the levels of these inflammatory mediators
(NO, PGE2, TNF-α, and IL-6) and regulatory enzymes (iNOS
and COX-2), but the increases of these inflammatory mediators
and regulatory enzymes were significantly inhibited by DC
(Figures 1, 2), implying that DC has obvious anti-inflammatory
activity in LPS-stimulated RAW264.7 macrophage cells model.

THP-1 cell line was used to estimate modulation of monocyte
and macrophage activities (Chanput et al., 2014). In this study,
we also use LPS-stimulated THP-1 macrophages to study the
anti-inflammatory activity of DC. Our results showed that LPS
stimulation elevated the levels of inflammatory protein (COX-2),
inflammatory mediators (PGE2) and inflammatory genes (TNF-α
and IL-6), but these increases were significantly inhibited by
DC (Figures 3D,E), implying that DC also has obvious anti-
inflammatory activity in LPS-stimulated THP-1 macrophages,
these effects are similar to these in LPS-stimulated RAW264.7
macrophages.

In LPS-stimulated THP-1 cell model, we did not detect the
high expressed iNOS gene (data not shown), which is similar to
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FIGURE 5 | The effect of DC on the expressions of M1, ROS, HO-1, and NQO1 in LPS-stimulated RAW264.7 cells. RAW264.7 cells were pretreated with indicated
concentrations of DC for 1 h, then cells were incubated for 6 h in the absence of LPS, then collected all the cells and cellular staining for F/480 and CD11c, the M1
markers (A) according to the manufacturer’s directions. The intracellular level of ROS (B) was determined using the fluorescent probe DCFH-DA. The cells were
plated in 24-well plates and incubated for 24 h, next the cells were pretreated with indicated concentrations of DC for 1 h and stimulated with LPS for 18 h. The total
proteins of the cells were prepared and the expression of HO-1 (C) and NQO1 (D) were analyzed by Western blot. The mRNA expressions of HO-1 (E) and NQO1
(F) were analyzed by real time PCR. Statistical analysis was carried out by using one-way ANOVA with Tukey’s multiple comparison tests in GraphPad Prism7
(P < 0.05, ANOVA). Results are expressed as mean ± SEM of three independent experiments (N = 3). ∗p < 0.05, ∗∗p < 0.01, vs. LPS-stimulated cells.
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FIGURE 6 | The effect of DC on the nuclear translocation of Nrf2 and the expressions of HO-1, NQO1, Keap1, and p62 in LPS-unstimulated RAW264.7 cells. The
cells were treated with SFN or DC (10 µM) for 6 h. The subcellular localization of Nrf2 was detected with immunofluorescence assay (A) and the images were
acquired using the Leica DM2500 fluorescent microscopy. The nuclear protein of the cells was prepared and the expression of Nrf2 in nuclear protein (B) of the cells
were analyzed by Western blot. The cells were plated in 24-well plates and incubated for 24 h, next the cells were pretreated with indicated concentrations of DC for
1 h and stimulated with or without LPS for 18 h. The total proteins of the cells were prepared and the expressions of HO-1 (C), NQO1 (D), Keap1 (G), and p62 (H)
were analyzed by Western blot. The mRNA levels of HO-1 (E) and NQO1 (F) were analyzed by real time PCR. Statistical analysis was carried out by using one-way
ANOVA with Tukey’s multiple comparison tests in GraphPad Prism7 (P < 0.05, ANOVA). Results are expressed as mean ± SEM of three independent experiments
(N = 3). ∗p < 0.05, ∗∗p < 0.01, vs. LPS-unstimulated cells.

Frontiers in Pharmacology | www.frontiersin.org 12 September 2018 | Volume 9 | Article 91156

https://www.frontiersin.org/journals/pharmacology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/pharmacology#articles


fphar-09-00911 September 3, 2018 Time: 9:34 # 13

Luo et al. Nardochinoid C Inhibits Inflammation

FIGURE 7 | The effect of Nrf2 siRNA and HO-1 inhibitor on the anti-inflammatory effect of DC. For transfection, the cells were seeded in 24-well culture plates and
incubated with the control siRNA or Nrf2 siRNA at 300 nM for 24–48 h in serum-free OPTI-MEM media. The total proteins of Nrf2 (A) were analyzed by Western blot.
The mRNA level of Nrf2 (B) were analyzed by real time PCR. Statistical analysis was carried out by using unpaired t-test in GraphPad Prism7 (P < 0.05, unpaired
t-test). Results are expressed as mean ± SEM of three independent experiments (N = 3). ∗p < 0.05, ∗∗p < 0.01, vs. NS siRNA treated cells (B). The transfected
cells were also pretreated with indicated concentration of DC for 1 h and stimulated with or without LPS for 18 h. The total proteins of the cells were prepared and
the expressions of Nrf2 (C,E) and HO-1 (D,F) were analyzed by Western blot. The concentration of NO (G) in the culture medium were quantified. Statistical analysis
was carried out by using one-way ANOVA with Tukey’s multiple comparison tests in GraphPad Prism7 (P < 0.05, ANOVA). Results are expressed as mean ± SEM of
three independent experiments (N = 3). ∗p < 0.05, ∗∗p < 0.01, vs. DC, LPS, and NS siRNA treated cells (E–G).
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FIGURE 8 | The effect of HO-1 inhibitor on the anti-inflammatory effect of DC. The cells were pretreated with indicated concentration of ZnPP for 1 h, and then
stimulated with DC for 1 h, at last, treated with LPS for 18 h. The total proteins of iNOS (A), and HO-1 (B) were analyzed by Western blot. The concentration of NO
(C) in the culture medium were quantified. The levels of Bilirubin (D) in cell microsome fraction were detected. Statistical analysis was carried out by using one-way
ANOVA with Tukey’s multiple comparison tests in GraphPad Prism7 (P < 0.05, ANOVA). Results are expressed as mean ± SEM of three independent experiments
(N = 3). ∗p < 0.05, ∗∗p < 0.01, vs. LPS treated cells, #p < 0.05 vs. ZnPP treated cells.

the paper reported that LPS could not up-regulated iNOS gene in
THP-1 macrophages (Chanput et al., 2010). There is no doubt
that iNOS is an important inflammatory index, it is expressed
in response to a variety of inflammatory stimuli and generates
NO in macrophage during the inflammatory process (Laskin

and Pendino, 1995), the inhibition of iNOS was able to reduce
the production of ROS (Egea et al., 2012). As described earlier,
ROS play an important role in oxidative stress and inflammatory
responses. LPS-stimulated THP-1 macrophages without the high
expressed iNOS gene, so in the next study, we selected the
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commonly used inflammatory model, LPS-stimulated RAW264.7
macrophages which expresses high levels of iNOS and ROS
for in-depth study on the mechanisms underlying the anti-
inflammatory effect of DC.

There were reports showing that the inhibition of LPS-
induced NO, PGE2, iNOS, COX-2, TNF-α, and IL-6 through
the inactivation of NF-κB and MAPK pathway in RAW264.7
cells (Kim et al., 2007; Liu et al., 2016). Other previous studies
have introduced that the extracts of N. chinensis inhibited the
production of inflammatory mediators through the inhibition of
p38 MAPK pathway instead of the inhibition of NF-κB pathway.
In order to study the anti-inflammatory mechanism of DC, the
effects of DC on the activation of NF-κB and MAPK pathways in
LPS-stimulated RAW264.7 cells were investigated, but the results
suggested that DC didn’t inhibit the activation of NF-κB and
MAPK pathways (Figures 4A–C), so DC may not act on NF-κB
and MAPK pathways to exert its anti-inflammatory effects. This
is common to other terpenoid- derived compounds with known
anti-inflammatory effects (Ferrante et al., 2017; Locatelli et al.,
2017).

It has been reported that the activation of Nrf2 anti-oxidant
pathway prevents LPS-induced transcriptional upregulation of
pro-inflammatory cytokines, including IL-6. Since the current
results showed that DC inhibited IL-6 obviously (Figure 2F),
so it was hypothesized that DC may activate Nrf2 pathway
to exert its anti-inflammatory effect. As described before, Nrf2
pathway mediated antioxidant gene expression reduced the M1
phenotype and ROS production (Kobayashi et al., 2016). In
order to verify the hypothesis of this study, the M1 phenotype
and ROS production in LPS-stimulated RAW264.7 cells were
examined, the results showed that the elevated M1 phenotype
and ROS production induced by LPS were significantly inhibited
by DC (Figures 5A,B), suggesting that DC is likely to exert
anti-inflammatory and anti-oxidant effects by activating the Nrf2
anti-oxidant pathway.

The Nrf2-dependent anti-oxidant genes HO-1 and NQO-
1 could block TNF-α and IL-6 inflammatory mediators. In
Nrf2-knockout mice, the anti-inflammatory effect disappeared
(Thimmulappa et al., 2006). Nrf2-knockout mice showed
increased mRNA and protein levels of COX-2, iNOS, IL-6, and
TNF-α (Rojo et al., 2010). Furthermore, the activation of Nrf2
leads to its nuclear translocation, resulting in the decrease of
COX-2 and iNOS (Ho et al., 2007). In this study, it was found that
DC inhibited the expressions of inflammatory proteins (COX-2
and iNOS, Figures 2A,B) and inflammatory cytokines (TNF-
α and IL-6, Figures 2E–H) accompanied by the increase of
antioxidant proteins HO-1 and NQO1 (Figures 5C–F). All of
these results further indicated that DC may activate Nrf2 pathway
to exert its anti-inflammatory effects.

In oxidative stress and inflammation condition, enhancement
of HO-1 expression plays an important role in cell protection
(Ryter et al., 2006; Chung et al., 2008). HO-1 can be rapidly
induced by various oxidative-inducing agents, also including
LPS (Chung et al., 2008). The current results also showed that
LPS increased the level of HO-1 slightly, but compared with
LPS group, DC further increased the level of HO-1 protein
dramatically (Figures 5C,E). The high expression of HO-1

can inhibit LPS-induced NO production (Lin et al., 2003). In
this study, DC reduced NO production while increasing HO-1
expression (Figures 1D, 5C,E), the current results are consistent
with that the high expression of HO-1 can inhibit LPS-induced
NO production (Lin et al., 2003).

Sulforaphane is an known and potent Nrf2 activator and
capable of preventing toxicity of organic chemicals (Fahey et al.,
2002) and has antioxidant protection effects (Gao et al., 2001).
In the current study, DEX had strong anti-inflammatory activity,
but didn’t show any effect on the activation of Nrf2 pathway,
implying that DEX produced its anti-inflammatory effect through
a Nrf2 independent way. Therefore, SFN was chosen as a
positive drug to evaluate the antioxidant activity and underlying
mechanisms of DC related to Nrf2 pathway. The current research
showed that both DC and SFN increased the levels of HO-1
and NQO1 in LPS-unstimulated RAW264.7 cell (Figures 6C–F).
Since DC increased the downstream antioxidant proteins (HO-1
and NQO1) of Nrf2 pathway, it was indicated that DC could also
activate Nrf2 and make Nrf2 protein entering into the nucleus.
In this research, we did find that DC increased the nuclear
translocation of Nrf2 (Figures 6A,B), further supported that DC
was able to activate Nrf2 pathway to promote the increase of
antioxidant protein to reduce ROS production.

Keap1 is a negative regulator of the transcription factor Nrf2,
which mediated the inactivation of Nrf2 and thus enhanced
Nrf2 translocation into the nucleus (Satoh et al., 2006; Lv et al.,
2018). It has been reported that protein p62, which is on the
upstream of Nrf2 pathway, can inactivate Keap1 and activate
Nrf2 (Komatsu et al., 2010). The current research found that DC
inhibited the expression of Keap1 (Figure 6G) but didn’t increase
p62 expression (Figure 6H), suggesting that DC induced Nrf2
activation probably through inhibiting Keap1 expression instead
of upregulating p62 protein.

To further confirm the pivotal role of Nrf2 pathway in the anti-
inflammatory effect of DC, Nrf2 siRNA was employed to down
regulate the protein and gene expressions. The results showed
that the mRNA and protein level of Nrf2 were significantly
suppressed by using specific Nrf2 siRNA (Figures 7A,B). The
protein expressions of Nrf2 and HO-1 were decreased by Nrf2
siRNA (Figures 7C–F). The suppressive effect of DC on NO
production induced by LPS was also abolished by Nrf2 siRNA
(Figure 7G), these results suggested the anti-inflammatory effect
of DC is mediated by the activation of Nrf2/HO-1 antioxidant
pathway.

It has been reported in the literature (Srisook et al., 2006)
that increasing the activity of HO-1 can reduce the production
of iNOS and NO. Bilirubin, the metabolic products of HO-
1, also exerts anti-inflammatory effect (Araujo et al., 2012). In
order to further confirm the important role of HO-1 activity in
mediating the anti-inflammatory effect of DC. ZnPP, a HO-1
activity inhibitor (Freitas et al., 2006), was used in the research.

In this study, we found that DC increased the expression
(Figure 8B) and the activity of HO-1 protein (Figure 8D). At
the same time, DC decreased the expression of iNOS (Figure 8A)
and the release of NO (Figure 8C). ZnPP significantly reversed
the effect of DC on HO-1 protein activity (Figure 8D) rather
than HO-1 expression (Figure 8B) to block the effect of DC
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FIGURE 9 | Proposed molecular mechanisms underlying the inhibitory effect of DC on the activation of macrophage induced by LPS. DC activates Nrf2 pathway to
increase anti-oxidant genes and protein, which in turn reduce inflammation and oxidative stress.

on the expression of iNOS (Figure 8A) and the release of
NO (Figure 8C), these results further confirmed that the anti-
inflammatory effect of DC was mediated by the increase of HO-1
activity. In short, DC activates Nrf2/HO-1 pathway to increase
anti-oxidant proteins, which in turn reduce inflammation and
oxidative stress to contribute to its anti-inflammatory and
antioxidant effects (Figure 9).

Nrf2 activator can be used as potential therapies for numerous
disorders (Crunkhorn, 2012), but there are very few Nrf2
activators applicable currently in clinics. In addition, the current
available Nrf2 activator, dimethyl fumarate, has showed drug
resistance and side effects (Deeks, 2014). Therefore, there is
significant need to develop new and safer Nrf2 activator for
clinical use. In this research, DC exerted anti-inflammatory
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effects mainly through the activation of Nrf2 pathway. This
implies that DC may be a new Nrf2 activator and has the potential
to be developed as new drug. Nrf2 pathway plays an important
role in oxidative stress response and metabolism, Nrf2 activation
can significantly inhibit the onset of diabetes and prevent diabetes
(Uruno et al., 2013). Since DC also activates Nrf2 pathway
in the absence of LPS, it indicated that DC could not only
treat inflammation but also prevent many other diseases related
to oxidative stress response and metabolism, giving broader
application situations to this compound.

CONCLUSION

Taken together, we discovered a novel Nrf2 activator, DC,
which acts on Nrf2/HO-1 pathway to exert its anti-inflammatory
effects against LPS-induced inflammation. Besides, the unique
anti-inflammatory mechanism of DC may provide a new
therapeutic window for the prevention and treatment of
oxidative damage and inflammation-related diseases. Although
other inflammation-related cell experiments, animal models and
clinical trials are certainly needed to do in future depth research,
this study now still could help providing a potential treatment

mechanism of N. chinensis and also provide a novel natural
compound with new skeleton for the treatment of the diseases
related to inflammation and oxidative stress.
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Depression is one of the most common mood disorders with a high rate of relapse.
Accumulating evidence suggests that the transcription factor Kelch-like erythroid
cell-derived protein with CNC homology (ECH)-associated protein 1 (Keap1)-Nuclear
factor (erythroid-derived 2)-like 2 (Nrf2) system plays a key role in inflammation which is
involved in depression. Preclinical studies demonstrated that the protein expressions
of Keap1 and Nrf2 in the prefrontal cortex (PFC), CA3 and dentate gyrus (DG) of
hippocampus in mice with depression-like phenotype were lower than control mice. In
the learned helplessness paradigm, the protein levels of Keap1 and Nrf2 in the PFC
and DG of hippocampus from rats with depression-like phenotype were also lower
than control and resilient rats. Furthermore, rodents with depression-like phenotype
have higher levels of pro-inflammatory cytokines. Interestingly, Nrf2 knock-out (KO)
mice exhibit depression-like phenotype, and higher serum levels of pro-inflammatory
cytokines compared with wild-type mice. Furthermore, Nrf2 KO mice have lower
expression of brain-derived neurotrophic factor (BDNF) in the PFC, and CA3 and DG
of hippocampus compared to wild-type mice. 7,8-Dihydroxyflavone, a TrkB agonist,
showed antidepressant effects in Nrf2 KO mice, by stimulating BDNF-TrkB in the PFC,
CA3, and DG. Pretreatment with sulforaphane, a naturally occurring Nrf2 activator,
prevented depression-like phenotype in mice after inflammation, or chronic social
defeat stress. Interestingly, dietary intake of 0.1% glucoraphanin (a precursor of
sulforaphane) containing food during juvenile and adolescent stages of mice could
prevent depression-like phenotype in adulthood after chronic social defeat stress.
Moreover, the protein expressions of Keap1 and Nrf2 in the parietal cortex from major
depressive disorder and bipolar disorder were lower than controls. These findings
suggest that Keap1-Nrf2 system plays a key role in the stress resilience which is involved
in the pathophysiology of mood disorders. It is, therefore, possible that dietary intake
of cruciferous vegetables including glucoraphanin (or SFN) may prevent or minimize
relapse from remission, induced by stress and/or inflammation in depressed patients.
In the review, the author would like to discuss the role of Keap1-Nrf2 system in mood
disorders.

Keywords: brain-derived neurotrophic factor, glucoraphanin, keap1, Nrf2, nutrition, stress resilience,
sulforaphane, TrkB
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INTRODUCTION

Depression, one of the most common psychiatric disorders
in the world, is a mood disorder with a high rate of
relapse. The World Health Organization (WHO) estimates that
more than 320 million individuals of all ages suffer from
depression, highlighting this disease as a major contributor
to the global burden of disease (World Health Organization
[WHO], 2017). Although the precise mechanisms underlying
the pathophysiology of depression are currently unknown,
accumulating evidence implicate inflammatory processes in the
pathophysiology of depression (Dantzer et al., 2008; Hashimoto,
2009; Miller et al., 2009; Raison et al., 2010; Hashimoto, 2015;
Mechawar and Savitz, 2016; Miller and Raison, 2016; Zhang et al.,
2016; Miller et al., 2017). Meta-analysis demonstrated higher
levels of pro-inflammatory cytokines in the blood of drug-free
or medicated depressed patients compared to healthy controls
(Dowlati et al., 2010; Young et al., 2014; Haapakoski et al.,
2015; Köhler et al., 2018). Studies demonstrated elevated gene
expression of pro-inflammatory cytokines in the postmortem
brain samples from patients with a history of depression (Dean
et al., 2010; Shelton et al., 2011). Collectively, it is likely
that inflammation plays a key role in the pathophysiology of
depression.

Over the past decade, there has been increasing interest in
the potential benefits of early intervention for mood disorders.
Several lines of evidence suggest that nutrition has a high impact
on the development of depression (Lin et al., 2010; Murakami and
Sasaki, 2010; Bazinet and Layé, 2014; Mello et al., 2014; El-Behadli
et al., 2015; Opie et al., 2015; Lin et al., 2017; Hsu et al., 2018;
Wang et al., 2018). Recent meta-analyses demonstrated that high
intake of fruit, vegetables, fish, and whole grains are associated
with a lower risk of depression (Lai et al., 2014; Liu et al., 2016;
Saghafian et al., 2018).

In the review, the author would like to discuss the role
of Keap1 [Kelch-like erythroid cell-derived protein with CNC
homology [ECH]-associated protein 1)]-Nrf2 [Nuclear factor
(erythroid 2-derived)-like 2] system in the pathophysiology
of depression since Keap1-Nrf2 system plays a key role

in inflammation. Furthermore, we also refer to the clinical
significance of natural Nrf2 activator sulforaphane (SFN) as
nutritional intervention for mood disorders.

Keap1-Nrf2 SYSTEM

Nrf2 is the transcription factor with a key role in cellular
defense against oxidative stress. It binds to the antioxidant
response elements (ARE) located in the promoter region of genes
encoding many phase II detoxifying or antioxidant enzymes
and related stress-responsive proteins (Kobayashi et al., 2013;
Ma, 2013; Suzuki et al., 2013a; Suzuki and Yamamoto, 2015;
Yamamoto et al., 2018). Under normal conditions, Nrf2 is
repressed by Keap1, which is an adaptor protein for the
degradation of Nrf2 (Suzuki et al., 2013a; Suzuki and Yamamoto,
2015). During oxidative stress, Nrf2 is de-repressed and activates
the transcription of protective genes (Suzuki et al., 2013a;
Suzuki and Yamamoto, 2015). Importantly, the Keap1-Nrf2
system plays a role in inflammation-associated pathogenesis
(Kobayashi et al., 2013; Suzuki et al., 2013a; O’Connell and
Hayes, 2015; Suzuki and Yamamoto, 2015; Wardyn et al.,
2015; Yamamoto et al., 2018). In cancer cells, Nrf2 activation
is beneficial and deleterious for the cancer-bearing host,
depending on the time (initiation, promotion, and metastasis)
and place (cancer cells or microenvironment) (Yamamoto et al.,
2018).

Nrf2 ACTIVATORS

Based on the role of Nrf2 in the prevention of a wide
variety of pathological conditions, great efforts have been
made to isolate from natural sources or develop potent
and specific Nrf2 activators (Yamamoto et al., 2018). The
potent anti-inflammatory and naturally occurring compound
sulforaphane (SFN: 1-isothiocyanato-4-methylsulfinylbutane) is
an organosulfur compound derived from a glucosinolate
precursor glucoraphanin (a glucosinolate, or β-thioglucoside-N-
hydroxysulfate) (Figure 1) found in cruciferous vegetables, such

FIGURE 1 | Chemical structure of sulphoraphane (SFN) and its precursor glucoraphanin. Cruciferous vegetables contain glucoraphanin, a glucosinolate derivative of
sulforaphane (SFN).
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as broccoli sprout (Zhang et al., 1992; Fahey et al., 1997; Kwak
and Kensler, 2010; Kensler et al., 2013; Fahey et al., 2015). It is
well known that glucoraphanin can be converted to SFN by the
endogenous enzyme, myrosinase (Fahey et al., 2015). Beneficial
effect by SFN is thought to be mediated via activation of the Nrf2
pathway with subsequent up-regulation of phase II detoxification
enzymes and antioxidant proteins, through ARE (Suzuki et al.,
2013a; Suzuki and Yamamoto, 2015).

TBE-31 [(±)-(4bS,8aR,10aS)-10a-ethynyl-4b,8,8-trimethyl-
3,7-dioxo-3,4b,7,8,8a,9,10,10a-octahydrophenanthrene-2,6-
dicarbonitrile] and MCE-1 [(±)-3-ethynyl-3-methyl-6-
oxocyclohexa-1,4-dienecarbonitrile] are the novel Nrf2 activators
(Honda et al., 2007; Dinkova-Kostova et al., 2010; Honda et al.,
2011; Kostov et al., 2015; Figure 2). Dimethyl fumarate (Figure 2)
is a new oral drug for the treatment of multiple sclerosis, and has
neuroprotective effects via Nrf2-dependent antioxidant response
(Al-Jaderi and Maghazachi, 2016; Mills et al., 2018). Bardoxolone
methyl, the C-28 methyl ester of 2-cyano-3,12-dioxoolean-1,9-
dien-28-oic acid (CDDO) known as CDDO-Me (Figure 2), is one
of the derivatives of synthetic triterpenoids. Bardoxolone methyl

has been used for the treatment of cancer (including leukemia
and solid tumors), chronic kidney disease, and other diseases
(Wang et al., 2014). Clinical trial of bardoxolone methyl is
undergoing for diabetic nephropathy in Japan (Yamamoto et al.,
2018), although its development was paused in the United States
due to the occurrence of cardiac complications in patients with
end-stage renal disease (Pergola et al., 2011; de Zeeuw et al.,
2013).

EFFECTS OF Nrf2 ACTIVATORS ON
NEURITE OUTGROWTH

The neuronal plasticity, including neurite outgrowth and
neuroprotection, plays crucial role in the beneficial effect of
therapeutic drugs in cellular level (Lu and Dwyer, 2005; Williams
and Dwyer, 2009). Yao et al. (2016b) reported that SFN increased
the number of cell with neurite outgrowth in PC12 cells.
Furthermore, the potentiating effects of SFN on NGF-induced
neurite outgrowth were blocked by treatment with Nrf2 siRNA,

FIGURE 2 | Chemical structure of Nrf2 activators (TBE-31, MCE-1, dimethyl fumarate, bardoxolone methyl).
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but not the negative control (Yao et al., 2016b), suggesting
that SFN can potentiate NGF-induced neurite outgrowth via
activation of Nrf2.

Yao et al. (2016a) reported that TBE-31 and MCE-1 also
potentiated NGF-induced neurite outgrowth in PC12 cells. The
Nrf2 siRNA blocked the potentiating effects of TBE-31 and
MCE-1 on neurite outgrowth in PC12 cells. Astragaloside IV
is also reported to attenuate lead-induced inhibition of neurite
outgrowth through activation of Akt-dependent Nrf2 pathway
(Yu et al., 2017). Collectively, it is likely that Nrf2 activators can
promote neurite outgrowth through Nrf2 activation (Yang et al.,
2015c; Yao et al., 2016a,b).

ALTERATIONS IN Keap1-Nrf2
SIGNALING IN RODENTS WITH
DEPRESSION-LIKE PHENOTYPE

Chronic social defeat stress (CSDS) model has been used widely
as an animal model of depression (Krishnan and Nestler, 2008;
Nestler and Hyman, 2010; Golden et al., 2011). Susceptible mice
with depression-like phenotype after CSDS have higher blood
levels of pro-inflammatory cytokines [e.g., tumor necrosis factor
(TNF)-α, interleukin (IL)-6, IL-10, and IL-1β] (Zhang et al.,
2017a).

Western blot analysis showed that protein levels of Keap1 and
Nrf2 in the CA3, DG, and PFC from mice with depression-like
phenotype were significantly lower than those of control mice
(Yao et al., 2016b). In contrast, protein levels of Keap1 and Nrf2
in the CA1 and NAc were not different compared to control
(Yao et al., 2016b). These findings suggest that lower levels of
Keap1 and Nrf2 in the CA3, DG, and PFC may be involved in
depression-like phenotypes after CSDS.

Learned helplessness (LH) model has been also used as an
animal model of depression (Krishnan and Nestler, 2008). In
the LH paradigm, approximately 20–40% rats are resilient to
inescapable stress (Yang et al., 2015a,b; Yang et al., 2016). LH
(susceptible) rats have higher blood levels of IL-6 than control
and resilient rats (Yang et al., 2015a), suggesting that peripheral
inflammation may contribute to resilience versus susceptibility
to stress. Protein levels of Keap1 and Nrf2 in the PFC and DG
of hippocampus from LH (susceptible) rats were lower than
control and non-LH (resilient) rats (Zhang et al., 2018). These
results suggest that Keap1-Nrf2 signaling may contribute to stress
resilience which is involved in the pathophysiology of major
psychiatric disorders (Zhang et al., 2018).

ALTERATIONS IN Keap1-Nrf2
SIGNALING IN SAMPLES FROM
PATIENTS WITH MAJOR DEPRESSIVE
DISORDER

Major depressive disorder (MDD) patients (n = 30) exhibited
higher levels of Nrf2 and its regulator Keap1, as well as
NF-κB in the cytoplasm of peripheral blood mononuclear cells

compared to healthy controls (n = 35), suggesting that depression
may be characterized by up-regulation of the transcription
factor Keap1-Nrf2 (Lukic et al., 2014). Using genome-wide
transcriptional profiling and promoter-based bioinformatic
strategies, Mellon et al. (2016) measured leukocyte transcription
factor (TF) activity in leukocytes from un-medicated MDD
subjects (n = 20) versus age- and sex-matched healthy controls
(n = 20). In leukocytes from un-medicated MDD subjects,
the bioinformatic analysis showed an increased transcriptional
activity of cAMP response element-binding/activating TF
(CREB/ATF) and increased activity of TFs associated with
Nrf2. Antidepressant therapy for 8 weeks was associated with
significant reductions in depressive symptoms and reduced
activity of Nrf2, but not in CREB/ATF activity. By contrast,
other transcriptional regulation pathways, including nuclear
factor kappa-B cells (NF-κB), early growth response proteins 1-4
(EGR1-4), the glucocorticoid receptor, and interferon-responsive
TFs, showed either no difference as a function of disease
or treatment. These results suggest that Nrf2 signaling may
contribute to MDD by activating immune cell transcriptome
dynamics that ultimately may influence motivational and
affective processes via circulating mediators (Mellon et al.,
2016).

Postmortem tissue from patients with psychiatric disorders
is an underutilized substance that may be used to translate
genetic and/or preclinical studies (Hashimoto et al., 2007;
McCullumsmith et al., 2013; Mechawar and Savitz, 2016; Yang
et al., 2017). A study using postmortem brain samples showed
decreased expressions of Keap1 and Nrf2 in the parietal cortex
from patients with MDD and bipolar disorder compared to
control group (Zhang et al., 2018). A recent study showed the
reduced (-21%) expression of Nrf2 in the dorsolateral prefrontal
cortex from MDD patients (Martín-Hernández et al., 2018).
These results suggest that decreased Keap1-Nrf2 signaling plays a
key role in the pathophysiology of mood disorders such as MDD
and bipolar disorder (Zhang et al., 2018).

SINGLE NUCLEOTIDE
POLYMORPHISMS IN THE NRF2
PROMOTER GENE IN HUMANS

The NRF2 activity in humans is regulated through protein
stabilization, primarily by KEAP1, but is also regulated at the
transcriptional level (Yamamoto et al., 2018). In humans, a NRF2
promotor single nucleotide polymorphism (SNP: rs6721961)
located 617 bp by upstream from the transcription start site
lowers the level of NRF2 transcription (Yamamoto et al., 2006;
Yamamoto et al., 2018; Figure 3). Luciferase assays showed
that polymorphism at position -617 (C to A) affect basal levels
of NRF2, thereby resulting in attenuation of ARE-mediated
gene transcription (Marzec et al., 2007; Figure 3). Interestingly,
subjects who possess this SNP are more susceptible to acute lung
injury and related diseases (Marzec et al., 2007), and this SNP
is also found to correlate with the incidence of non-small cell
lung cancer (Suzuki et al., 2013b). In addition, ethnic difference
of this SNP is also reported (Marzec et al., 2007). Therefore, it is
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FIGURE 3 | SNP (rs6721961) in the promotor region of NRF2 gene. The SNP
(rs6721961) in the promotor of NRF2 gene alters the transcription level of
NRF2 gene, resulting in alterations in the expression of NRF2 target genes.
The NRF2/sMAF (small MAF) protein complex regulates the oxidative stress
response by occupying cis-acting enhancers containing an antioxidant
response element (ARE). A slight modification of Yamamoto et al. (2018).

of interest to study whether this SNP can affect susceptibility to
mood disorders.

DEPRESSION-LIKE PHENOTYPES IN
Nrf2 KO MICE

Serum levels of TNF-α, IL-6, IL-10, and IL-1β in the Nrf2 KO
mice were significantly higher than those of wild-type (WT) mice,
suggesting that Nrf2 KO mice have inflammation (Yao et al.,
2016b). In the tail-suspension test (TST) and forced swimming
test (FST), the immobility times of TST and FST in Nrf2 KO
mice were higher than those of WT mice. In the 1% sucrose
preference test (SPT), the sucrose preference of Nrf2 KO mice
was lower than that of WT mice, suggesting that Nrf2 KO
mice have anhedonia. Furthermore, brain-derived neurotrophic
factor (BDNF) and its receptor TrkB signaling in the CA3,
DG and PFC of Nrf2 KO mice were lower than those of WT
mice. Moreover, protein levels of AMPA receptor 1 (GluA1)
and postsynaptic density protein 95 (PSD-95) in the CA3, DG,
and PFC of KO mice were lower than those of WT mice.
Interestingly, 7,8-dihydroxyflavone (a TrkB agonist) produced
antidepressant effects in Nrf2 KO mice, by stimulating TrkB
in the PFC, CA3, and DG (Yao et al., 2016b). Furthermore,
the anti-inflammatory drug rofecoxib reversed depression-like
behaviors in Nrf2 KO mice (Martín-de-Saavedra et al., 2013). In
addition, chronic treatment with the selective serotonin reuptake
inhibitor (SSRI) fluoxetine increased BDNF in cortex and
hippocampus of corticosterone-treated Nrf2 KO mice (Mendez-
David et al., 2015), suggesting that Nrf2 signaling contributes to
fluoxetine-induced neuroprotection. These all findings suggest
that Nrf2 plays a key role in the depression-like phenotypes in
rodents through potent anti-inflammatory action. Collectively,
it is likely that Nrf2 KO mice show depression-like phenotypes
through inflammation, decreased BDNF-TrkB signaling and
synaptogenesis (Figure 5; Yao et al., 2016b).

In contrast, Bouvier et al. (2017) reported that Nrf2 KO
mice did not display a depression-like phenotype although

the KO mice were characterized by oxidative stress and by
anatomical alterations in hippocampal CA3 pyramidal cells.
However, when exposed to 3 weeks of chronic mild stress,
Nrf2 KO mice developed depression-like phenotypes which were
prevented by pretreatment with antioxidant (Bouvier et al.,
2017). This study also suggests the role of Nrf2-dependent
persistent oxidative stress in stress-induced vulnerability to
depression.

ANTIDEPRESSANT EFFECTS OF Nrf2
ACTIVATORS IN THE RODENT MODELS
OF DEPRESSION

When lipopolysaccharide (LPS), the bacterial endotoxin, is
administered to rodents, depression-like behaviors are observed
24 h after inflammation (Dantzer et al., 2008; O’Connor et al.,
2009; Zhang et al., 2014; Zhang et al., 2016). Pretreatment with
antidepressants, such as SSRIs and serotonin and norepinephrine
reuptake inhibitors (SNRIs), can prevent depression-like
behavior and alterations in serum pro-inflammatory cytokines,
such as TNF-α, induced by LPS administration (Ohgi et al.,
2013; Yao et al., 2015; Dong et al., 2016). These all findings
suggest that inflammation is associated with depression, and that
anti-inflammatory drugs could ameliorate depressive symptoms
in patients with depression.

Pretreatment with SFN significantly blocked an increase in
the serum TNF-α level after a single administration of LPS
(Zhang et al., 2017b). Furthermore, SFN significantly potentiated
increased serum levels of IL-10 after LPS administration. SFN
attenuated an increase of the immobility time of TST and FST
after LPS administration. In addition, SFN recovered to control
levels for LPS-induced alterations in the proteins such as BDNF,
PSD-95 and GluA1, and dendritic spine density in the brain
regions (Zhang et al., 2017b). Furthermore, TBE-31 or MCE-
1 attenuated an increase in serum levels of TNF-α after LPS
administration. Administration of TBE-31 or MCE-1 attenuated
an increase in the immobility time of TST and FST after LPS
administration (Yao et al., 2016a).

Pretreatment with SFN attenuated the decreased social
avoidance time and sucrose preference in CSDS model.
Furthermore, SFN could attenuate the decreased levels of Nrf2
and Keap1 proteins in the PFC and hippocampus of mice
with depression-like phenotype (Yao et al., 2016b). Li et al.
(2018) reported that decreased Keap1-Nrf2 signaling in the PFC,
hippocampus and skeletal muscle may contribute to anhedonia
susceptibility after spared nerve injury (SNI), and that SFN
exerts beneficial effects in SNI rats by normalization of decreased
Keap1-Nrf2 signaling. These results suggest that Keap1-Nrf2
signaling plays a role in depression, and that SFN is prophylactic
compound which can stimulate Keap1-Nrf2 signaling pathway
(Yao et al., 2016b; Zhang et al., 2017b; Li et al., 2018). Taken all
together, it is likely that the Nrf2 activators such as SFN, TBE-31,
and MCE-1 might be potential prophylactic or therapeutic
drugs for inflammation (or stress)-related depression (Yao et al.,
2016a,b; Zhang et al., 2016, 2017b; Li et al., 2018).

Frontiers in Pharmacology | www.frontiersin.org 5 October 2018 | Volume 9 | Article 118268

https://www.frontiersin.org/journals/pharmacology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/pharmacology#articles


fphar-09-01182 October 15, 2018 Time: 15:59 # 6

Hashimoto Keap1-Nrf2 System in Depression

FIGURE 4 | Chemical structure of Nrf2 inhibitors (brustal, halofuginone, ML-385).

EFFECTS OF DIETARY INTAKE OF SFN
PRECURSOR IN THE CSDS MODEL OF
DEPRESSION

SFN is produced in the body from its precursor glucoraphanin
which is involved in cruciferous vegetables. Previously, we
demonstrated that dietary intake of 0.1% glucoraphanin –
rich food during juvenile and adolescence prevented
phencyclidine-induced cognitive deficits and loss of parvalbumin
(PV)-positive cells in the PFC at adulthood (Shirai et al., 2015).
Furthermore, we also reported that dietary intake of 0.1%
glucoraphanin –rich food during juvenile and adolescence
prevented the onset of psychosis in the adult offspring after
maternal immune activation (Matsuura et al., 2018). These
findings suggest that dietary-intake of glucoraphanin-rich
vegetables in high-risk psychosis subjects might prevent the
transition to psychosis in young adulthood (Hashimoto, 2014;
Shirai et al., 2015; Matsuura et al., 2018).

Interestingly, dietary intake of 0.1% glucoraphanin containing
food during juvenile and adolescent stages could prevent
the depression-like phenotype in adulthood after CSDS (Yao
et al., 2016b). Thus, the dietary intake of 0.1% glucoraphanin
containing food during juvenile and adolescent periods could
confer stress resilience in adulthood.

CLINICAL STUDY OF SFN IN PATIENTS
WITH HEALTHY SUBJECTS, AND
NEURODEVELOPMENTAL DISORDERS

Sedlak et al. (2018) reported that SFN increased blood glutathione
(GSH) levels in healthy human subjects following 7 days of
daily oral administration. Furthermore, a significant positive
correlation between blood and thalamic GSH post- and pre-SFN
treatment ratios was observed, in addition to a consistent
increase in brain GSH levels in response to treatment. This study
suggests the value of exploring relationships between peripheral
GSH and clinical/neuropsychological measures, as well as the
influences SFN has on functional measures that are altered in
neuropsychiatric disorders.

A randomized, double-blinded, placebo-controlled study
showed that SFN-rich broccoli sprout extract could improve
social interaction, abnormal behavior and verbal communication
in young male subjects with autism spectrum disorder (Singh
et al., 2014; Lynch et al., 2017). In addition, a pilot study showed
that supplementation with glucoraphanin-rich broccoli sprout
extract for 8 weeks was effective in treating cognitive impairment
in medicated patients with schizophrenia (Shiina et al., 2015).
Collectively, it is likely that SFN would be potential therapeutic
compound for neurodevelopmental disorders.
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FIGURE 5 | Proposed hypothesis of role of Keap1-Nrf2 system in depression. Inflammation causes decreases of Keap1 and Nrf2 expression in the prefrontal cortex
and hippocampus. Subsequently, inflammation-induced decreases in Keap1 and Nrf2 proteins can cause the decreased BDNF-TrkB signaling and synaptogenesis,
resulting in depression-like phenotype. TrkB agonists might have antidepressant actions. Dietary intake of glucoraphanin (or SFN) in cruciferous vegetables during
early adolescence may confer to stress resilience at adulthood whereas poor nutrition may play a role in the onset of depression by stress or inflammation.

ROLE OF Nrf2 IN THE MECHANISMS OF
ANTIDEPRESSANT ACTION FOR OTHER
POTENTIAL COMPOUNDS

Cilostazol is used in the treatment of the symptoms of
intermittent claudication in patients with peripheral vascular
disease. In the chronic restraint stress (CRS) model, cilostazol
prevented depressive-like behaviors (Abuelezz and Hendawy,
2018). Furthermore, cilostazol modulated the Nrf2 protein and
heme oxygenase-1 and NAD(P)H: quinone oxidoreductase-1
gene expression in the hippocampus of CRS rats. These findings
suggest that cilostazol has the prophylactic antidepressant effect
by preventing oxidative stress by stimulation of redox defense
mechanisms mediated through the Nrf2 pathway (Abuelezz and
Hendawy, 2018).

Dl-3-n-Butylphthalide (NBP), a small molecule compound
extracted from the seeds of Apium graveolens, was approved by
the State Food and Drug Administration of China for treating
ischemic stroke (Abdoulaye and Yi, 2016). NBP attenuated
the depression-like behaviors and increased expression of
pro-inflammatory cytokines (e.g., IL-1β and IL-6) in rats.
In addition with the anti-inflammation action, NBP reduced
LPS-induced oxidative stress reactions in the hippocampus and
enhanced Nrf2-targeted signals (Yang et al., 2018).

A randomized, double-blind, placebo-controlled trial showed
that NBP showed greater effects than placebo on Alzheimer’s
disease assessment scale-cognitive subscale (ADAS-cog) and

clinician’s interview-based impression of change plus caregiver
input (CIBIC-plus). NBP-related adverse events were uncommon
and primarily consisted of mild gastrointestinal symptoms (Jia
et al., 2016). Therefore, it is of interest to examine whether NBP
can improve depressive symptoms in depressed patients.

Nrf2 INHIBITORS

Compared with Nrf2 activators, the development of Nrf2
inhibitors is in its infancy (Yamamoto et al., 2018). For
example, cancers with persistent activation of Nrf2 exhibit
high dependency on Nrf2 function for drug resistance and
cell proliferation (Yamamoto et al., 2018). The plant-based
product brusatol (Figure 4) decreases the protein levels
of Nrf2 and sensitizes cancer cells to chemotherapy and
radiotherapy (Ren et al., 2011). Another Nrf2 inhibitor
halofuginone (Figure 4) is a synthetic halogenated derivative
of febrifugine, a natural quinazolinone alkaloid which can be
found in the Chinese herb Dichroa febrifuga. Halofuginone
exerts a chemosensitizing effect on cancer cells exhibiting
constitutive Nrf2 stabilization (Tsuchida et al., 2017). In
addition, Singh et al. (2016) demonstrated that ML385
[N-[4-[2,3-dihydro-1-(2-methylbenzoyl)-1H-indol-5-yl]-5-
methyl-2-thiazolyl]-1,3-benzodioxole-5-acetamide] (Figure 4)
is a novel and specific Nrf2 inhibitor. Therefore, it is of interest
to study whether these Nrf2 inhibitors can affect depression-like
phenotypes in rodents.
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CONCLUSION REMARKS AND FUTURE
PERSPECTIVE

Rodents with depression-like phenotype have higher blood levels
of pro-inflammatory cytokines, suggesting that inflammation
plays a role in depression-like phenotype in rodents.
Furthermore, rodents with depression-like phenotype have
lower expression of Keap1 and Nrf2 in the PFC and
hippocampus (Yao et al., 2016b; Zhang et al., 2017b).
Interestingly, we found decreased expression of Keap1 and
Nrf2 in the parietal cortex from patients with MDD and
bipolar disorder (Zhang et al., 2018). Given the essential
role of BDNF-TrkB signaling in depression (Nestler et al.,
2002; Hashimoto et al., 2004; Duman and Monteggia, 2006;
Hashimoto, 2010; Zhang et al., 2016), inflammation (or
stress)-induced reduction of Keap1-Nrf2 system may contribute
to decreased BDNF-TrkB signaling and synaptogenesis,
resulting in depression-like phenotypes (Figure 5). It is
noteworthy that TrkB agonist 7,8-DHF has antidepressant
effects in Nrf2 KO mice (Yao et al., 2016b), LPS-treated
mice (Zhang et al., 2014) and CSDS susceptible mice (Zhang
et al., 2015), suggesting a possible link between Keap1-Nrf2
system and BDNF-TrkB signaling (Mendez-David et al.,
2015; Yao et al., 2016b; Zhang et al., 2017b; Li et al., 2018;
Figure 5).

Nutritional status during early adolescence stage might have a
great impact on the onset and severity of psychiatric diseases in
adulthood (Paus et al., 2008; O’Connor and Cryan, 2014). Over
the past decade, there has been increasing interest in the potential
benefits of early intervention for psychiatric disorders such as
depression (Paus et al., 2008; O’Connor and Cryan, 2014; Sarris
et al., 2015; Correll et al., 2018).

Preclinical findings suggest that dietary intake of
glucoraphanin during juvenile and adolescence can protect
against depression-like behaviors after CSDS or LPS
administration (Yao et al., 2016b; Zhang et al., 2017b), indicating
prophylactic effects of glucoraphanin for depression. Thus,
dietary intake of glucoraphanin (or SFN) during juvenile
and adolescence might confer stress resilience at adulthood
(Figure 5). Therefore, it is possible that dietary intake of
glucoraphanin (or SFN) during childhood and adolescence
stages could prevent the onset of depression in humans during
adulthood. Since patients with mood disorder have high relapse
rate, dietary intake of glucoraphanin (or SFN) may prevent
or minimize relapse from remission, induced by inflammation
and/or stress in depressed patients.
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Age-related macular degeneration is one of the leading causes of vision loss in the
elderly. Genetics, environmental insults, and age-related issues are risk factors for
the development of the disease. All these risk factors are linked to the induction
of oxidative stress. In young subjects retinal pigment epithelial cells mitigate reactive
oxygen generation by the elimination of dysfunctional mitochondria, via mitophagy, and
by increasing antioxidant defenses via Nrf2 activation. The high amount of UV light
absorbed by the retina, together with cigarette smoking, cooperate with the aging
process to increase the amount of reactive oxygen species generated by retinal pigment
epithelium where oxidative stress arises. Moreover, in the elderly both the mitophagic
process and Nrf2 activation are impaired thus causing retinal cell death. This review will
focus on the impact of oxidative stress on the pathogenesis of age-related macular
degeneration and analyze the natural and synthetic Nrf2-activating compounds that
have been tested as potential therapeutic agents for the disease.

Keywords: oxidative stress, light-induced photooxidative damage, cigarette smoke, aging, Nrf2 activators

INTRODUCTION

The retina is a multilayered sensory structure that lines the inner surface of the back of the
globe of the eye. The macula is a well-defined region of the retina with an approximate size of
0.6 mm devoted to the “high definition vision.” It can be subdivided into two zones: a central zone,
the fovea, and a peripheral zone, the parafovea. The fovea contains a high percentage of cones,
the photoreceptor cells devoted to the photopic vision, i.e., vision under well lit conditions; the
parafovea is rich in rods, the photoreceptor cells devoted to night vision. The interplay between the
macula’s cells guarantees central vision acuity which is indispensable for the most common daily
activities (Datta et al., 2017).

The external layer of the retina is the retinal pigment epithelium (RPE) composed of highly
specialized, polarized epithelial cells whose apical side is in contact with photoreceptor outer
segments and basal side is in contact with Burch’s membrane, the internal layer of the choroid. RPE
is important for the health of phototeceptor cells. Indeed, RPE cells phagocytose photoreceptor
outer segments daily to guarantee their optimal functionality. Moreover, RPE cells transport
metabolic waste through Burch’s membrane to the choroid to be eliminated (Kevany and
Palczewski, 2010).

Age related macular degeneration (AMD), the principal cause of blindness in western countries
(Congdon et al., 2004), is caused by the loss of RPE cells and photoreceptors in large zones
of the macula. AMD is characterized by the presence of extracellular depositions, known as
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drusen accumulating between Burch’s membrane and
the RPE. Advanced glycation end-products (AGEs) and
carboxyethylpyrrole adducts (produced by the oxidative
modification of fatty acids in photoreceptor tips) have been
found in drusen isolated from AMD samples. The presence
of these molecules, related to oxidative damage (Farboud
et al., 1999; Crabb et al., 2002), underpins the concept that
oxidative stress plays a major role in AMD pathogenesis
and progression (Beatty et al., 2000). It is worth noting that
AGEs can be recognized by receptor for advanced glycation
endproducts (RAGE), a transmembrane receptor that exerts
pro-inflammatory functions through nuclear factor-κB (NF-κB)
signaling (Lin, 2006), thus implicating inflammation as another
pathogenic causes of AMD.

Based on these premises, this review describes how oxidative
stress contributes to macular degeneration and the effects of
pharmacologically induced antioxidant defenses.

OXIDATIVE STRESS AND AMD

During cellular metabolism living organisms produce reactive
oxygen species (ROS) from molecular oxygen. The major site
of ROS production is the mitochondrial electron transport
chain where some electrons leak from the transport process
and spontaneously react with molecular oxygen, producing
superoxide anion. Other enzymes, such as NADPH oxidase and
xanthine oxidase contribute to ROS generation (Birben et al.,
2012).

Reactive oxygen species levels are strictly regulated to
maintain cellular homeostasis. Oxidative stress (OS) refers to
a condition in which ROS levels accumulate to the extent
that cellular macromolecules are damaged and apoptosis ensues
(Birben et al., 2012). On the other hand, reductive stress is the
name given to the condition when ROS levels are too low, such
that the normal functions of the cell are affected. In homeostatic
conditions, ROS are maintained at levels that support the normal
cell functioning and guarantee redox signaling (Bellezza et al.,
2018). The correct levels of ROS are underwritten by the
antioxidant system, which is compromised of enzymes and non-
enzymatic molecules. Non-enzymatic antioxidants include low-
molecular-weight compounds, i.e., vitamins C and E, β-carotene,
and glutathione. The majority of the enzymatic antioxidant
defenses, i.e., SODs, catalase, and the enzymes responsible for
glutathione metabolism, are regulated at transcriptional levels by
the transcription factor nuclear factor erythroid 2-related factor
2 (Nrf2) (Bellezza et al., 2010) (see below).

The main risk factors for the development of AMD are
aging, ethnicity, genetics and environmental insults, including
cigarette smoking, high fat diet and light-induced photooxidative
reactions (Organisciak and Vaughan, 2010; Datta et al., 2017).
Aging, cigarette smoking and photo-oxidative reactions share the
capacity to increase in ROS generation and promote OS.

Light-Induced Oxidative Stress
Light is an electromagnetic radiation which can be translated into
a visual information by complex interactions between the eye

and the brain. Only a portion of the electromagnetic spectrum
interacts with the eye and includes wavelengths from ultraviolet
(100–400 nm) to infrared (above 760 nm) (Ivanov et al., 2018).

As long ago as 1966 Noell and co-workers theorized light
damage hypotheses, including the occurrence of light-induced
oxidative reactions. In particular, ultraviolet and blue light are
considered responsible for the retinal damage associated with
AMD (Noell et al., 1966; Chalam et al., 2011). It is predicted
that increasing exposure to video displays and the use of
light-emitting diodes (LEDs) as light sources will increase the
contribution of blue light-induced phototoxicity to human retinal
diseases (Jaadane et al., 2015). Photo-oxidative damage occurs
when light interacts with an endogenous chromophore in the
ocular tissue including visual pigments, proteins, flavoproteins
and the naturally occurring pigment granules of melanin and
lipofuscin in the RPE (Ivanov et al., 2018). The absorption of light
by chromophores causes their excitation to a triplet state that,
being a highly reactive, rapidly interact with other molecules,
including molecular oxygen thus leading to generation of ROS
(Chalam et al., 2011; Ivanov et al., 2018). Therefore, OS has been
identified as one of the major players in light-induced cellular
stress.

Exposure to ultraviolet radiation induces degeneration of RPE
mitochondria, known to increase ROS generation, accompanied
by a reduction in ATP generation. Since one of the major
function of RPE is the phagocytosis of photoreceptor outer
segments after photoactivation, a decrease in ATP generation
might be responsible for a reduction in RPE phagocytic ability
that culminates in RPE hyperpigmentation, a risk factor for
AMD (Chalam et al., 2011). Moreover, ultraviolet radiation drives
the upregulation of pro-inflammatory molecules through NF-
κB activation, a condition that may accelerate drusen formation
(Chalam et al., 2011).

Oxidative Stress and Aging
The aging process is defined as the sum of deteriorative
alterations that decreases both the fitness of the organism and
the ability to maintain homeostasis (Finch and Ruvkun, 2001).
The “free radical theory” of aging, proposed in 1956 by Harman
(Harman, 1956), states that the accumulation of free radicals
during lifespan leads to the accrual of oxidative damage to various
classes of macromolecules that, in the end, is responsible for the
decline in the physiological fitness of the organism. This was
followed by the “oxidative stress theory” of aging stating that
the aging process is driven by an imbalance between pro-oxidant
species and antioxidant defenses (Sies and Cadenas, 1985). It is
important to note, however, that ROS are not only hazardous
molecules causing OS, but have a fundamental role in cellular
signaling, namely redox signaling, that ensure correct cellular
functions. The concept of reductive stress, defined as a condition
of sustained increase in cellular reducing equivalents, associated
with excessive Nrf2 activation, has recently come to the attention
of the scientific community (Bellezza et al., 2018). For these
reasons the “redox stress hypothesis” of aging has recently been
proposed and states that aging-associated functional declines
is primarily driven by a progressive disruption of the redox-
regulated signaling mechanisms (Sohal and Orr, 2012).
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An increase in oxidative modifications of macromolecules and
a concomitant decrease in the antioxidant defenses are associated
to the aging process (excellently reviewed in Sohal and Orr, 2012;
Jacob et al., 2013; Ewald, 2018). The leakage of electrons from
the electron transport chain might increase with age, explaining
the age-related increase in ROS generation (Cadenas and Davies,
2000; Sohal and Orr, 2012). In addition, a diminished antioxidant
capacity and an impaired adaptive induction of antioxidants has
been observed during the aging process (Zhang et al., 2015).

Retinal pigment epithelium, having a high metabolic
activity, possesses an elevated number of mitochondria (Datta
et al., 2017) to generate enough ATP to accomplish all its
physiological functions. Therefore, the age-related mitochondrial
malfunctioning can increase OS in the RPE thus leading to AMD
(Golestaneh et al., 2016).

Aging is also associated with a chronic low-grade infla-
mmation, known as inflammageing, a condition characterized
by elevated levels of inflammatory markers that provides high
susceptibility to morbidity, including AMD (Zhuang and Lyga,
2014).

Also a role for cellular senescence of the RPE in the etiology of
AMD has been proposed (Kozlowski, 2012). Cell senescence, i.e.,
the state of permanent cellular division arrest, has been involved
in aging and in age-related diseases. Senescent cells has been
found in eye diseases such as cataracts, and glaucoma (Naylor
et al., 2013). Mitochondrial ROS have a causative role in cellular
senescence and exposure to pro-oxidants induce the senescence
process in proliferating human RPE in vitro (Blasiak et al., 2017).

The eye contains a circadian system and aging affects the
circadian rhythm of the retina (Baba and Tosini, 2018). As
an example, melatonin through melatonin receptors, regulates
the daily rhythm of photoreceptor phagocytosis and melatonine
receptors knock-out mice showed lipofuscin accumulation in the
RPE (Laurent et al., 2017). These results suggest that alterations in
the circadian rhythm can be involved in AMD pathogenesis, but
more research in this area is warranted. Circadian clock regulates
the expression of half of the mammalian protein which, in turn,
are involved in drug transport/metabolism or are drug targets
themselves (Ruben et al., 2018), thus circadian rhythm can be
considered as target for AMD therapy.

CIGARETTE SMOKING AND OXIDATIVE
STRESS

Cigarette smoke is a strong oxidant composed of approximately
4700 chemical components including ROS, epoxides, peroxides,
nitric oxide, peroxynitrite (Rahman and MacNee, 1996).
Although cigarette smoking is one of the principal non-genetic
factors associated with AMD pathogenesis, a direct damage
of the RPE cells by cigarette smoke has been demonstrated
only in 2008 by Fujihara and co-workers (Fujihara et al., 2008;
Cano et al., 2010). Mice exposed to 6 months of cigarette
smoke in a chamber that produces emphysema with evidence
of oxidative damage, also develop RPE apoptosis and basal
drusen-like deposits. Moreover, cigarette smoke extract mediates
autophagy-impairment in RPE cells and affect cell viability by

inducing ROS generation (Govindaraju et al., 2017). Cigarette
smoke extract and one of its components, 2-ethylpyridine,
enhance mitochondrial fragmentation and dysfunction (Mansoor
et al., 2014; Huang et al., 2015) suggesting a potential role for
cigarette smoking in the reduced phagocytic capacity associated
with AMD.

Moreover, exposure to cigarette smoke results in production
and release of pro-inflammatory molecules by immune cells via
the activation of the NF-κB pathway (Rom et al., 2013; Marinucci
et al., 2018).

ANTIOXIDANT DEFENSES

Retinal pigment epithelium redox homeostasis relies on the
activation of the transcription factor Nrf2. Under basal
conditions, Nrf2 activity is maintained at low levels by the
binding to its inhibitor Kelch ECH-associated protein 1 (Keap1),
a Cul3-based E3 ligase that polyubiquitinates Nrf2 leading to its
constitutive degradation by the proteasome. The low basal Nrf2
activity allows the maintenance of redox homeostasis. Under
OS conditions, two redox-sensitive cysteine residues of Keap1
become oxidized resulting in the inhibition of its ubiquitin
ligase activity. As a consequence, newly synthesized Nrf2 is not
degraded, and translocates to the nucleus where it binds to the
antioxidant and electrophilic responsive element (ARE/EpRE)
sequences on the regulatory region of target genes leading to
the induction of the antioxidant response (Bellezza et al., 2018).
Besides Keap1, other two ubiquitin ligase complexes can regulate
Nrf2 activation, i.e., F-box/WD repeat-containing protein 1A
(βTRCP) and synoviolin (HRD1) (Tebay et al., 2015; Rojo de la
Vega et al., 2018), whose possible involvement in AMD is worthy
of investigation. It is also to note that expression of Nrf2 can be
controlled by the molecular clock protein, BMAL1, (Early et al.,
2018).

Due to the high amount of ROS produced in the retina,
the RPE has adapted to life under OS conditions (Handa,
2012). The presence of several chromophores in the retina can
provide protection against light induced damage by absorbing
excess light energy. In the aging RPE, an accumulation
of melanofuscine granules, containing both melanin and
lipofuscin, has been observed, and this phenomenon correlates
with AMD development (Chalam et al., 2011). Moreover,
as discussed above, mitochondria are the main source of
ROS in the RPE and their leakage increases with aging.
To maintain the correct cell functions, the RPE removes
damaged or malfunctioning mitochondria through the process
of mitophagy, a mitochondrial-specific type of autophagy. It
has been hypothesized that mitophagy impairment may play a
role in AMD pathogenesis (Hyttinen et al., 2018). The outer
mitochondrial membrane proteins B-cell leukemia/lymphoma 2
(BCL-2)/adenovirus E1B interacting protein 3 (BNIP3) and Nip-
like protein X (NIX) cause an increase in ROS generation which,
in turn, induces mitochondrial depolarization, autophagy and
mitophagy (Vande Velde et al., 2000; Ding et al., 2010; Ney,
2015). However, a role for BNIP3 and NIX in AMD is still to be
elucidated.
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The accumulation of oxidatively damaged molecules found
in AMD suggests that the antioxidant defense cannot cope with
the increasing amount of ROS (Datta et al., 2017). Mounting
evidence suggests that aging induces a decline in the antioxidant
capacity via a reduction in Nrf2 signaling (Sachdeva et al.,
2014; Zhang et al., 2015). Nrf2 activation has been linked to
mitochondrial structural and functional integrity where its role
is of particular importance under stressful conditions (Dinkova-
Kostova and Abramov, 2015). Furthermore, the known cross-
talk between Nrf2 and NF-κB implicates that a decline in Nrf2
signaling in exacerbated NF-κB activation further increasing
inflammation (Bellezza et al., 2010, 2018; Wardyn et al.,
2015).

Nrf2 ACTIVATING COMPOUNDS IN AMD
THERAPY

Awareness of the importance of Nrf2 in retinal disease came from
the finding that Nrf2-deficient mice develop ocular pathology
similar to human AMD (Zhao et al., 2011).

Different types of stresses have been employed to induce
OS in retinal epithelial cells such as UV exposure, hydrogen
peroxide, or acrolein, a component of cigarette smoke. In these
experimental settings several known or potential antioxidant
compounds have been tested either in vitro or in vivo and
a number of clinical trials have investigated the effects of
antioxidants on AMD progression (Nakagami, 2016).

The first experimental evidence that Nrf2 activation can
protect the RPE from photooxidative damage came in 2004 when
Gao and Talalay demonstrated that sulforaphane, contained in
broccoli and cabbages, protects human adult RPE cells from
ultraviolet light-induced damage by increasing Nrf2-regulated
glutathione levels and NAD(P)H:quinone oxidoreductase activity
(Gao and Talalay, 2004). Sulforaphane protects mouse retina
from ultraviolet light by upregulating the expression of
thioredoxin, an antioxidant protein whose expression is driven by
Nrf2. Moreover, sulforaphane exerted protection of ARPE-19 cell
line exposed to 400 µM H2O2 by up-regulating the translation of
thioredoxin and Nrf2 (Tanito et al., 2005) and has been suggested
to promote regeneration of retinal cells (Dulull et al., 2018).
Recently the protective effect of sulforaphane on RPE cells was
correlated with preventing mitochondrial fission independently
of Nrf2 activation (O’Mealey et al., 2017).

Curcumin, a natural compound found in Curcuma longa,
protects ARPE-19 cells from up to 1mM H2O2 exposure
by inducing the Nrf2 driven gene hemeoxygenase 1 (HO-1)
(Mandal et al., 2009) and a curcumin analog, 1, 5-bis (2-
trifluoromethylphenyl)-1, 4-pentadien-3-one, exerted protection
against acrolein-induced oxidative damage by inducing Nrf2 (Li
et al., 2013). Moreover, curcumin fed rats (0.2% for 2 weeks)
were protected from light-induced retinal degeneration by down-
regulating inflammatory genes via NF-κB inhibition (Mandal
et al., 2009).

The carotenoids zeaxanthin and lutein preserve
photoreceptors against light damage by mitigating OS

FIGURE 1 | Retinal pigment epithelium (RPE) in age related macular degeneration (AMD). Cigarette smoke, aging and light absorption increase reactive oxygen
species (ROS) formation and decrease mitochondrial function, lowering ATP synthesis and affect RPE cell functions (Left). The exposure to Nrf2 activating
compounds increases antioxidant defenses and ameliorate mitochondrial and cellular functions (Right).
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(Yu et al., 2018). It has been shown that lutein activates Nrf2
in ARPE-19 cells (Frede et al., 2017) and that mesozeaxanthin
protects against chronic and cumulative eye damage by reducing
OS (Orhan et al., 2016). A prospective, randomized controlled
study with 114 early AMD patients demonstrated that 25 g of
Goji berries supplementation per day for 90d improves macular
pigment optical density by increasing serum zaxantin levels (Li
et al., 2018) and, as excellently reviewed by Buscemi and co-
workers high lutein intake, either through diet or as nutritional
supplement, has beneficial effects on AMD (Buscemi et al., 2018).
Lutein and Zeaxantin can also reduce NF-κB activation in the
retina (Tuzcu et al., 2017).

Carnosic acid from Rosmarinus officinalis and Salvia
officinalis, salvianolic acids from Radix Salvia miltiorrhiza,
mangostin from Garcinia mangostana, taxifolin a flavonol from
conifers, were all effective against OS damages in retinal cells via
activation of Nrf2 (Rezaie et al., 2012; Zhang et al., 2014; Liu et al.,
2016b; Xie et al., 2017).

Also the Mediterranean diet, characterized by high
consumption of plant foods, olive oil as primary fat source,
and moderate consumption of wine (Willett et al., 1995)
can be regarded as an Nrf2 activator (Martucci et al., 2017).
A prospective cohort study of the Rotterdam Study I (RS-I)
and the Antioxydants, Lipides Essentiels, Nutrition et Maladies
Oculaires (Alienor) Study showed that higher adherence to the
Mediterranean diet is associated with a reduced risk of advanced
AMD (Merle et al., 2018). Furthermore, a nested case–control
study within the Coimbra Eye Study demonstrated that high
adherence to Mediterranean diet confers protection against the
development of AMD (Raimundo et al., 2018).

The beneficial effects of Nrf2 activation on retinal cells
has led to the synthesis of Nrf2 activators such as RS9
(Nakagami et al., 2015). RS9 decreases light-induced retinal cell

death in vivo and in vitro (Inoue et al., 2017). Very recently
it has been reported that RS9 protects RPE cells from
sodium iodate-induced OS and adult zebrafish retina from
light-induced damage by increasing Nrf2-dependent HO-1
expression (Saito et al., 2018). RTA 408, a synthetic triterpenoid
able to activate Nrf2, protects cultured RPE cells from OS
(Liu et al., 2016a). Investigation of other molecules that
exert cytoprotection by activating Nrf2 and potentially by
inhibiting NF-κB (Bellezza et al., 2014; Grottelli et al., 2016)
are warranted to ascertain vision preservation in early AMD
patients.

CONCLUSION

Oxidative stress is an important contributor of AMD, and Nrf2
activation exerts protective effects that can be enhanced by
pharmacologic meaning (Figure 1).

An increase of the antioxidant defenses can provide novel
and effective therapeutic strategies for this disease. However,
it will be important to apply Nrf2 activators mindful of the
concept of redox homeostasis, since there is a fine line between
beneficial and potentially damaging effects of Nrf2 activation.
However, adverse systemic effects during the treatment of
ocular diseases might be minimized by local pharmacological
intervention such as intravitreal injections or by the use of eye
drops.
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Cardiovascular diseases (CVDs) are closely linked to cellular oxidative stress and
inflammation. This may be resulted from the imbalance generation of reactive oxygen
species and its role in promoting inflammation, thereby contributing to endothelial
dysfunction and cardiovascular complications. Nuclear factor erythroid 2-related factor
2 (Nrf2) is a transcription factor that plays a significant role in regulating expression
of antioxidant and cytoprotective enzymes in response to oxidative stress. Natural
products have emerged as a potential source of bioactive compounds which have
shown to protect against atherogenesis development by activating Nrf2 signaling. This
review aims to provide a comprehensive summary of the published data on the function,
regulation and activation of Nrf2 as well as the molecular mechanisms of natural
products in regulating Nrf2 signaling. The beneficial effects of using natural bioactive
compounds as a promising therapeutic approach for the prevention and treatment of
CVDs are reviewed.

Keywords: nuclear factor erythroid 2-related factor 2 (Nrf2), cardiovascular diseases (CVDs), natural products,
oxidative stress, nuclear factor-κB (NF-κB)

INTRODUCTION

Cardiovascular disease (CVD) is a major health complication which accounts for 15.2 million
deaths worldwide in 2016 (World Health Organization, 2018). Atherosclerosis, as characterized
by the formation of plaques with bulks of modified low density lipoprotein (LDL), immune cells,
smooth muscle cells and cellular debris in the arterial intima, is the primary cause of CVD.
The molecular mechanisms underlying CVD have been extensively investigated over the past
decades. It has been demonstrated that the involvement of oxidative stress and inflammation are
associated with the pathogenesis of CVD. Oxidative stress which results from excessive generation
of reactive oxygen species/reactive nitrogen species (ROS/RNS) can trigger inflammation,
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which contribute to LDL oxidation, endothelial dysfunction,
atherosclerotic plaque formation, plaque rupture, vascular
remodeling, and atherothrombosis (Pashkow, 2011; Hajjar and
Gotto, 2013; Hussain et al., 2016). In response to increased
ROS/RNS levels under oxidative stress condition, the cells
will induce the expression of antioxidant proteins and phase
II detoxification enzymes such as heme oxygenase 1 (HO-1),
aldo-keto reductase (AKR), peroxiredoxin 1 (PRX), γ-glutamyl
cysteine ligase (γ-GCL) glutamate-cysteine ligase modifier
subunit (GCLM), superoxide dismutase (SOD), NADPH quinine
oxidoreductase 1 (NQO1) and others (Menegon et al., 2016;
Jeddi et al., 2017). Transcriptional regulation of these enzymes
is mainly controlled by nuclear factor erythroid 2-related
factor 2 (Nrf2), a transcription factor that plays as a central
role in intracellular redox homeostasis. In addition, Nrf2
also protects against macrophage foam cells formation by
regulating expression of scavenger receptors, ATP-binding
cassette (ABC) transporters, and multidrug resistance-associated
proteins (MRPs) (Jeddi et al., 2017; Ooi et al., 2017).
For instance, deficiency of Nrf2 in the bone marrow has
been shown to aggravate atherosclerosis in LDL receptor-null
(LDLR−/−) mice (Collins et al., 2012; Ruotsalainen et al.,
2013). These evidences support the notion that Nrf2 protects
against atherosclerosis. Although some studies showed that
Nrf2 exhibits pro-atherogenic effects, its molecular mechanisms
remain unclear (Sussan et al., 2008; Barajas et al., 2011; Freigang
et al., 2011; Harada et al., 2012; Ruotsalainen et al., 2018).

Natural products offer unique structural and chemical
diversity that serve as a source of novel drug leads and therapeutic
agents. Natural products have been shown to alleviate oxidative
stress-induced diseases such as CVD, neurodegenerative
diseases, cancer and metabolic disorders by regulating
the Nrf2/antioxidant responsive element (ARE) pathway
(Waltenberger et al., 2016; Basak et al., 2017; Matzinger et al.,
2017). Natural products derived from olive oil (hydroxytyrosol)
and red wine (resveratrol) have been demonstrated to inhibit
ROS production. Meanwhile, both bioactive compounds have
also been reported to enhance Nrf2 nuclear translocation and
decrease miRNA-146a expression, a pro-inflammatory marker
(Bigagli et al., 2017). Recent studies revealed that sulforaphane,
an isothiocyanate derived from cruciferous vegetables, protects
against CVD due to its antioxidant and anti-inflammatory
effects mediated through the Nrf2 signaling pathway (Bai et al.,
2015). These evidences suggested that natural products may
serve as a promising therapeutic approach for the prevention
and treatment of CVD associated with oxidative stress. This
review will discuss on the current knowledge on the molecular
mechanisms of cardioprotective bioactive compounds targeting
the Nrf2/ARE signaling pathway (Figure 1).

REGULATION OF Nrf2 SIGNALING
PATHWAY

Structural Features of Nrf2
Human Nrf2 (NFE2L2) protein comprises of 605 amino acid
residues with molecular weight of 67.7 kDa (Cho, 2013).

The Nrf2 gene consists of seven functional domains, also known
as the Nrf2-ECH homology (Neh) domains (Namani et al., 2014;
Canning et al., 2015). The position of each functional domain
of Nrf2 is illustrated in Figure 2A. Neh 1 domain comprises of
highly conserved basic region-leucine zipper (CNC-bZIP) region
that dimerizes with small musculoaponeurotic fibrosarcoma
(Maf) proteins and binds to ARE, a cis-acting enhancer
sequence found in the promoter region of many genes encoding
antioxidant and phase II detoxification enzymes or proteins.
Neh 2 domain acts as a negative regulatory domain as it
contains the two degrons, known as high-affinity ETGE motif
and the lower-affinity DLG motif. These motifs specifically
interact with Kelch-like ECH-associated protein 1 (Keap1)
which mediate ubiquitination and degradation of Nrf2. The
carboxy-terminal of Neh 3 domain is a transactivation domain
that recruits the chromo-ATPase/helicase DNA-binding
protein 6 (CHD 6) and drives ARE- gene expression. Both
Neh 4 and Neh 5 also function as transactivation domains
which are involved in the interaction with cAMP response
element-binding protein (CREB)-binding protein (CBP) and
receptor-associated coactivator 3 (RAC 3). Meanwhile, Neh
6 domain negatively regulates Nrf2 stability via glycogen
synthase kinase-3 (GSK-3)/β-transducin repeat-containing
protein (β-TrCP)-mediated degradation. It contains two highly
conserved redox-independent degrons known as DSGIS and
DSAPGS motifs. DSAPGS motif interacts with β-TrCP, which
serves as a substrate receptor for the S-phase kinase-associated
protein 1- Cullin 1- RING box protein-1/regulator of cullins-1
(Skp1–Cul1–Rbx1/Roc1) ubiquitin ligase complex. This
results in ubiquitination and degradation of Nrf2 via the
Keap1-independent pathway. Besides, suppression of Nrf2/ARE
signaling pathway may be mediated via interacting with Neh 7
domain and the DNA-binding domain of retinoid X receptor α

(RXRα).

Regulation of Nrf2 Activity
Keap1-Dependent Regulation of Nrf2 Activity
Keap1 is a cysteine rich adaptor protein for cullin
(Cul3)-containing E3 ubiquitin ligase complex which mediates
Nrf2 ubiquitination and degradation by 26S proteasomes. It
consists of five sub-sections (Figure 2B), namely the N-terminal
region, BTB dimerization domain (Broad-Complex, Tramtrack,
and Bric-a-Brac), cysteine-rich intervening (IVR) domain, six
Kelch/double glycine repeats (DRG) domain, and C-terminal
region (Namani et al., 2014; Basak et al., 2017). Under normal
homeostatic condition, Nrf2 has a short half-life of approximately
20 min. They are maintained at low level and constantly targeted
for proteasomal degradation (Kobayashi and Yamamoto, 2006).
The Keap1-dependent Nrf2 regulatory pathway supports
the notion that exposure to ROS or Nrf2 inducers such as
epigallocatechin-3-gallate (EGCG), sulforaphane, dimethyl
fumarate (DMF), and tert-butylhydroquinone (tBHQ) will result
in conformational changes in Keap1 cysteine residues, which
interferes the interaction between Kelch domain and DLG motif
where the ETGE motif still bound to Nrf2. Consequently, Keap1
fails to align with the E2 ubiquitin-conjugating enzyme and thus
Nrf2 are no longer targeted for ubiquitination and degradation.
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FIGURE 1 | Schematic overview of the cardioprotective mechanisms of bioactive compounds derived from natural products in activating Nrf2 signaling pathway.
Natural compounds may induce Nrf2 activation via the (A) Keap1-dependent or Keap1-independent pathway which involves cysteine modification, disruption of
Nrf2/Keap1 interaction, epigenetic regulation and/or protein kinases phosphorylation. Nrf2 activation might also be induced through (B) Nrf2-associated cellular
processes, including regulation of ROS and glutathione levels, inhibiting NF-κB inflammatory signaling pathway as well as controlling oxLDL uptake and cholesterol
efflux in foam cells regulation. These bioactive compounds protect against cardiovascular diseases such as stroke, atherosclerosis and myocardial infraction. Nrf2
indicates nuclear factor erythroid 2-related factor 2; Keap 1, Kelch-like ECH-associated protein 1; Ub, ubiquitin; Maf, musculoaponeurotic fibrosarcoma; ARE,
antioxidant response element; ROS, reactive oxygen species; GRD, glutathione reductase; GPX, glutathione peroxidase; GSH, glutathione; GSSG, glutathione
disulfide; NF-κB, nuclear factor kappa-B kinase; IKK-β, inhibitor of nuclear factor kappa-B kinase subunit beta; oxLDL, oxidized low density lipoprotein; SR-A,
scavenger receptor class A; CD36, scavenger receptor class B; LOX-1, lectin-type oxidized LDL receptor 1; ABC, ATP-binding cassette transporter; SR-B1,
scavenger receptor class B type 1; ApoA-1, apolipoprotein A-1; HDL, high density lipoprotein.

The accumulation of free cytosolic Nrf2 is translocated into the
nucleus where it dimerizes with Maf protein and binds to ARE
sequences, resulting in the expression of downstream target
genes (Figure 3) (Basak et al., 2017; Matzinger et al., 2017; Ooi
et al., 2017).

Keap1-Independent Regulation of Nrf2 Activity
Apart from Keap1-dependent mechanism, emerging bodies of
evidences revealed that Nrf2 can also be regulated through
a number of mechanisms independent of Keap1. These
mechanisms include transcriptional and epigenetic regulation,
autophagy and other signaling pathways (Figure 3).

Transcriptional regulation of Nrf2
Binding of Aryl hydrocarbon receptor-aryl hydrocarbon receptor
nuclear translocator (AhR-ARNT) to xenobiotic response
element (XRE) sequences is known to regulate Nrf2 activation.
AhR is a member of the basic helix-loop-helix Per-ARNT-Sim
(bHLH-PAS) family of transcription factors that functions as

xenobiotic chemical sensor in eukaryotes (Furue et al., 2017;
Nebert, 2017). The inactive form of AhR is stabilized in the
cytoplasm in a complex form with heat shock protein 90 (HSP90),
X-associated protein 2 (XAP2), and HSP90 co-chaperone p23
(Mimura and Fujii-Kuriyama, 2003; Quintana, 2013; Furue
et al., 2017). Upon exposure to polycyclic aromatic hydrocarbon,
AhR ligand complex translocate into the nucleus where it
dissociates from HSP90 complex and dimerizes with ARNT
and binds to XRE sequences at the promoter region and
upregulates the expression of phase I and II metabolic enzymes,
cytochrome P450 family members, NQO1, Ya subunit of
glutathione S-transferase (GST), δ-aminolevulinic acid synthase,
UDP-glucuronosyltransferase and others (Beischlag et al., 2008;
Furue et al., 2017). There are studies reporting the cross-talk
between AhR and Nrf2 signaling pathway (Miao et al.,
2005; Korashy and El-Kadi, 2006; Tsuji et al., 2012; Dietrich,
2016). It was shown that Nrf2 promoter contains three
XRE-like elements (XREL) located at position −712 (XREL1),
+755 (XREL2) and +850 (XREL3). The activity of 2, 3, 7,
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FIGURE 2 | Domain structure of Nrf2 and Keap1. (A) Functional Nrf2-ECH homology (Neh) domains: Neh 1 is the binding site for small Maf proteins and ARE. Neh 2
serves as the binding site for Keap1 by interacting with low-affinity DLG and the high affinity ETGE motifs. Neh 3-5 are transactivation domains for Nrf2. Neh 6 is a
serine-rich domain that negatively controls the Nrf2 stability by β-TrCP interacts with DSGIS and DSAPGS motifs. Neh 7 interacts with RXRα, a nuclear receptor
responsible for suppression of Nrf2/ARE signaling pathway. (B) Functional Keap1 domains: N-terminal region, BTB dimerization domain, cysteine-rich IVR domain,
six Kelch/DRG domain, and C-terminal region. BTB is responsible for Keap1 homodimerization and association with cullin (Cul3)-containing E3 ubiquitin ligase
complex. IVR consists of reactive cysteine residues, including C226, C273 and C288. DRG domain is responsible for Nrf2 binding to DLG and ETGE motifs. Nrf2
indicates nuclear factor erythroid 2-related factor 2; Keap 1, Kelch-like ECH-associated protein 1; RXRα, retinoid X receptor α; β-TrCP, β-transducin
repeat-containing protein; Maf, musculoaponeurotic fibrosarcoma; ARE, antioxidant response element; CHD 6, chromo-ATPase/helicase DNA-binding protein 6;
BTB, Broad-Complex, Tramtrack, and Bric-a-Brac; IVR, intervening region; DRG, double glycine repeats.

8-tetrachlorodibenzo-p-dioxin (TCDD)-induced Nrf2 mRNA
was abolished in transient AhR-silenced cell line tao (Miao
et al., 2005). Besides, activation of AhR nuclear translocation
by ketoconazole (KCZ) has shown to upregulate cytochrome
P450 family 1 Subfamily A Member 1 (CYP1A1) expression.
Meanwhile, it also induced the Nrf2 nuclear translocation,
resulting in upregulation of NQO1 expression (Tsuji et al., 2012).
These evidences suggest that activation of Nrf2 can be regulated
by AhR-ARNT pathway.

Epigenetic regulation of Nrf2
Epigenetics modifications including DNA methylation, histone
modification, and microRNAs (miRNAs) expressions are
involved in Nrf2 regulation (Guo et al., 2015). For instance, the
expression of Nrf2 and its downstream gene NQO1 were lower
in transgenic adenocarcinoma of mouse prostate (TRAMP) C1
cells (Yu et al., 2010; Zhang et al., 2013). Treatment with DNA
methyltransferases (DNMTs) inhibitor 5-aza-2′-deoxycytidine
(5-Aza) and histone deacetylase (HDAC) inhibitor trichostatin
A (TSA) has shown to restore the epigenetically silenced Nrf2
gene and increase NQO1 expression, which helps to prevent
prostate cancer progression in TRAMP mice and protects against
Alzheimer’s development in a mouse neuroblastoma N2a cellular
model (Yu et al., 2010; Cao et al., 2016). In addition, TSA also

increased Nrf2-regulated HO-1, NQO1, glutamate-cysteine
ligase catalytic (GCLC) in neuron cultures and brain tissue
by promoting Nrf2 dissociation from Keap1 and nuclear Nrf2
translocation (Wang et al., 2012).

MiRNAs are short, single-stranded, small non-coding RNA
molecules of approximately 18–25 nucleotides long. It also has
been implicated in regulation of Nrf2 at the post-transcriptional
level (Lujambio and Lowe, 2012). Recent study showed that
increased miR-200a expression leads to Keap1 degradation and
Nrf2 protein stabilization, thereby protecting OB-6 osteoblastic
cells from dexamethasone-induced oxidative stress and apoptosis
(Zhao et al., 2017). A similar relationship was observed between
miR-141 and Nrf2/Keap1 pathway in hepatocellular carcinoma
cells. Increased levels of miR-141 expression in hepatocellular
carcinoma cells such as HepG2, SMMC-7721, and HuH7 cell
lines has shown to downregulate Keap1 expression via the Keap1
3′ untranslated region (3′ UTR), resulting in transcriptional
activation of Nrf2-dependent HO-1 gene (Shi et al., 2015).
Interestingly, an inverse correlation between miRNAs and Nrf2
has also been reported. Downregulation of miRNAs such as
miR-93, miR-142-5p and miR-218 exhibited protective effects
against cerebral ischemic injury and high glucose (HG)-induced
apoptosis through upregulation of Nrf2/ARE signaling pathway
(Wang et al., 2016, 2017; Liu et al., 2017).
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FIGURE 3 | Modulation of Keap1-dependent and Keap1-independent mediated Nrf2 signaling pathways. Under basal condition, Nrf2 is constantly targeted by
Keap1 for proteasomal degradation. Nrf2 may be induced by Keap1-dependent and Keap1-independent pathways. Under the Keap1-dependent pathway,
exposure to oxidative stress and Nrf2 activators induce conformational change in the cysteine residues of Keap1, which disrupts the interaction between Kelch
domain and DLG motif bound to Nrf2. This results in the release of Nrf2 from Keap1. Phosphorylation of protein kinases and autophagy adaptor proteins, epigenetic
regulation and AhR-ARNT binding to XRE are associated with the release of Nrf2 in Keap1-independent-mediated pathways. Stabilized free cytosolic Nrf2
translocate into the nucleus, binds to ARE and induce transcription of antioxidant and detoxifying enzymes and proteins. Ub indicates ubiquitin; AMPK,
AMP-activated protein kinase; MAPK, mitogen-activated protein kinase cascades; JNK, c-Jun N-terminal kinase; ERK, extracellular-signal-regulated kinase; GSK3β,
glycogen synthase kinase-3β; PI3K/AKT, phosphatidylinositol-3-kinase; PERK, pancreatic endoplasmic reticulum kinase; p62, sequestosome-1; AhR-ARNT, aryl
hydrocarbon receptor-aryl hydrocarbon receptor nuclear translocator; HSP90, heat shock protein 90; XAP2, X-associated protein 2; p23, HSP90 co-chaperone;
ARE, antioxidant response element, and; XRE, xenobiotic response element.

Autophagy
Autophagy, a bulk-lysosomal degradation process that is
responsible for the clearance of aggresomes and abnormal
organelles, can enhance cell survival under stress condition.
The functional role of autophagy adaptor proteins, also known
as sequestosome-1 (p62/SQSTM1) in regulating Nrf2 and its
downstream target genes has been elucidated (Bryan et al., 2013;

Kapuy et al., 2018). Under oxidative stress condition, p62 is
phosphorylated, which increases its binding affinity to Keap1.
The binding of p62 to Keap1 results in the dissociation
of Nrf2 from Keap1, thereby promoting Nrf2 stabilization
and subsequent activation of downstream target genes. This
is indicated in previous research showing that knockdown
of p62 significantly promoted the accumulation of Keap1,
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thus enhanced Nrf2 degradation (Sun et al., 2016). In addition,
depletion of SQSTM1 significantly doubled the half-life of
Keap1 and lead to simultaneous decrease in Nrf2 protein
and mRNA levels (Copple et al., 2010). Mammalian target of
rapamycin complex 1 (mTORC1)-induced S351 phosphorylation
in the Keap1-interacting region (KIR) motif of p62 markedly
increase binding affinity of p62 for Keap1, thereby increasing
the transcriptional activation of Nrf2 target genes (Ichimura
et al., 2013). This suggests that p62 can compete with Nrf2
for binding to Keap1 via KIR motif, which has a sequence
similar to the ETGE motif in Nrf2 (Jain et al., 2010). Apart
from mTOR kinase-induced p62 phosphorylation, several other
kinases such as class III phosphoinositide 3-kinase (PI3K)
vacuolar protein sorting 34 (VPS34) (Jiang et al., 2017) and
TGF-β-activated kinase 1 (TAK1) (Hashimoto et al., 2016) have
also been demonstrated to phosphorylate p62 and facilitate the
Keap1-p62 complex interaction, thus increasing Nrf2 expression
levels. Overall, these studies revealed that p62/SQSTM1 creates a
positive feedback loop for enhancing Nrf2 expression.

Other signaling pathways
Several protein kinases including AMP-activated protein
kinase (AMPK), casein kinase 2, mitogen-activated protein
kinase cascades (MAPKs): JUN-N-terminal kinase (JNK), p38
kinase, extracellular-signal-regulated kinase (ERK), GSK3β,
phosphatidylinositol 3-kinase (PI3K/AKT) and pancreatic
endoplasmic reticulum kinase (PERK) have been implicated in
Nrf2/Keap1 interaction. Phosphorylation of the serine (Ser),
threonine (Thr), and tyrosine (Tyr) residues could lead to
enhanced Nrf2 stability, nuclear accumulation, and subsequent
transactivation activity. Phosphorylation at Thr 172 and Ser
550 by AMPK (Zimmermann et al., 2015; Joo et al., 2016)
and at Ser40 by casein kinase 2 (Apopa et al., 2008) could
induce Nrf2 accumulation for ARE-driven gene transactivation.
Furthermore, studies have shown that MAPKs signaling
pathways have a role in the Nrf2 regulation. Recent research
reported that Andrographolide, a labdane diterpenoid exerts a
potential therapeutic effect against neuroinflammatory diseases
through upregulation of Nrf2/HO-1 expression in astrocytes
via p38 MAPK and ERK-dependent pathways (Wong et al.,
2016). Similarly, it was shown that activation of p38 MAPK/Nrf2
pathway is required to induce the expression of HO-1 induction
by fungal β-glucan-containing particles (β-GPs) (Ishida et al.,
2018). Stimulation of p38 MAPK by anisomycin was found to
phosphorylate Nrf2 protein, which promotes the interaction of
Nrf2 with Keap1, thereby inhibiting nuclear translocation of
Nrf2 (Keum et al., 2006). In addition, GSK3β has been reported
to negatively regulate Nrf2 activity. Inhibition of GSK-3β can
increase the nuclear accumulation of Nrf2 and antioxidant
response in hepatocytes as well as rat with cerebral ischemia-
reperfusion (Jiang Y. et al., 2015; Chen et al., 2016). Moreover,
PI3K/AKT and PERK also have been reported positively regulate
Nrf2 activation (Cullinan and Diehl, 2004; Zou et al., 2013).

Role of Nrf2 in Cardiovascular Diseases
A growing body of evidence showed that Nrf2 and its
downstream target genes protect against CVD development,

including oxidative stress-induced endothelial dysfunction
and atherosclerosis. Endothelial dysfunction marks the early
stages of atherosclerosis where oxidative stress enhances
endothelium cell permeability, LDL oxidation, monocyte
adherence, platelet activation, vascular inflammation, as well
as proliferation and infiltration of vascular smooth muscle
cells (VSMCs) from media to arterial intima (Hadi et al., 2005;
Grover-Páez and Zavalza-Gómez, 2009). Transplantation of
Nrf2-deficient bone marrow cells in LDLR−/− mice model
showed a reduction in the expression levels of antioxidant
enzymes [NAD(P)H dehydrogenase, NQO1, catalase and
GPX1], increased macrophage migration, production of
pro-inflammatory cytokines, and atherosclerotic lesions (Collins
et al., 2012). Meanwhile, silencing of Nrf2 in U937 monocytic
cells led to an elevation of pro-inflammatory cytokines including
interleukin-1β (IL-1β), interleukin-6 (IL-6), tumor necrosis
factor alpha (TNF-α), monocyte chemotactic protein-1 (MCP-1),
and endoplasmic reticulum (ER) stress markers expression (Song
et al., 2015). Further evidence showed that overexpression of
Nrf2 in VSMCs of rabbit model showed increased expression
of antioxidant enzymes (HO-1 and NQO1) and inhibition of
VSMCs proliferation and vascular inflammation (Levonen et al.,
2007). In addition, Nrf2 deficiency in macrophage promoted
pro-inflammatory cytokines production (MCP-1, IL-6, and
TNF-α) and enhanced oxidized low density lipoprotein (oxLDL)
uptake, leading to foam cell formation (Ruotsalainen et al., 2013).

Interestingly, some studies reported that Nrf2-mediates
pro-atherogenic effects (Sussan et al., 2008; Barajas et al.,
2011; Freigang et al., 2011; Harada et al., 2012; Ruotsalainen
et al., 2018). Nrf2 deficiency in ApoE−/− mice developed
smaller atherosclerotic plaques by reducing CD36 expression,
a type of scavenger receptor which is responsible for taking up
modified LDLs (Sussan et al., 2008). Moreover, a reduction
in pro-inflammatory cytokine IL-1-mediated vascular
inflammation was observed in Nrf2-deficient ApoE−/−

mice (Freigang et al., 2011). Recent studies have shown
that deficiency of Nrf2 in LDLR−/− and LDLR−/− mice
expressing apoB-100 only (LDLR−/−ApoB100/100) reduced
atherosclerotic lesion development. However, Nrf2 deficiency
in aged LDLR−/−ApoB100/100 mice exhibit enhanced plaque
inflammation and calcification (Ruotsalainen et al., 2018). These
evidences suggest that Nrf2 activation plays a dual role in CVD.

PROTECTIVE EFFECTS OF NATURAL
PRODUCTS AGAINST
CARDIOVASCULAR DISEASES

Natural products derived from plants, marine organisms
and animals have been a reliable source of new structural
leads for treatment of various diseases. Most bioactive
compounds are produced as secondary metabolites, which
can be classified as phenolics, flavonoids, chalcones, terpenoids,
carotenoids, anthocyanins, quinones, and others. These bioactive
compounds possess a wide range of biological activities
including anti-tumor, anti-inflammatory, anti-carcinogenic,
anti-viral, anti-microbial, anti-diarrheal, anti-oxidant, and
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other activities (Manivasagan et al., 2014; Hamed et al., 2015;
Wang et al., 2018). Bioactive compounds have been shown to
reduce atherosclerosis formation and risk of developing CVD
(Rangel-Huerta et al., 2015; Dal and Sigrist, 2016). Recently,
the PREvencion con DIeta MEDiterannea (PREDIMED) trial
reported that dietary polyphenols intake such as extra-virgin
olive oil and nuts were associated with improved CVD risk
factors and decreased inflammatory biomarkers levels in high
CVD risk participants. It was shown that polyphenol intake
decreased blood pressure (BP), increased plasma high density
lipoprotein (HDL) and decreased the inflammatory biomarkers
of CVD, including vascular cell adhesion molecule 1 (VCAM-1),
intercellular adhesion molecule 1 (ICAM-1), IL-6, TNF-α as
well as MCP-1 (Medina-Remón et al., 2017). Similarly, Health,
Alcohol and Psychosocial factors In Eastern Europe (HAPIEE)
study also reported that dietary polyphenols (phenolic acids
and stilbenes) intake were found to be inversely correlated
to metabolic syndrome (MetS) which is closely link to risk
factors of CVD including glucose intolerance, dyslipidemia,
high BP and abdominal obesity (Grosso et al., 2017). Apart
from dietary supplement human trials, accumulating evidence
from both in vivo and in vitro studies are also supporting
the cardioprotective effects of natural products. For instance,
ApoE−/− mice fed with high cholesterol diet supplemented
with ellagic acid (EA) exerts an atheroprotective effect by
improving the antioxidant capacity, attenuated hypochlorous
acid (HOCl)-induced endothelial dysfunction and increased the
expression of HO-1 and Nrf2 (Ding et al., 2014). Treatment
with quercetin ameliorated the high fat diet-induced MetS
such as abdominal obesity, cardiovascular remodeling and liver
complications in rats by increasing the expression of Nrf2,
HO-1, carnitine palmitoyltransferase 1 (CPT1) and decreasing
NF-κB (Panchal et al., 2012). Furthermore, cucurmin, a natural
diarylheptanoids can prevent copper sulfate-induced LDL
peroxidation, which is the earliest stage of atherosclerotic plaque
that contributes to CVD (Mahfouz et al., 2009). Maslinic acid,
a natural triterpenoid has also been shown to protect VSMCs
against oxidative stress through activation of Akt/Nrf2/HO-1
pathway (Qin et al., 2014). Treatment with Tanshindiol C, a
quinone derivative, attenuated oxLDL-induced macrophage
foam cell formation by upregulating antioxidant peroxiredoxin 1
(Prdx1) and ATP-binding cassette transporter A1 (ABCA1) via
Nrf2/Sirtuin 1 (Sirt1) signaling pathway (Yang et al., 2018b).

MOLECULAR MECHANISMS OF
CARDIOPROTECTIVE NATURAL
PRODUCTS TARGETING THE Nrf2
SIGNALING PATHWAY

The cardioprotective role of natural products targeting Nrf2
signaling pathway has been widely investigated. There are
multiple mechanisms that are involved in activating Nrf2,
including interaction with cysteine residues on Keap1, disruption
of Nrf2/Keap1 interaction, epigenetic modification and activation
of protein kinases. The molecular mechanisms of natural

products targeting Nrf2 signaling pathway will be discussed and
summarized as schematically outlined in Table 1.

Interaction With Keap1 Cysteine
Residues
Keap1 is a cysteine rich adaptor protein. Human Keap1 have a
total of 27 cysteine residues which can be modified by oxidants
and electrophiles. Among the cysteine residues in human
Keap1, Cys 151, 273 and 288 are highly reactive and play an
essential role for repression of Nrf2/ARE activation (Saito et al.,
2016). Studies suggest that Keap1 cysteine residues modification
by bioactive compounds derived from natural products are
involved in activating Nrf2 antioxidant defense system. These
bioactive compounds are reported to modify Keap1 cysteine
residues via oxidation, alkylation or thiol disulfide interchange.
A recent report investigating the effects of rutin, a flavonoid
abundantly present in citrus fruit demonstrated that it protects
against H2O2-induced oxidative stress in human umbilical vein
endothelial cells (HUVECs). The study showed that rutin can
target the Cys 151 of Keap1, and form an adduct with Keap1
which results in Nrf2 activation and upregulation of glutamate
cysteine ligase, a glutathione biosynthesis rate-limiting enzyme
which plays an important role in the endogenous antioxidant
system (Sthijns et al., 2017). Honaucin A, an anti-inflammatory
compound isolated from marine filamentous cyanobacterium
Leptolyngbya crossbyana has been reported to induce alkylation of
Keap1 cysteine thiols and thereby activating Nrf2/ARE pathway
(Mascuch et al., 2018). Similarly, treatment with withaferin A, a
steroidal lactone significantly increased expression of HO-1 in
HUVECs and EA.hy926 endothelial cells by enhancing nuclear
translocation of Nrf2. Analysis of the in vitro and in silico model
suggested that withaferin A can interact with Cys 151, Cys 319,
Cys 434, Cys 489, and Cys 613 (Heyninck et al., 2016). Apart from
that, a number of bioactive compounds including xanthohumol,
sulforaphane, falcarindiol, carnosic acid and (6)-shogaol have
also been showed to interact with cysteine residues on Keap1,
thereby stimulating its dissociation from Nrf2 and promoting
Nrf2 nuclear accumulation which induces antioxidant proteins
and phase II detoxification enzymes (Satoh et al., 2008; Ohnuma
et al., 2010; Hu et al., 2011; Chen et al., 2014; Yao et al.,
2015). The activation of Nrf2 and stimulation of downstream
antioxidants and phase II detoxification enzymes expression
suggest that these natural bioactive compounds represent a
potential therapeutic source for prevention and treatment of
CVDs.

Disruption of Nrf2/Keap1 Interaction
Apart from modification of Keap1 cysteine residues, studies
have demonstrated that bioactive compounds from natural
products can disrupt the Nrf2/Keap1 interaction, thereby
promoting Nrf2 nuclear translocation. For instance, EGCG is
a well-known Nrf2 activator that promotes the dissociation
of Nrf2/Keap1 and activate ARE genes transcription, thereby
inhibiting TNF-α-induced NF-κB activation in human THP-1
cells (Jiang et al., 2012). Similar study also found that
ECGC protects mice model against diabetic nephropathy
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TABLE 1 | Molecular mechanisms of bioactive compounds from natural products targeting Nrf2/Keap1 pathway.

Mode of action Bioactive
compounds

Classification Sources Model Reference

Interaction with
cysteine residues of
Keap1

Marine products

Honaucin A (S)-3-hydroxy-
γ-butyrolactone

and
4-chlorocrotonic

acid connected via
ester linkage

Cyanobacterium
Leptolyngbya
crossbyana

MCF7 breast cancer
cell line

Mascuch et al.,
2018

Plants

Rutin Flavonoid Citrus fruits, black
tea and buckwheat

bran

HUVEC endothelial
cells

Sthijns et al., 2017

Withaferin A Steroidal lactone Withania somnifera HUVEC endothelial
cells, EA.hy926

endothelial cells and
in vitro and in silico

evaluations

Heyninck et al.,
2016

Xanthohumol Chalcone Hops (Humulus
lupulus)

Rat adrenal PC12
pheochromocytoma

cell line

Yao et al., 2015

[6]-Shogaol Phenylpropanoid Ginger HCT-116 colorectal
carcinoma cell line

Chen et al., 2014

Sulforaphane Isothiocyanate Broccoli In vitro protein/chemical
interaction

(Keap1/sulforaphane)

Hu et al., 2011

Falcarindiol Polyacetylene Parsley and carrots HEK293 embryonic
kidney cell line

Ohnuma et al.,
2010

Carnosic acid Diterpene Rosemary from
Rosmarinus

officinalis

Rat adrenal PC12h
pheochromocytoma
cell line and COS7

fibroblast-like cell line

Satoh et al., 2008

Disruption of
Nrf2/Keap1
interaction

Plants

Khayandirobilide A Andirobin-type
limonoid

Khaya senegalensis RAW 264.7
macrophage cell line
and BV-2 microglia

cells line

Zhou et al., 2018

Epigallocatechin gallate Catechin Tea THP-1 monocytic cell
line and mice

Jiang et al., 2012;
Sun et al., 2017

Ethyl acetate extract N/A Salvia miltiorrhiza Mouse mesangial cell
(MMC) line

SV40-MES-13 and
mice

An et al., 2017

Carexanes Stilbenoid Carex distachya
Desf.

AGS gastric epithelial
cell line

Buommino et al.,
2017

α-Linolenic acid Polyunsaturated
fatty acid

Canola, soybean,
wild berries, perilla,

and walnut

Rats Yu et al., 2013

Epigenetic
modulation

Marine products

Fucoxanthin Carotenoid Microalgae and
seaweeds

HepG2 immortalized
and human hepatoma
cell line and JB6 P+

epidermal cells

Yang et al., 2018c

(Continued)
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TABLE 1 | Continued

Mode of action Bioactive
compounds

Classification Sources Model Reference

Plants

Sulforaphane Isothiocyanate Broccoli N2a neuroblastoma
cell line

Zhao F. et al., 2018

Corosolic acid Pentacyclic
triterpene acid

Schisandra
chinensis,

Eriobotrya japonica,
Lagerstroemia
speciosa L.,
Orthosiphon

stamineus and
Weigela subsessilis

Transgenic cell line
of C57BL/6 mice
(TRAMP-C1 cells)

Jie et al., 2018

Dioscin Steroid saponin Dioscorea
nipponica Makino

H9c2 embryonic
cardiomyocyte cell

line

Zhao L. et al., 2018

Taxifolin Flavanonol Pseudotsuga
taxifolia, Taxus

chinensis, Cedrus
deodara and Pinus

roxburghii

HepG2
immortalized and
human hepatoma
cell line and JB6

P+ epidermal cells

Kuang et al., 2017

Reserpine Indole alkaloid Rauvolfia verticillata HepG2-C8
immortalized and
human hepatoma
cell line and JB6

P+ epidermal cells

Hong et al., 2016

Quercetin Flavonol Red kidney bean,
caper, radish, onion

Mice Liu et al., 2015

Z-Ligustilide Phthalides Radix Angelicae
Sinensis

Transgenic cell line
of C57BL/6 mice
(TRAMP C1 cells)

Su et al., 2013

Curcumin Diarylheptanoid Turmeric Mice and rats Khor et al., 2011;
Muta et al., 2016

ERK
phosphorylation

Marine products

Astaxanthin Carotenoid Red-colored
aquatic organisms

HUVEC endothelial
cells

Niu et al., 2018

Plants

Methyleugenol Phenylpropanoid Clove, lemon grass,
anise and laurel leaf

oils

RAW 264.7 and
J774A.1

macrophage cell
lines

Zhou et al., 2017

Dihydromyricetin Flavanonol Vine tea HUVEC endothelial
cells

Luo et al., 2017

Sodium tanshinone IIA
sulfonate

Water-soluble
derivative of

tanshinone IIA

Salvia miltiorrhiza
Bunge (Danshen)

Rats Wei et al., 2013

AMPK/GSK3β

phosphorylation
Plants

Methyleugenol Phenylpropanoid Clove, lemon grass,
anise and laurel leaf

oils

RAW 264.7 and
J774A.1

macrophage cell
lines

Zhou et al., 2017

Butin Flavanone Dalbergia odorifera Mice and H9c2
embryonic

cardiomyocyte cell
line

Duan et al., 2017

Betulin Triterpene Birch tree bark RAW 264.7
macrophage cell

line and mice

Ci et al., 2017

(Continued)
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TABLE 1 | Continued

Mode of action Bioactive
compounds

Classification Sources Model Reference

Xanthohumol Chalcone Hops (Humulus
lupulus)

Mice Lv et al., 2017

p38 MAPK
phosphorylation

Plants

Fisetin Flavonol Strawberries,
persimmons and

apples

Rat adrenal
pheochromocytoma

cells (PC12 cells)

Yen et al., 2017

PI3K/AKT
phosphorylation

Plants

Dihydromyricetin Flavanonol Vine tea HUVEC endothelial
cells

Luo et al., 2017

Paeonol and
danshensu
combination

Polyphenol Cortex Moutan and
Radix Salvia
miltiorrhiza

Rats Li et al., 2016

Punicalagin Phenolic Punica granatum L. Mouse
macrophage cells
(RAW 264.7 cells)

Xu et al., 2015

3-Caffeoyl,
4-dihydrocaffeoyl quinic
acid

Chlorogenic acid
derivative

Salicornia herbacea Hepa1c1c7 c
hepatoma cell line

Hwang et al., 2009

through inhibiting the function of Keap1 by forming hydrogen
bonds with specific residues such as Ser 508, Ser 555,
Ser 602, Tyr 525, Tyr 572, Gln 530, and Arg 483 (Sun
et al., 2017). Besides, α-linolenic acid (ALA) has been found
to protect against DOX-induced cardiotoxicity by exerting
anti-oxidative and anti-apoptosis properties in rat model. The
underlying mechanism is associated with the enhancement
of antioxidant defense system through Nrf2/Keap1 pathway
by promoting the degradation of Keap1 and thus facilitating
nuclear translocation of Nrf2, as well as activation of AKT/ERK
pathway (Yu et al., 2013). Similarly, khayandirobilide A (KLA)
also exhibits anti-inflammatory effect via elevated expression
of HO-1 by inducing Keap1 autophagic degradation and
thus facilitating Nrf2 nuclear translocation (Zhou et al.,
2018).

Epigenetic Modification
Epigenetic mechanisms have been reported to be associated with
the pathogenesis of CVD. Epigenomics study in atherosclerotic
human aorta demonstrated a genome-wide increase in DNA
methylation during the onset and progression of atherosclerosis
(Zaina et al., 2014). Studies have demonstrated that DNA
demethylation and histone (de)acetylation can trigger or
increase Nrf2 expression. Natural compounds derived from
plants (such as sulforaphane, corosolic acid, taxifolin, reserpine,
quercetin, Z-ligustilide and curcumin) and marine constituents
(fucoxanthin) have been shown to activate Nrf2 signaling
through epigenetic regulation (Khor et al., 2011; Su et al., 2013;
Liu et al., 2015; Hong et al., 2016; Muta et al., 2016; Kuang
et al., 2017; Jie et al., 2018; Yang et al., 2018c; Zhao F. et al.,
2018). Quercetin, a natural flavonoid, significantly inhibited
nickel-induced inflammation in mouse liver by decreasing Nrf2

DNA methylation and inhibiting the p38 MAPK signaling
pathway (Liu et al., 2015). In addition, some natural compounds
are involved in regulating miRNAs expression, which in turn
activate Nrf2 pathway. For instance, treatment with dioscin,
a natural steroid saponin markedly decreased the expression
level of miRNA-140-5p, and subsequently activates Nrf2 and
silent information regulator factor 2-related enzyme 2 (Sirt2)
in cardiac H9c2 cells, thereby upregulating downstream target
genes such as HO-1, NQO1, GST, GCLM, and forkhead
box O3 (FOXO3a) (Zhao L. et al., 2018). However, the
mechanism underlying epigenetic pathway responsible for the
cardioprotective effects of natural product remains to be
elucidated.

Protein Kinases Modulation
Protein kinases such as ERK, AMPK, GSK3β, p38 MAPK, and
PI3K/AKT can mediate Nrf2 phosphorylation which enhance
Nrf2 stability, thereby promoting nuclear Nrf2 translocation
and transactivation activity (Nguyen et al., 2003; Bryan
et al., 2013). Several natural compounds, including sodium
tanshinone IIA sulfonate (STS), dihydromyricetin (DMY),
methyleugenol (MLG), and astaxanthin have been shown to
phosphorylate ERK, and upregulate Nrf2 expression (Wei
et al., 2013; Luo et al., 2017; Zhou et al., 2017; Niu
et al., 2018). STS, a water-soluble derivative of tanshione
IIA, was found to protect against isoproterenol (ISO)-induced
myocardial infarction (MI) in rat model. Pre-treatment with
STS has dramatically increased ERK phosphorylation, and
subsequently enhanced the expressions of Nrf2 and HO-1
(Wei et al., 2013). DMY has also been shown to ameliorate
oxLDL-induced oxidative injury in HUVECs through activation
of Akt/ERK/Nrf2/HO-1 (Luo et al., 2017). Similarly, MLG
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protects against t-BHP-triggered cytotoxicity and attenuated
ROS generation by inducing antioxidant enzymes expression
and ERK phosphorylation in RAW 264.7 and J774A.1 murine
macrophage cell lines. Interestingly, MLG has also shown to
phosphorylate AMPK and GSK3β, which leads to upregulation
of Nrf2 and its downstream target genes (Zhou et al.,
2017). Besides targeting ERK pathway, other cardioprotective
natural products such as butin, xanthohumol, botulin, fisetin,
paeonol and danshensu combination (PDSS), punicalagin and
3-caffeoyl, 4-dihydrocaffeoyl quinic acid can activate Nrf2
through phosphorylation AMPK, GSK3, p38 MAPK, and
PI3K/AKT.

THE CARDIOPROTECTIVE
MECHANISMS OF NATURAL PRODUCTS
REGULATING Nrf2-ASSOCIATED
CELLULAR PROCESSES IN
CARDIOVASCULAR DISEASES

Apart from targeting the Nrf2/Keap1 interaction, some
cardioprotective natural products were found to regulate
Nrf2-associated cellular processes. The mechanisms of natural
products in regulating Nrf2-associated cellular processes were
summarized and tabulated in Table 2.

Regulation of ROS and Glutathione
Levels
Glutathione (GSH) is a sulfhydryl group tripeptide composed
of glutamate, cysteine and glycine. It plays an important
role in cellular redox homeostasis. Several studies suggested
that GSH can protect cells against oxidative stress due to its
capability in interacting with antioxidant enzymes. Examples
of GSH-linked defense enzymes include GSH peroxidase
(GPX), GST, glutathione reductase (GRD), thioredoxins (Trx),
glutaredoxin (GRX2), and PRX (Ribas et al., 2014; Ye et al.,
2015). Glutathione is present mainly in reduced form and it is
only oxidized into glutathione disulfide (GSSG) in the presence
of oxidative stress. Thus, the ratio of GSH and GSSG within
the cells is often used as the index for intracellular oxidative
stress. Furthermore, clinical evidences have shown an association
between GSH level and CVD. Low GSH level was observed in
patients with the most severe cases of heart failure. Patients
with cardiac diseases showed 21% depletion in blood GSH
than healthy controls (Damy et al., 2009). Chronic depletion
of myocardial GSH levels was reported in GCLM-deficient
mice after transverse aortic constriction-induced pressure
overload, and this condition leads to increased left ventricular
dilation, myocardial fibrosis, and dysfunction (Watanabe et al.,
2013).

Recent studies have reported the role of natural products
at inducing glutathione-linked enzymes via Nrf2 signaling
pathway. Azafrin, a natural carotenoid, have shown to
induce Nrf2 downstream target genes such as HO-1, GCLC,
GCLM, Trx1 and GST (Yang et al., 2018a). This is in
consistent with another study showing that pre-treatment

with triptolide, a diterpenoid epoxide protected Wistar
rat from myocardial ischemia/reperfusion injuries by
suppressing the production of pro-inflammatory cytokines
(TNF-α, IL-1β, and IL-6) and inducing Nrf2-regulated
antioxidant enzymes (SOD, GSH, GPx, and HO-1)
(Yu et al., 2016). Besides, coffee constituent 5-O-caffeoylquinic
acid (CGA) has also been shown to enhance Nrf2 nuclear
translocation and increase the transcriptional expression
of γ-GCL, HO-1 and GSTA1 (Boettler et al., 2011).
Curcumin on the other hand has been found to attenuate
hemin-induced ROS production and increase the ratio of
GSH/GSSG in primary cultures of rat cerebellar granule
neurons (CGNs). Furthermore, it also increased the
cytoprotective enzymes such as HO-1, GR, GST, and SOD
via inducing Nrf2 nuclear translocation (Gonzlez-Reyes et al.,
2013).

Crosstalk With NF-κB Inflammatory
Signaling Pathway
The transcription factor NF-κB plays a crucial role in regulating
innate immunity and inflammatory responses, and it is also
involved in the pathogenesis of atherosclerotic plaques formation
(Maracle et al., 2018). Recent studies showed that there are
potential crosstalk between NF-κB and Nrf2. Nrf2 deficient mice
were found to have increased NF-κB activation, inflammatory
cytokines TNF-α, IL-1β, and IL-6 production, and ICAM-1
expression in brain after traumatic brain injury compared
to wild-type mice (Jin et al., 2008). Evidence suggests that
Nrf2/Keap1 pathway can inactivate NF-κB activity through
ubiquitin-mediated degradation of IKKβ (Lee et al., 2009).
Besides, it has been reported that p65, a canonical NF-κB
subunit antagonized the transcriptional activity of Nrf2 by
depriving Nrf2 transcriptional co-activator CBP (Liu et al., 2008).
These data suggest that there is a crosstalk between Nrf2 and
NF-κB in regulating the transcription of its downstream target
proteins.

Several natural compounds have been reported to protect
against CVDs by targeting both Nrf2 and NF-κB signaling
pathways. For instance, Ligustilide, a phthalide compound
inhibited VCAM-1, ICAM-1 and E-selectin expression
by suppressing the NF-κB activation as well as inducing
Nrf2-mediated HO-1 expression in TNF-α-stimulated HUVECs
(Choi et al., 2018). Similarly, bioactive compounds such as
cyanidin-3-O-glucoside and isothiocyanates have been reported
to counteract the pathogenesis of endothelial dysfunction,
including upregulation of Nrf2-dependent antioxidant response
elements (HO-1, GCLC and GCLM) and downregulation
of adhesion molecules (ICAM-1, VCAM-1, and E-selectin)
via inhibition of NF-κB activation (Huang et al., 2013;
Fratantonio et al., 2015). Furthermore, Antrodia salmonea,
a medicinal fungal species exerts an anti-angiogenic and
anti-atherogenic activity in human vascular endothelial
cell line (EA.hy 926) and human leukemic monocyte
lymphoma cell line (U937). It significantly suppressed
TNF-α-induced matrix metalloproteinase-9 (MMP-9) and
ICAM-1 expression via suppressing I-κB degradation and I-κB
kinase phosphorylation, as well as upregulating the expression of
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HO-1 and γ-GCLC through Nrf2 signaling pathway (Yang et al.,
2014).

Regulation of Cholesterol Uptake and
Efflux (Foam Cell Formation)
Macrophage foam cell formation represents the early hallmarks
of atherosclerosis lesion formation. Foam cells formation
is closely associated with abnormal cholesterol metabolism
that results from imbalanced cholesterol uptake and efflux.
Macrophages may take up modified LDL via scavenger receptors
or through the pinocytosis process. Scavenger receptors such
as scavenger receptors class A (SR-A), scavenger receptor class
B (CD36), and lectin-type oxidized LDL receptor (LOX-1)
have been implicated in the pathogenesis of atherosclerosis
(Kunjathoor et al., 2002; Schaeffer et al., 2009). Several studies
suggested that SR-A and CD36 exert pro-atherogenic properties
due to their ability to interact with modified LDL, thereby
contributing to the foam cell formation. Silencing SR-A or
CD36 alone in LDLR−/− ApoB100 mice was shown to
profoundly protect against atherosclerosis (Mäkinen et al.,
2010). Besides, studies have shown that cholesterol efflux
transporters such as scavenger receptor class B type 1 (SR-B1),
ABCA1 and ABCG1 promote efflux of free cholesterol to
apolipoproteinA-1 (apoA-1) and HDL. Deficiency of either one
or both efflux transporters (ABCA1 or ABCG1) have shown to
enhance lipopolysaccharide (LPS)-induced inflammatory gene
expression, reduce aortic endothelial NO synthase (eNOS),
increase monocyte adhesion and infiltration into atherosclerotic
plaque (Westerterp et al., 2016). Similarly, double-knockout
ABCA1 and ABCG1 mice administered with a high cholesterol
diet exhibited extensive infiltration of macrophage foam cells
in the myocardium and spleen and have shown accelerated
progression in atherosclerosis (Yvan-Charvet et al., 2007;
Westerterp et al., 2013).

The role of Nrf2 in the transcriptional regulation of
these scavenger receptors and cholesterol efflux transporters
has been established. Many recent studies have reported the
role of natural compounds in modulating cholesterol uptake
and efflux receptors by targeting the Nrf2 signaling pathway.
Oleanolic acid (OA), a natural pentacyclic triterpenoid, exerts
anti-atherosclerotic effect in quail models and HUVECs where
it was shown to inhibit oxLDL-induced LOX-1 and NADPH
oxidase subunits expression while increasing the expression of
Nrf2 and HO-1 (Jiang Q. et al., 2015). Furthermore, salidroside
protects against foam cells formation by upregulating ABCA1
and downregulation of LOX-1 via activation of MAPK/Akt/Nrf2
pathways (Ni et al., 2017). This is consistent with another study
which showed that Tanshinone IIA (Tan) inhibit atherosclerotic
plaque formation in ApoE−/− mice and it is suggested that Tan
regulates cholesterol metabolism by reducing the expression of
SR-A, while further enhancing ABCA1 and ABCG1 expression
in human THP-1 cells via activation of ERK/Nrf2/HO-1
pathway (Liu et al., 2014). Other plant constituents (as
shown in Table 2) such as Tanshindiol C, epigallocatechin-
3-gallate, and 4-O-methylhonokiol (MH) can regulate SR-A
and CD36 receptors via Nrf2 activation and its downstream
effects.
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RECENT INSIGHTS OF THE CLINICAL
INVESTIGATION OF Nrf2-ACTIVATORS

Nrf2 is a potential therapeutic target for the treatment of multiple
sclerosis, diabetes mellitus, Parkinson’s disease, cancer, and others
diseases. Several Nrf2 activators were currently being tested in
human clinical trials. For instance, bardoxolone methyl is an
OA derivative tested in the Phase II/III clinical trials for the
treatment of Alport syndrome, a genetic disorder characterized
by glomerulonephritis, eye abnormalities, and hearing loss (Chin
et al., 2018; Gross et al., 2018). Bardoxolone methyl activates
Nrf2 by disrupting the Nrf2/Keap1 interaction and inhibits
IKKβ kinase activity (Wang et al., 2014). It was also reported
for its beneficial effect in Phase III clinical trial for type 2
diabetes and stage 4 chronic kidney disease patients, where it
was shown to improve the estimated glomerular filtration rate
(GFR) (Chin et al., 2018). It is suggested that bardoxolone
methyl increases GFR by restoring endothelial dysfunction
and reducing angiotensin II-induced glomerular mesangial cell
contraction (Aminzadeh et al., 2013; Ding et al., 2013). In
addition, Protandim R©, a nutritional supplement containing five
natural Nrf2 activators such as bacosides, silymarin, withanolides,
ECGC and curcumin has been shown to reduce oxidative stress
and increase antioxidant enzymes SOD and catalase expression
(Nelson et al., 2006). Similarly, increased SOD expression was
also observed after oral Protandim R© supplementation in runners
(Ueberschlag et al., 2016). Considering that many studies have
reported the role of natural compounds in activating Nrf2
pathway, further investigations and validations in the clinical
setting may help to accelerate its development as therapeutics
protecting against CVD.

CONCLUSION

Transcription factor Nrf2 serves as the master regulator
of cellular antioxidant defense system which has shown to
protect against endothelial dysfunction, foam cells formation
and atherosclerotic lesion development. Compelling evidences
in this paper have demonstrated that a wide range of
bioactive compounds derived from natural sources activate
Nrf2/Keap1 signaling and protect against CVD development.
These studies suggest that bioactive compounds may serve
as new therapeutic strategies targeting CVD via Nrf2
pathway.
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Chronic neuropathic pain is associated with anxiety- and depressive-like disorders.
Its treatment remains a serious clinical problem due to the lack of efficacy of the
available therapeutic modalities. We investigated if the activation of the transcription
factor Nrf2 could modulate the nociceptive and emotional disorders associated with
persistent neuropathic pain and potentiated the analgesic activity of morphine. The
possible mechanisms implicated in these effects have been also evaluated. Therefore, in
C57BL/6 mice with neuropathic pain induced by the chronic constriction of the sciatic
nerve (CCI), we assessed the antinociceptive, anxiolytic, and anti-depressant effects
of the repeated intraperitoneal administration of a Nrf2 inducer, sulforaphane (SFN), and
the effects of this treatment on the local antinociceptive actions of morphine. The protein
levels of Nrf2, heme oxygenase 1 (HO-1), NAD(P)H:quinone oxidoreductase-1 (NQO1),
CD11b/c (a microglial activator marker), mitogen-activated protein kinases (MAPK)
and µ opioid receptors (MOR) in the spinal cord, prefrontal cortex and hippocampus
from mice, at 28 days after CCI, were also evaluated. Our results showed that the
repeated administration of SFN besides inhibiting nociceptive responses induced by
sciatic nerve injury also diminished the anxiety- and depressive-like behaviors associated
with persistent neuropathic pain. Moreover, SFN treatment normalized oxidative stress
by inducing Nrf2/HO-1 signaling, reduced microglial activation and JNK, ERK1/2, p-38
phosphorylation induced by sciatic nerve injury in the spinal cord and/or hippocampus
and prefrontal cortex. Interestingly, treatment with SFN also potentiated the antiallodynic
effects of morphine in sciatic nerve-injured mice by regularizing the down regulation of
MOR in the spinal cord and/or hippocampus. This study suggested that treatment with
SFN might be an interesting approach for the management of persistent neuropathic
pain and comorbidities associated as well as to improve the analgesic actions of
morphine.
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Frontiers in Pharmacology | www.frontiersin.org 1 November 2018 | Volume 9 | Article 1332100

https://www.frontiersin.org/journals/pharmacology/
https://www.frontiersin.org/journals/pharmacology#editorial-board
https://www.frontiersin.org/journals/pharmacology#editorial-board
https://doi.org/10.3389/fphar.2018.01332
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3389/fphar.2018.01332
http://crossmark.crossref.org/dialog/?doi=10.3389/fphar.2018.01332&domain=pdf&date_stamp=2018-11-20
https://www.frontiersin.org/articles/10.3389/fphar.2018.01332/full
http://loop.frontiersin.org/people/384199/overview
https://www.frontiersin.org/journals/pharmacology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/pharmacology#articles


fphar-09-01332 November 24, 2018 Time: 15:27 # 2

Ferreira-Chamorro et al. Sulforaphane Inhibits Pain and Anxiety

INTRODUCTION

Chronic pain, especially neuropathic, significantly alters human
living conditions. That is, patients with neuropathic pain
experience emotional disorders such as anxiety and depression
that produce a significant deterioration in their quality of life
(Maletic and Raison, 2009; Attal et al., 2011). Therapies to
treat neuropathic pain and associated comorbidities are limited
with modest efficacy and significant side effects. Therefore, the
investigation of new strategies to effectively relieve neuropathic
pain and the emotional disorders associated is indispensable.

It is well known that the transcription factor Nrf2 coordinates
the redox state in the cell and its activation serves as a
barrier against the reactive species of oxygen through the
activation of antioxidant and detoxifying enzymes, such as
heme oxygenase-1 (HO-1), NAD(P)H:quinone oxidoreductase1
(NQO1), glutathione peroxidase (GPx1) enzymes, etc. . .(de Vries
et al., 2008). The transcription factor Nrf2 also modulates
inflammatory responses of the organism by inhibiting the
synthesis of various proinflammatory mediators, such as the
inducible nitric oxide synthase (NOS2), cyclooxygenase-2,
interleukin (IL)-1α, IL-6, and mitogen-activated protein kinase
(MAPK), among others (Kim et al., 2009; Davidson et al., 2013;
Kobayashi et al., 2016). Furthermore, diverse studies revealed
that the stimulation of Nrf2 reduced acute and inflammatory
pain as well as neuropathic pain accompanying to diabetes (Negi
et al., 2011; Di et al., 2016; McDonnell et al., 2017; Redondo
et al., 2017), but the potential inhibitory role played by this
transcription factor on the allodynia and hyperalgesia caused by
nerve injury-induced persistent neuropathic pain has not been
evaluated.

Numerous studies have demonstrated the anxiolytic and
anti-depressant effects induced by Nrf2 in several stress
paradigms (Wu et al., 2016) and in different animal models
of depression (Yao et al., 2016). Moreover, the fact that mice
with the Nrf2 gene silenced by pharmacological or genetic tools
exhibited greater anxiety- and depressive-like behaviors sustained
the anxiolytic and anti-depressant properties induced by Nrf2
activation in different experimental conditions (Muramatsu et al.,
2013; Khalifeh et al., 2015). Nonetheless, the effects of the
repetitive treatment with sulforaphane (SFN), a Nrf2 inducer
(de Figueiredo et al., 2015), in the anxiety- and depressive-like
behaviors associated with chronic pain have not yet studied.
Our objective was to evaluate if the activation of Nrf2 besides
reducing nociception might also inhibited the anxiety- and
depressive-like behaviors associated with persistent neuropathic
pain and normalized oxidative stress and microglial activation
induced by sciatic nerve injury.

Sulforaphane is an isothiocyanate bioactive metabolite derived
from glucoraphanin which is abundantly found in cruciferous
vegetables (Dinkova-Kostova et al., 2017; Fahey et al., 2017).
Several studies have demonstrated the potent anti-inflammatory,
antioxidant, anti-cancer, antibiotic, as well as the protective
effects of SFN for cognitive and memory impairments (Zhang
et al., 1994; Guerrero-Beltran et al., 2012; Lee et al., 2014;
Catanzaro et al., 2017; Pu et al., 2018). SFN has been also
proven in humans demonstrating that this treatment improves

the glucose levels in patients with type 2 diabetes (Axelsson
et al., 2017), has beneficial clinical effects against autism disorders
(Singh et al., 2014) and gastrointestinal diseases (Yanaka,
2018). Recent studies also showed the analgesic properties
of SFN in several animal pain models and its capacity to
potentiate the antinociceptive effects of opioids in animals with
inflammatory pain or diabetic neuropathy (McDonnell et al.,
2017; Redondo et al., 2017). Taking account the lower efficacy
of opioids, particularly µ-opioid receptor (MOR) agonists in
the management of neuropathic pain (Hervera et al., 2013;
Zychowska et al., 2013; Popiolek-Barczyk and Mika, 2016), the
investigation of new tools for increasing their analgesic efficacy is
a priority in the current pain research. In this study we evaluated
the possible potentiation of the analgesic actions of morphine
triggered by SFN in animals with persistent neuropathic pain.

Then, in a neuropathic pain model induced by the chronic
constriction of sciatic nerve (CCI) in mice, at 28 days after
surgery, our aims were to assess the effects of treatment with
SFN on: (1) the allodynia and hyperalgesia induced by CCI;
(2) the anxiety- and depressive-like behaviors associated with
persistent neuropathic pain; (3) the local antinociceptive effects
of morphine during neuropathic pain and (4) the expression
of Nrf2/HO-1/NQO1 signaling pathway, microglial activation,
MAPK phosphorylation and MOR protein levels in the spinal
cord, prefrontal cortex and hippocampus from animals with
persistent neuropathic pain.

MATERIALS AND METHODS

Animals
The experiments were carried out with male C57BL/6J mice
purchased from Envigo Laboratories (Barcelona, Spain). Mice
weighing 21–25 g were housed under standard 12/12-h light/dark
conditions in a room with a controlled temperature of 22◦C
and relative humidity of 66%. The animals had free access to
food and drink and were used after 6 days of acclimatization
to the environmental conditions mentioned. All experiments
were conducted between 9:00 a.m. and 5:00 p.m., and executed
in accordance with the National Institute of Health Guide
for the Care and Use of Laboratory Animals and approved
by the local Committee of Animal Use and Care of the
Autonomous University of Barcelona. All efforts were made
to diminish the suffering and amount of animals used in this
study.

Induction of Neuropathic Pain
Neuropathic pain was induced by CCI (Hervera et al.,
2012). Briefly, sciatic nerve ligation was performed under
isoflurane anesthesia (3% induction, 2% maintenance). The
biceps femoris and the gluteus superficialis were separated by
blunt dissection, and the right sciatic nerve was exposed. The
injury was produced by tying three ligatures around the sciatic
nerve as described by Bennett and Xie (1988). The ligatures
(4/0 silk) were tied loosely around the nerve with 1 mm
spacing, until they elicited a brief twitch in the respective
hindlimb, which prevented overtightening of the ligations, taking
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care to preserve epineural circulation. In these experiments
Sham-operated mice, whose surgery was exactly the same as
described above without sciatic nerve ligament, were used as
control animals.

Experimental Protocol
In a first set of experiments, we investigated the mechanical
antiallodynic, thermal antihyperalgesic and thermal antiallodynic
effects of the intraperitoneal daily administration of 10 mg/kg
SFN in sciatic nerve-injured or Sham-operated mice from days
14 to 28 after surgery (n = 6 animals per group). The evaluation
of the antinociceptive effect was carried out on days 14, 18, 21, 25,
and 28 post-surgery, at 3 h after SFN or vehicle injection.

In other group of animals, we evaluated the effects of
treatment with SFN, also administered at 10 mg/kg during 15
consecutive days (from days 14 to 28 post-surgery), on the
anxiety- and depressive-like responses associated with persistent
neuropathic pain, 28 days after surgery, using the EPM test and
TST, respectively (n = 8 animals per group).

In other experiments, the evaluation of the effects produced by
the intraperitoneal injection of 10 mg/kg of SFN combined with
50 µg of morphine, subplantarly administered, on the allodynia
and hyperalgesia induced by CCI was carried out at 3 h after SFN
administration (n = 6 animals per group). The doses of SFN and
morphine were selected in accordance to other studies (Redondo
et al., 2017; Wang and Wang, 2017).

Finally, at day 15 of treatment with SFN or vehicle
(dimethylsulfoxide 1% in 0.9% saline solution), sciatic
nerve-injured and Sham-operated mice were euthanized by
cervical dislocation and the Nrf2, HO-1, NQO1, CD11b/c,
MAPK, and MOR levels in the ipsilateral site of the spinal cord,
prefrontal cortex and hippocampus were evaluated. In these
experiments, Sham-operated mice treated with vehicle were used
as controls (n = 4 samples per group).

The number of animals per group was determined from a pilot
study taking into account a value of α = 0.05 and β = 0.20 (power
analysis of 0.80). In this work we used 60 animals in total.

Nociceptive Behavioral Tests
Mechanical Allodynia
Mechanical allodynia was quantified by measuring the hind paw
withdrawal response to von Frey filament stimulation. Animals
were placed in methacrylate cylinders (20 cm high × 9 cm
diameter) with a wire grid bottom through which the von
Frey filaments (North Coast Medical, Inc., San Jose, CA,
United States), with a bending force in the range of 0.008–3.5 g,
were applied by using a modified version of the up–down
paradigm, described by Chaplan et al. (1994). The filament of
0.4 g was used first and the 3.0 g filament was used as a cut-off
and the strength of the next filament was reduced or increased
according to the response. The threshold of response was
calculated from the sequence of filament strength used during the
up-down procedure by using an Excel program (Microsoft Iberia
SRL, Barcelona, Spain) that includes curve fitting of the data. Both
ipsilateral and contralateral hind paws were tested. Animals were
allowed to habituate for 1 h prior to testing to allow appropriate
behavioral immobility.

Thermal Hyperalgesia
Thermal hyperalgesia was evaluated as proposed by Hargreaves
et al. (1988). Latency of paw withdrawal in response to radiant
heat was measured using the plantar test apparatus (Ugo Basile,
Varese, Italy). In summary, mice were placed in methyl acrylate
cylinders (20 cm high × 9 cm diameter) positioned on a glass
surface. The heat source was positioned under the plantar surface
of the hind paw and activated with a light beam intensity. A cut-
off time of 12 s was used to avoid tissue damage in the absence of
response. Mean paw withdrawal latencies (from both hind paws)
were determined from the average of three separate trials, taken
at 5 min intervals to avoid thermal sensitization and behavioral
alterations. Mice were habituated to the environment for 1 h prior
to the experiment so that the animals were quiet at the time of
testing.

Thermal Allodynia
Thermal allodynia to cold stimulus was evaluated using the
hot/cold plate analgesia meter (Ugo Basile) previously described
by Bennett and Xie (1988). The number of elevations of each hind
paw from mice exposed to the cold plate (4± 0.5◦C) was recorded
for 5 min.

Anxiety-Like Behavior
The anxiety-like behavior was measured by using the elevated
plus maze (EPM) test such as described by Walf and Frye (2007).
An apparatus with 4 arms of 5 cm wide and 35 cm long, two of
which are open and two closed with walls of 15 cm high. The
distance of the EPM to the ground is 45 cm. The animal was
placed in the central square of maze facing one of the open arms
and its behavior was recorded by a digital camera for 5 min. The
number of entries in the open and closed arms, as well as the
percentage of time spent in the open arms was calculated for each
animal.

Depressive-Like Behavior
The evaluation of the depressive-like behavior was performed by
using the tail suspension test (TST), in which the total duration
of immobility of the animals was quantified according to the
method described by Steru et al. (1985) with some modifications.
Briefly, mice were individually suspended by the tail from a
horizontal wooden bar (35 cm above the floor) using an adhesive
tape (1 cm from the tip of the tail). The immobility time in
seconds was recorded over a total period of 6 min.

All the behavioral experiments were performed by an
experimenter blinded to the treatment applied.

Western Blot Analysis
Sham-operated and sciatic nerve-injured mice were killed at
28 days after surgery by cervical dislocation and tissues from
the ipsilateral side lumbar section of the spinal cord, prefrontal
cortex and hippocampus were extracted immediately after killing,
frozen in liquid nitrogen and stored at −80◦C. Samples from
two to three animals were collected in an experimental sample
to obtain enough protein levels for doing western blot analysis
of Nrf2, HO-1, NQO1, CD11b/c, MAPK (JNK, ERK1/2, and
P38) and MOR. Tissues were homogenized in ice-cold lysis
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buffer (50 mM Tris·Base, 150 nM NaCl, 1% NP-40, 2 mM
EDTA, 1 mM phenylmethylsulfonyl fluoride, 0.5 Triton X-100,
0.1% sodium dodecyl sulfate, 1 mM Na3VO4, 25 mM NaF,
0.5% protease inhibitor cocktail, and 1% phosphatase inhibitor
cocktail). All reagents were purchased from Sigma (St. Louis,
MO) excluding NP-40 which was acquired from Calbiochem
(Darmstadt, Germany). The crude homogenate was solubilized
for 1 h at 4◦ C, sonicated for 10 s and centrifuged at 4◦C for
15 min at 700 g.

Then, 60 µg of total proteins were mixed with 4 × laemmli
loading buffer and loaded onto 4% stacking/10% separation
sodium dodecyl sulfate polyacrylamide gels. Proteins were
electrophoretically transferred onto PVDF membrane for
120 min, blocked with PBS or TBST + 5% non-fat dry milk or
BSA and successively incubated overnight at 4◦C with rabbit
anti Nrf2 (1:160, Abcam, Cambridge, United Kingdom), HO-1
(1:300, Abcam, Cambridge, United Kingdom), NQO1 (1:333,
Sigma, St. Louis, MO, United States), CD11b/c (1:200, Novus
Biologicals, Littleton, CO, United States), phospho JNK, total
JNK, phospho ERK1/2, total ERK1/2, phospho P38 and total P38
(1:250, Cell Signaling Technology, Danvers, MA, United States),
MOR (1:333, Merck, Billerica, MA, United States) or GAPDH
antibody (1:5000, Merck, Billerica, MA, United States) which
was used as a loading control. Proteins were detected by
a horseradish peroxidase-conjugated anti-rabbit secondary
antibody (GE Healthcare, Little Chalfont, Buckinghamshire,
United Kingdom) and visualized with chemiluminescent
reagents (ECL kit; GE Healthcare) and by exposure to hyperfilm
(GE Healthcare). The intensity of blots was quantified by
densitometry.

Drugs
Sulforaphane was acquired from Merck Chemicals and Life
Science S.A.U. (Madrid, Spain), dissolved in dimethylsulfoxide
(1% in 0.9% saline solution) and intraperitoneally administered
at 10 mg/kg, in a final volume of 10 ml/kg, 3 h before
testing. Morphine hydrochloride was purchased from Alcaiber
S.A. (Madrid, Spain), dissolved in 0.9% saline solution and
administered via subplantar, in a final volume of 30 µl, at 30 min
before conducting the behavioral tests. All drugs were prepared
daily prior to its administration. For each group treated with a
drug, the respective control group received the same volume of
the corresponding vehicle.

Statistical Analysis
All data were expressed as mean ± SEM. Statistical analysis was
carried out using the SPSS program (version 17 for Windows,
IBM, Madrid, Spain). The effects of chronic treatment with
SFN on the mechanical allodynia, thermal hyperalgesia and
thermal allodynia induced by CCI were evaluated using the three
way analysis of variance (ANOVA) repeated measures followed
by a one way ANOVA and the Student–Newman–Keuls test,
when appropriate. The antinociceptive effects produced by the
combination of SFN plus morphine were assessed by using a one
way ANOVA followed by the Student–Newman–Keuls test.

The effects of chronic administration with SFN on the
anxiety-like behavior identified by the number of open arm

entries, the percentage of time of stay in them and the number
of closed arm entries obtained in EPM as well as on the
depressive-like behavior defined by the immobility time in TST,
in Sham and animals with neuropathic pain, were evaluated by
using a two way ANOVA followed by a one way ANOVA and the
Student–Newman–Keuls test.

Antinociception in the von Frey filaments and plantar tests
is expressed as the percentage of maximal possible effect, where
the test latencies predrug (baseline) and postdrug administration
are compared and calculated in accordance with the following
equation:

Maximal possible effect (%) = [(drug − baseline)/

(cut− off− baseline)] × 100

In the cold plate, antinociception is expressed according to the
following equation:

Inhibition (%) = [(number of paw elevations at baseline

− number of paw elevations after drug)/

number of paw elevations at baseline)] × 100.

Changes in the protein levels were analyzed using a one way
ANOVA followed by the Student–Newman–Keuls. A value of
P < 0.05 was considered significant.

RESULTS

Effects of SFN on the Mechanical
Allodynia, Thermal Hyperalgesia and
Thermal Allodynia Induced by Sciatic
Nerve Injury in Mice
For mechanical allodynia, the three way ANOVA repeated
measures indicated significant effects of surgery, treatment
and time (P < 0.022), an interaction of treatment with time
(P < 0.007), surgery with treatment (P < 0.001) and among
surgery, treatment and time (P < 0.006). Indeed, nerve injury
reduced the threshold of paw withdrawal to a mechanical
stimulus from days 13 to 28 after surgery as compared to
Sham-operated mice treated with vehicle (P < 0.001, one
way ANOVA) (Figure 1A). This mechanical allodynia was
progressively reduced from 1 to 12 days of SFN administration
(P < 0.001; one way ANOVA vs. CCI-vehicle treated mice) and
completely inhibited at 15 days of treatment. In contrast, SFN
did not produce any effect in Sham-operated mice for the total
duration of the experiment.

Sciatic nerve injury also significantly decreased threshold
for evoking paw withdrawal to a thermal stimulus from days
13 to 28 after surgery (P < 0.001; one way ANOVA vs.
Sham-operated mice) (Figure 1B). Three way ANOVA repeated
measures showed significant actions of surgery, treatment
and time (P < 0.001) and interactions among treatment
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FIGURE 1 | The antinociceptive effects of SFN during neuropathic pain. Mechanical antiallodynic (A), thermal antihyperalgesic (B), and thermal antiallodynic (C)
effects produced by the repeated administration of 10 mg/kg SFN or vehicle from days 14 to 28 after sciatic nerve-injury (CCI) or Sham-operation (SHAM). In all
panels, for each day and treatment evaluated, ∗ indicates significant differences vs. Sham-operated animals treated with vehicle, + vs. Sham-operated animals
treated with SFN and # vs. sciatic nerve-injured animals treated with SFN (P < 0.05, one way ANOVA followed by Student–Newman–Keuls test). Results are shown
as mean values ± SEM; n = 6 animals per experimental group.

and time (P < 0.001), surgery and treatment (P < 0.001),
surgery and time (P < 0.001) and between the three factors
(P < 0.001). Thermal hyperalgesia induced by CCI was
progressively reduced from 1 to 12 days of SFN administration

(P < 0.001; one way ANOVA vs. CCI-vehicle treated mice) and
completely reversed after 15 days of treatment (Figure 1B). In
Sham-operated mice, SFN did not cause any effect throughout
the experiment.
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Regarding thermal allodynia, three way ANOVA repeated
measures also demonstrated relevant effects of surgery and
time (P < 0.011) and interactions among treatment and time
(P < 0.05) as well as between surgery and treatment (P < 0.016)
(Figure 1C). That is, increased paw lifts number induced by cold
thermal stimulation was observed in CCI-mice from days 13 to
28 after surgery (P < 0.001; one way ANOVA vs. Sham-operated
mice). This thermal allodynia was progressively reduced from
1 to 12 days of SFN treatment (P < 0.001; one way ANOVA
vs. CCI-vehicle treated mice), and totally reversed at 15 days
of treatment. SFN did not produce any effect in Sham-operated
mice during the course of the experiment. In all tests, the
administration of SFN did not affect the contralateral paw of
sciatic nerve-injured or Sham-operated mice (data not shown).

Effects of Chronic Administration With
SFN on the Anxiety- and
Depressive-Liked Behaviors Associated
With Persistent Neuropathic Pain in Mice
Anxiety-like behavior was observed in sciatic nerve-injured
animals at day 28 post-CCI. The two way ANOVA revealed a
significant effect of the surgery ant treatment on the number

of entries and on the percentage of time of animals spent
in open arms (P < 0.001). That is, the EPM test showed a
significant decrease in the number of entries into open arms
(Figure 2A, P < 0.05, ANOVA) and a reduced percentage
of the time spent in these arms in sciatic nerve-injured mice
treated with vehicle (Figure 2B; one way ANOVA; as compared
to Sham-operated mice treated with vehicle). No differences
in the number of entries to the closed arms were observed
between sciatic nerve-injured and Sham-operated mice treated
with SFN or vehicle (Figure 2C). Chronic treatment with SFN
inhibited this anxiety-like behavior by normalizing the decreased
number of entries into open arms (Figure 2A; P < 0.001;
ANOVA) and the reduced time spent in open arms (Figure 2B;
P < 0.01, ANOVA) observed in CCI vehicle treated mice, without
altering the number of entries to the closed arms (Figure 3C).
In Sham-operated mice, SFN also had an anxiolytic effect as
demonstrated by an increase in the number of entries (Figure 2A)
and the time spent in open arms as compared to Sham-operated
vehicle treated mice (Figure 2B; P < 0.05, ANOVA).

Regarding the TST test, significant effects of surgery
(P < 0.033) and treatment (P < 0.001) have been also
demonstrated by the two way ANOVA. Indeed, sciatic nerve
injury induced a depressive-like behavior in the TST, proved

FIGURE 2 | The anxiolytic and anti-depressant effects induced by SFN in animals with neuropathic pain. Effects of the repetitive administration of 10 mg/kg SFN or
vehicle from days 14 to 28 after sciatic nerve injury (CCI) or Sham-operation (SHAM) on the anxiety- (elevated plus maze, A–C) and depressive-liked (tail suspension
test, D) behaviors associated with neuropathic pain. In all panels, ∗ indicates significant differences vs. Sham-operated animals treated with vehicle, + vs.
Sham-operated animals treated with SFN and # vs. sciatic nerve-injured animals treated with SFN (P < 0.05, one way ANOVA followed by Student–Newman–Keuls
test). Results are shown as mean values ± SEM; n = 8 animals per experimental group.
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by a significant increase in the immobility time (P < 0.05;
one way ANOVA, as compared to Sham-operated mice treated
with vehicle) (Figure 2D), which was significantly reduced
by the administration of SFN. This treatment also decreased
the immobility time in Sham-operated mice confirming its
anti-depressant effects (P < 0.05; one way ANOVA, as compared
to Sham-operated mice treated with vehicle).

Effects of SFN Combined With Morphine
on the Nociception Induced by Sciatic
Nerve Injury in Mice
The co-administration of SFN with morphine in animals with
CCI-induced neuropathic pain resulted in a significant increase
in the mechanical (Figure 3A; one way ANOVA vs. mice treated
with vehicle, morphine or SFN alone) and thermal antiallodynic
effects of morphine (Figure 3C; P < 0.008; one way ANOVA vs.
mice treated with vehicle, morphine or SFN alone). In contrast,
no significant changes in the antihyperalgesic effects of morphine
were observed in SFN treated mice (Figure 3B).

Effects of SFN Treatment on the
Expression of Nrf2, HO-1, NQO1,
CD11b/c, MOR, MAPK in the Spinal Cord,
Prefrontal Cortex and Hippocampus of
Animals With Neuropathic Pain
Our results showed that treatment with SFN normalized the
decreased expression of Nrf2 induced by sciatic nerve-injury
in the spinal cord (P < 0.001; one way ANOVA, Figure 4A),
prefrontal cortex (P < 0.013; one way ANOVA, Figure 5A)
and hippocampus (P < 0.030; one way ANOVA, Figure 6A)
as compared to their respective Sham-operated vehicle treated
mice. SFN treatment was also able to normalize the decreased
expression of HO-1 induced by CCI in the spinal cord (P < 0.008;
one way ANOVA, Figure 4B), prefrontal cortex (P < 0.032; one
way ANOVA, Figure 5B) and hippocampus (P < 0.039; one
way ANOVA, Figure 6B). In contrast, the NQO1 levels were not
significantly altered in the spinal cord (Figure 4C), prefrontal
cortex (Figure 5C) or hippocampus (Figure 6C) from animals
with neuropathic pain.

Nevertheless, SFN reduced the increased expression of
CD11b/c induced by CCI in the spinal cord (P < 0.028; one
way ANOVA, Figure 4D) and hippocampus (P < 0.021; one
way ANOVA, Figure 6D). Finally, the decreased expression of
MOR induced by nerve injury in the spinal cord (P < 0.012, one
way ANOVA vs. Sham-operated vehicle treated mice; Figure 4E)
and hippocampus (P < 0.018, one way ANOVA vs. Sham-
operated vehicle treated mice; Figure 6E) was also normalized
by SFN treatment. Non-changes in the expression of CD11b/c
(Figure 5D) or MOR (Figure 5E) were observed in the prefrontal
cortex of sciatic nerve-injured mice treated with vehicle or SFN.
Examples of western blots of these proteins in the spinal cord
(Figure 4F), prefrontal cortex (Figure 5F), and hippocampus
(Figure 6F) were shown.

The effects of the repeated treatment with SFN on the
expression of MAPK in the spinal cord from sciatic nerve-injured

mice have been also evaluated. Results showed that the
augmented protein levels of p-JNK (Figure 7A), p-ERK 1/2

(Figure 7B, and p-P38 (Figure 7C) induced by sciatic nerve
injury (P < 0.012; one way ANOVA vs. Sham-operated vehicle
treated mice) were all normalized by SFN treatment.

DISCUSSION

This study demonstrated that SFN besides inhibiting nociceptive
responses induced by sciatic nerve injury also diminished the
anxiety- and depressive-like behaviors associated with persistent
neuropathic pain, at 28 days after surgery. Moreover, the
normalization of oxidative stress, microglial activation and/or
MAPK phosphorylation produced by SFN in the spinal cord,
hippocampus and/or prefrontal cortex of sciatic nerve-injured
mice might explain the analgesic, anxiolytic, and anti-depressant
actions of this treatment. In addition, treatment with SFN also
potentiated the antiallodynic effects of morphine by normalizing
the down regulation of MOR in the spinal cord and/or
hippocampus from sciatic nerve-injured mice.

Our results showed that the mechanical and thermal allodynia
as well as the thermal hyperalgesia caused by sciatic nerve
injury, at 28 days after induction, were inhibited by the repetitive
administration of SFN from day 14 to 28 after sciatic nerve injury
in mice. These results are supported by the antinociceptive effects
produced by SFN in the early stages of neuropathic pain, from
days 7 to 14 after surgery (Wang and Wang, 2017) as well as
during inflammatory pain or diabetic neuropathy (McDonnell
et al., 2017; Redondo et al., 2017), and additionally demonstrated
the analgesic properties of this Nrf2 inductor in advance stages of
neuropathic pain.

It is well known that Nrf2 transcription factor is a regulator
of two important cytoprotective pathways: anti-oxidative and
anti-inflammatory in the peripheral and central nervous system
(Kobayashi et al., 2016). In order to study the possible
mechanisms involved in the antinociceptive actions induced by
SFN in animals with persistent neuropathic pain, we evaluated
the effects of this treatment on the expression of Nrf2, the
antioxidant enzymes (HO-1 and NQO1) as well as on the protein
levels of CD11b/c (a microglial marker) in the spinal cord from
animals with persistent neuropathic pain. In agreement with
Riego et al. (2018), peripheral nerve injury provoked prevailing
oxidative stress conditions in the spinal cord as demonstrated
by the decreased expression of Nrf2 and HO-1 in this tissue.
Interestingly, treatment with SFN reduced oxidative stress by
normalizing the decreased expression of Nrf2 and HO-1. In
accordance to these data, Riego et al. (2018) also demonstrated
that treatment with an HO-1 inducer, cobalt protoporphyrin
IX (CoPP), was able to compensate for the reduced synthesis
of HO-1 induced by neuropathic pain in this tissue. Taking
account that HO-1 is downstream of Nrf2 and its induction
in the spinal cord exerts potent antinociceptive effects during
chronic pain (Liu et al., 2016), it is suitable to propose that
the antinociceptive effects induced by SFN during persistent
neuropathic pain were principally associated with the activation
of the Nrf2/HO-1 signaling pathway.

Frontiers in Pharmacology | www.frontiersin.org 7 November 2018 | Volume 9 | Article 1332106

https://www.frontiersin.org/journals/pharmacology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/pharmacology#articles


fphar-09-01332 November 24, 2018 Time: 15:27 # 8

Ferreira-Chamorro et al. Sulforaphane Inhibits Pain and Anxiety

FIGURE 3 | Effects of SFN on the local antinociceptive effects of morphine during neuropathic pain. The mechanical antiallodynic (A), thermal antihyperalgesic (B),
and thermal antiallodynic (C) effects produced by the acute administration of 10 mg/kg SFN or vehicle combined with a subanalgesic dose (50 µg) of morphine or
saline administered on the ipsilateral paw of sciatic nerve-injured mice at 28 days after surgery were shown. In all panels,∗ indicates significant differences vs. vehicle
plus saline treated mice, + vs. vehicle plus morphine treated mice and # vs. SFN plus saline treated mice (P < 0.05, one way ANOVA followed by
Student–Newman–Keuls test). Results are shown as mean values ± SEM; n = 6 animals per experimental group.

On the contrary, the protein levels of NQO1 were not
altered by either nerve injury or SFN treatment in animals
with neuropathic pain. This is in contrast to that happens

during inflammatory pain or diabetic neuropathy, where
SFN increased the expression of NQO1 or re-established its
down-regulation in the spinal cord or sciatic nerve, respectively
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FIGURE 4 | Effects of SFN on the expression of Nrf2, HO-1, NQO1, CD11b/c, and MOR in the spinal cord from animals with neuropathic pain. Effects of repetitive
treatment with 10 mg/kg SFN or vehicle from days 14 to 28 after sciatic nerve injury (CCI) on Nrf2 (A), HO-1 (B), NQO1 (C), CD11b/c (D), and MOR (E) protein
levels in the ipsilateral site of the spinal cord from CCI-induced neuropathic pain in mice are represented. The protein levels from Sham-operated (SHAM) mice
treated with vehicle has been also represented as controls. Examples of western blots for Nrf2 (75 kDa), HO-1 (32 kDa), NQO1 (28 kDa), CD11b/c (160 kDa), and
MOR (50 kDa) proteins in which GAPDH (36 kDa) was used as a loading control are also shown (F). In all panels, ∗ indicates significant differences vs. Sham vehicle
treated mice and # indicates significant differences vs. CCI plus SFN treated mice (P < 0.05, one-way ANOVA followed by Student–Newman–Keuls test). Data are
expressed as mean values ± SEM; n = 4 samples per group.

(McDonnell et al., 2017; Redondo et al., 2017). Thus, suggesting
that this enzyme is not implicated in the antinociceptive effects of
SFN in sciatic nerve injury induced neuropathic pain.

It is well known that microglial activation promotes the
consolidation and progression of neuropathic pain state by the
up-regulation of several inflammatory mediators, such as the
inducible nitric oxide synthase (NOS2), COX-2, interleukins,
etc. (Popiolek-Barczyk and Mika, 2016). In this study, we
demonstrated that spinal microglial activation induced by nerve
injury, at 28 days after surgery, was inhibited by SFN indicating
that, in addition to the antioxidative effects performed by this
treatment, it also exerted anti-inflammatory effects in this tissue
contributing all of them to the inhibition of neuropathic pain.
In agreement with our results, other previous studies also
demonstrated anti-inflammatory effects of SFN in chronic pain

that were produced by inhibiting of NOS2 and COX-2 expression
in sciatic nerves from nerve-injured mice or diabetic animals
(Negi et al., 2011; Wang and Wang, 2017).

It is well recognized that MAPK, such as JNK, ERK 1/2 and p38,
are involved in pain sensitization after nerve injury. Moreover,
while their phosphorylation participated in the maintenance of
pain hypersensitivity, its inhibition attenuated chronic pain (Ji
et al., 2009; Edelmayer et al., 2014). The fact that SFN inhibited
the phosphorylation of JNK, ERK 1/2 and p38 in the spinal cord
of sciatic nerve-injured mice showed that the inhibition of MAPK
might be also involved in the anti-allodynic and anti-hyperalgesic
effects of this treatment during persistent neuropathic pain.
In according to these data, this signaling pathway was also
involved in the analgesic effects of SFN during inflammatory pain
(Redondo et al., 2017). In summary, the modulation of persistent
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FIGURE 5 | Effects of SFN on the expression of Nrf2, HO-1, NQO1, CD11b/c, and MOR in the prefrontal cortex from animals with neuropathic pain. Effects of
repetitive treatment with 10 mg/kg SFN or vehicle from days 14 to 28 after sciatic nerve injury (CCI) on Nrf2 (A), HO-1 (B), NQO1 (C), CD11b/c (D), and MOR (E)
protein expression in the prefrontal cortex from CCI-induced neuropathic pain in mice are represented. The protein levels from Sham-operated (SHAM) mice treated
with vehicle has been also represented as controls. Examples of western blots for Nrf2 (75 kDa), HO-1 (32 kDa), NQO1 (28 kDa), CD11b/c (160 kDa), and MOR
(50 kDa) proteins in which GAPDH (36 kDa) was used as a loading control are also shown (F). In all panels, ∗ indicates significant differences vs. Sham vehicle
treated mice and # indicates significant differences vs. CCI plus SFN treated mice (P < 0.05, one way ANOVA followed by Student–Newman–Keuls test). Data are
expressed as mean values ± SEM; n = 4 samples per group.

sciatic nerve injury-induced neuropathic pain with the repeated
administration of SFN might be explained by the activation of
Nrf2/HO-1 signaling and the inhibition of microglial activation
and MAPK phosphorylation induced by this treatment in the
spinal cord.

In accordance with other preclinical pain models, our data
verified that neuropathic pain induced by CCI, at 28 days
after surgery, was associated with anxiety- and depressive-like
behaviors (Jesse et al., 2010; Zhao et al., 2014; Alba-Delgado et al.,
2016). That is, while anxiety-like response was demonstrated by
the reduced number of entries and time spent into open arms
in the EPM test, the depressive-like behavior was confirmed by
the increased immobility time in the TST. These results are in
agreement with the clinical data showing a relationship among
chronic pain and emotional disorders (Micó et al., 2006).

More interesting is the finding that SFN treatment inhibited
the anxiety-like behavior associated with persistent neuropathic

pain, as demonstrated by the increased number of entries and the
percentage of time spent in open arms in the EPM test observed
in SFN treated mice. In addition, the fact that the number
of entries into closed arms was not affected by SFN excluded
the possibility that its anxiolytic effects might be result from
alterations of mice locomotor activity. Our results supported
the demonstrated anxiolytic effects produced by SFN in several
stress models (Muramatsu et al., 2013; Wu et al., 2016) and
further revealed, for first time, the anxiolytic action of this
compound in the anxiety-like behavior accompanying to chronic
neuropathic pain. Moreover, the anxiolytic effects induced by
SFN in Sham-operated mice evaluated in the EPM test confirmed
its anxiolytic effects measured in the open field test (Wu et al.,
2016).

Our data further revealed, for the first time, the
anti-depressant effects induced by the repeated administration
of SFN in animals with depressive-like behavior associated
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FIGURE 6 | Effects of SFN on the expression of Nrf2, HO-1, NQO1, CD11b/c, and MOR in the hippocampus from animals with neuropathic pain. Effects of
repetitive treatment with 10 mg/kg SFN or vehicle from days 14 to 28 after sciatic nerve injury (CCI) on Nrf2 (A), HO-1 (B), NQO1 (C), CD11b/c (D), and MOR (E)
protein expression in the hippocampus from CCI-induced neuropathic pain in mice are represented. The protein levels from Sham-operated (SHAM) mice treated
with vehicle has been also represented as controls. Examples of western blots for Nrf2 (75 kDa), HO-1 (32 kDa), NQO1 (28 kDa), CD11b/c (160 kDa), and MOR
(50 kDa) proteins in which GAPDH (36 kDa) was used as a loading control are also shown (F). In all panels, ∗ indicates significant differences vs. Sham vehicle
treated mice and # indicates significant differences vs. CCI plus SFN treated mice (P < 0.05, one way ANOVA followed by Student–Newman–Keuls test). Data are
expressed as mean values ± SEM; n = 4 samples per group.

with neuropathic pain, as demonstrated by the decreased
immobility time in the TST. These data are in agreement with
the anti-depressant activities induced by some Nrf2 activators in
several animal models of depression as well as to the depressive
phenotype manifested in Nrf2 knockout mice (Wu et al.,
2016; Yao et al., 2016; Zhang et al., 2017). In addition, the
anti-depressant effects induced by SFN in our Sham-operated
mice assessed in the TST confirmed the anti-depressant
capacity of this treatment previously demonstrated in the forced
swimming test (Wu et al., 2016). It’s important to mention that in
contrast to the effects produced by several typical antidepressants,
such as pregabalin that inhibited the anxiety-like behavior, but
not the depressive-like response associated with neuropathic
pain (La Porta et al., 2016), the repeated administration of SFN
induced both anxiolytic and anti-depressant effects in animals
with neuropathic pain. In brief, these results suggested the Nrf2
signaling pathway activation as a new therapeutic target for the

treatment of anxiety and depression associated with chronic
pain.

New theories of anxiety and depressive disorders revealed that
beside inflammation, oxidative stress is also amply implicated
in their development. Consequently, a significant decreased
expression of the antioxidant enzymes activated by the Nrf2
signaling pathway in several anxiety- and depressive-like states
has been demonstrated (Hashimoto, 2015; Khalifeh et al.,
2015; Martín-Hernández et al., 2016). Thus, in order to
evaluate the mechanisms implicated in the anxiolytic and
anti-depressant properties of SFN in animals with chronic
neuropathic pain, we evaluated its effects on the expression
of Nrf2/HO-1/NQO1 signaling and CD11b/C in the prefrontal
cortex and hippocampus of these animals. Our results showed
a down-regulation of Nrf2 and HO-1 in prefrontal cortex and
hippocampus, in addition to an up-regulation of CD11b/c in
the hippocampus from animals with neuropathic pain, revealing
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FIGURE 7 | Effect of SFN on the expression of MAPK in the spinal cord from animals with neuropathic pain. Effects of repetitive treatment with 10 mg/kg SFN or
vehicle from days 14 to 28 after sciatic nerve injury (CCI) on the protein levels of p-JNK (A), p-ERK 1/2 (B), and p-P38 (C) in the spinal cord are represented. The
protein levels from Sham-operated (SHAM) mice treated with vehicle has been also represented as controls. In all panels, ∗ indicates significant differences vs.
Sham-operated vehicle treated mice and # indicates significant differences vs. CCI-SFN treated mice (P < 0.05, one way ANOVA followed by
Student–Newman–Keuls test). Each column represents the mean and vertical bars indicate the standard error of the mean (SEM); n = 4 samples per group.
Representative examples of western blots for p-JNK/total JNK protein (46–54 kDa), p-ERK 1/2/total ERK 1/2 (42–44 kDa) and p-P38/total P38 (38 kDa) are also
shown.

that both brain areas are involved in the affective disorders
associated to chronic pain. Interestingly, the fact that treatment
with SFN normalized the diminished expression of Nrf2 and
HO-1 and avoided the activation of microglia induced by nerve
injury in hippocampus and prefrontal cortex might explain the
anxiolytic and anti-depressant effects of SFN in animals with
neuropathic pain. The lack of changes in the expression of
CD11b/c in prefrontal cortex confirmed that sciatic nerve injury
only activates microglia in specific brain areas (Riego et al., 2018).

Finally, our data also revealed that SFN improved the
mechanical and thermal antiallodynic effects produced
by morphine during neuropathic pain. Considering that
neuropathic pain is difficult to treat with the most potent
analgesic compounds, such as MOR agonists (Obara et al.,
2009; Hervera et al., 2013), the fact that SFN potentiated
the antiallodynic effects of morphine represented a very
interesting stratagem for the treatment of sciatic nerve injury
induced neuropathic pain. These effects might be linked
with the normalization of the decreased expression of MOR
induced by SFN in the spinal cord and/or hippocampus from
sciatic nerve-injured mice. These data are consistent with the
up-regulation of MOR induced by the activation of Nrf2 in
animals with peripheral inflammation (Redondo et al., 2017)
as well as with the neutralization of the down regulation of
these receptors induced by CoPP in sciatic nerve-injured mice
or diabetic animals (Hervera et al., 2013; Castany et al., 2016;
Jurga et al., 2017). These results suggested that the modulation of
the expression of MOR by SFN treatment is probably mediated
via Nrf2/HO-1 activation. Nevertheless and considering that
the pharmacological inhibition of microglia also increased the

analgesic effects of MOR agonists during neuropathic pain
(Zychowska et al., 2013), we cannot discard that the inhibition of
microglial activation made by SFN in our animals might be also
implicated in the increased antiallodynic effects of morphine in
SFN pretreated animals.

CONCLUSION

Our results revealed that treatment with SFN reduced allodynia
and hyperalgesia induced by sciatic nerve injury and inhibited the
anxiety and depressive-like behaviors associated with persistent
neuropathic pain by normalizing oxidative stress, inhibiting
microglial activation and MAPK phosphorylation in the specific
areas evaluated. It is also interesting to note that treatment
with SFN enhanced the antiallodynic activity of morphine by
restoring the down regulation of MOR in the spinal cord and/or
hippocampus from sciatic nerve-injured mice. In summary, this
study showed that treatment with SFN might be an interesting
approach for the management of persistent neuropathic pain
and comorbidities associated, as well as to improve the analgesic
actions of morphine in animals with neuropathic pain.
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Oxidative stress and inflammation are the most important pathogenic events in the
development and progression of liver diseases. Nuclear erythroid 2-related factor 2
(Nrf2) is the master regulator of the cellular protection via induction of anti-inflammatory,
antioxidant, and cyto-protective genes expression. Multiple studies have shown that
activation or suppression of this transcriptional factor significantly affect progression of
liver diseases. Comprehensive understanding the roles of Nrf2 activation/expression and
the outcomes of its activators/inhibitors are indispensable for defining the mechanisms
and therapeutic strategies against liver diseases. In this current review, we discussed
recent advances in the function and principal mechanisms by regulating Nrf2 in
liver diseases, including acute liver failure, hepatic ischemia–reperfusion injury (IRI),
alcoholic liver disease (ALD), viral hepatitis, non-alcoholic fatty liver disease (NAFLD),
non-alcoholic steatohepatitis (NASH), and hepatocellular carcinoma (HCC).

Keywords: Nrf2, oxidative stress, cytoprotective genes, acute liver injury, viral hepatitis, non-alcoholic fatty liver
disease, non-alcoholic steatohepatitis, hepatocellular carcinoma

INTRODUCTION

Oxidative stress and inflammation are the most important pathogenic events in liver diseases.
During liver injuries, the unregulated production of free radicals and/or ROS leads to damage
of important biomolecules and cells and generation of proinflammatory genes. Antioxidant and
anti-inflammatory therapy has been considered to be beneficial in liver diseases. Nrf2 is the master
regulator of the primary means of cellular defense through mediation of antioxidant response, anti-
inflammatory and cytoprotective properties, and dysregulation of Nrf2 activity has been revealed
to correlated with the development of chronic inflammatory diseases (Alam et al., 1999; Vomund
et al., 2017; Bellezza et al., 2018; Hennig et al., 2018). The protective effects of Nrf2 signaling
pathway has been identified in a number of disease models, including acute kidney, lung or neurons

Abbreviations: ALD, alcoholic liver disease; ALP, alkaline phosphatase; ALT, alanine aminotransferase; AST, aspartate
aminotransferase; CDDO-Im, CDDO-imidazolide; CYP2E1, cytochrome P450 2E1; D3T, 3H-1,2 dithiole-3-thione; D-GalN,
D-galactosamine; DAMP, damage-associated molecular pattern; DILI, drug-induced liver injury; FGF19, fibroblast growth
factor 19; GST, glutathione S-transferase; HBV, hepatitis B virus; HBx, HBV stimulates by its X protein; HCC, hepatocellular
carcinoma; HCV, hepatitis C virus; IRI, ischemia–reperfusion injury; JNK, c-Jun N-terminal kinase; Keap1, Kelch-like ECH-
associated protein; LDH, lactate dehydrogenase; LPS, lipopolysaccharide; NAFLD, non-alcoholic fatty liver disease; NASH,
non-alcoholic steatohepatitis; NQO1, NAD(P)H quinone dehydrogenase one; Nrf2, nuclear erythroid 2-related factor 2; NS,
non-structural; PBC, primary biliary cholangitis; PPARγ, peroxisome proliferator-activated receptor-γ; ROS, reactive oxygen
species; VLDLR, very-low density lipoprotein receptor.
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injury, emphysema, and sepsis (Thimmulappa et al., 2007;
Reddy et al., 2009; Sussan et al., 2009; Zhang et al., 2012; Liu
et al., 2014). Accumulating evidence also has implicated this
transcription factor in various liver diseases, including acute
hepatoxicity, NAFLD, NASH, ALD, DILI, viral hepatitis, liver
fibrosis, hepatic IRI, and primary hepatic malignancies (Klaassen
and Reisman, 2010; Tang et al., 2014). Under acute and chronic
oxidative stress and inflammatory conditions, Nrf2 is activated
and prevents oxidative and inflammatory diseases by modulating
genes expression of cytoprotective proteins and enzymes, which
decreases ROS levels, inflammation, and cell death (Bataille and
Manautou, 2012). However, the function of Nrf2 is not always
protective in diseases, recent studies have identified that the
gene expression of Nrf2 was associated with the pathogenesis,
progression, and metastasis of cancer, resistance to cancer
therapy, and the regulation of cancer cells metabolism, thereby
suggesting that Nrf2 is a pleiotropic transcriptional factor (Karin
and Dhar, 2016; Rojo de la Vega et al., 2018). In this review,
we summarized up-to-date studies in the understanding of the
roles and mechanisms of Nrf2 and the therapeutic approaches by
targeting Nrf2 in liver diseases.

ACTIVATION OF Nrf2 ATTENUATES
ACUTE LIVER INJURY

Study has shown that activation of Nrf2 attenuates acute
liver injury. Wu et al. (2012) compared serum ALT, LDH,
hepatic hemorrhage, and necrosis levels between Nrf2-null
and Nrf2-enhanced mice in cadmium-induced acute liver
injury mice model; they found that Nrf2-enhanced mice were
associated with lower ALT and LDH levels and with fewer
morphological alterations. The mRNA levels of cytoprotective
genes, including sulfiredoxin-1, glutamate-cysteine ligase, and
glutathione peroxidase-2 were expressed only in Nrf2-enhanced
mice, suggesting that Nrf2 activation prevents oxidative stress
and acute liver injury through modulation of antioxidant
defense-associated genes (Figure 1). Subsequently, the protective
effects of Nrf2 was tested in LPS and D-GalN-induced liver
injury mouse models by treatment with mangiferin, which could
upregulate the gene expression of Nrf2 in a dose-dependent
manner (Pan et al., 2016). Mangiferin treatment suppressed
serum levels of ALT, AST, IL-1β, TNF-α, and ROS levels, adding
evidences that activation of Nrf2 pathway protects against acute
liver injury. Biochanin A, morin, curcumin, andrographolide,
oxymatrine, and madecassoside were also found to play a
protective role via activation of Nrf2 in LPS and D-GalN-
induced acute liver injury in mice (Liu et al., 2016; Pan et al.,
2017; Tian et al., 2017; Xie et al., 2017; Wang et al., 2018). In
addition, the antioxidant pathway of Nrf2 was further tested
and found to be effective in carbon tetrachloride-induced and
acetaminophen-induced mouse acute liver injury models (Huang
et al., 2016; Cao et al., 2017; Peng et al., 2018; Shen Z. et al.,
2018). The role of Nrf2 in hepatic IRI was also identified by
several studies (Ke et al., 2013; Kudoh et al., 2014; Rao et al.,
2015; Ge et al., 2017; Xu et al., 2017). Ke et al. (2013) showed
that the Keap1–Nrf2 complex could alleviate oxidative injury in

FIGURE 1 | Role of Nrf2 in acute liver injury. The protective effects of Nrf2 in
acute liver injury, one is through regulating antioxidant defense-related genes,
including sulfiredoxin-1, glutamate-cysteine ligase, and glutathione
peroxidase-2, and the other pathway is by promoting its target gene HO-1
and then enhanced autophagy. While its negative regulator-keap1, which by
binding to it inhibits Nrf2 activation and Trx1-PI3K/AKT-HIF1-HO-1/CyclinD1
signal pathway and promotes liver injury.

mouse orthotopic liver transplantation through Keap1 signaling
(Figure 1). The protective effects were identified by limiting
hepatic inflammatory responses and hepatocellular necrosis.
Recently, our research identified cytoprotective effects of CDDO-
Im, a potent activator of the Nrf2 pathway, in hepatic IRI,
through inducing Nrf2 target gene HO-1 expression leads to
enhanced autophagy in hepatocytes, which results in increased
clearance of damaged mitochondria, reduced mtDNA release and
ROS production leading to reductions in DAMP release-induced
inflammatory responses and subsequent secondary hepatocyte
injury (Xu et al., 2017). Despite accumulating evidences, Nrf2-
based treatment is yet to enter clinical trials in the USA1 for
patients with acute liver failure.

ACTIVATION OF Nrf2 AMELIORATES
ALCOHOLIC LIVER DISEASE

Alcohol consumption has been revealed to be significantly
associated with the development and progression of liver diseases
over decades (Shepard et al., 2010). Alcohol metabolism in the
liver includes ethanol oxidation by alcohol dehydrogenase in
hepatocytes and microsomal oxidation promoted by CYP2E1
(Bae et al., 2011; Wang et al., 2014a). Alcohol dehydrogenase-
associated ethanol metabolism results in acetaldehyde, which
gives rise to some downstream effects, such as depletion
of glutathione, lipid peroxidation, and generation of ROS
(Dey and Cederbaum, 2006). In addition, the dysregulation
of antioxidant glutathione by Nrf2-dependent regulation was
found to contribute to the development of ALD by providing
pathological conditions, whereas the Nrf2-mediated antioxidant
response provided protection against alcohol-induced oxidative
stress by regulating glutathione metabolism (Harvey et al.,
2009; Lu, 2013; Rejitha et al., 2015). Furthermore, the oxidative
stress-induced upregulation of Nrf2 is considered to positively
modulate expression of VLDLR, which contributes to ALD
(Wang et al., 2014b).

In ethanol-exposed mice, the role of Nrf2-induced antioxidant
factors was first tested by the Nrf2 inducer D3T (Dong et al.,
2008). Upregulation of Nrf2 by D3T treatment has significantly
decreased generation of ethanol-induced ROS and apoptosis,
which indicated that the activation of Nrf2 could diminish
ethanol-induced apoptosis and ameliorate the disease status.

1clinicaltrials.gov
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FIGURE 2 | Role of Nrf2 in alcoholic liver disease. Studies shown that
oxidative stress promotes Nrf2 activation-induced hepatic VLDLR
overexpression and ameliorates ALD. Nrf2 activator-Sulforaphane protects
alcoholic fatty liver disease by activating Nrf2 signaling pathway and GSH
levels. D3T through upregulate Nrf2 protein levels and decreased ROS levels
and liver injuries.

Moreover, Zhou et al. (2014) verified that Nrf2-mediated
cytoprotective enzymes could ameliorate alcohol-induced liver
steatosis both in in vivo and in vitro models. They further
administered sulforaphane, which is an activator of Nrf2
and present in considerable quantities in brassica vegetables
including broccoli, cabbage, and kale, and found it to be
effective in improving alcohol-induced liver steatosis (Figure 2).
Furthermore, recent advances indicated that activation of the
Nrf2 pathway was protective in alcohol-induced liver fibrosis
and hepatotoxicity, whereas knockdown of Nrf2 was associated
with enhanced alcohol-induced hepatocyte necroptosis (Song
et al., 2015; Lu et al., 2016; Ni et al., 2017). By contrast, a more
recent study demonstrated that ethyl pyruvate, which has multi-
effects including antibacterial, anti-inflammatory, antiviral,
vasodilatory, antioxidant, and antiapoptotic effects, decreases
ALT, AST, hepatic morphological changes, triglycerides, free
fatty acids, and the expression of proinflammatory factors
and increases the expression of anti-inflammatory factors
and peroxisome proliferator-activated receptor-α mRNA which
through downregulation of the ROS–Nrf2 signaling pathway,
thereby alleviating ALD in mice (Fawcett et al., 1999; Harding
et al., 2000; Shen F. et al., 2018). Taken together, these evidences
showed that Nrf2 activation plays essential protective role in
the development of ALD and that simultaneous downregulation
of Nrf2 with ROS and VLDLR may also be effective in the
amelioration of ALD (Figure 2). Further studies are required to
demonstrate the extent of amelioration between upregulation and
downregulation of Nrf2 when ROS and VLDLR expression levels
are downregulated in ALD.

PROTECTIVE EFFECTS OF Nrf2 ON
VIRAL HEPATITIS-INFECTED CELLS
AGAINST OXIDATIVE DAMAGE

Oxidative stress has been shown to be implicated in viral
hepatitis-associated liver diseases, including HBV and HCV
infections (Bolukbas et al., 2005; Ivanov et al., 2013). A previous
study indicated that HCV could mediate the phosphorylation and
activation of Nrf2, which was regulated by the mitogen-activated
protein kinases. The authors further suggested that the activation
of Nrf2-derived survival of HCV-infected cells may provide
favorable circumstances for carcinogenesis (Burdette et al.,

2010). Another study showed that the inhibition of Nrf2 and
antioxidant response elements is regulated by the core proteins
of HCV-replicating cell-triggered delocalization of small Maf
proteins, which were bound to NS proteins NS3, thus reducing
the expression of cytoprotective genes (Carvajal-Yepes et al.,
2011). From the authors’ point of view, inhibition of Nrf2 and
antioxidant response element-regulated genes may contribute
to HCV-associated pathogenesis due to impaired induction of
reactive oxygen intermediates caused by cytoprotective genes,
which giving rise to host cell DNA damage and promoting the
genetic variability of the viral genome. Moreover, Ivanov et al.
(2011) found that the antioxidant-protective Nrf2/antioxidant
response element pathway is activated by HCV proteins,
including core, E1, E2, NS5A, and NS4B, in an ROS-dependent
and -independent manners (Figure 3). In addition, a strong
upregulation of the antioxidant-protective system was modulated
in the earliest stage, indicating that Nrf2 is activated to protect
against HCV-induced oxidative stress in the acute stage of HCV
infection. In addition, replication of HCV has been reported
to be suppressed by Nrf2-mediated heme oxygenase-1 (HO-
1) inducible factor, which is a phytocompound isolated from
Lindera erythrocarpa Makino fruits (lucidone), and a quinone
methide triterpene isolated from Tripterygium wilfordii root
extract (celastrol) (Chen et al., 2013; Tseng et al., 2017).
Furthermore, an in vitro cell line study from Japan found that
knockdown of Nrf2 significantly reduced HCV infection and
steatosis (Sugiyama et al., 2014). Most recently, the authors
further confirmed that an Nrf2 inhibitor (brusatol) had anti-HCV
effects in vitro (Murakami et al., 2018) (Figure 3).

Hepatitis B virus infection, which causes acute or chronic
liver inflammation and contributes to the development of HCC,
has been shown to induce activation of Nrf2 and antioxidative
response elements in vivo and in vitro by HBV-regulatory
proteins, including HBx and large surface proteins, via c-Raf and
mitogen-activated protein kinase (Hildt et al., 2002; Schaedler
et al., 2010). In addition, the HBx protein-mediated activation
of Nrf2 has been introduced to trigger the upregulation of
glucose-6-phosphate dehydrogenase, thereby reprogramming
metabolism of glucose, and may participate in the development
of HCC (Liu et al., 2015). Therefore, Nrf2 is not only a crucial
factor that is activated to defend against viral hepatitis-induced

FIGURE 3 | Role of Nrf2 in viral hepatitis-associated liver diseases. Hepatitis
C virus was reported that impaired the protection of Nrf2 by promoting sMaf
bound to NS3 and brusatol suppressed HCV infection by promoting Nrf2
pathway. HBV-regulatory proteins, including its X protein (HBx) and large
surface proteins were reported to activate Nrf2 and antioxidative responses
via c-Raf and mitogen-activated protein kinase.
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oxidative stress but also a protective factor that is involved in
the survival of viral hepatitis-infected cells and may contribute
to hepatocarcinogenesis.

PROTECTIVE IMPACT OF Nrf2 IN
NON-ALCOHOLIC FATTY LIVER
DISEASE

Non-alcoholic fatty liver disease is a progressive disease arising
from the accumulation of lipids in hepatocytes and has an
increasing incidence worldwide (Satapathy and Sanyal, 2015).
Approximately one-third of patients with NAFLD progress
to severe NASH, which is linked with inflammation and
cirrhosis (Tarantino and Finelli, 2013; Dietrich and Hellerbrand,
2014). Recent studies indicated that ROS and electrophiles are
associated with the pathogenesis of NASH; thus, induction of
Nrf2 seemed to be promising in the prevention and treatment
of NAFLD (Chambel et al., 2015). Du et al. (2016), explored the
therapeutic impact of Nrf2 activation by using osteocalcin, and
found that it could improve NAFLD by ameliorating oxidative
stress and inhibiting the JNK pathway, which is an important
pathway involved in the pathogenesis of NAFLD. A recent study
demonstrated that scutellarin, a flavonoid glycoside that has an
antioxidative stress effect, significantly reduced blood lipid levels
and enhanced the antioxidative capacity by activating PPARγ and
its coactivator-1α, Nrf2, HO-1, GST, and NQO1, and suppressing
nuclear factor κB and Keap1 at the mRNA and protein levels, thus
ameliorating NAFLD (Zhang et al., 2018) (Figure 4). In addition,
a modulator of PPARγ, apigenin, was also revealed to attenuate
NAFLD by Nrf2-associated regulation of oxidative stress and
hepatocyte lipid metabolism (Feng et al., 2017). Moreover, for the
prevention of NAFLD, scutellarin, which is a natural drug with
active components of breviscapine, was shown to be effective by
enhancing the Nrf2-mediated antioxidant system in high-fat diet-
and chronic stress-subjected rats (Fan et al., 2017).

Nuclear erythroid 2-related factor 2 has been found to be a key
regulator in the protection against NASH (Gupte et al., 2013).
By contrast, loss of Nrf2 or deletion of Nrf2 has been found
to cause benign steatosis to develop into NASH and contribute
to exacerbation of disease status (Chowdhry et al., 2010; Wang
et al., 2013). Ramadori et al. (2017) indicated that overactivation
of Nrf2 suppressed the hepatocyte-specific c-met deletion (an
accelerative factor for NASH)-induced deleterious impact on
the progression of NASH and suggested that Nrf2 repaired
liver damage in hepatocyte-specific c-met-deficient mice via

FIGURE 4 | Role of Nrf2 in NAFLD. Multiple studies have shown that several
pathways could activate Nrf2 and inhibit NAFLD and NASH including
scutellarin-PPARγ/PGC1α-Nrf2-HO-1/NQO1/GST pathway; green tea extract
and ezetimibe activated Nrf2 pathway; osteocalcin activated Nrf2 and
subsequently inhibited JNK pathway.

maintaining balance in cellular redox homeostasis. To date, green
tea extract and ezetimibe (an inhibitor of Niemann-Pick-C1-Like
1) have been revealed to promote the protective impact of Nrf2
against lipid accumulation and the inflammatory response during
NASH (Lee et al., 2016; Li et al., 2016) (Figure 4). However,
Nrf2-associated therapeutic approaches for NASH remain to be
implemented in a real-world clinical manner in the near future.

Nrf2 IN PRIMARY LIVER CANCER

Hepatocellular carcinoma is the most common primary liver
cancer, accounting for more than 80% of all hepatic malignancies
(Forner et al., 2018), with molecular alterations in HCC arising
in the very early stage of carcinogenesis (Pitot, 2007). Among
the changes, activation of Nrf2 was found to be the prominent
pathway that contributes to the progression of preneoplastic
lesion to malignancy, which was confirmed by in vivo detection
of the inhibition of the Nrf2 pathway that accompanied the
regression of cytokeratin 19-positive nodules (Petrelli et al.,
2014). The persistent activation of this transcription factor
was found to be associated with the accumulation of p62,
thus participating in the development of HCC (Inami et al.,
2011). This finding was further supported by Saito et al. (2016)
who confirmed the promotive impact of p62 in HCV-positive
HCC through Nrf2-dependent metabolic reprogramming. In
addition, Nrf2 was also found to participate in protection of
HCC cells by facilitating the survival response of FGF19 to
endoplasmic reticulum stress (Teng et al., 2017; Tian et al.,
2018) (Figure 5). Thus, advances were made to regulate the Nrf2
pathway in HCC, including identification of miR-340, miR-144,
camptothecin, and valproic acid, which were revealed to be
effective in suppressing the Nrf2-dependent pathway, thereby
sensitizing HCC cells to anticancer treatments (Shi et al., 2014;
Zhou et al., 2016; Chen et al., 2017; Yu et al., 2017) (Figure 5).
Moreover, indazolo[3,2-b]quinazolinones were revealed to
attack HCC cells by suppressing Nrf2/antioxidative response
elements and inducing mitochondrial-dependent apoptosis
simultaneously (Zhang et al., 2016). In a clinical retrospective
study, patients with high expression levels of Nrf2 (n = 48)
had significantly reduced overall (median, 13.87 months)
and disease-free survival (median, 11.24 months) compared
with patients with low expression levels of Nrf2 (n = 17),
who exhibited median overall survival of 30.40 months and

FIGURE 5 | Role of Nrf2 in HCC. P62 and FGF19 were reported to activate
Nrf2 and promote HCC by competing with Keap1 or through FGFR4–GSK3β

signal pathway. MiR-340, miR-144, camptothecin, valproic acid, and
indazolo[3,2-b]quinazolinones, which were revealed in suppressing
Nrf2-dependent pathway and sensitizing HCC cells to anticancer treatments.
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disease-free survival of 24.43 months (P < 0.01) (Zhang et al.,
2015). The relative risk of high Nrf2 levels in overall survival
was 5.96 with 95% confidence interval of 2.46–14.69 (P < 0.01).
However, regarding the sample size and retrospective nature, a
large-sized prospective clinical study is required to confirm the
prognostic impact of Nrf2 in patients with HCC.

CONCLUSION

In this review, we briefly summarized the biology characteristics
of Nrf2 pathway and discussed the potential therapeutic
applications of targeting Nrf2 in liver diseases. To date, there
are currently few pharmacological options available to prevent
or treat liver diseases. Recently, in clinical trial, NGM282, an
engineered FGF19 analog, could significantly reduce liver fat
content in patients with NASH and remarkably improve ALP and
transaminase levels in patients with PBC (Harrison et al., 2018;
Mayo et al., 2018). The small molecule PRI-724 also identified
the anti-fibrotic effects in a phase 1 trial in patients with HCV
cirrhosis (Kudo et al., 2018).

A link between liver diseases and oxidative stress is
indispensable. The Nrf2 antioxidant pathway is activated to
protect the liver by modulating defensive genes, which even

protect viral hepatitis-infected cells and HCC cells. A number
of preclinical studies have detected regulatory factors for Nrf2;
however, further identification of Nrf2 activators for liver
injury/failure and Nrf2 inhibitors for viral hepatitis, and HCC
is promising for the establishment of extensive and effective
approaches to improve the prognosis of liver diseases. Regarding
the great potential of this transcription factor, there is an unmet
need for prospective clinical trials to explore the therapeutic
impact of Nrf2 regulation in patients with liver diseases.
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Despite the progress that has occurred in recent years in the development of therapies
to treat painful and inflammatory diseases, there is still a need for effective and potent
analgesics and anti-inflammatory drugs. It has long been known that several types
of antioxidants also possess analgesic and anti-inflammatory properties, indicating
a strong relationship between inflammation and oxidative stress. Understanding the
underlying mechanisms of action of anti-inflammatory and analgesic drugs, as well
as essential targets in disease physiopathology, is essential to the development of
novel therapeutic strategies. The Nuclear factor-2 erythroid related factor-2 (Nrf2) is a
transcription factor that regulates cellular redox status through endogenous antioxidant
systems with simultaneous anti-inflammatory activity. This review summarizes the
molecular mechanisms and pharmacological actions screened that link analgesic, anti-
inflammatory, natural products, and other therapies to Nrf2 as a regulatory system based
on emerging evidences from experimental disease models and new clinical trial data.

Keywords: Nrf2, Keap1, pain, inflammation, oxidative stress, analgesic, anti-inflammatory, antioxidant

INTRODUCTION

A cross-talk between varied reactive oxygen species (ROS) and reactive nitrogen species (RNS) is a
common feature of inflammatory and painful diseases. These oxidants can be generated by enzymes
abundant in immune and non-immune cells (Mittal et al., 2014) as part of protective actions
against infections and environmental threats, including microbial or any noxious insults (Janssen-
Heininger et al., 2008). The agonist binding to cellular receptors dictates the actions of nicotinamide
adenine dinucleotide phosphate (NADPH) oxidases (NOX) and nitric oxide synthases (NOS) to
produce superoxide anion and nitric oxide, respectively. Besides the oxidative burst, ROS are also
produced in mitochondrial compartments as a result of respiratory chain activity where oxygen
consumption is high (Paiva and Bozza, 2014).

Compelling evidence also indicates that oxidative stress is not only related to tissue damage,
but also cellular signaling pathways that tightly control cell division, migration and mediator
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production that ultimately regulate diverse cellular functions
(Finkel, 2003; Janssen-Heininger et al., 2008; Pinho-Ribeiro
et al., 2016b). Indeed, ROS/RNS sustain their own production
and induce the release of cytokines, adhesion molecules, lipid
mediators, inflammasome assembly and cyclooxygenase (COX)-
2 expression by mechanisms involving the nuclear factor kappa
B (NF-κB) activation (Verri et al., 2012; Wardyn et al., 2015;
Hennig et al., 2018). NF-κB also induces mitochondrial activity
and NADPH oxidase expression in the context of inflammation
(Manea et al., 2007; Mauro et al., 2011; Wardyn et al., 2015).
Activation of the nuclear factor erythroid 2 (NFE2)-related factor
2 (Nrf2) is central to the disruption of this circle. In fact, in vivo
studies have shown that Nrf2 signaling has an essential role in
limiting neuropathies (Arruri et al., 2017), arthritis (Ferrandiz
et al., 2018), colitis (Xu et al., 2018), pneumonia (Athale et al.,
2012), pulmonary fibrosis (Yan et al., 2017), skin diseases (Schafer
and Werner, 2015), liver (Bae et al., 2013), and kidney damage
(Shen et al., 2017), as well as affecting tumor development (Sporn
and Liby, 2012). Importantly, the structural features and signaling
of Nrf2 protein assign its activity to maintain cellular redox
homeostasis (Hayes and Dinkova-Kostova, 2014).

It is well established that Nrf2 activity is controlled, in
part, by the cytosolic protein Kelch-like ECH-associated protein
1 (Keap1), as portrayed in Figure 1. Under homeostatic
conditions, Nrf2 levels and its activation are controlled essentially
by Keap1. Two Keap1 molecules maintain Nrf2 attached
to its DLG and ETH motifs, which favors CUL3-mediated
ubiquitination of Nrf2 and subsequent proteasome degradation
(Itoh et al., 1999). A small proportion of Nrf2 escapes the
inhibitory complex and accumulates in the nucleus to mediate
basal antioxidant responsive element (ARE)-dependent gene
expression and maintains cellular homeostasis (Kansanen et al.,
2013). Conversely, upon oxidative stress or in the presence
of electrophilic or activating compounds, the modification
of key Keap1 cysteine residues promotes the dissociation of
the inhibitory complex and nuclear translocation of Nrf2.
In the nucleus, Nrf2 forms a heterodimer with its partner
sMAF (v-Maf avian musculoaponeurotic fibrosarcoma oncogene
homolog) and binds to ARE, driving the expression of an
array of Nrf2-target genes, for example NAD(P)H quinone-
oxidoreductase 1 (NQO1), heme-oxygenase 1(HO-1), glutamate-
cysteine ligase (GCL), glutathione S-transferases (GSTs), catalase
(CAT), superoxide dismutase (SOD) and thioredoxin UDP-
glucuronosyltransferase (Nguyen et al., 2009; Ruiz et al., 2013;
Hayes and Dinkova-Kostova, 2014). This signaling is defined
as the canonical mechanism of Nrf2 pathway (Silva-Islas and
Maldonado, 2018). Importantly, this pathway can be modulated
by protein kinases involved in signal transduction in the cytosol,
such as protein kinase C (PKC), phosphoinositide 3-kinase
(PI3K) and mitogen-activated protein kinase (MAPK) ERK1/2
(Bloom and Jaiswal, 2003; Nguyen et al., 2003; Manandhar et al.,
2007).

Alternatively, the interaction of Keap1-Nrf2 can be disrupted
by non-canonical mechanisms (Figure 1). These independent
mechanisms involve the disruption of Keap1/Nrf2 interaction
by competitive binding of disrupter proteins p62, p53-induced
p21 (Toledano, 2009; Best and Sutherland, 2018); DPP3

(Hast et al., 2013), WTX (Karapetian et al., 2005), Prothymosin
α (Karapetian et al., 2005), PALB2 (Ma et al., 2012), or
BRCA1 (Gorrini et al., 2013) to Keap1 (Lau et al., 2010).
Of note, p62 is particularly interesting, since it is the most
studied non-canonical pathway of Nrf2 activation. The deficiency
in autophagy upregulates p62, that binds to Keap1, thereby
inhibiting the Keap1-Cul3-E3 ubiquitin ligase complex and
stabilizing Nrf2 (Lau et al., 2010). In addition, PI3K/Akt signaling
pathway can activate serine threonine kinase glycogen synthase
kinase 3-beta (GSK-3β), which phosphorylates Nrf2 and, in
turn, results in the induction of downstream HO-1, glutathione
peroxidase, GST A1, NQO-1 and GCL expression (Salazar et al.,
2006; Best and Sutherland, 2018). These recent discoveries on
the mechanisms of Nrf2 regulation illustrate possible therapeutic
strategies to modulate its activity.

Of particular interest is the notion that pharmacological
activation of Nrf2 interferes in inflammation (Hayes and
Dinkova-Kostova, 2014). It is also important to mention that
Nrf2 is expressed in many tissues, mainly those exposed to
the environment or associated with detoxification (Itoh et al.,
2010). In other words, it is likely that Nrf2 can be exploited
as a target in distinct organs. Thus, in this review we will
discuss the involvement of Nrf2 in the mechanisms of action of
classic analgesic and anti-inflammatory drugs, as well as natural
products and other molecules that modulate Nrf2, in the context
of experimental models (summarized in Table 1) and human
diseases (summarized in Table 2).

MODULATION OF NRF2 BY ANALGESIC
DRUGS AND SYNERGIC EFFECTS

Despite their deleterious side effects, opioids are one of the
most effective analgesic drugs employed in the clinic (Knezevic
et al., 2017). Opioids produce their pain-relieving actions by
interacting with µ, δ or κ opioid receptors (Bovill, 1997). Growing
evidence has shown that Nrf2-activators can synergize with
opioids to achieve better analgesic effects. Sulforaphane (SFN),
for instance, is an activator of Nrf2 transcription factor that
enhances the antiallodynic and antihyperalgesic effects produced
by morphine. This effect was attributed to local increase in
the expression of µ-opioid receptors, as observed in animals
with peripheral inflammation. Notwithstanding, SFN enhances
the production of HO-1 and NQO1 in the spinal cord and
paw tissue, suggesting that the antiallodynic and antihyperalgesic
effects of SFN and morphine are produced by a Nrf2 antioxidant-
mediated mechanism (Redondo et al., 2017). Fentanyl, another
opioid drug, when combined with butorphanol, activates Nrf2-
ARE signaling via kappa-opioid receptor. The activation of
this pathway increased the expression of downstream genes
NQO1 and HO-1 and prevented oxidative stress in myocardial
ischemia-reperfusion (I/R) injury model (Zhang et al., 2016).
Corroborating these findings, the induction of Nrf2 can also
enhance the antinociceptive effects of delta-opioid receptors in
diabetic neuropathy associated to type 2 diabetes (McDonnell
et al., 2017). Collectively, these data suggest that the use of
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FIGURE 1 | Intracellular signaling pathways that regulate Nrf2. In basal conditions, (A) Nrf2 is sequestered in the cytosol by Keap1 by two motifs (ETGE and DLG),
which are essential to recruit Nrf2. Keap1 works as a dimeric redox sensitive substrate adaptor for cullin-based E3 ubiquitin ligase, which inhibits the transcriptional
activity of Nrf2 via ubiquitination and proteasomal degradation. This signaling is known as canonical pathway. (B) Alternatively, Nrf2 is also regulated by a
non-canonical pathway. The phosphorylation of Nrf2 by GSK-3 facilitates its recognition by β-TrCP, leading to Cul1-mediated ubiquitination, followed by Nrf2
proteasome degradation. Under oxidative stress or pathological conditions, (C,D) Keap1-CUL3 ubiquitin E3 ligase activity decreases and Nrf2 dissociates from
Keap1. Nrf2 translocates to the nucleus and heterodimerizes with small musculoaponeurotic fibrosarcoma (Maf) protein and binds to DNA and other transcription
partners to setting up a nuclear complex with the ubiquitin-conjugating enzyme UbcM2. These nuclear complexes formed with Nrf2 induce the expression of the
ARE-gene battery, such as: NQO1, HMOX1, GCL, GSTs, CAT, SOD, and thioredoxin UDP-glucuronosyltransferase. (E) The multifunctional protein p62 and LC3 acts
by sequestration of Keap1, which culminates in its autophagic degradation. As a consequence, Nrf2 can translocate to the nucleus and activate ARE.

Nrf2-activators may be beneficial, since lower doses of opioid
could be used, thus likely reducing their side effects.

Cannabinoids are molecules that were originally isolated
from Cannabis sativa and later discovered to be endogenously
produced. Cannabinoids represent an alternative pain relief
therapy group of drugs with varied origins (Elikkottil et al., 2009).
Some molecular effects of cannabinoids depend on Nrf2. One
postulated mechanism of action is that endogenous cannabinoids
can enhance SOD synthesis and decrease ROS production via
Nrf2. These effects were implicated in the neuroprotective
effect of cannabinoids in a model of Parkinson’s disease, a
progressive nervous system disorder with inflammatory features
that affects movement (More and Choi, 2015). Anandamide,
an endogenous cannabinoid, leads to Nrf2 activation and
downstream HO-1 mRNA expression in MCF-7 and MDA-MB-
231 breast cancer cell lines (Li H. et al., 2013). Cannabidiol, a
natural cannabinoid constituent isolated from cannabis, controls
LPS-induced oxidative stress and inflammation in BV2 cells by
inducing Nrf2 and ATF4 transcription factors in a mechanism
involving Nrf2-Hmox1 and the Nrf2/ATF4 pathways (Juknat
et al., 2013).

Desipramine, a tricyclic antidepressant that displays pain-
relief and anti-inflammatory effects, is commonly used in
low doses to control neuropathic pain (Roumestan et al.,

2007; Hearn et al., 2014). It has been demonstrated that
desipramine elevates HO-1 expression through ERK and JNK
pathways, leading to Nrf2 activation in Mes23.5 dopaminergic
neurons. Desipramine-induced high HO-1 expression also
protects dopaminergic neurons from cell death, supporting
the notion that this drug could be a promising therapeutic
approach to treat neurodegenerative disease (Lin et al.,
2012).

In summary, the Keap1/Nrf2/HO-1 axis contributes to the
analgesic effects of cannabinoids, anticonvulsant, antidepressant,
and enhances the analgesic effects of opioids.

MODULATION OF NRF2 BY
NON-STEROIDAL ANTI-INFLAMMATORY
DRUGS

Non-steroidal anti-inflammatory drugs (NSAIDs) are a broad
class of anti-inflammatory drugs commonly prescribed for pain
and inflammation (Cashman, 1996). NSAIDs relieve pain by
blocking COX subtypes 1 and 2 enzymes, which results in
the inhibition of prostanoid production (Simmons et al., 2004)
via peripheral and central actions (Cashman, 1996). Depending
on the NSAID, its mechanism of action may also include the
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TABLE 1 | Summary of evidence on analgesic and anti-inflammatory drugs that modulate Nrf2.

Classification Compound Disease or
experimental model

Dose/Concentration Outcome Reference

Opioid
analgesics

Morphine CFA-induced
inflammatory pain

In vivo: 50 µg/30 µL,
i.pl.

Synergy with the induction of Nrf2 to
achieve better analgesic effect

Redondo et al.,
2017

Fentanyl Myocardial I/R injury In vivo: 50 µg/kg, i.v. Synergy with butorphanol to activate
Nrf2-ARE pathway to reduce oxidative
stress

Zhang et al., 2016

[d-Pen(2),d-Pen(5)]-
Enkephalin

db/db mice In vivo: 0.15 mg/kg Synergy with SFN and induction of Nrf2
activation to enhance antinociceptive effect

McDonnell et al.,
2017

SNC-80 db/db mice In vivo:0.5 mg/kg Synergy with SFN and induction of Nrf2
activation to enhance antinociceptive effect

McDonnell et al.,
2017

Non-opioids
analgesics

Anandamide Breast cancer cells In vitro: 2.5 µM Activation of Nrf2-ARE pathway to induce
HO-1 transcription in breast cancer cells

Li H. et al., 2013

Cannabidiol LPS-activated BV2
cells

In vitro: 10 mM Activation of Nrf2-Hmox1 and the
Nrf2/ATF4 pathways to control
LPS-induced activation of microglial cells

Juknat et al., 2013

Desipramine Mes23.5 dopaminergic
neurons

In vitro: 20 µM Protection of neuronal cell death through
Nrf2 activation

Juknat et al., 2013

NSAIDs Aspirin Human melanocytes In vitro: 10–90 µM Protection of human melanocytes against
H2O2-induced oxidative stress via Nrf2
activation

Jian et al., 2016

Spinal cord contusion
model in
Sprague-Dawley rats

In vivo: 20 mg/kg, i.p. Suppression of neuronal apoptosis and
reduction of inflammation through
Nrf2/HO-1 signaling pathway

Wei et al., 2017

Celecoxibe Human Umbilical Vein
Endothelial Cells

In vitro: 1–10 µM Vascular protection via AMPK-CREB-Nrf2
signaling

Al-Rashed et al.,
2018

Diclofenac Mosquito fish In vivo: exposure of
1.572 × 10−3 µmol –
1.572 µmol

Activation of Nrf2 as a protective
mechanism due to large absorption and
accumulation of diclofenac

Bao et al., 2017

Indomethacin ARPE-19 cells In vitro: 50–250 µM Inhibition of macrophage infiltration and
reduced VEGF levels due to Nrf2 activation

Yoshinaga et al.,
2011

Bromfenac ARPE-19 cells In vitro: 5–160 µM Inhibition of macrophage infiltration and
reduced VEGF levels due to Nrf2 activation

Yoshinaga et al.,
2011

SAIDs Dexamethasone Zebrafish larvae In vivo: exposure of 50
nM-50 pM

Nrf2-mediated oxidative stress response Chen et al., 2017

Lymphoblastoid cells In vitro:100 nM Increase of GSH and NADPH levels as well
as improved the antioxidant capacity in a
Nrf2-dependent manner

Biagiotti et al., 2016

Human bronchial
epithelial cells

In vitro: 10−6 M Nrf2/AOX1 pathway enhances airway
epithelial barrier integrity

Shintani et al., 2015

Prednisolone Zebrafish larvae In vivo: exposure of 50
nM-50 pM

Nrf2-mediated oxidative stress response Chen et al., 2017

Triamcinolone Zebrafish larvae In vivo: exposure of 50
nM-50 pM

Nrf2-mediated oxidative stress response Chen et al., 2017

Clobetasol
propionate

NSCLC cell lines In vivo: 0.5–1 mg/kg
In vitro: 10–100 nm

Tumor growth suppression due to high Nrf2
activity

Choi et al., 2017

Budesonide Cigarette smoke-,
LPS-induced
pulmonary

In vivo: 1 or 3 mg/kg Glucocorticoid sensitivity during
inflammatory response is dependent on
Nrf2-HDAC2 axis

Adenuga et al.,
2010

Natural
products

Hesperidin-methyl-
chalcone

MSU-induced gout
arthritis

In vivo: 30 mg/kg, p.o. Inhibition of experimental gout arthritis by
decreasing NF-κB activation and inducing
Nrf2/HO-1 pathway.

Ruiz-Miyazawa
et al., 2018a

Naringenin Superoxide anion-
induced inflammatory
pain

In vivo: 50 mg/kg, p.o. Activation of Nrf2/HO-1 pathway to
promote antinociceptive effect

Manchope et al.,
2016

Titanium dioxide
(TiO2)-induced chronic
arthritis

In vivo: 50 mg/kg, p.o. Activation of Nrf2/HO-1 pathway to
promote antinociceptive effect

Manchope et al.,
2018

D-galactose-induced
mice brain aging

In vivo: 50 mg/kg, p.o. Nrf2 activation through PI3K/Akt pathway Zhang et al., 2017

(Continued)
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TABLE 1 | Continued

Classification Compound Disease or experimental
model

Dose/Concentration Outcome Reference

Quercetin Titanium dioxide
(TiO2)-induced chronic
arthritis

In vivo: 30 mg/kg, i.p. Inhibition of inflammation in (TiO2)-induced
chronic arthritis by decreasing NF-κB
activation and inducing Nrf2/HO-1 pathway.

Borghi et al., 2017

Human normal liver L-02
cells

In vitro: 50 µM Prevention of hepatotoxicity via interacting
with Keap1 and blocking the binding of
Keap1 with Nrf2

Ji et al., 2015

Curcumin Superoxide anion-induced
pain-like behavior

In vivo: 10 mg/kg, s.c. Activation of Nrf2/HO-1 pathway to
promote antinociceptive effect

Fattori et al., 2015

Deprivation/ reoxygenation
model

In vivo: 300 mg/kg, i.p.
In vitro:5 µM

Protects neurons against ischemic injury
through Akt/Nrf2 pathway.

Wu et al., 2013

Caffeic acid Acetaminophen-induced
liver injury

In vitro: human normal
liver L-02 cells and
HepG2 cells

Protection of APAP-induced hepatotoxicity
by inhibiting the binding of Keap1 to Nrf2,
and leading to increased expression of
HO-1 and NQO1.

Pang et al., 2016

Vanillic acid β-amyloid-induced
oxidative stress in mice;
HT22 cells

In vivo: 30mg/kg, i.p.
In vitro: 100 µM

Neuroprotective effect of against
Aβ1-42-induced neurotoxicity through Nrf2
and HO-1 induction

Amin et al., 2017

Kaurenoic acid Acute lung injury In vivo: 3 mg/kg, i.t. Suppression of neutrophilic lung
inflammation via Nrf2 activation

Kim et al., 2016

Glycyrrhizin Lipopolysaccharide-
activated RAW 264.7
cells

In vivo: 200 mg/kg, i.p
In vitro: 2 mM

Reduction of HMGB1 release by induction
of p38MAPK/Nrf2/HO-1 signals

Kim et al., 2015

Rosmarinic acid Acute liver damage In vivo: 50 mg/kg, p.o. Hepatoprotective activity due enhanced
Nrf2 and HO-1 expression

Domitrovic et al.,
2013

β-amyloid-induced
oxidative stress

In vitro:1–10 µM GSK-3β inactivation via the Akt contributing
to Fyn dephosphorylation, leading
accumulation of Nrf2 in the nucleus

Rong et al., 2018

Carnosic acid Ischemia/reperfusion model In vivo: 1 mg/kg, i.p.
In vitro: 10 mmol/L

Neurons protection from oxidative stress
and excitotoxicity through activation of
Keap1/Nrf2 transcriptional pathway

Satoh et al., 2008

Epigallocatechin
gallate

Fluoride-induced renal
injury

In vivo: 40 mg/kg, p.o. Attenuation of fluoride-induced oxidative
stress, renal inflammation and apoptosis by
Nrf2 activation

Thangapandiyan
and Miltonprabu,
2014

PM2.5-induced oxidative
stress injury

In vitro: 50–200 µM
EGCG for 24 h

EGCG protects HUVECs from
PM2.5-induced oxidative stress injury by
upregulating Nrf2/HO-1 via activation of the
p38, MAPK and the ERK1/2 signaling
pathways

Yang et al., 2015

Sulforaphane Nitroglycerin-induced
hyperalgesia

In vivo: 5 mg/kg, i.p. Elevated cellular and nuclear levels of the
Nrf2 protein

Di et al., 2016

Spared nerve injury In vivo: 30 mg/kg, i.p. Decreased Keap1-Nrf2 signaling in mPFC,
hippocampus, and muscle contribute to
anhedonia susceptibility post-SNI surgery,

Li S. et al., 2018

COPD alveolar
macrophages

In vitro: 10 mM Inhibition of lung inflammation and
improvement of bacterial clearance through
Nrf2 activation and its downstream target

Harvey et al., 2011

Capsaicin HepG2 cells In vitro: 200 µM Increased production of ROS, Nrf2
activation and induction of HO-1 expression
via the PI3K/Akt signaling pathways

Joung et al., 2007

Other drugs Dimethyl
fumarate

R6/2 and YAC128 Models
of Huntington’s Disease

In vivo: 30 mg/kg, p.o. Increased Nrf2 immunoreactivity in neuronal
subpopulations

Ellrichmann et al.,
2011

Chronic experimental
autoimmune
encephalomyelitis

In vivo: 15 mg/kg, p.o. Reduced macrophage inflammation in the
spinal cord and increased levels of IL-10.

Schilling et al.,
2006

Myelin oligodendrocyte
glycoprotein induced
experimental autoimmune
encephalomyelitis

In vivo: 15 mg/kg, p.o.
In vitro: human, rat and
mouse astrocytes
100 µM

Increased murine neuronal survival and
protected human or rodent astrocytes
against oxidative stress. Increased
stabilization and activation of Nrf2.

Linker et al., 2011

(Continued)
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TABLE 1 | Continued

Classification Compound Disease or
experimental model

Dose/Concentration Outcome Reference

Trichostatin A Inflammatory cystic
fibrosis lung disease

In vitro: 10 µM Neff activation and downregulation of innate
and adaptive immune responses to reduce
lung disease

Bodas et al., 2018

Sodium butyrate Permanent middle
cerebral artery
occlusion

In vivo: 5 mg/L Keap1/Nrf2 dissociation followed by Nrf2
translocation and transcription of HO-1,
promoting neuroprotection in stroke

Wang et al., 2012

Auranofin U937 and HepG2 cells In vitro: 2.5 µM Activation of Nrf2/small Maf resulting in
transcription of NQO1, GCSh, HO-1 genes
and downregulation of inflammatory genes
involved in rheumatic diseases

Kataoka et al.,
2001; Kim N.H
et al., 2010

15d-PGJ2 Ischemia/reperfusion
injury

In vivo: 0.3 mg/kg, i.v Prevention of hepatic I/R injury by activation
of Nrf2

Kudoh et al., 2014

Experimental gouty
arthritis induced by
monosodium urate

In vivo: 30 mg/kg, sc 15d-PGJ2-loaded nanocapsules increase
mRNA expression of Nrf2/HO-1 signaling
and thereby increase in the antioxidant
defenses in a PPAR-γ-dependent manner
in experimental gout

Ruiz-Miyazawa
et al., 2018b

DHA Vascular endothelial cell
activation by coplanar
polychlorinated
biphenyls

In vitro: 40 µM Increased DNA binding of Nrf2 and
downstream expression of
NAD(P)H:quinone oxidoreductase (NQO1),
similarly to the Nrf-2 activator sulforaphane.

Majkova et al.,
2011

Resolvin D1 UV radiation-induced
skin inflammation

In vivo:30 ng/animal i.p. RvD1 treatment increased the Nrf2 and its
downstream targets NQO1 and HO-1
mRNA expression

Saito et al., 2018

Lipoxin A4 UV radiation-induced
skin inflammation

In vivo: 10 ng/animal
i.p.

Systemic treatment with LXA4 increases
mRNA expression and enhanced nuclear
factor erythroid 2-related factor 2 (Nrf2) and
its downstream target enzyme nicotinamide
adenine dinucleotide (phosphate) quinone
oxidoreductase (Nqo1) mRNA expression.

Martinez et al.,
2018

DEETGE-CAL-Tat
synthetic peptides

Brain injured mice In vivo:15.6 µg/animal
i.c.v..

Increase the mRNA levels for Nrf2-driven
genes and reduced blood-brain barrier
compromise.

Zhao et al., 2011

Global cerebral
ischemia

In vivo: arrange of
doses, i.c.v. and s.c.

Induced Nrf2 antioxidant/cytoprotective
target genes, reduced oxidative stress, and
induced strong neuroprotection and
marked preservation of
hippocampal-dependent cognitive function

Tu et al., 2015

Head-to-tail cyclic
peptide (Peptide 3)

RAW 264.7 cells and
LPS (1 µg/mL)

In vitro: 1–10 µM Exhibited anti-inflammatory effects and
induced activation of Nrf2-regulated
defense system and enhancing the
antioxidant capacity.

Lu et al., 2018

inhibition of NFκB activation and induction of pro-resolving
lipid mediators (Serhan, 2017). The compounds in willow
bark, for example salicylate, provide the basis for aspirin and
many other traditional non-selective NSAIDs (Serhan, 2017).
Accumulating evidence has shown that various NSAIDs have
effects toward the Keap1/Nrf2/ARE pathway (Antman et al.,
2007).

Aspirin, the most commonly used NSAID, has free radical
scavenging property, specifically the removal of hydrogen
peroxide. Aspirin has been reported to have protective effects
against H2O2 in primary human melanocytes by activating
Nrf2-ARE pathway and inducing HO-1 expression (Jian et al.,
2016). Taken this into account, the authors suggested aspirin
as a new antioxidant for the treatment to vitiligo. Aspirin also
displayed neuroprotective effects in spinal cord injury model.

This effect was attributed to a Nrf2/NQO1/HO-1 signaling
pathway-dependent inhibition of neuronal apoptosis, astrocyte
activation, oxidative stress and metabolic dysregulation (Wei
et al., 2018).

The COX-2 transcription is activated by JNK2/c-jun pathway,
which inhibits PI3-K activity and leads to suppression of Nrf2-
ARE transcriptional activity (Healy et al., 2005). Corroborating
these data, COX-2 selective NSAIDs activate the Nrf2/ARE
pathway. Celecoxib is a selective COX-2 inhibitor (Gong
et al., 2012) that has been reported to activate AMPK-CREB-
Nrf2-dependent signaling and enhance vascular endothelium
protection. Treatment of human endothelial cells with celecoxib
leads to COX-2 independent signaling via phosphorylation of
AMPK, resulting in the nuclear translocation of Nrf2. Together,
CREB and Nrf2 pathways upregulate the expression of the
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TABLE 2 | Complete clinical trials related to Nrf2.

Trial registration Drug Drug intake Disease Enrollment Study
phase

Outcome Side effects Country

NCT02023931 Broccoli Sprout
Extract

600 µmol
systemic delivery
or 100 µmol
systemic and
topical delivery

Healthy subject 10 Early Phase
1

Not provided Not provided United
States

NCT01335971 Sulforaphane 4.4 and 26.6 mg,
daily by mouth

COPD 89 Phase 2 Treatment did
not alter the
expression of
Nrf2 target
genes and did
not have an
effect on levels
of other
anti-oxidants or
markers of
inflammation

Nausea
(20.69%) Bad
taste in mouth
(31.03%)
Heartburn
(24.14%)
Bloating/gas
(20.69%)
Abdominal
discomfort
(20.69%)

United
States

NCT01315665 Broccoli sprouts 100 g of raw
broccoli sprouts
daily during
5 days

Cystic Fibrosis 15 Not
mentioned

Treatment
promoted
activated Nrf-2
in the
cytoplasm of
nasal epithelial
cells and
changes in
lymphocyte
glutathione
levels

Abdominal pain
(20%); Back
pain (20%);
Blood in urine
(20%)

United
States

NCT01625130 Broccosprouts R©

(Brassica
Protection
Products LLC)
homogenate

Homogenized
with water using
a ratio of 1:1.2

Healthy subject 16 Not
mentioned

Not provided Not provided United
States

NCT01715480 Broccosprouts R©

(Brassica
Protection
Products LLC)
homogenate

Orally daily for
3 weeks

Sickle cell
disease

21 Not
mentioned

Not provided Not provided United
States

NCT01845493 Broccosprout
homogenate

Orally daily during
3 days

Asthma 16 Phase 1 Not provided Not provided United
States

NCT02433925 Resveratrol 500 mg per day
during 4 weeks

Chronic kidney
disease

20 Phase 3 Not provided Not provided Brazil

NCT02255422 RTA 408
capsules

Capsules of 2.5,
5, 10, 20, 40, 80,
160 mg, orally

Mitochondrial
Myopathy

53 Phase 2 Not provided Not provided Denmark
United
States

NCT02800265 Avmacol 8 tablets every
evening for 3
evenings

Healthy subject 10 Not
mentioned

Not provided Not provided United
States

NCT01716858 Sulforaphane-rich
Broccoli Sprout
Extract

Not mentioned Schizophrenia 10 Phase 2 Not provided Not provided Japan

NCT01269723 Broccoli sprout Drink the broccoli
shake
homogenate

Immune
Response to
Live Attenuated
Influenza Virus
in Smokers and
Non-smokers
patients

51 Not
applicable

Not provided Not provided United
States

NCT02592954 Broccoli sprout 500 nM of extract
in jojoba oil

Epidermolysis
Bullosa Simplex
Pachyonychia
Congenita

5 Phase 1 Not provided Not provided United
States

(Continued)
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TABLE 2 | Continued

Trial registration Drug Drug intake Disease Enrollment Study
phase

Outcome Side
effects

Country

NCT02808624 L-carnosine 500 mg per day Peripheral
Neuropathy on
Cancer

65 Phase 1
Phase 2

Not provided Not
provided

Egypt

NCT03115034 Melatonin 6mg per day
(3 days before
operation to
3 days after
operation)

Carotid
Endarterectomy

60 Phase 4 Not provided Not
provided

China

NCT02683863 BG00012
(dimethyl
fumarate)
(Tecfidera R©)

DMF 120 mg BID
for the first
4 weeks of
treatment
followed by DMF
240 mg BID for
24 weeks

Multiple
Sclerosis

20 Phase 4 Not provided Not
provided

United
States

NCT03393377 Fluvastatin and
Valsartan

Fluvastatin 10 mg
and Valsartan
20 mg orally for
30 days

Atherosclerosis 20 Not
applicable

Not provided Not
provided

Slovenia

NCT01674231 Grapes in the
form of a
Freeze-dried
Whole Grape
Powder

60g freeze-dried
whole grape
powder with
296 mg
polyphenols per
day for 4 weeks

Obesity
Inflammation
Cardiovascular
Disease

20 Not
mentioned

Treatment
enhanced Nrf2
expression in
peripheral blood
mononuclear cells

Not
provided

United
States

NCT01802333 Cytarabine
Daunorubicin
Hydrochloride
Idarubicin
Vorinostat

Not mentioned Acute Myeloid
Leukemia

756 Phase 3 Not provided Not
provided

Canada
United
States

NCT01831193 Curcumin 320 mg/day
during 8 weeks

Proteinuric
Chronic Kidney
Disease

120 Phase 3 No effect of CUR
was observed on
the antioxidant
enzymes activities
or Nrf2 activation

Not
provided

Mexico

UCLA trial Sulforaphane 25–200 g of
broccoli sprout
homogenate,
daily, during
1–4 days

Healthy
smokers

65 Not
mentioned

Increased mucosal
Phase II enzyme
expression in the
upper airway of
human subjects.

Not
provided

United
States

NCT00811889 Bardoxolone
Methyl

Doses of 25, 75,
or 150 mg of
Bardoxolone
methyl daily,
during 24 or
52 weeks

Chronic kidney
dis

227 Phase 2 Increased
glomerular filtration
rate, Effects were
maintained for
52 weeks after a
24 weeks
administration.

Muscle
spasm
42%
(25-mg
group) 61%
(75-mg
group) 59%
(150-mg
group)

United
States
(Antman
et al.,
2007)

NCT00529438 Bardoxolone
Methyl

Doses of 5, 50,
or 100 mg of
Bardoxolone
methyl daily oral
administration
during 21
consecutive days
of a 28-day cycle
for up to 12
cycles.

Advanced Solid
Tumors and
Lymphomas

47 Phase 1 Increased levels of
NQO1 mRNA in
PBMCs.
Decreased levels
of NF-κB and
cyclin D1 in tumor
biopsies.
Increased
glomerular filtration
rate. Safe with
maximum
tolerated dose
900 mg/d.

Nausea
(>3%)
Vomiting
(>3%)

United
States

(Continued)
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TABLE 2 | Continued

Trial registration Drug Drug intake Disease Enrollment Study
phase

Outcome Side effects Country

NCT01351675 Bardoxolone
Methyl

Single dose of
20 mg of
Bardoxolone
methyl daily

Type 2 diabetes
mellitus and
stage 4 chronic
kidney disease
patients

2185 Phase 3 Improved glomerular
filtration rate for
24 weeks and persisted
at 52 weeks.

Heart failure
(6%) Coronary
artery disorder
(5%)

United
States
European
Union
Australia
Canada
Israel
Mexico

NCT01373554 Oltipraz Doses of 30 or
60 mg of Oltipraz
or placebo per
oral, twice a day
during 24 weeks

Non-alcoholic
Fatty Liver
Disease

60 Phase 2 Reduced liver fat
content and body mass
indices. Did not effect
insulin resistance, liver
enzymes, lipids or
cytokines levels

Not provided Republic
of Korea

NCT00956098 Oltipraz Single dose
(30–90 mg) and
multiple-dose (60
or 90 mg) of
Oltipraz

Liver fibrosis
Liver cirrhosis

81 Phase 2 Pharmacokinetics
studies shown that
oltipraz was rapidly
absorbed and
demonstrate efficacy
and safety

Abdominal
discomfort
(16%) Dizziness
(24%)
Dyspepsia
(24%)

Republic
of Korea

antioxidant and anti-inflammatory genes such as HO-1 and
H-Ferritin (FHC). In light of this, celecoxib improves endothelial
function, minimizing cardiovascular risk in patients (Al-Rashed
et al., 2018).

Another group later reported that Mosquito fish (Gambusia
affinis) exposed to diclofenac for 7 days presented increased
expression of Nrf2 mRNA and its downstream related genes.
This response occurred as a protective mechanism due to large
absorption and accumulation of diclofenac, which caused the
buildup of ROS and induction of the antioxidant responses (Bao
et al., 2017). In a model of choroidal neovascularization (CNV),
indomethacin or bromfenac showed modulatory activity on Nrf2.
In ARPE-19 [human diploid retinal pigment epithelium (RPE)]
cells, indomethacin or bromfenac induced the translocation
of Nrf2 into the nucleus and high levels of HO-1 in the
perinuclear lesion and cytoplasm. In vivo, similar therapeutic
effects were produced by these NSAIDs. In rat CNV model,
indomethacin or bromfenac increased Nrf2 or HO-1 expression,
inhibited macrophage infiltration and reduced VEGF levels.
These data support NSAIDs treatment as a reasonable therapeutic
approach for CNV due to their anti-angiogenic effect and
that increasing Nrf2 signaling is a contributing underlying
mechanism (Yoshinaga et al., 2011). Overall, these results
demonstrate the potential protective effects of a NSAID
in inflammatory conditions via the canonical Keap1/Nrf2
pathway.

MODULATION OF NRF2 BY STEROIDAL
ANTI-INFLAMMATORY DRUGS (SADs)

Synthetic SADs resemble natural glucocorticoids with
peculiar differences in both pharmacodynamics and
pharmacokinetics features (Clark and Belvisi, 2012). They

possess powerful immunosuppressive actions (Busillo and
Cidlowski, 2013) and the most frequently prescribed SADs
are prednisone/prednisolone, dexamethasone, and budesonide.
Nevertheless, there are several other SADs that are used to
treat numerous diseases (Clark and Belvisi, 2012). Synthetic
glucocorticoids have been indispensable over the last half-
century for treating several inflammatory and autoimmune
diseases such as allergies, asthma, rheumatoid arthritis, Graves’
disease, psoriasis, sepsis, and transplanted organ rejections. It
is noteworthy that the therapeutic benefits of glucocorticoids
are limited by severe adverse effects that develop in patients
subjected to long-term use. Adverse effects include osteoporosis,
skin atrophy, diabetes, abdominal obesity, glaucoma, growth
retardation in children, immunosuppression, inhibition of
wound repair, and hypertension hypertension (Miner et al., 2005;
Rhen and Cidlowski, 2005).

Regarding the mechanism to achieve the pharmacological
effects, glucocorticoids transduce their actions by binding to
the glucocorticoid receptor (GR) in the cell cytoplasm. Upon
ligand binding, the complex glucocorticoid-GR undergoes
conformational change that triggers its translocation to the
nucleus. In the nucleus, the glucocorticoid-GR complex binds
to glucocorticoid responsive elements, which recruit either
coactivator or corepressor proteins. This biding results in
the modification of chromatin structure, which can facilitate
or inhibit the transcription machinery (Hebbar and Archer,
2003; Nagaich et al., 2004). Moreover, the complex can
also interact with other transcription factors such as NF-
κB (McKay and Cidlowski, 1999; De Bosscher et al., 2003)
and Nrf2 (Ki et al., 2005; Kratschmar et al., 2012). Although
glucocorticoids exert their actions mainly through genomic
(transactivation and transrepression) mechanisms, non-
genomic actions have also been described (Groeneweg et al.,
2011).
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Experimental approaches based on immunoprecipitation of
Nrf2 and its interacting proteins identified GR as a novel
Nrf2-binding partner (Alam et al., 2017). In agreement,
numerous studies have shown that both natural and synthetic
glucocorticoids can modulate Nrf2 activity via GR signaling
(Alam et al., 2017; Choi et al., 2017). A microarray analysis
of developing zebrafish larvae exposed to glucocorticoids
(dexamethasone, prednisolone, and triamcinolone) revealed
that Nrf2 was among the top perturbed canonical pathways
in oxidative stress response. In agreement with these data,
GR signaling can block Nrf2-mediated cytoprotection from
oxidative stress (Kratschmar et al., 2012; Alam et al., 2017) and
inhibition of GR nuclear translocation restores dexamethasone-
induced inhibition of Nrf2/HO-1 expression (Singh and Haldar,
2016). Mechanistically, it was demonstrated that dexamethasone
enhances GR recruitment to antioxidant response elements
(AREs) without affecting chromatin binding of Nrf2, resulting in
the inhibition of acetyltransferase CBP (CREB-binding protein)
recruitment and histone acetylation at AREs. This repressive
effect was inhibited by the addition of histone deacetylase
inhibitors, suggesting that the reduction in Nrf2 transcriptional
activation by GR signaling is dependent on the inhibition of
histone acetylation (Alam et al., 2017).

In contrast to previous data showing that dexamethasone
mitigates Nrf2-mediated response during oxidative stress,
in Ataxia telangiectasia lymphoblastoid cells, dexamethasone
increased GSH and NADPH levels, as well as improved
the antioxidant capacity in a Nrf2-dependent manner.
Dexamethasone was shown to induce the translocation of
Nrf2 from the cytosol to the nucleus, where its accumulation
continued up to 24-h after drug administration to sustain
phase II antioxidant gene expression (Biagiotti et al., 2016).
In experimental autoimmune encephalomyelitis (EAE),
dexamethasone also presented antioxidant effect via up-
regulation of Nrf2 and antioxidant enzymes and Nrf2-nuclear
translocation (Li B. et al., 2013).

Glucocorticoid-mediated Nrf2 activation also plays an
important role in various other physiological and pathological
settings. In liver regeneration, Nrf2 has been shown to be a
key player (Ishtiaq et al., 2018). A variety of factors regulate
hepatic tissue regeneration, among them, augmenter of liver
regeneration (ALR) (Dayoub et al., 2013). Chronic release of
glucocorticoids increases intracellular ROS levels in hepatocytes,
which induces Keap1-Nrf2 conformational changes. These events
culminate in the release of the activated Nrf2, an important
inducer of ALR expression (Adenuga et al., 2010; Dayoub
et al., 2013). In the absence of Nrf2, decreased ALR levels and
delayed liver regeneration are observed in mice subjected to
partial hepatectomy (Zou et al., 2015). Therefore, glucocorticoid
effect on liver regeneration is dependent on Nrf2 regulation
of ALR expression. In airway epithelial cells, Nrf2 pathway
was identified as essential to steroid (dexamethasone)-induced
enhancement of airway epithelial barrier. The transfection of cells
with specific siRNA reduced the enhancement of airway epithelial
barrier integrity and the accumulation of tight junction and
adherent junction proteins at sites of cell–cell contact. Moreover,
transfecting cells with aldehyde oxidase 1 (AOX1)-specific

siRNA, a downstream enzyme of Nrf2, also reduced steroid-
induced enhancement of airway epithelial barrier integrity
(Shintani et al., 2015). In cancer cells on the other hand, increased
Nrf2 activation due to Keap1 or NRF2 mutations occurs
frequently and this seems to be important in the maintenance
of these cells. Therefore, Nrf2 inhibition could be a promising
therapeutic strategy to target these cells (Ma et al., 2018; Rojo
de la Vega et al., 2018). An initial screening of compounds with
inhibitory effect on Nrf2 revealed the glucocorticoid clobetasol
propionate (CP) as one of the most potent Nrf2 inhibitors. CP
prevented nuclear accumulation and promoted Beta-transducin
repeats-containing proteins (β-TrCP)-dependent degradation
of Nrf2 in a GR- and GSK-3-dependent manner. As a result,
CP induced oxidative stress in cancer cells, which strongly
suppressed the growth of tumors with Keap1 mutation and high
Nrf2 activity (Choi et al., 2017).

In addition to the various effects of GR-signaling via
Nrf2, an inverse relation between Nrf2 and glucocorticoid
activity has been reported. In a lung inflammation model, it
was demonstrated that glucocorticoid activity is regulated by
Nrf2. Compared to the WT, Nrf2−/− mice subjected to LPS-
induced lung inflammation showed decreased HDAC2 levels and
increased markers of inflammation, which was not reversed by
the glucocorticoid budesonide (Adenuga et al., 2010). Abnormal
lung inflammation and oxidant burden was associated with a
significant reduction in HDAC2 abundance and glucocorticoid
resistance, thus, glucocorticoid sensitivity during inflammatory
response can be dependent on Nrf2-HDAC2 axis.

NATURAL PRODUCTS-DERIVED
PHARMACOLOGICAL MODULATORS OF
NRF2

Natural products have been described as extraordinarily rich
sources of Nrf2 activators. Phytochemicals are biologically active
compounds found in plants and considered to be the main
representatives of Nrf2-activators (Kou et al., 2013; Zhu et al.,
2016). In fact, analgesic and anti-inflammatory effects produced
by many phytochemicals are considered to occur via Nrf2
pathway (Kumar et al., 2014), secondary to increased phase 2
enzymes, GSH production and turnover [GCL and glutathione
reductase (GR)], increase of HO-1 and NQO1 levels, and reduced
ROS levels (Ma, 2013; Figure 2). It is known that ROS such
as superoxide anion induce inflammatory pain (Maioli et al.,
2015) via NF-κB activation (Pinho-Ribeiro et al., 2016a) and
increased TNFα, IL-1β (Fattori et al., 2015; Yamacita-Borin et al.,
2015; Manchope et al., 2016) and endothelin levels (Serafim
et al., 2015). These inflammatory peptides sensitize nociceptor
sensory neuron terminals that transduce the nociceptive stimuli
in peripheral tissue (Pinho-Ribeiro et al., 2017). Thus, the use
of phytochemicals to induce Nrf2 pathway and reduce ROS
production is a conceivable approach to treat inflammatory and
painful conditions.

Nrf2 inducer phytochemicals can be classified into the
following distinct classes: Michael acceptors, oxidizable phenols
and quinones, isothiocyanates, dithiolethiones, polyenes or
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FIGURE 2 | Molecular mechanisms of drugs that modulate Nrf2 activity. (A) Group of drugs that increase Nrf2 biding to DNA and/or, Nrf2-Maf affinity to ARE region
and/or modulate histone acetyltransferase (HDAC). (B,C) Drugs modulating the disruption of Keap1/Nrf2 complex; either (B) by protein–protein interaction though
Michael addition reaction and/or, (C) increasing Keap1 degradation through proteasome or autophagic pathways. (D) Drug targeting the degradation of Nrf2 via
proteasome by increasing the GSK-3/β-TrCP signaling and reducing Nrf2 activity.

vicinal dimercaptans chemical types (Kumar et al., 2014). The
common feature between them is the ability to react with
sulfhydryl groups by alkylation, oxidation or reduction. Most
phytochemicals are Michael acceptors (olefins or acetylenes-
conjugated with electron-withdrawing groups) and undergo a
conjugate addition with nucleophilic amino acids (cysteine,
lysine, and serine) found in electrophile-sensitive proteins
(Powers et al., 2002). Moreover, phytochemicals can react with
sulfhydryl groups, acting as nucleophiles in Michael reaction
signaling, culminating in the up-regulation of phase 2 enzymes
(Dinkova-Kostova et al., 2001; Kumar et al., 2014).

Flavonoids are well known for their analgesic and anti-
inflammatory properties. Hesperidin-methyl-chalcone (HMC),
naringenin and quercetin, for example, exhibit analgesic and anti-
inflammatory effects in acute and chronic inflammatory pain
conditions. In fact, HMC, naringenin and quercetin inhibited
carrageenan-, LPS-, and superoxide anion-induced inflammatory
pain by mitigating leukocyte recruitment, oxidative stress, IL-
33, TNFα, IL-1β, IL-6 production and NF-κB activation in mice
(Maioli et al., 2015; Pinho-Ribeiro et al., 2015, 2016b,c; Manchope
et al., 2016). Both the analgesic and anti-inflammatory actions of
the aforementioned molecules have been attributed, at least in
part, to Nrf2 pathway activation. The flavonoid HMC inhibited
gout-induced inflammatory pain reducing synovitis, leukocyte
recruitment, oxidative stress, inflammatory cytokines (TNFα, IL-
1β, and IL-6) and inducing Nrf2 activation and HO-1 mRNA
expression in mice (Ruiz-Miyazawa et al., 2018a). The flavanone
naringenin inhibited titanium dioxide/prosthesis-like-induced

chronic arthritis by mitigating leukocyte recruitment, cartilage
degradation, bone resorption, oxidative stress, and inflammatory
cytokine expression (IL-33, TNF-α, IL-1β, and IL-6), and NF-
κB activation (Manchope et al., 2018). It is noteworthy that
the chronic effect of naringenin in titanium dioxide/prosthesis-
like model may be related to its inhibitory effect on superoxide
anion-induced inflammatory pain through Nrf2 activation
and increased HO-1 mRNA expression (Manchope et al.,
2016). Mechanistically, naringenin increased Nrf2/HO-1 through
PI3K/Akt signaling pathway in D-galactose-induced mice brain
aging (Zhang et al., 2017). The flavonoid quercetin has
also been reported to inhibit chronic inflammatory pain
in titanium dioxide/prosthesis-like-induced chronic arthritis
and Ehrlich tumor-induced pain in mice (Calixto-Campos
et al., 2015b). The mechanisms attributed to this analgesic
effect was reduced leukocyte recruitment, oxidative stress, and
inflammatory cytokine production (TNF-α, IL-1β, and IL-6)
secondary to increased Nrf2 and phase 2 enzymes HO-1, GPx1
and GR (Calixto-Campos et al., 2015b; Borghi et al., 2017).
Quercetin also presents hepatoprotective effect in acetaminophen
(APAP)-induced cytotoxicity in human liver L-02 cells by
inducing Nrf2 activation and its downstream enzymes HO-1
and GCL. Mechanistically, quercetin-induced Nrf2 activation by
Keap1-dependent and Keap1-independent mechanisms. Keap1-
dependent mechanism was secondary to the interaction of
H-benzene and H-bond of quercetin to Keap-1 Arg415 and
Tyr527, and Gly364, respectively. The Keap1-independent
mechanism, on the other hand, occurred through JNK MAP

Frontiers in Pharmacology | www.frontiersin.org 11 January 2019 | Volume 9 | Article 1536131

https://www.frontiersin.org/journals/pharmacology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/pharmacology#articles


fphar-09-01536 January 7, 2019 Time: 16:56 # 12

Staurengo-Ferrari et al. Nrf2 Modulation by Analgesic and Anti-inflammatory Drugs

kinase signaling pathway. Interestingly, quercetin also induced
hepatoprotection by increasing p62 protein via JNK signaling
pathway (Ji et al., 2015). Collectively, the flavonoid induction
of Nrf2 and its downstream enzymes may be Keap1-dependent
and Keap1-independent, and by the non-canonical pathway via
p62 (Figure 2). However, further investigations are needed to
establish which pathways are being activated by each molecule.

Curcumin, a yellow pigment found in turmeric, inhibited
superoxide anion-induced inflammatory pain via the inhibition
of leukocyte recruitment, oxidative stress, TNF-α, and IL-1β

production and induction of Nrf2 activation and HO-1
expression (Fattori et al., 2015). In addition, this polyphenol
inhibited neurological impairment, brain edema and infarction
volume, capillary leakage, and oxidative stress in middle
cerebral artery occlusion-induced ischemic/reperfusion damage
in rats by activating Nrf2 and inhibiting NF-κB (Li et al.,
2016). The curcumin induction of Nrf2 expression and its
downstream enzymes were dependent of PI3K/Akt signaling
pathway activation in an in vitro model of ischemia/reperfusion
(Wu et al., 2013). Studies show that curcumin may also exert
therapeutic effect as a Michael acceptor by binding to COX-1,
COX-2 (Selvam et al., 2005), and GSK-3β (Bustanji et al., 2009).
Moreover, in a randomized double-blind placebo-controlled
clinical trial, the positive effect of the dietary supplementation
with curcumin on the redox status and Nrf2 activation was
observed in patients with non-diabetic or diabetic proteinuria in
chronic kidney disease (Jimenez-Osorio et al., 2016).

Cinnamic acid and its derivates are one of the simplest
phenolic acids found in nature (Anantharaju et al., 2016). Caffeic
acid, a cinnamic acid derivate found in thyme and oregano,
possesses analgesic activity. This analgesic effect was observed in
the formalin- (second phase) and acetic acid-induced writhing
tests, as well as, LPS- and carrageenan-induced mechanical
hyperalgesia in rats (Mehrotra et al., 2011). Later studies revealed
that caffeic acid also has hepatoprotective and anti-inflammatory
effects. In APAP-induced liver injury model, this molecule
protected mice by reducing neutrophil recruitment and ROS
levels and increasing GSH levels in the liver. Interestingly,
caffeic acid alone, i.e., independent of APAP-induced injury,
boosted hepatic GSH levels (Pang et al., 2016). These effects were
attributed to the induction of Nrf2 and its downstream enzymes
HO-1 and NQO1 by caffeic acid, as observed in human liver L-
02 cells. Mechanistically, caffeic acid decreased Keap1 content
through the H-benzene interaction with Arg415 of Keap1. In
addition, the hydrogen atom of the hydroxyl at 3-position in
caffeic acid formed water-mediated hydrogen bonds with Ser508,
and the carbonyl group of CA could form H-bond with Gly603
and Ser363, enhancing the binding affinity between caffeic acid
and Keap1 (Pang et al., 2016).

The flavoring agent vanillic acid is also an analgesic
and anti-inflammatory. In carrageenan-induced inflammatory
pain model, vanillic acid mitigated hyperalgesia, leukocyte
recruitment, oxidative stress, IL-33, TNFα, and IL-1β production,
and NF-κB activation in mice. Accordingly, the analgesic
and anti-inflammatory effects of vanillic acid were related to
Nrf2 activation (Calixto-Campos et al., 2015a). In agreement,
vanillic acid also inhibited Aβ1-42-induced oxidative stress,

neuroinflammation and cognitive impairment in mice through
Nrf2 activation and HO-1 expression (Amin et al., 2017).
Although the effects were described to be secondary to Nrf-
2 pathway activation, these studies did not show how this
occurred. Therefore, further investigations demonstrating the
precise molecular mechanism involved in vanillic acid activity are
necessary.

Terpenoids are naturally occurring organic chemicals derived
from five-carbon isoprene unit comprising mono-, di-, and tri-
terpenoids. Kaurenoic acid is a diterpene found in Sphagneticola
trilobata with analgesic and anti-inflammatory properties in vivo.
Both carrageenan-induced inflammatory pain and TNF-α
and IL-1β production were inhibited by kaurenoic acid in
mice (Mizokami et al., 2012). It is postulated that the
analgesic effect of this compound could be related to Nrf2
activation, since kaurenoic acid attenuated LPS-induced acute
lung injury, neutrophil recruitment and inflammatory cytokine
gene expression (TNFα and IL-1β) by activating Nrf2 and
regulating the expression of phase 2 enzymes NQO-1, HO-1
and glutamate-cysteine ligase catalytic subunit (GCLC) (Kim
et al., 2016). Glycyrrhizin a pentacyclic triterpenoid found in
licorice root inhibited CFA-induced mechanical and thermal
hyperalgesia in mice paw and increased IL-6, TNFα, and IL-
1β levels, microglia activation, HMGB1, and NF-κB activation
in spinal cord (Sun et al., 2018). Mechanistically, glycyrrhizin
inhibited LPS-induced HMGB1 release through p38/Nrf2-
dependent induction of HO-1 in Raw 264.7 cells (Kim et al.,
2015). In silico molecular docking assay showed that glycyrrhizin
interacted directly with 16-mer Nrf2 peptide binding site on
Keap1, suggesting that the interference in Keap1/Nrf2 binding
was involved (Kamble et al., 2017). These findings suggest that
Nrf2 activation by glycyrrhizin may be both Keap1 dependent
and independent.

Oxidizable phenols and quinones were one of the first
classes described as phase 2 inducers before the discovery of
Nrf2/ARE pathway (Prochaska et al., 1985; Kumar et al., 2014).
Catechol (1,2-diphenol) and hydroquinone (1,4-diphenol) are
Nrf2 inducers that undergo oxidation by cytochrome p450
in vivo. This reaction results in the formation of its quinone
derivate, which contains a Michael acceptor. This quinone can
react with critical cysteine residues in Keap1, resulting in Nrf2
activation and increased phase 2 enzyme expression (Bensasson
et al., 2008). Rosmarinic acid is a polyphenol-containing a
catechol moiety found in rosemary and peppermint. It has been
demonstrated that pre- or post-treatment with this compound
mitigates chronic constriction injury (CCI)-induced neuropathic
pain by inhibiting mechanical and thermal allodynia, oxidative
stress, glial cell activation, and TNFα production (Anantharaju
et al., 2016). These effects were related to Nrf2 activation.
Rosmarinic acid also inhibited carbon tetrachloride-induced liver
intoxication in mice by reducing oxidative and nitrosative stress,
TNFα, and COX-2 protein expression, and NF-κB activation,
as well as inducing Nrf2 activation and HO-1 in the liver
(Domitrovic et al., 2013). Importantly, it was demonstrated
that Nrf2 activation ocurred through Akt/GSK-3β/Fyn pathway,
because the inhibition of β-amyloid-induced oxidative stress
by rosmarinic acid was abrogated by Akt inhibitor LY294002,
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GSK-3β inhibitor LiCl, Nrf2 shRNA, or Fyn shRNA in PC12 cells
(Rong et al., 2018). Nevertheless, it remains to be determined
if Nrf2 activation by rosmarinic acid is also dependent on
Keap1 interaction. In contrast, the interaction with Keap1 was
demonstrated for carsonic acid. This molecule interacts with
Keap1 via alkylation of critical cysteine residues. This interaction
was central to the inhibition of oxidative stress in immature
cortical neurons (Satoh et al., 2008). Moreover, the importance
of Nrf2 activation in carsonic acid activity was highlighted by
the abrogation of this effect in dominant negative Nrf2 cortical
neurons (Satoh et al., 2008). In vivo, carsonic acid translocates
into the brain, increases the level of reduced glutathione
in vivo, and protects the brain against middle cerebral artery
ischemia/reperfusion (Satoh et al., 2008).

Epigallocatechin gallate (EGCG), a catechin polyphenol
found in green tea, inhibited bone cancer-induced pain and
neuroinflammation by decreasing TNFα in mice spinal cord
(Li and Zhang, 2015). ECCG is protective in fluoride-induced
intoxication kidney damage in rats. The mechanism attributed to
this effect was decreasing oxidative stress, NFκB activation, and
inflammatory cytokine (TNF-α, and IL-6) levels, secondary to
Nrf2 activation and upregulation of phase 2 enzymes HO-1, GCL,
and GST (Thangapandiyan and Miltonprabu, 2014). Collectively,
these data indicate that the analgesic and anti-inflammatory
effects described for EGCG could be related to Nrf2 activation.
Mechanistically EGCG effects involve the activation of ERK
and p38 MAPK signaling pathways. In human umbilical vein
endothelial cells, PD98059 (a selective inhibitor of extracellular
signal regulated kinase [ERK]-1/2) and SB203580 (a selective
inhibitor of p38 MAPK), but not SP600125 [a selective inhibitor
of c-jun N-terminal kinase (JNK)], attenuated the EGCG-
induced Nrf2 and HO-1 expression. Moreover, silencing Nrf2
abolished EGCG-induced enhancement of cell viability and the
upregulation of Nrf2 and HO-1 (Yang et al., 2015). Collectively,
the studies discussed above show that oxidizable phenols and
quinones also induce Nrf2 and its downstream enzymes through
Keap1 dependent and independent mechanisms.

Isothiocyanates are derived from their glucosinolate
precursors, which are found in cruciferous plants. Glucosinolates
are hydrolyzed by plant enzyme myrosinase or by mammalian
gastrointestinal microflora (Fahey et al., 2001; Shapiro et al.,
2001) and important biological activity has been attributed to
these compounds. Sulforaphane, an isothiocyanate found in
broccoli, brussels sprout and cabbage, inhibits CCI-induced
neuropathic pain and the expression of inflammatory cytokines,
COX-2 and iNOS proteins in the spinal cord. Interestingly,
the opioid pathway seemed to be involved in sulforaphane
analgesic effect, since naloxone inhibited its anti-allodynic action
(Wang and Wang, 2017). Anhedonia (loss of pleasure) is a
common feature in patients with neuropathic pain and spared
nerve ligation (SNI) in rats, which can induce a depression-
like phenotype in some of the animals. This phenotype is
related with reduction in Nrf2 levels in medial prefrontal cortex
(mPFC), hippocampus, spinal cord and skeletal muscle, but
not nucleus accumbens in anhedonia-susceptible compared
to anhedonia-resistant and sham rats (Li S. et al., 2018).
Sulforaphane pretreatment inhibited SNI-induced mechanical

hyperalgesia in anhedonia susceptible and resistant rats and
normalized Nrf2 levels in mPFC, hippocampus, spinal cord
and skeletal muscle in anhedonia-susceptible rats (Yao et al.,
2016). In agreement, sulforaphane also inhibited nitroglycerin-
induced hyperalgesia and neuronal activation (c-fos and
nNOS immunoreactivity) in trigeminal nucleus caudalis in
mice by increasing nuclear Nrf2 and phase 2 proteins HO-1
and NQO-1 in neurons (Di et al., 2016). In other contexts,
sulforaphane controls inflammation and improves bacterial
clearance in chronic obstructive pulmonary disease (COPD).
Mice exposed to cigarette smoke for 6 months and challenged
with Haemophilus influenza or Pseudomonas aeruginosa
presented pulmonary inflammation, increased in leukocyte
recruitment, and impairment in bacterial clearance by alveolar
macrophages. The treatment with sulforaphane ameliorated these
events through Nrf2 activation and upregulation of macrophage
receptor with collagenous structure (MARCO), its downstream
target. In agreement, sulforaphane restored the capacity of
bacteria recognition and phagocytosis by alveolar macrophages
from COPD patients (Harvey et al., 2011). Mechanistically,
sulforaphane seems to induce Nrf2 activation through Keap1
cysteine residue 151 interaction (Hu et al., 2011). Regarding
the effects of sulforaphane in humans (Table 2), the oral
consumption of sulforaphane doses contained in standardized
broccoli sprout homogenate increased phase II enzymes in nasal
lavage cells in a placebo-controlled dose escalation trial (Riedl
et al., 2009). On the other hand, in a randomized double-blind
clinical trial, patients with COPD receiving oral sulforaphane
treatment did not present significant changes in Nrf2 target genes
or markers of inflammation in alveolar macrophages or bronchial
epithelial cells (Wise et al., 2016). Interestingly, although similar
doses of sulforaphane were tested, these studies reported different
outcomes. Differences in the study subjects may account for this.
The first trial was conducted with healthy non-smokers, whereas
in the second, the subjects were either active or former smokers
with COPD. It is plausible that higher doses of sulforaphane may
be necessary to produce significant changes in Nrf2 target genes
and disease outcome as the disease severity increases. In this case,
inhalable formulation of sulforaphane may be more effective in
guaranteeing higher delivery in the lungs. Nevertheless, further
studies should be conducted to test this hypothesis.

Capsaicin, a transient receptor potential cation channel
subfamily V member 1 (TRPV1) agonist, is a compound found in
the red pepper. Acutely, capsaicin induces pain, but chronically,
it displays analgesic effects when administrated centrally
or peripherally by depleting neuropeptides at supraspinal
level (Fattori et al., 2016). Unexpectedly, capsaicin induces
the production of ROS, which can interact with NQO1.
Subsequently, Nrf2-ARE binding can occur; followed by Nrf2
activation and induction of HO-1 expression via the PI3K/Akt
signaling pathways in HepG2 cells (Joung et al., 2007). However,
it is unknown whether the analgesic effect of chronic capsaicin
treatment depends on Nrf2 induction.

In summary, this section of the review brought data from
the key phytochemical classes that have analgesic and anti-
inflammatory activity through Nrf2 pathway (Figure 2). It is
noteworthy that natural products are good candidates to associate

Frontiers in Pharmacology | www.frontiersin.org 13 January 2019 | Volume 9 | Article 1536133

https://www.frontiersin.org/journals/pharmacology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/pharmacology#articles


fphar-09-01536 January 7, 2019 Time: 16:56 # 14

Staurengo-Ferrari et al. Nrf2 Modulation by Analgesic and Anti-inflammatory Drugs

with conventional analgesic and anti-inflammatory therapeutic
protocols. The association of these molecules could reduce the
dose of drugs such as opioids, non-steroidal and steroidal anti-
inflammatory, that have several known adverse reactions. Seeking
for novel analgesics and anti-inflammatory drugs with lessened
side effects is also important and may produce substitute drugs
for cases in which the side effects of current drugs do not allow
their therapeutic use.

OTHER THERAPIES MODULATING NRF2

In addition to the previously discussed classes of drugs, many
other compounds have shown important biological activity via
Nrf2. There are a variety of Nrf2 inducers, most of which
are electrophilic molecules. These molecules react with cysteine
thiols of Keap1, being Cys151, Cys273, and Cys288 residues the
most prone to electrophile reaction. Electrophile adducts can
inhibit Keap1 in two different ways. First, by the induction of
a conformational change in Keap1, which results in the loss of
its binding capacity to Nrf2. Second, by blocking the interaction
between Keap1 and CUL3/RBX1, resulting in sequestration of
Keap1 with Nrf2 and further stabilization of newly synthetized
Nrf2 (reviewed in Cuadrado et al., 2018; Figure 2).

Fumaric acid esters, including dimethyl fumarate (DMF) and
the monoester form monomethyl fumarate (MMF), are the most
prominent examples of Keap1 cysteine residue modifiers (Lin
et al., 2011). DMF [Tecfidera R© by Biogen] is to date the only Food
and Drug Administration approved drug registered as NRF2
activator. DMF and other fumaric acid esters have been used to
treat psoriasis for over 50 years, when the role of Nrf2 in disease
was still unknown. Nevertheless, clinical trials have demonstrated
the effectiveness of these compounds in reducing psoriasis area
and severity index (Altmeyer et al., 1994), and treating cases of
moderate to severe chronic plaque psoriasis (Mrowietz et al.,
2017; Tzaneva et al., 2018; Table 2). The mechanisms of action
related to these effects include a shift from a T helper (Th)1
toward a Th2 immune response, in addition to the overall
decrease in the number of peripheral T cells (Ghoreschi et al.,
2011; Tahvili et al., 2015). Considering the immune modulatory
actions of fumaric acid esters, it is not surprising that these
compounds have also therapeutic effects in other auto-immune
diseases such as cutaneous lupus erythematosus (Kuhn et al.,
2016; Saracino and Orteu, 2017) and multiple sclerosis (MS)
Table 2. DMF was approved in 2013 for the treatment of
MS (Xu et al., 2015) and is currently used as the first line
treatment of relapsing-remitting MS that does not respond to
traditional therapies (Bar-Or et al., 2013). Positive results in
EAE, a mouse model for MS, were early indications that fumaric
acid esters may have beneficial effects in this disease (Schilling
et al., 2006). Schilling et al. (2006) reported important therapeutic
effects on the course of disease and histology attributed to the
reduction in macrophage-mediated inflammation in the spinal
cord and increase in systemic IL-10 levels (Schilling et al.,
2006). Accordingly, in this same model of MS, DMF-mediated
beneficial effects on clinical course and preservation of myelin,
axons, and neurons were observed in WT, but not in Nrf2−/−

mice (Ellrichmann et al., 2011; Linker et al., 2011). In line
with the potent anti-inflammatory effects described, DMF also
modulates the immune response in dendritic cells and T cells
by reducing the release of inflammatory cytokines (Ockenfels
et al., 1998). Moreover, DMF prevents endothelial dysfunction
and cardiovascular pathologic ROS formation and inflammation,
as well as decrease atherosclerosis and kidney dysfunction in
diabetic mice (Tan et al., 2014; Sharma et al., 2017). Overall, the
anti-inflammatory and immune modulatory activities of fumaric
acid esters indicate that these compounds may also be successful
in treating other disease in which chronic inflammation and ROS
production are important pathological mechanisms.

As previously discussed in this review, Nrf2 acetylation
mediated by histone acetyltransferase/HDAC enhances its
transcriptional ability and the expression of downstream
targets. This is the mechanism of action of the pan-HDAC
inhibitor trichostatin A, which protects against cartilage
degradation via the reduction in matrix metalloproteinase
(MMP)s and proinflammatory cytokines TNF-α, IL-1β, and
IL-6 in osteoarthritis (Cai et al., 2015). Moreover, protective
effects via Nrf2 in inflammatory cystic fibrosis lung disease
and cerebral ischemic damage have also been observed for
trichostatin A (Wang et al., 2012; Bodas et al., 2018). Other
HDAC inhibitors, for example sodium butyrate and vorinostat,
also mitigate inflammation and the up regulation of MMPs
and aggrecanase 2 in human osteoarthritis chondrocytes. As a
result, HDAC inhibitors have protective effects against cartilage
degradation through mechanisms such as Nrf2 activation and
the inhibition of NF-κB and MAPK (Khan and Haqqi, 2018).
In addition to the drugs discussed in this section, numerous
other Nrf2 inducers acting as electrophilic Keap1 modifiers
have been or are currently being tested in clinical trials for
the treatment of diseases/conditions such as kidney disease,
diabetes, liver diseases (non-alcoholic fatty liver disease, and
liver fibrosis and cirrhosis), and cancer. Some examples of
these molecules are Bardoxolone methyl (Pergola et al., 2011;
Hong et al., 2012; de Zeeuw et al., 2013) and Oltipraz (Kim
S.G. et al., 2010; Kim et al., 2017a), which are shown in
Table 2.

Auranofin (2,3,4,6-Tetra-O-acetyl-1-thio-beta-D-glucopyran
osato-S [triethylphosphine] gold) is a gold(I)-containing
antirheumatic drug that possesses anti-inflammatory properties
mainly via HO-1 induction. The antirheumatic gold(I)-
containing compound selectively activates the DNA binding of
the heterodimer Nrf2 and small Maf. Once bound to the ARE
or Maf-recognition element, Nrf2/small Maf induces a range of
antioxidative stress genes, including HO-1 and γ-glutamylcysteine
synthetase, which contribute to the scavenging of ROS and
exert anti-inflammatory effects (Kataoka et al., 2001). Moreover,
auranofin can elevate cellular levels of Nrf2 by increasing protein
stability. Co-immunoprecipitation and Western blot analysis
indicated that auranofin inhibits Nrf2 degradation by inducing
the dissociation of the Nrf2-Keap1 complex, resulting in nuclear
accumulation of Nrf2. Additionally, mechanistic studies revealed
that upregulation of Keap1/Nrf2 signaling and downstream HO-
1 by auranofin is dependent on Rac1/iNOS induction and MAPK
activation (Kim N.H et al., 2010).
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The role of lipid mediators in promoting the resolution
of inflammation has been widely demonstrated (Serhan et al.,
2008). Strikingly, studies are now showing that these effects
might be induced via Nrf2 activation. The pro-resolving lipid
mediator 15d-PGJ2, for example, has been reported to interact
with Nrf2. 15d-PGJ2 forms an adduct to Keap1 and disrupts
Nrf2 ubiquitination, leading to the accumulation of Nrf2 in the
nucleus (Joo et al., 2017). Numerous studies have demonstrated
the anti-inflammatory activity of 15d-PGJ2 via Nrf2 activation
(Kudoh et al., 2014; Li et al., 2015; Ruiz-Miyazawa et al.,
2018b). In a model of gout arthritis in mice, for example, 15d-
PGJ2-loaded nanocapsules reduced monosodium urate (MSU)-
induced pain, inflammatory cytokine production, and NLRP3
inflammasome and NF-κB activation (Ruiz-Miyazawa et al.,
2018b). Treatment with 15d-PGJ2-loaded NC mitigated oxidative
stress and increased both Nrf2 and HO1 mRNA expression,
which were reverted by the PPAR-γ inhibitor GW9662. These
observations suggest that these effects of 15d-PGJ2-loaded NC
are PPAR-γ dependent, which is in line with previous studies
showing that PPAR-γ activation results in increased Nrf2/HO-
1 signaling and antioxidant defenses (Hsu et al., 2013). Further
substantiating the central role of Nrf2 in the anti-inflammatory
activity of 15d-PGJ2, Bretscher et al. (2015) demonstrated that
the reduction in IL-6 and IL-12 expression by 15d-PGJ2 was
not present in Nrf2-deficient myeloid cells (Bretscher et al.,
2015). Interestingly, 15d-PGJ2 also potentiates macrophage
efferocytosis through Nrf2-mediated upregulation of CD36 and
HO-1. Macrophage efferocytosis is central to the clearance of
apoptotic neutrophils during the resolution of inflammation,
thus 15d-PGJ2 also promotes the resolution of inflammation
(Kim et al., 2017b).

Other lipid mediators that also seem to mediate anti-
inflammatory effects via Nrf2 are lipoxin A4 (LXA4) and
Resolvin D1 (RvD1) (Martinez et al., 2018; Saito et al.,
2018). In ultraviolet (UV) radiation-induced skin inflammation
in mice, LXA4 and RvD1 greatly diminished inflammation,
matrix metalloproteinase 9 expression, and sunburn cell counts
(Martinez et al., 2018; Saito et al., 2018). These lipids also
induced Nrf2 and Nqo1 expression, as well as mitigated
oxidative stress. Skin damage induced by UVB irradiation is
highly dependent on ROS; and Nrf2 has an important role
in the restorative adaptive response to UV radiation-induced
inflammation and sunburn reaction (Patwardhan and Bhatt,
2015). Therefore, it is likely that increased Nrf2 expression is
important in the protective effect of LXA4 and RvD1 against
UV radiation-induced skin inflammation. In the same rationale,
polyunsaturated fatty acids have also been shown to activate
Nrf2 in inflammation. The omega-3 fatty acids docosahexaenoic
acid (DHA) and eicosapentaenoic acid (EPA), are sources for
the production of Protectin and Resolvin D-series, and Resolvin-
E series, respectively (Serhan et al., 2008). Therefore it is
conceivable that they also may modulate Nrf2 activity. Both
DHA and EPA were shown to be cytoprotective against oxidative
insults in endothelial cells in a Nrf2-dependent manner (Lee et al.,
2015; Sakai et al., 2017). DHA also significantly mitigated the
toxicity and increase in MCP-1 levels by organic pollutants such
as polychlorinated biphenyls (PCBs) in vascular endothelial cells;

and this effect was attributed to increased Nrf2 DNA binding and
downstream expression of antioxidants (Majkova et al., 2011).
Although several of these studies have reported Nrf2 pathway
as being central to the anti-inflammatory and antioxidant effects
of the aforementioned lipid mediators and polyunsaturated fatty
acids, the precise molecular mechanism involved in the activation
of Nrf2 was not demonstrated. In this sense, the interaction
between Nrf2 and these molecules is still unclear.

Although Keap1 oxidation by electrophilic compounds
(classic inducers) is essential for Nrf2 activation and its
downstream effects (canonical pathway), the lack of selectivity
of electrophilic Keap1 inhibitors is frequently overlooked and
may account for some of the off-target and undesired side
effects. Bardoxolone methyl, for example, can interact with over
500 different proteins, including many different transcription
factors (Yore et al., 2011; Zhang, 2013). To overcome the lack of
selectivity and off-target effects, a new class of NRF2 inducers that
prevent the docking of NRF2 to KEAP1 has emerged (Richardson
et al., 2015). The Kelch-DC domain of Keap1 binds to Nrf2
via either its DLG or ETGE motif; both of which are thought
to be the major targets of small peptides capable of disrupting
Keap1-Nrf2 protein–protein interaction (PPI) (Xu et al., 2015;
Gazaryan and Thomas, 2016; Jiang et al., 2016; Saito et al., 2016;
Dinkova-Kostova et al., 2017). To date, five families of Keap1-
Nrf2 PPI inhibitors have been described: tetrahydroisoquinoline,
thiopyrimidine, naphthalene, carbazone, and urea derivatives
(reviewed recently in Cuadrado et al., 2018) and studies show
that these peptides are excellent candidates to activate Nrf2 due to
their potent activity and specificity (Hancock et al., 2012, 2013).

The discovery that the DEETGE sequence in Nrf2 is critical
for the Keap1-Nrf2 interaction led to the development of
DEETGE-CAL-Tat synthetic peptides. These peptides containing
the DEETGE sequence, a caplain cleavage site, and a HIV-
Tat cell transduction domain, were shown to disrupt Keap1-
Nrf2 interaction and induce Nrf2 genes in vitro and in vivo
in brain injured mice (Zhao et al., 2011). A subsequent
study revealed that this peptide also had neuroprotective
and cognitive-preserving effects in rats subjected to global
cerebral ischemia. The administration of the DEETGE-CAL-
Tat peptide strongly enhanced nuclear translocation and DNA
binding of Nrf2, as well as expression of known Nrf2-regulated
target antioxidant/cell-defense proteins in the hippocampal
CA1 region. Intracerebroventricular pre-treatment or peripheral
post-treatment also induced robust neuroprotection in the
hippocampal CA1 region and strongly preserved cognitive
function in this model (Tu et al., 2015). In a study by Lu
et al. (2018), on the other hand, the head-to-tail cyclic strategy
was applied in the development of novel peptide inhibitors (Lu
et al., 2018). A novel cyclic peptide 3 showed high binding
affinity with Keap1 and potency in Nrf2 activation at cellular
level. This peptide exhibited effective anti-inflammatory effects
in mouse RAW 264.7 cells by activating the Nrf2-regulated
defense system and enhancing the antioxidant capacity (Lu
et al., 2018). Importantly, from the large number of compounds
indexed, LH601, benzenesulfonyl- pyrimidone 2, N-phenyl-
benzenesulfonamide, and a series of 1,4-diphenyl-1,2,3-triazoles
seem to be more promising candidates to inhibit the PPI
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with KEAP1, due to favorable atomic interaction with KEAP1,
affinity, and thermodynamic parameters of binding (Cuadrado
et al., 2018). Nevertheless, the effect of these molecules has
yet to be tested. Moreover, more studies are necessary to
test the effects, potency, and safety and better elucidate the
mechanisms of the newly developed small peptides discussed
herein.

ROLE OF DRUGS ACTING VIA NRF2 IN
CANCER

Chronic inflammation, pain and oxidative stress often
accompanies cancer. Nrf2 has been conventionally considered
as a tumor suppressor, especially in the early stages of cancer.
The definition that Nrf2 is a tumor suppressor comes from its
cytoprotective effect against exogenous and endogenous insults
such as xenobiotics (Sporn and Liby, 2012). More recently,
molecular analysis have stablished that Nrf2 is a oncogenic factor
and its activation leads to chemotherapy resistance (Ganan-
Gomez et al., 2013). In this context, it is controversial whether
the activation of Nrf2 by pharmacological agents with anti-
inflammatory and antioxidant properties are useful for the
prevention or treatment of cancer.

In experimental studies, the chemopreventive role of Nrf2
inducers was mainly addressed by using the naturally occurring
isothiocyanate, sulforaphane. Sulforaphane has received audience
because of its ability to simultaneously modulate early stages of
carcinogenetic events (initiation) or hamper steps involved in
cancer development (Fimognari and Hrelia, 2007; Jiang et al.,
2018). Mechanistically, sulforaphane, via Nrf2, promotes DNA
protection by inducing phase II enzymes (Morimitsu et al., 2002).
This complex association between sulforaphane-Nrf2 is defined
by the reversible modification of Keap1 cysteine residues (Hu
et al., 2011), interaction with MAPK, phosphatidylinositol 3-
kinase (PI3K), PKC pathways, NF-κB, or epigenetic modifications
(Su et al., 2018). Therefore, the modulation of kinases or
DNA methyltransferases results in phosphorylation, nuclear
accumulation, and increased transcription and stability of Nrf2.
In addition, all effects were observed in nanomolar range (Guan
et al., 1990; Su et al., 2018).

Besides sulforaphane, others molecules with distinct
mechanisms, including phenethyl isothiocyanate, oltipraz,
curcumin, resveratrol, fumaric acid and its esters, and synthetic
oleanane triterpenoids also have therapeutic effects in cancer by
targeting Nrf2 (Gupta et al., 2004). Of note, although all these
chemopreventive molecules can interact with proteins other
than Nrf2, indicating that Nrf2-independent mechanisms were
also present, their beneficial effects were abrogated or decreased
in Nrf2 knockouts (Ramos-Gomez et al., 2001). Additionally,
ARE reporter mice and measurements of NAD(P)H:quinone
oxidoreductase (NQO1) and GST transcripts levels were also
used to confirm the involvement of Nrf2 (Lewis et al., 2006;
Sporn and Liby, 2012). Importantly, all these chemopreventive
drugs reduce at low doses the uncontrollable oxidative stress
generated by carcinogens that would damage DNA and induce
persistent inflammation (Hayes et al., 2010; Hu et al., 2010;

Sporn and Liby, 2012). So far, the beneficial role of Nrf2
induction has been widely explored at multiple organ sites
including skin (Ben Yehuda Greenwald et al., 2017; Alyoussef
and Taha, 2018), lungs (Kumar et al., 2011; To et al., 2015;
Creelan et al., 2017; Lin et al., 2017), bladder (Iida et al., 2004;
Leone et al., 2017), breast (Pledgie-Tracy et al., 2007; Soto-
Balbuena et al., 2018; Soundararajan and Kim, 2018), colon
(Rajendran et al., 2015; Guo et al., 2018), pancreas (Kallifatidis
et al., 2009), stomach (Fahey et al., 2002), and oral cancer
(Bauman et al., 2016; Soundararajan and Kim, 2018).

Because Nrf2 promotes cell survival under stress, it is coherent
to assume that an increase in Nrf2 could be protective for
cancer cells. In this context, the hyperactivation or unbalanced
regulation of Nrf2 may participate in tumor growth or be
involved in chemoresistance (Ganan-Gomez et al., 2013).
However, only a few studies reporting a cancer-promoting role
of Nrf2 have been published.

The frequencies of Nrf2 and Keap1 mutation in tumors
are often low (Taguchi et al., 2011). Following the discoveries
and characterization, it was observed that common oncogenes,
such as KRAS, BRAF, and MYC, increase the transcription and
activity of Nrf2, resulting in an increase in cytoprotection and,
most notably, a decrease in free radical generation (DeNicola
et al., 2011; Sutcliffe et al., 2011). Thus, oncogenes may
promote tumorigenesis, in part, in a Nrf2-dependent manner by
enhancing the survival of tumor cells (DeNicola et al., 2011).
Therefore, considering that cells do not appear to become
refractory to repeated activation of the NRF2 pathway by
drugs, it is possible that cancer cells utilize a non-mutated
pathway to support tumor growth in early stages (Perera and
Bardeesy, 2011). Despite these effects, studies point out that
increased levels of fumarate, due to chronic exposition to
DMF, can become carcinogenic to cells (Sporn and Liby, 2012;
To et al., 2015). However, additional studies are required to
determine whether phytochemicals, synthetic chemopreventive
agents or others drugs targeting Nrf2 increase or decrease cancer
risk.

Persistent activation of Nrf2 also enhances resistance to
etoposide, doxorubicin, tamoxifen and cisplatin. Alongside
with this, many Nrf2 downstream genes, in particular, heme
oxygenase-1 (HO-1) have been shown to contribute to the
observed Nrf2-dependent chemoresistance (Jozkowicz et al.,
2007; Jeddi et al., 2017). In this sense, the abrogation of drug-
induced ROS by Nrf2 can confer chemoresistance. Moreover,
there is no clear understanding between pharmacological agents
acting via Nrf2 and direct resistance, since the persistent
activation of Nrf2 is usually a result of a genetic mutation
(Homma et al., 2009; Kensler and Wakabayashi, 2010).

Overall, the timing of Nrf2 activation is important in the
context of cancer, as summarized in Figure 3. Enhancing
Nrf2 is essential for the prevention of cancer, especially at
low doses by drugs that enhance this pathway. On the other
hand, in fully malignant cells and in advanced stages of
cancer, the enhancement of Nrf2 caused by mutations can
protect the tumor microenvironment. At this point, modulating
unique redox regulatory mechanism or avoiding use of Nrf2
inducers from general source that greatly accumulate in
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FIGURE 3 | Role of drugs acting via Nrf2 in cancer. (A) In normal cells, Nrf2 activity is regulated by canonical and non-canonical pathways, which in the absence of
oxidative stress, culminate in Nrf2 proteossomal degradation. (B) Enhancing Nrf2 in premalignant and early malignant cells is important to prevent cancer
development, specially by low doses of drugs capable of inducing phase II enzymes and antioxidant proteins expression. (C) Otherwise, in malignant cells the
enhancement of Nrf2 activity caused by mutations such as Kras, Bras and Myc, can protect tumors from the cytotoxic effects of reactive oxygen species (ROS)
induced by chemotherapy. However, the effects of drugs that act via Nrf2 at intermediate and chemotherapy stages still need investigation. Overall, the effects of
Nrf2 in cancer depend on the biological development stage of tumor cells.

cells might be effective. However, the direct effects of Nrf2
inducers or even palliative drugs acting via Nrf2, for instance,
morphine on cells at intermediate stage of cancer, need further
investigation.

NON-PHARMACOLOGICAL
APPROACHES TARGETING
KEAP1-NRF2 PATHWAY

In this section we will discuss data from preclinical studies
on non-pharmacological approaches of targeting Keap1-Nrf2
signaling pathway in varied inflammatory disorders. Among the
non-pharmacological approaches, the use of interference RNA
(iRNA) and genetic constructions targeting the knockdown (KD)
of keap1 gene are widely applied in a variety of in vivo and in vitro
studies. In fact, a keap1 KD with background on scurfy mice
was developed (Suzuki et al., 2017). Scurfy mice are deficient
in Treg cells; therefore, they succumb to severe multi-organ
inflammation by 4 weeks of age. The systemic activation of Nrf2,
by KD of Keap1, considerably ameliorated inflammation and

lethality. In addition, increases in Nrf2 activation reduced the
number of activated T cells and the amount of pro-inflammatory
cytokines (Suzuki et al., 2017).

Similarly, in vivo KD of Keap1 decreased fasting-induced
steatosis (Xu et al., 2013). The overt-activation of Nrf2 in
this particular case decreased the levels of lipid accumulation
in the liver and reduced the expression of lipogenic genes
and genes related to fatty acid transport. In addition to
these findings, the authors propose that Nrf2 plays a role in
insulin signaling regulation and enhances insulin sensitivity in
skeletal muscle (Xu et al., 2013). The Keap1 KD was also
investigated in glomerulosclerosis (Miyazaki et al., 2014). The
increase in Nrf2 activity ameliorates podocyte injury caused by
an immunotoxin. These findings suggest that the Keap1-Nrf2
system is a promising target in the treatment of chronic liver and
kidney diseases.

Although great efforts have been made to study the role of
Nrf2 in various diseases, the in vivo study of Keap1 is limited
to its knockdown, as previously described. Interestingly, Keap1-
null mice present postnatal lethality (Wakabayashi et al., 2003). In
fact, constitutive activation of Nrf2 culminate in morphological

Frontiers in Pharmacology | www.frontiersin.org 17 January 2019 | Volume 9 | Article 1536137

https://www.frontiersin.org/journals/pharmacology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/pharmacology#articles


fphar-09-01536 January 7, 2019 Time: 16:56 # 18

Staurengo-Ferrari et al. Nrf2 Modulation by Analgesic and Anti-inflammatory Drugs

alterations on esophagus and forestomach, manifesting as
hyperkeratosis lesions. Two major hypotheses were postulated
to explain the lethality of Keap1-null mice. First, a subset of
genes for squamous cell differentiation is within the ARE region,
therefore, Nrf2 activation induces their expression. Second, the
process of desquamation and keratin degradation is dependent
on oxidative stress. In this sense, the high amounts of antioxidant
proteins prevent keratin oxidation, avoiding desquamation
(Wakabayashi et al., 2003). In spite of the protective role Nrf2
plays in many scenarios of diseases, driving its uncontrolled
activation may be a dangerous path, as will be discussed further
in this section.

The increase o Nrf2 activity was also investigated on human
renal tubular HK-2 cell line by KD keap1 gene with a short
hairpin iRNA. Cells with decreased expression of keap1 showed
up-regulation in a set of antioxidant and detoxifying proteins,
which increased the resistance to cisplatin and doxorubicin
cytotoxicity (Jeong et al., 2015). This work demonstrated the
potential of Nrf2 to induce the expression of four renal
transporters involved in the excretion of drugs, which in a
translational manner suggest the importance of Nrf2 in human
xenobiotic-induced nephrotoxicity. In a similar way, the KD
of keap1 in Hep2 cancer cells line increased the expression of
antioxidant agents and reduced the apoptosis rate when cells were
challenged with H2O2 (Li C. et al., 2018). As discussed in this
review, the up-regulation of Nrf2 may favor tumor growth by
reducing apoptosis and the relation between Nrf2 and cancer cells
is contradictory, therefore, genetic interventions that increase
Nrf2 activity may not be a suitable therapeutic approach for
cancer.

Despite effective, KD methodologies listed above are limited
to the basic research level and obviously not reliable to be
considered as therapy for humans today. Nevertheless, the effort
of these alternative approaches placed Keap1 as an important
target to elucidate the function of genes as well as finding new
therapeutic interventions.

CONCLUNDING REMARKS

Considering that Nrf2 signaling pathway can regulate at
least 600 genes, of which 200 encode cytoprotective proteins
that are involved in diseases and the dynamic connections
between diseases and drugs, modulating Nrf2 activity is
a promising pharmacological approach in inflammatory
and painful diseases (Ahmed et al., 2017). Nrf2 activators
are commonly naturally occurring and plant-derived, but
many others are synthetic compounds as represented by
pharmacological classes of analgesics, glucocorticoids, NSAIDs,
pro-resolution lipid mediators, electrophilic compounds and
others as discussed above. To improve comprehension,
we highlighted some examples of drugs with analgesic or
anti-inflammatory actions that act via Nrf2 by canonical
or non-canonical pathways in Figure 2. Moreover, for
a comprehensive overview of the current evidence on
molecules that mediate analgesic and anti-inflammatory
actions via Nrf2 using in vivo and in vitro approaches, we

include in Table 1 examples of compounds that belong to
the aforementioned pharmacological classes and the main
mechanisms demonstrated in experimental models. In Table 2,
we provide an overview of molecules tested in completed
clinical trials that were discussed in this review. Additionally,
we have included molecules that were tested, but no outcome
was reported following the completion of the study, for
example CXA-10, cytarabine, daunorubicin hydrochloride,
fluvastatin, grape powder, idarubicin, L-carnosine, melatonin,
resveratrol, RTA 408, valsartan. Data from Table 2 and
other clinical trials that were not included herein can
be found at: www.clinicaltrials.gov/ct2/results?term=nrf2&
Search=Apply&age_v=&gndr=&type=&rslt=.

In conclusion, modulating Nrf2 activity is a promising
approach to achieve homeostasis during inflammatory responses
where oxidative stress is an essential player. Nevertheless, a better
understanding of how the activation or inhibition of Nrf2 can
modulate the course and/or outcome of inflammatory diseases
is an important strategy for the discovery of new drugs or
the repurposing of drugs that target NRF2. Importantly, recent
studies focusing on the development of more specific and potent
peptides that target Keap1-Nrf2 PPI are promising. However,
the effect of many of these molecules have not been tested
in vivo yet. Therefore, investigations on their effect, mechanisms
of action, and safety will be of great value. Further, translational
investigations on the therapeutic effect and safety of new or
repurposed modulators of Nrf2 pathway in humans is warranted.
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Treatment With Naringenin Elevates
the Activity of Transcription Factor
Nrf2 to Protect Pancreatic β-Cells
From Streptozotocin-Induced
Diabetes in vitro and in vivo
Rashmi Rajappa1, Dornadula Sireesh2, Magesh B. Salai1, Kunka M. Ramkumar2,
Suryanarayanan Sarvajayakesavulu1 and SubbaRao V. Madhunapantula3*†

1 Department of Water & Health, Faculty of Life Sciences, JSS Academy of Higher Education and Research, Mysuru, India,
2 SRM Institute of Science and Technology, Chennai, India, 3 Center of Excellence in Molecular Biology & Regenerative
Medicine, Department of Biochemistry, JSS Medical College, JSS Academy of Higher Education and Research, Mysuru,
India

Chronic hyperglycemia and unusually high oxidative stress are the key contributors
for diabetes in humans. Since nuclear factor E2-related factor 2 (Nrf2) controls the
expression of antioxidant- and detoxification genes, it is hypothesized that targeted
activation of Nrf2 using phytochemicals is likely to protect pancreatic β-cells, from
oxidative damage, thereby mitigates the complications of diabetes. Naringenin is one
such activator of Nrf2. However, it is currently not known whether the protective effect of
naringenin against streptozotocin (STZ) induced damage is mediated by Nrf2 activation.
Hence, the potential of naringenin to activate Nrf2 and protect pancreatic β-cells from
STZ-induced damage in MIN6 cells is studied. In MIN6 cells, naringenin could activate
Nrf2 and its target genes GST and NQO1, thereby inhibit cellular apoptosis. In animals,
administration of 50 mg/kg body weight naringenin, for 45 days, significantly decreased
STZ-induced blood glucose levels, normalized the lipid profile, and augmented the
levels of antioxidants in pancreatic tissues. Immunohistochemical analysis measuring
the number of insulin-positive cells in pancreas showed restoration of insulin expression
similar to control animals. Furthermore, naringenin promoted glycolysis while inhibiting
gluconeogenesis. In conclusion, naringenin could be a good anti-diabetic agent, which
works by promoting Nrf2 levels and by decreasing cellular oxidative stress.

Keywords: diabetes, streptozotocin, naringenin, Nrf2, MIN6 cells, apoptosis

Abbreviations: BSA, Bovine Serum Albumin; CAT, catalase; GPX, glutathione peroxidase; GSH, glutathione; IDF,
International Diabetes Federation; IPGTT, Intraperitoneal Glucose Tolerance Test; Keap1, Kelch-like ECH-Associated
Protein-1; MAPK, Mitogen-Activated Protein Kinase; MLD-STZ, Mutiple Low Dose Streptozotocin; NF-Kb, nuclear Factor
kappa-light-chain-enhancer of activated B cells; NQO1, NAD(P)H Quinone Oxidoreductase 1; Nrf2, Nuclear factor E2-
related factor 2; ROS, Reactive Oxygen Species; SDS-PAGE, Sodium Dodecyl Sulfate- Polyacrylamide gel electrophoresis;
SOD, superoxide dismutase.
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INTRODUCTION

Diabetes is a non-communicable disease with multiple etiological
factors resulting from a defect in insulin secretion, insulin action,
or both, leads to chronic hyperglycemia with disturbances in
the metabolism of carbohydrates, lipids, and proteins (American
Diabetes and Association, 2010). Despite various cost-effective
treatment strategies and public campaigns highlighting the key
risk factors for diabetes, the incidence and burden are increasing
at alarming rates with an estimated 422 million individuals
presently suffering from this disease globally. According to the
IDF, the number of diabetics is predicted to increase to 642
million by 2040 (American Diabetes and Association, 2015).
A decrease in the number of insulin-producing functional β-cells
and alterations in β-cell mass contributes to the pathophysiology
of both type1 and type 2 diabetes (Cerf, 2013). Recent studies
have identified that oxidative stress, caused by excess ROSs,
is one of the most important causing factors for diabetes
complications (Forbes and Cooper, 2013). Moreover, since
pancreatic β-cells express very low antioxidant defense enzymes,
they are more susceptible to oxidative stress caused by (a) free
radicals; (b) misfolded proteins; and (c) endoplasmic reticulum
hyperactivity (Lenzen et al., 1996). As a result of this cellular
stress, β-cells undergo apoptosis, culminating in pancreatic
dysfunction (Kajimoto and Kaneto, 2004). Therefore, promoting
the expression of genes coding for antioxidant enzymes appears
to be a possible therapeutic approach against stress-associated cell
damage in pancreatic β-cell (Qin and Hou, 2016).

Nuclear factor erythroid 2-related factor-2 (Nrf2) is a key
leucine zipper transcription factor that regulates the expression
of intracellular antioxidant enzymes thereby prevent the loss
of cells due to oxidative stress (Lacher et al., 2015). Under
basal conditions, Nrf2 exists in its inactive state due to its
association with Keap1 (Kelch-like erythroid-cell-derived protein
with CNC homology [ECH]-associated protein) (Ma and He,
2012). Mechanistically, Keap1 anchors Nrf2 in the cytoplasm
and target it for proteasomal degradation by promoting its
association with the Cullin-3 (Cul3)/Ring box-1 (Rbx1) E3
ligase system (Ma and He, 2012). However, when cells are
exposed to oxidative or electrophilic stress, the reactive cysteines
of Keap1 undergo modification, causing dissociation of the
Nrf2 from Keap1 complex, allowing its’ translocation into the
nucleus. Nuclear Nrf2 binds to antioxidant response elements
(ARE) sequences and trigger the expression of genes involved
in combating cellular stress (Jung and Kwak, 2010). These
stress-response genes include NADPH quinone oxidoreductase
(NQO1), Heme oxygenase-1 (HO-1), glutathione S-transferase
(GST), superoxide dismutase (SOD), catalase (CAT), and
γ-glutamylcysteine synthetase (GCS) (Jung and Kwak, 2010).
Since Nrf2-dependent cellular defense response can protect
organs, activation of Nrf2 using phytochemical has been
implicated as a strategy to combat diseases such as diabetes (Lu
et al., 2016).

Naringenin (Figure 1) is a bioactive flavonoid predominantly
present in citrus fruits such as grapes, blood orange, lemons, and
tomatoes (Sumathi et al., 2015). Prior studies have demonstrated
that naringenin treatment could offer protection against

FIGURE 1 | Chemical structure of naringenin. Naringenin is a flavonoid
present in citrus species fruits.

(a) ethanol-induced hepatotoxicity and (b) cisplatin-induced
nephrotoxicity (Sumathi et al., 2015). For instance, naringenin
has been shown to down-regulate the phosphorylation of
MAPK and nuclear factor kappaB (NFκB) subunit p65
in daunorubicin-induced nephrotoxicity by preventing the
epidermal growth factor receptor (EGFR)-phosphoinositide-3
kinase (PI3K)-Akt/extracellular signal regulated kinase (ERK)
MAPK signaling (Karuppagounder et al., 2015). Recently,
naringenin has been shown to activate Nrf2 (Esmaeili and Alilou,
2014). Esmaeili and Alilou (2014) reported that naringenin
suppressed the hepatic inflammation by stimulating the Nrf2
pathway in carbon tetrachloride treated rats. In addition,
naringenin provided protection against 6-hydroxy dopamine-
induced oxidative stress in SH-SY5Y cells (Lou et al., 2014).
However, not much is known about whether naringenin reduces
oxidative stress in MIN6 pancreatic β-cells through Nrf2
signaling. Therefore, in the current study, we have determined
the Nrf2 activation potential of naringenin in MIN6 cells in vitro;
and assessed its protective effect against streptozotocin (STZ)-
induced pancreatic β-cell apoptosis. Furthermore, the anti-
diabetic and anti-oxidative effects of naringenin were studied
using male Wistar albino mice treated with multiple low doses
of STZ. In conclusion, data from our studies report the ability
of naringenin to activate Nrf2 thereby provide protection against
STZ-induced cell death in vitro as well as in experimental animal
models.

MATERIALS AND METHODS

Culturing of MIN6 Cells
MIN6 is a mouse insulinoma cell line obtained from National
Centre for Cell Science (NCCS), Pune, India. MIN6 display many
important characteristics that are similar to pancreatic islets
(Ishihara et al., 1993). For example, MIN6 cells exhibit glucose-
stimulated insulin secretion (GSIS) (Cheng et al., 2012). MIN6
cells were cultured in DMEM supplemented with 10% heat-
inactivated FBS, 100 U/mL penicillin, 100 µg/mL streptomycin,
and 2.0 mM glutamine (Purchased from GE Healthcare, Little
Chalfont, United Kingdom) in a carbon dioxide incubator
maintained at 37◦C with 5% CO2. MIN6 cells with passage
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number between 5 and 20 were used for all the experiments
(Elango et al., 2016).

Determination of Cell Viability Using MTT
Assay
The effect of naringenin on the viability of MIN6 cells
was measured using an MTT assay (Mosmann, 1983).
Experimentally, first, MIN6 cells (2 × 104 cells/well) were
plated in 96-well plates and allowed to grow for 24 h in a CO2
incubator. Next, the growing cells were exposed to increasing
concentrations (0–200 µM) of naringenin (Sigma Chemical
Company, St. Louis, MO, United States) for 24 h at 37◦C.
After treatment, cells were replenished with 90 µL phenol-red
free media containing 10 µL MTT (5 mM) and incubated for
additional 3 h in the CO2 incubator. Media was aspirated, the
precipitate was dissolved in 50 µL DMSO, and the absorbance
measured at 540 nm using a plate reader (Infinite 1000, Tecan,
Mannedorf, Switzerland). The experiments were performed in
triplicate. The relative cell viability (%) compared to control
cells treated with DMSO was calculated using: Cell viability
(%) = (Asample-A blank)/Acontrol-Ablank) × 100. Since an about
35% cell death was observed at 200 µM, subsequent studies were
conducted with naringenin concentrations< 200 µM.

To study the protective role of naringenin on STZ-induced
cytotoxicity, first, the MIN6 cells were pretreated with increasing
concentration of naringenin (0–100 µM) for 24 h. Next, the
naringenin-treated cells were exposed to 10 mM STZ (Primary
stock of 1.0M was prepared by dissolving in 0.1M Citrate
buffer pH 4.5 followed by the addition of DMSO) for 1 h
and the number of viable cells estimated using MTT assay. All
experiments were performed in triplicates.

Evaluation of the Potential of Naringenin
to Activate Nrf2 Using Nrf2-Keap1
Complementation System
2 × 104 MIN6 cells/ml were transiently transfected with
Nrf2-Keap1 complementation system in a 12-well plate using
Lipofectamine-2000 according to the manufacturer’s protocol
(Invitrogen, Carlsbad, CA, United States). Six hours after
transfection, the media was replaced with a fresh batch of
medium, and cells treated with naringenin (25, 50, 100 µM)
for 24 h. Control and treated cells were lysed in 1X lysis
buffer (pH 7.8; Promega, Madison, WI, United States), protein
lysates collected, and the debris separated by centrifugation at
10,000 g at 4◦C for 5 min. Total protein was estimated using
the Bradford reagent (Bio-Rad Laboratories Inc, Hercules, CA,
United States). Next, 100 µL luciferase substrate (prepared by
mixing 10 ml of luciferase assay buffer with the lyophilized
Luciferin; Promega, Madison, WI, United States) was added
to the 20 µL of supernatant containing 175.0 µg of total
protein and the luciferase activity measured using a luminometer
(Promega, Madison, WI, United States). The developed sensor
system detects the potential of naringenin to stimulate the Nrf2-
Keap1 complex dissociation. A fall in luciferase signal is inversely
proportional to the activation of Nrf2. The results were presented
as fold change of three independent experiments.

Separation of Nuclear and Cytosolic
Fractions Using Pierce NE-PER Kit
To check the effect of naringenin on Nrf2 translocation, nuclear
and cytoplasmic extracts were separated using Pierce NE-PER R©

kit according to the manufacturer’s guidelines (Pierce, Rockford,
IL, United States). In brief, cells (2 × 104 MIN6 cells/ml) were
homogenized in CER-I buffer vigorous vortexing in the pre-
extraction buffer and incubated on ice for 15 min. The cellular
homogenate was centrifuged at 10,000× g for 10 min at 4◦C and
the supernatant containing the cytoplasmic fraction separated.
Next, nuclei present in the pellet were suspended in NER buffer
(provided with protease inhibitors) and the nuclear fraction
generated by thorough vortex mixing for 1 min with a break for
every 10 min for 40 min. The vortexed samples were centrifuged
at 16,000 × g for 15 min at 4◦C, to separate the supernatant
containing a nuclear fraction. The separated nuclear fraction was
used for western blotting.

Estimation of Total Protein and Western
Blotting
Total protein content in the cytoplasmic and nuclear fractions
was quantified with the Bradford method using BSA as a standard
(Kruger, 2009). Samples (100 µg) were denatured using sample
buffer at 95◦C for 5 min, proteins were separated on 4–12%
SDS-PAGE gel (Bio-Rad, Philadelphia, PA, United States) and
electroblotted onto a nitrocellulose membrane (Schleicher &
Schuell, Keene, NH, United States). Primary and secondary
antibodies against Nrf2, caspase-3, β-actin and lamin-B (Santa
Cruz Biotechnology, Santa Cruz, CA, United States) were used
to detect corresponding proteins. The blot was developed using
ECL (Bio-Rad, Philadelphia, PA, United States) and the signals
captured using a gel documentation system (GBOX, Syngene,
United Kingdom).

ARE-Luciferase Reporter Gene Assay
NQO1-ARE-Luc and GST-ARE-Luc reporter constructs, given
by Donna D. Zhang (College of Pharmacy, University of Arizona,
Tucson, AZ, United States) to Dr. Ramkumar, were used for
cell-based reporter gene assay. For more details about the
construction of these reporter plasmids, readers can refer to
(Ramkumar et al., 2013). ARE-Luc constructs (500 ng/well) were
transiently transfected into MIN6 cells in 12-well plates using
Lipofectamine-2000 as described previously (Ramkumar et al.,
2013). After 6 h of transfection, the media was changed and the
cells exposed to 25, 50, and 100 µM naringenin for 24 h. The
cell lysates were collected and the luminometric assay was carried
out according to Ramkumar et al. (2013). The increase in the
luciferase activity compared to control DMSO-treated cells was
represented. The results were represented as the averages of at
least three independent experiments.

Measurement of Intracellular Reactive
Oxygen Species
Levels of intracellular ROS were determined by flow
cytometry using an oxidation-sensitive fluorescent dye, 2,7-
dichlorodihydrofluorescein diacetate (H2DCFDA) (Eruslanov
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and Kusmartsev, 2010). Experimentally, first, MIN6 cells (2× 104

cells/well in 100 µL) were treated with 50 and 100 µM naringenin
in complete medium for 24 h. Next, naringenin-treated cells
were exposed to 10 mM STZ for 1 h and the cells were incubated
with 20 µM H2DCFDA (10 µL) for 30 min at 37◦C. The
reaction was terminated by washing with phosphate-buffered
saline (PBS) containing 10% fetal calf serum (FCS). Cells were
centrifuged at x800 g for 10 min, washed, and resuspended
in 1ml PBS. The fluorescence intensity was measured using
FACS (BD Biosciences, San Jose, CA, United States). Data were
analyzed using BD Cell QuestTM Pro Analysis software and
the shift in fluorescence intensity caused by DCF production,
which is an indicator of ROS generation, represented as a
histogram.

Annexin V-FITC/PI Double Staining and
Analysis by Flow Cytometry
To assess the efficacy of naringenin for protecting MIN6 cells
from STZ-induced cell death, the FITC Annexin V/Dead Cell
Apoptosis Kit (Invitrogen), was used (Hingorani et al., 2011).
Experimentally, MIN6 cells were cultured in 6-well plates
and treated with naringenin (50 and 100 µM) for 24 h.
Next, naringenin-treated cells were exposed to 10 mM STZ.
After 1 h, the cells were trypsinized, collected and washed
with cold PBS. The supernatant was discarded and the cells
resuspended in 200 µL of the 1X binding buffer, containing
50 mM HEPES, 700 mM NaCl, 12.5 mM CaCl2, pH 7.4. To
100 µL cell suspension, 5 µL annexin-V-FITC and 1 µL of
PI solution (100 µg/mL) were added. Then, the cells were
incubated for 15 min at room temperature in dark, and 400 µL
of 1X annexin-binding buffer added. The stained cells were
examined by flow cytometry using Cell QuestTM Pro Analysis
software.

Determination of Protective Effects of
Naringenin in Mice
Animal experiments were conducted after receiving approval
from the JSS Medical College Institutional Animal Ethics
Committee (JSSMC/IAEC/18/5675/DEC2013), Mysuru, India.
In brief, male albino mice of 4–6 weeks old, weighing about
25–30 g, were procured from the Central Animal Facility, JSS
Medical College and were maintained under standard laboratory
conditions: viz., temperature (25 ± 2◦C) and humidity with an
alternating 12 h-12 h light/dark cycles.

Experimental Induction of Diabetes
Experimental diabetes was induced by multiple low dose
streptozotocin (MLD-STZ) injections according to Elango et al.
(2016). In brief, STZ was dissolved in 0.1M citrate buffer (pH-
4.5) and injected 50 mg/kg/day intraperitoneally for 5 successive
days. Blood (50 µL) was collected from the tail vein and
used for estimating glucose using a glucometer (Accu-Check
Active). Mice with blood glucose concentration > 250 mg/dl
were selected for testing the potency of naringenin for
mitigating STZ-induced cell damage. First, 24 STZ treated and
12 normal mice were divided into a total of 6 groups as

shown in Table 1. Next, naringenin 50 mg/kg and 100 mg/kg
body weight (prepared in 0.5% carboxymethyl cellulose) was
administered orally to control and experimental groups for
45 days. At the end of the experiment (after 24 h of last
naringenin administration), animals were deprived of food
overnight and euthanized using chloroform and sacrificed by
decapitation (Cenedella et al., 1975). Blood was collected by
cardiac puncture in all experimental animals and allowed for
clotting. Serum was separated by centrifuging at 3000 rpm
for 15 min at room temperature and stored at −20◦C until
analysis. Glibenclimide (600 µg/kg body weight; prepared in
0.5% carboxymethyl cellulose) was used as a reference drug in
this study.

Analytical Procedure
Fasting blood glucose levels were monitored using Accu-Chek
Active Glucometer every 3rd day. IPGTT was carried out at
the completion of the experimental period (Goren et al., 2004).
Briefly, after 12 h fasting, the mice were intraperitoneally injected
with glucose (1 g/kg b.w) and blood glucose measured at 30, 60,
90, and 120 min. Serum insulin level was determined using mouse
ELISA kit (Crystal Chem Inc.).

The collected blood was used for the estimation of total
cholesterol (TC), triglycerides (TG), high-density lipoprotein
(HDL)-cholesterol using kits available from Coral Clinical
System, Goa, India. Phospholipids and free fatty acids were
determined according to the protocols described by Falholt et al.
(1973) and Stewart (1980). Very low-density lipoprotein (VLDL)-
cholesterol and low-density lipoprotein (LDL)-cholesterol were
calculated by Friedwald formula. VLDL = TG/5; LDL = TC-
(HDL+ VLDL).

The level of lipid peroxidation, in terms of TBARS formed,
and hydroperoxides content was measured using the methods
described by Niehaus and Samuelsson (1968) and Jiang et al.
(1992), respectively. Further, antioxidant enzymes (a) SOD by
Kakkar et al. (1984); (b) CAT by Sinha (1972); (c) GPX by Rotruck
et al. (1973); and GSH S-Transferase by Habig et al. (1974) and
antioxidant molecules such as reduced GSH by Ellman (1959)
were measured in the pancreatic tissues.

Estimation of Carbohydrate Metabolic Enzymes and
Glycogen Content in Liver of Control and
Experimental Mice
Hexokinase, Glucose-6-phosphatase (G6-P) and Fructose-
1,6-bisphosphatase (F1,6-BP) were assayed according to the
protocols described by Brandstrup et al. (1957); Koide and
Oda (1959), and Gancedo and Gancedo (1971) respectively.
The inorganic phosphate (Pi) liberated was estimated by the
method of Fiske and Subbarow (1925). Glucose-6-phosphate
dehydrogenase (G6-PD) was determined by the method of Ells
and Kirkman (1961). Glycogen content was estimated by the
method of Morales et al. (1973) and protein content in tissue
homogenates was measured by the method of Lowry et al. (1951).

Histology of Pancreas
Pancreatic tissues were fixed in 10% buffered neutral formalin
for 24 h and dehydrated using ethanol and xylene for
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TABLE 1 | Control and experimental groups of mice.

Group No. of mice Category Treatment agent Dose and frequency of the
treatment agent (mg/kg b.w.)

Route of
administration

Comment

I 6 Control Vehicle: Carboxy methyl
cellulose (CMC)

0.5%, Every day for 45 days Oral Vehicle control

II 6 Naringenin∗ (NAR) 100 mg/kg, every day for 45 days Oral Naringenin control

III 6 STZ Streptozotocin (STZ) 50 mg/kg, 5 consecutive days Intra peritoneal STZ control

IV 6 STZ, followed by NAR∗ STZ – 50 mg/kg, 5 consecutive days
NAR – 50 mg/kg, every day for 45 days

Oral STZ mice treated with low
dose naringenin

V 6 STZ, followed by NAR∗ STZ – 50 mg/kg, 5 consecutive days
NAR – 100 mg/kg, every day for
45 days

Oral STZ mice treated with high
dose naringenin

VI 6 STZ, followed by
Glibenclamide∗

STZ – 50 mg/kg, 5 consecutive days
GLC – 600 µg/kg, every day for
45 days

Oral A positive control group

∗Naringenin (NAR) and glibenclamide (GLC) were suspended in 0.5% CMC.

30 min each. Tissues were then incubated in liquid paraffin
(58◦C) twice for 60 min each. Tissue blocks were sectioned
(5 µm thickness) and stained using hematoxylin and eosin
(Feldman and Wolfe, 2014). The pancreatic sections were
analyzed for morphological changes using a microscope (Carl
Zeiss, Thornwood, NY, United States). The photomicrographs
representing the overall assessment were captured and showed in
the figures.

Immunohistochemical Staining for Insulin
To examine the expression of insulin in pancreatic tissues, an
immunohistochemical examination was carried out with insulin
antibody (SC-9168; Santa Cruz Biotechnology, Heidelberg,
Germany). The 5 µm thick paraffin sections were deparaffinized
in xylene and hydrated with ethanol. Then the hydrated sections
were treated with 3% H2O2 in methanol for 30 min to block any
endogenous peroxidase. The sections were washed at least three
times with 0.01M phosphate buffer (pH 7.4) for 10 min; and
processed further by an indirect immunoperoxidase technique
using a One-Step Polymer-HRP Detection kit (Leica Biosystems,
Newcastle, United Kingdom) with secondary antibodies. The
sections were counterstained with hematoxylin. The stained
sections were observed under microscope and representative
images captured.

Statistical Analysis
All the experiments were carried out with at least three replicate
measurements (intra experimental) and two independent
analysis (duplicate analysis) Average values were calculated
and the results expressed as mean ± SEM. The statistical
significance was performed using one-way ANOVA, followed by
Tukey’s post hoc test using SPSS software 20 (SPSS, Cary, NC,
United States); P < 0.05 was considered significant.

RESULTS

Activation of Nrf2 by naturally occurring antioxidants such as
naringenin is one of the potentially viable strategies to treat
diseases where Nrf2 plays a key role in disease management.

Naringenin Upregulated the Expression
of Nrf2 in MIN6 Cells
In order to determine whether naringenin has the potential to
activate master regulator of antioxidant proteins, i.e., Nrf2, the
level of activated Nrf2 was measured using a complementation
system in MIN6 cells (Ramkumar et al., 2013). MIN6 cells are
known to contain very low endogenous antioxidant machinery
compared to many other cells and express minimal Nrf2
(Grankvist et al., 1981). In addition, MIN6 cells are very sensitive
to changes in antioxidant levels in the surroundings, hence,
they respond quickly to various stress signals (Cheng et al.,
2012). Therefore, MIN6 cells are the best suitable cells to study
the effect of ROS inducers as well as to determine the ability
of antioxidant molecules to trigger Nrf2 transcription factors
(Elango et al., 2016). Experimentally, the ability of naringenin
(25, 50, and 100 µM for 24 h) to dissociate the Nrf2-Keap1
complex was measured using the Nrf2-Keap1 complementation
system in MIN6 cells (Elango et al., 2016). After treatment
with naringenin, MIN6 cells were harvested and luciferase
activity measured using a luminometer. The developed sensor
system detects the potential of naringenin to stimulate the
Nrf2-Keap1 complex dissociation. A fall in luciferase signal is
inversely proportional to the activation of Nrf2 (Ramkumar
et al., 2013). The data showed a dose-dependent increase
in the Nrf2 activity (Figure 2A). For example, at 50 and
100 µM concentration of naringenin an about 3.9- and 4.8- fold
increase, respectively, was observed (Figure 2A). At these
concentrations of naringenin showed no cytotoxic symptoms
(Figure 2B).

Naringenin Promoted the Translocation
of Nrf2 to Nucleus and Increased the
Expression of Nrf2 Target Genes, NQO1
and GST in MIN6 Cells
Since naringenin exhibited the ability to activate Nrf2 in
complementation assay, next, we have determined the efficacy
of naringenin to promote the translocation of Nrf2 by isolating
the nuclear and cytoplasmic fractions of MIN6 cells exposed
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FIGURE 2 | Naringenin activates Nrf2 in MIN6 cells. (A) Nrf2 activation potential of naringenin was measured using Nrf2-Keap1 complementation system at
25.0 µM, 50.0 and 100 µM concentrations in MIN6 cells (Ramkumar et al., 2013). The sensor system identifies the potential of naringenin to promote the
dissociation of the Nrf2-Keap1 complex. A drop in luciferase signal is inversely proportional to Nrf2 activation. A concentration-dependent activation of Nrf2 by
naringenin was observed indicating the dissociation of the complex. (B) The concentrations of naringenin used to treat MIN6 cells found not toxic. In order to
determine whether the concentration of naringenin used to treat MIN6 cells had any impact on the viability of cells, an MTT assay was carried out as detailed in
experimental methods section. Data represents mean ± SEM of three independent experiments. Statistical analysis was performed by one-way ANOVA (P < 0.05),
followed by Tukey’s post hoc test. ∗Significant compared with untreated control.

to 25, 50, and 100 µM naringenin for 24 h. The amount of
Nrf2 in each fraction was measured using western blotting and
normalized to the respective loading controls (Elango et al.,
2016). The data showed a concentration-dependent increase in
the nuclear Nrf2 with a concomitant decrease in the cytosolic
fraction (Figures 3A,B).

Next, to further determine whether the translocated Nrf2 is
functionally active and elevates the expression of target genes
NQO1 and GST, a luciferase-based reporter assay was carried
out using ARE-LUC-NQO1 and ARE-LUC-GST constructs
(Ramkumar et al., 2013). MIN6 cells were transfected with
luciferase-expressing ARE-NQO1 and ARE-GST constructs and
the transfected cells treated with 25, 50, and 100 µM naringenin
for 24 h. Cell lysates were collected and analyzed for the
luciferase activity. Analysis of the data revealed a dose-dependent
increase in the luciferase activity in cells harboring NQO1
and GST constructs indicating that naringenin-induced Nrf2 is
functionally active and promotes the expression of its target genes
NQO1 and GST (Figure 3C).

Streptozotocin Induced Apoptosis in
MIN6 Pancreatic β-Cells by Elevating
Caspase-3 Expression and Increasing
ROS Levels
Streptozotocin (STZ) is a naturally occurring toxin produced by
Streptomyces achromogenes. STZ is known to induces diabetes
by specifically destroying pancreatic β-cells (Schnedl et al.,
1994). Mechanistically STZ inhibits DNA synthesis, induce the
generation of free radicals and nitric oxide in pancreatic β-cells
thereby promotes pancreatic β-cells death (Schnedl et al., 1994).
As a result of pancreatic β-cells destruction, the animals exposed
to STZ develop diabetes (Eleazu et al., 2013). Since naringenin

potentially upregulates the expression of functionally active Nrf2
in MIN6 cells, its’ administration is predicted to reduce the
cellular oxidative stress thereby protect β-cells from undergoing
apoptosis (induced by STZ). To test this hypothesis, first, the
levels of apoptosis induced by STZ in MIN6 cells were measured
and, next, the ability of naringenin to protect MIN6 cells from
STZ-induced apoptosis was quantitated.

Addition of STZ Induced ROS Production in MIN6
Cells
In order to elucidate the effect of STZ on ROS levels, MIN6 cells
were treated with 10 mM STZ for 1 h and the cells subjected to
FACS analysis to estimate H2DCFDA-fluorescence (Kang et al.,
2011). Principally, the non-fluorescent H2DCFDA undergoes
de-esterification in the cells and form a highly fluorescent 2′,7′-
dichlorofluorescein (DCF) upon oxidation (Cohn et al., 2008).
The resulted DCF was detected using a fluorescence analyzer.
Analysis of the data showed increased intracellular ROS levels
with a significant shift of the peak (shift in relative fluorescence
intensity) in MIN6 cells (Figure 4A). A significant shift in the
fluorescent peak was observed upon treatment of MIN6 cells
with 10mM STZ compared to control cells treated with DMSO
(Figure 4A). Therefore, the addition of STZ to MIN6 cells
triggered ROS generation and oxidative stress.

Addition of STZ to MIN6 Cells Increased Apoptosis
The ability of STZ to induce apoptosis in MIN6 cells was
estimated by staining with Annexin-V and PI. The ratio of
apoptotic and necrotic cells was determined and the results
represented in Figure 4B. Analysis of the results showed a
significant increase in the number of apoptotic cells upon
treatment of MIN6 cells with STZ. Compared to the control
treatment, the percentage of early apoptotic cells increased to
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FIGURE 3 | Naringenin induced nuclear translocation of Nrf2 promoted the transcription of NQO1 and GST in MIN6 cells. (A,B) Naringenin-induced Nrf2 is
predominantly localized in the nucleus of MIN6 cells. Analysis of the protein lysates collected from control and naringenin treated cells by western blotting showed a
significant increase in nuclear Nrf2 upon exposure of MIN6 cells to 50 and 100 µM naringenin. (C) Naringenin augmented the ARE-driven expression of Nrf2 target
genes, NQO1, and GST, in MIN6 cells. MIN6 cells were transfected with ARE-hNQO1 or ARE-GST luciferase constructs as detailed in Section “Materials and
Methods” (Elango et al., 2016). Transfected cells were treated with 25, 50, and 100 µM naringenin for 24 h and luciferase assay performed. Luciferase activity
represented as fold induction relative to control cells. Data showed was the average of 3 independent experiments with mean ± SEM. Statistical analysis was
performed by one-way ANOVA (P < 0.05), followed by Tukey’s post hoc test. ∗Significant compared with untreated control, #Significant compared with respective
control; P < 0.05.

13.56%, late apoptotic cells increased to 59.26%, and necrotic cells
increased to 3.76% (Figure 4B). Taken together, STZ significantly
induced apoptosis in MIN6 cells.

STZ Induced Caspase-3 Expression in MIN6 Cells
Apoptosis induced by STZ was further verified by measuring
the caspase-3 expression using western blot analysis (Porter and
Jänicke, 1999). MIN6 cells were exposed to 10 mM of STZ for
1 h. After treatment, cells were washed with ice-cold PBS, lysed,
centrifuged, and analyzed for total protein by the Bradford assay.
Samples containing 30 µg of total protein were assayed for
caspase-3 expression using western blotting. The data showed
a significant increase in the caspase-3 expression (1.46 fold),
compared to control treatment (1.0) (Figure 4C). Therefore, it
is concluded that STZ is a good inducer of apoptosis in MIN6
cells.

Naringenin Protected MIN6 Cells From
Streptozotocin-Induced Apoptotic Cell
Death by Upregulating Nrf2
Naringenin Protected MIN6 Cells From STZ-Induced
Cell Death
To check whether antioxidant naringenin could protect MIN6
cells from STZ-induced cell death, the viability of MIN6 cells
was estimated using MTT assay. Experimentally, MIN6 cells
were first pre-treated with non-cytotoxic concentrations of
naringenin (0–100 µM) for 24 h and then exposed to 10 mM
STZ for 1 h. Cell viability was then measured using the
MTT assay and the percentage growth inhibition calculated by
comparing with vehicle-treated cells (Mosmann, 1983). Cells
pre-treated with naringenin showed increased viability of 47.95,
72.88, and 76.24% at 25, 50, and 100 µM concentrations,
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FIGURE 4 | Streptozotocin induced apoptosis in MIN6 cells by elevating caspase-3 and ROS levels. (A) STZ treatment increased the levels of intracellular ROS in
MIN6 cells. MIN6 cells were treated with STZ (10 mM) for 1 h and then H2DCFDA (20 µM) was added. The cells were further incubated for 30 min at 37◦C and
subjected to H2DCFDA-fluorescence analysis. The fluorescent peak in STZ-treated cells shifted compared to the peak in control treated cells indicating the
production of high levels of ROS. (B) STZ induced apoptosis in MIN6 cells. First, MIN6 cells were treated with STZ (10 mM) for 1 h. Next, cells were incubated with
Annexin-V/PI and analyzed by Flow Cytometry. The scatter plots were divided into four quadrants: UL (Upper Left quadrant representing Annexin-V negative, PI
positive), UR (Upper Right quadrant representing both Annexin V and PI positive), LL (Lower Left quadrant representing both Annexin-V and PI negative), LR (Lower
Right quadrant representing Annexin-V positive and PI negative). The results showed that STZ treatment resulted in apoptotic cell death. (C) STZ enhanced the
expression of caspase-3 in MIN6 cells. Level of caspase-3 expression in control and STZ treated cells was determined using western blotting. First, MIN6 cells were
treated with STZ (10 mM) for 1 h, and cells lysed, centrifuged, and analyzed for total protein using Bradford assay. Next, quantitated protein was separated on
polyacrylamide gels and transferred to nitrocellulose membranes. The level of caspase-3 was detected using a primary antibody specific for caspase-3. Analysis of
the results showed that STZ treatment increased the caspase-3 expressions by 1.46 fold, compared with the control treatment (1.0).

respectively, compared to the 10 mM STZ treated cells (38.43%)
(Figure 5A).

Treatment With Naringenin Reduced STZ-Induced
ROS Production in MIN6 Cells
Reactive oxygen species play a significant role in the pathogenesis
of STZ-induced diabetes (Asmat et al., 2016). Therefore, to
determine the potency of naringenin to mitigate the levels
of STZ-induced ROS, MIN6 cells were first treated with
naringenin (0–100 µM) for 24 h, followed by exposing the
cells to 10 mM STZ treatment for 1 h. These cells were
subjected to H2DCFDA-fluorescence analysis. Mechanistically,
the non-fluorescent H2DCFDA gets de-esterified intra-cellularly
to produce fluorescent 2′,7′-dichlorofluorescein (DCF) (Cohn
et al., 2008). Compared to control untreated naringenin, exposure
to STZ for 1 h significantly induced ROS production, i.e.,
the fluorescent peak in STZ-treated cells shifted toward the
right (Figure 5B). However, STZ-induced ROS production was
reduced by naringenin treatment in a dose-dependent manner
(Figure 5B). The shift in peak, toward untreated control peak,
upon naringenin treatment (50 and 100 µM) indicates a

diminished ROS level as shown by a change in the fluorescence
intensity when compared to STZ treatment (Figure 5B). These
results indicate that naringenin inhibits ROS generation thereby
minimizing the damage caused to MIN6 cells.

Prior Exposure of MIN6 Cells to Naringenin Could
Decrease the Apoptosis Inducing Effect of STZ
To assess the cytoprotective effect of naringenin against STZ
treatment-induced toxicity in MIN6 cells, the levels of apoptosis
was estimated by FACS using Annexin-V/PI staining (Hingorani
et al., 2011). Flipping of phosphatidylserine of the plasma
membrane from the inner surface to the outer surface is an
early event in apoptosis (Hingorani et al., 2011). Annexin-
V binds to the phosphatidylserine, hence, labeled Annexin-V
helps in the detection of cells undergoing apoptosis (Hingorani
et al., 2011). Propidium iodide is used in combination with
labeled Annexin-V, to measure the cell membrane integrity as
the propidium iodide is impermeable if the cells are viable, but
can enter the cells that are undergoing apoptosis or necrosis
(Cohn et al., 2008). Experimentally, MIN6 cells were pretreated
with naringenin (0–100 µM) for 24 h, followed by treatment
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FIGURE 5 | Naringenin protected MIN6 cells from streptozotocin induced apoptotic cell death. (A) Naringenin protected MIN6 cells from STZ-induced cytotoxicity.
To determine the protective effect of naringenin on STZ-induced cytotoxicity, a cell viability assay was carried out using MTT reagent. MIN6 cells were treated with
naringenin (0–100 µM) alone, and naringenin for 24 h followed by STZ (10 mM) for 1 h. Naringenin-pretreated cells showed increased viability compared to the STZ
(10 mM) alone treated cells. Data represented is the mean ± SEM of three separate experiments. Statistical analysis was performed by one-way ANOVA (P < 0.05),
followed by Tukey’s post hoc test. ∗Significant compared with DMSO-treated control, #Significant compared with STZ treated group; P < 0.05. (B) Naringenin
inhibited the STZ-treatment induced ROS accumulation in MIN6 cells: Intracellular ROS levels were estimated in MIN6 cells by 2′,7′-dichlorodihydrofluorescein
diacetate (H2DCFDA) staining followed by analysis of stained cells using FACS. MIN6 cells were pretreated with naringenin (0–100 µM) for 24 h, followed by
exposing the cells to 10 mM STZ for 1 h and then subjected to H2DCFDA-fluorescence analysis. A greater shift in the peak position implies the higher amount of
DCF and greater ROS generation. (C,D) Naringenin could mitigate the apoptosis inducing effect of STZ in MIN6 cells: MIN6 cells were, first, pretreated with
naringenin (0–100 µM) for 24 h, followed by STZ treatment (10 mM) for 1 h. Analysis of Annexin and PI stained cell showed decrease in early apoptotic cells with
naringenin (100 µM) treatment. (E) STZ-treatment induced caspase-3 was reduced by pretreatment with naringenin in MIN6 cells. MIN6 cells were pretreated with
naringenin (0–100 µM) for 24 h, followed by exposure to 10 mM STZ for 1 h. Cell lysates were collected and analyzed by SDS-PAGE followed by Western blotting to
detect caspase-3 expression using specific antibody. Analysis of the blots showed a significant increase in the caspase 3 (1.46 fold) upon exposure to STZ.
(F) Naringenin upregulated Nrf2 in STZ-treated MIN6 cells. To check whether naringenin treatment increased the Nrf2 level in MIN6 cells incubated with STZ, the
nuclear fractions were collected and analyzed for Nrf2 expression using western blotting. The authenticity of nuclear fraction was confirmed by probing with
laminin-B. A significant decrease in nuclear Nrf2 was observed in STZ treated cells.

with 10 mM STZ treatment for 1 h. Next, cells were treated
with Annexin-V and Propidium Iodide and analyzed by flow
cytometry. The collected data was analyzed using cell quest pro-
software. Analysis of the results showed no major cell death
with 50 µM naringenin treatment (Figures 5C,D). However,

treatment with STZ (10 mM for 1 h) induced apoptosis in MIN6
cells (Figures 5C,D). A significant increase in early apoptotic
cells (13.56%) and late apoptotic cells (59.26%) along with 3.76%
necrotic cells was observed in STZ treated cells. Prior treatment
with 50 and 100 µM naringenin could reduce the apoptosis
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compared to STZ treated cells (Figures 5C,D). For instance,
100 µM naringenin treatment reduced the percentage of early
apoptotic cells to 9.40% from 13.56% (10 mM STZ treated),
late apoptotic cells reduced to 11.89% from 59.26% (10mM STZ
treated) and necrotic cells reduced to 0.25% from 3.76% (10 mM
STZ treated). Taken together, this data showed the ability of
naringenin to mitigate the effect of STZ-induced apoptosis in
MIN6 cells.

Naringenin Decreased the Caspase-3 Expression in
STZ-Treated MIN6 Cells
To further determine the anti-apoptotic effects of naringenin,
MIN6 cells were pretreated with naringenin (0–100 µM) for 24 h,
followed by exposure to 10 mM STZ treatment for 1 h. Clear
cell lysates were collected by centrifugation and total protein
quantitated by the Bradford method (Kruger, 2009). About 30 µg
of total protein was used to study the expression of caspase-3 by
probing with a specific antibody. Exposure of MIN6 cells to STZ
caused an increase in caspase-3 expression compared to control
cells without treatment. Prior exposure of cells to naringenin
decreased the STZ-induced caspase-3 expression (Figure 5E).

Cytoprotective Effect of Naringenin Is Mediated by
the Upregulation of Nrf2 in MIN6 Cells
Since naringenin exhibited the activation of cytoprotective Nrf2,
next, the effect of naringenin against STZ induced toxicity was
estimated. In order to study this hypothesis, first, MIN6 cells
were treated with naringenin and cytosolic and nuclear fractions
separated using a commercially available nuclear extraction kit
(Pierce NE-PER R©) as per the manufacturer’s instructions (Pierce,
Rockford, IL, United States). The total protein content in the
separated fractions was estimated using the Bradford method
and level of Nrf2 expression analyzed using western blotting.
Analysis of the data showed a significant increase in the Nrf2
level upon treatment of MIN6 cells with 100 µM naringenin,
which protected MIN6 cells against STZ-induced toxicity when
compared to untreated and STZ-treated cells (Figure 5F).

Oral Administration of Naringenin
Reduced the STZ-Induced Fasting Blood
Glucose Levels, Improved Glucose
Tolerance (IPGTT) and Response to
Insulin in STZ-Treated Mice
Since naringenin showed a better cytoprotective effect in
the in vitro experiments, next, its ability to decrease the
complications of diabetes, especially blood glucose, was tested
in preclinical animal models. Experimentally, first, diabetes was
induced by MLD-STZ administration (i.p.; 50 mg/kg body
weight/day) for 5 days. As shown in Figure 6A, all mice showed
hyperglycemia with a serum glucose level of 357 ± 13.6 mg/dl
in comparison with control mice exposed to vehicle 0.5% CMC
(99.5 ± 4.9 mg/dl). Oral administration of naringenin for
45 days caused a significant (p < 0.05) dose-dependent (50 and
100 mg/kg b.w.) reduction in blood glucose levels in STZ mice.
For example, blood glucose levels of STZ mice were reduced from
357 ± 13.6 mg/dl to 141.25 ± 10.6 mg/dl after administration

of naringenin at the dose of 100 mg/kg b.w. These results were
comparable with positive control glibenclamide at 600 µg/kg
b.w (Figure 6A). However, naringenin (100 mg/kg b.w.) treated
control mice did not show any statistically significant (p < 0.05)
difference when compared to that of control vehicle-treated mice
(Figure 6A). In summary, naringenin could reduce the STZ-
induced hyperglycemia in mice.

Oral Administration of Naringenin Could Improve the
Glucose Tolerance in STZ-Treated Mice
In order to assess whether naringenin administration helps to
improve the ability of mice to process ingested glucose, IPGTT
was carried out as detailed in methods section (Goren et al.,
2004). After 45 days of treatment with naringenin, mice fasted
for 12 h and saline glucose solution at 1 g/kg b.w. injected by
intraperitoneal route (Goren et al., 2004). Glucose levels were
measured in the blood collected from the tail vein at 30, 60, 90,
and 120 min after the glucose load. All the groups showed an
initial sharp increase of glucose up to 30 min. Administration
of 50 and 100 mg/kg b.w. of naringenin and 600 µg/kg b.w. of
glibenclamide (positive control) showed a progressive decrease
in the glucose level from 60 to 120 min that was comparable
with the control 0.5% CMC treated group (Figure 6B). But, in
the STZ group, the blood glucose levels remained high even
after 120 min (430.75 ± 16.3 mg/dl) (Figure 6B). Therefore,
the glucose tolerance was significantly improved by naringenin
treatment. Control animals administered with 100 mg/kg b.w.
naringenin showed a normal pattern of glucose tolerance
(Figure 6B).

Oral Administration of Naringenin Improved Insulin
Secretion in STZ-Treated Mice
In order to evaluate β-cell function in terms of insulin release,
serum insulin level was measured after 45 days of treatment.
STZ mice showed a significant (p < 0.05) decrease in serum
insulin (from 13.16 ± 0.2 µIU/ml to 4.1 ± 0.2 µIU/ml)
compared to vehicle-treated control mice (Figure 6C). Oral
administration of naringenin for a period of 45 days, dose-
dependently increased the levels of insulin in STZ treated
mice. Administration of 50 mg/kg b.w. and 100 mg/kg b.w.
naringenin increased the insulin levels to 8.8 ± 0.2 µIU/ml
and 11.1 ± 0.4 µIU/ml, respectively (Figure 6C). The positive
control 600 µg/kg b.w. glibenclamide augmented the insulin
levels up to 12.8 ± 0.1 µIU/ml, which is similar to control
animals (Figure 6C). Treatment of control animals (exposed to
vehicle 0.5% CMC) with 100 mg/kg b.w. naringenin did not
change insulin levels (Figure 6C). The increased insulin level with
naringenin treatment could be due to the insulinotropic effect,
which helps in the protection and/or regeneration of β-cells so
that they produce sufficient insulin.

Oral Administration of Naringenin
Restored the STZ-Induced Altered Lipid
Profile in Mice
The anti-hyperlipidemic efficacy of naringenin was investigated
in STZ treated mice by measuring the levels of lipids in serum (de
Almeida et al., 2012) (Table 2). STZ administered animals showed
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FIGURE 6 | Effects of naringenin on STZ induced hyperglycemia, serum insulin level and intra peritoneal glucose tolerance test (IPGTT) in control and experimental
mice. (A) Naringenin administration could decrease the STZ-induced glucose levels in mice. Streptozotocin, a glucopyranose derivative of N-methyl-N-nitrosourea, is
a unique diabetogenic compound known to induce diabetes in mice. Administration of 50 and 100 mg/kg b.w. of naringenin showed a significant dose-dependent
reduction in blood glucose level compared to STZ control group. Similarly, 600 µg/kg b.w. glibenclamide showed a marked reduction in blood glucose level
compared to STZ control group. (B) Naringenin could improve the response of mice to glucose load in intra peritoneal glucose tolerance test (IPGTT). The
anti-hyperglycemic effect of naringenin was conformed by assessing the IPGTT in STZ induced diabetic mice. (C) Naringenin could improve the serum insulin levels
in STZ-induced diabetic mice: Data are mean ± SE from six mice in each group. Statistical analysis was performed by one-way ANOVA (P < 0.05), followed by
Tukey post hoc test. ∗STZ control mice were compared with control mice. #STZ + NAR (50 and 100 mg/kg b.w.) and STZ + GLC (600 µg/kg b.w.) treated mice were
compared with STZ control mice; P < 0.05.

significantly (P < 0.05) increased serum (a) total cholesterol
(TC) from 75.03 ± 6.2 mg/dl to 181 ± 2.0 mg/dl, (b) LDL
from 16.6 ± 8.1 mg/dl to 127.2 ± 2.2 mg/dl, (c) VLDL from
10.26 ± 0.5 mg/dl to 27.06 ± 1.3 mg/dl, (d) Triglycerides (TG)
from 51.33 ± 2.5 mg/dl to 135.3 ± 6.5 mg/dl, (e) Phospholipids
from 82.33 ± 4.8 mg/dl to 114.5 ± 7.8 mg/dl, (f) Free fatty acids
(FFA) from 2.43± 0.4 mg/dl to 5.56± 0.2 mg/dl, and significantly
decreased HDL level from 48.16± 3.1 mg/dl to 26.7± 1.24mg/dl
(Table 2). Oral administration of naringenin (50 and 100 mg/kg
b.w.) showed a significant (P < 0.05) reduction in TC, LDL,
VLDL, TG, Phospholipids, and FFA. In addition, a significant
(p < 0.05) increase in the concentration of HDL compared
to STZ controls was noted (Table 2). For instance, TC was
decreased from 181 ± 2.0 mg/dl to 106.6 ± 4.9 mg/dl.
Likewise serum LDL was reduced from 127.2 ± 2.2 mg/dl

to 47.56 ± 6.1 mg/dl and VLDL from 27.06 ± 1.3 mg/dl
to 17.33 ± 1.1 mg/dl. Similarly, while triglyceride content
was reduced from 135.3 ± 6.5 mg/dl to 86.66 ± 5.5 mg/dl
the phospholipid level decreased from 114.5 ± 7.8 mg/dl to
87.05 ± 7.2 mg/dl upon exposure to naringenin. Furthermore,
whereas free fatty acids showed a significant decrease from
5.56 ± 0.2 mg/dl to 2.76 ± 0.2 mg/dl, the level of HDL
content increased from 26.7 ± 1.24 mg/dl to 41.76 ± 1.2 mg/dl
with naringenin administration (Table 2). Administration of the
positive control glibenclamide (600 µg/kg b.w.) to STZ-induced
diabetic mice has restored the lipid profile to normal levels
(Table 2). The observed anti-hyperlipidemic effect of naringenin
could be due to either its insulin stimulatory effect on pancreatic
β-cells or due to decreased cholesterogenesis and fatty acid
synthesis.
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TABLE 2 | Effect of naringenin on serum lipid profile in control and STZ-treated mice.

Groups Serum Lipid Profile

Total Cholesterol
(mg/dl)

Triglycerides
(mg/dl)

HDL-C
(mg/dl)

LDL-C
(mg/dl)

VLDL-C
(mg/dl)

Phospholipids
(mg/dl)

Free Fatty Acids
(mg/dl)

Control 75.03 ± 6.2 51.33 ± 2.5 48.16 ± 3.1 16.6 ± 8.1 10.26 ± 0.5 82.33 ± 4.8 2.43 ± 0.4

NAR control (100 mg/kg) 73.46 ± 5.8 48.33 ± 3.5 50.73 ± 2.6 13.0 ± 8.17 9.66 ± 0.7 77.90 ± 3.7 1.93 ± 0.5

STZ control 181 ± 2.0∗ 135.3 ± 6.5∗ 26.7 ± 1.24∗ 127.2 ± 2.2∗ 27.06 ± 1.3∗ 114.5 ± 7.8∗ 5.56 ± 0.2∗

STZ + NAR (50 mg/kg) 138.4 ± 1.8# 111.6 ± 6.1# 37.33 ± 3.9# 78.76 ± 2.7# 22.33 ± 1.2# 94.15 ± 5.6# 3.16 ± 0.3#

STZ + NAR (100 mg/kg) 106.6 ± 4.9# 86.66 ± 5.5# 41.76 ± 1.2# 47.56 ± 6.1# 17.33 ± 1.1# 87.05 ± 7.2# 2.76 ± 0.2#

STZ + GLC (600 µg/kg) 95.7 ± 2.8# 72.33 ± 4.1# 45.2 ± 3.79# 36.03 ± 5.8# 14.46 ± 0.8# 85.07 ± 6.8# 2.53 ± 0.1#

HDL-C, high-density lipoprotein-cholesterol; LDL-C, low-density lipoprotein-cholesterol; VLDL-C, very low-density lipoprotein-cholesterol. Injection of STZ to mice not
only increased the levels of blood glucose but also elevated the serum lipids as evidenced by high TG, TC, LDL, VLDL, phospholipids, free fatty acids and reduced HDL
(Krishnakumari et al., 2011). Treating these diabetic animals with naringenin (50 and 100 mg/kg b.w.) for 45 days significantly (p < 0.05) reduced the elevated lipids. The
positive control 600 µg/kg b.w. glibenclamide also showed significant reduction in the serum lipids. Data represents mean ± SE from six mice in each group. Statistical
analysis was performed by one-way ANOVA (P < 0.05), followed by Tukey’s post hoc test. ∗STZ mice were compared with control mice. #STZ + NAR (50 and 100 mg/kg
b.w.) and STZ + GLC (600 µg/kg b.w.) treated mice were compared with STZ control mice; P < 0.05.

Oral Administration of Naringenin
Retarded the Formation of TBARS and
Hydroperoxides in STZ-Treated
Pancreatic Tissues
Lipid peroxidation and formation of hydroperoxides are key
indicators of tissue damage, which occurs due oxidative stress
(El-Aal, 2012). Since STZ is known to promote cellular oxidative
stress, first, the levels of lipid peroxides were measured by boiling
0.1 ml tissue homogenate with 2.0 ml of TBA:TCA:HCl reagent
for 15 min followed by cooling, and centrifuging at 10,000 rpm
for 5 min to separate clear supernatant. The levels of TBARS
(mM/100 g tissue) were estimated by reading the absorption
at 535 nm (Niehaus and Samuelsson, 1968). Table 3 shows a
significant increase in the concentration of TBARS in pancreatic
tissue from about 2 mM/100 g tissue to ∼4.2 mM/100 g tissue
upon STZ treatment. Administration of 50 mg/kg b.w. and
100 mg/kg b.w. naringenin significantly reduced the TBARS in
pancreatic tissue to ∼3.6 mM/100 g tissue and ∼2.8 mM/100 g
tissue, respectively (Table 3). The positive control 600 µg/kg b.w.
glibenclamide reduced the TBARS levels to∼2.5 mM/100 g tissue
(Table 3). Treatment of control animals (exposed to vehicle 0.5%
CMC) with 100 mg/kg b.w. naringenin did not change TBARS
levels (Table 3).

To estimate the concentration of hydroperoxides, 0.2 ml
of tissue homogenate was incubated with 1.8 ml of Fox
reagent at room temperature for 30 min and the absorbance
measured at 560 nm (Jiang et al., 1992). The results were
expressed as mM hydroperoxides produced per 100 g tissues.
The STZ-treatment significantly elevated the tissue pancreatic
hydroperoxides from 16 mM/100 g tissue to∼23 mM/100 g tissue
(Table 3). Elevated pancreatic hydroperoxides were brought
down to about ∼20 mM/100 g tissue and ∼17 mM/100 g
tissue, respectively upon 50 mg/kg b.w. and 100 mg/kg b.w.
naringenin administration (Table 3). Oral administration of
glibenclamide (600 µg/kg b.w.) decreased hydroperoxides levels
(to ∼16 mM/100 g) that are similar to control animals (Table 3).
Treatment of control animals with 100 mg/kg b.w. naringenin did
not change hydroperoxides levels (Table 3).

TABLE 3 | Changes in the levels of TBARS and hydroperoxides in pancreatic
tissues of control and experimental mice.

Groups TBARS
(mM/100 g tissue)

Hydroperoxides
(mM/100 g tissue)

Control 2.16 ± 0.15 16.40 ± 0.18

NAR control (100 mg/kg) 1.97 ± 0.09 16.12 ± 0.19

STZ control 4.22 ± 0.20∗ 22.96 ± 1.19∗

STZ + NAR (50 mg/kg) 3.68 ± 0.07# 20.67 ± 0.49#

STZ + NAR (100 mg/kg) 2.82 ± 0.09# 17.66 ± 0.98#

STZ + GLC (600 µg/kg) 2.56 ± 0.20# 16.41 ± 0.20#

The levels of TBARS and hydroperoxide concentration were determined using
colorimetric assays as described in materials and methods section (Niehaus and
Samuelsson, 1968). Analysis of the results showed a significant increase in the
levels of TBARS and hydroperoxides (p < 0.05) upon administering STZ to mice.
Oral administration of 50 and 100 mg/kg b.w. of naringenin and 600 µg/kg b.w.
of glibenclamide (positive control) showed a significant decrease in TBARS and
hydroperoxides levels. Data represents mean ± SE from six mice in each group.
Statistical analysis was performed by one-way ANOVA (P < 0.05), followed by
Tukey’s post hoc test. ∗STZ control mice were compared with control mice.
#STZ + NAR (50 and 100 mg/kg b.w.) and STZ + GLC (600 µg/kg b.w.) treated
mice were compared with STZ control mice; P < 0.05.

Oral Administration of Naringenin
Enhanced the Expression of Nrf2 and
Thereby Increased the Activities of SOD,
CAT, GPX, GST Enzymes and the Levels
of GSH in the Pancreatic Tissues of
STZ-Treated Mice
Since, in vitro studies have demonstrated the Nrf2 activation
potential of naringenin, we have hypothesized that the
cytoprotective effects of naringenin might be mediated through
similar mechanisms even in mice. Therefore, protein lysates were
collected from the pancreatic tissues of control and experimental
animals and subjected for western blotting. Analysis of the
data showed an about 2.5-fold increase in the Nrf2 expression
compared to control or STZ treated mice (Figure 7). However,
interestingly, a slight non-significant increase in the Nrf2
expression (compared to control mice) was observed in STZ
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FIGURE 7 | Naringenin upregulated the expression of Nrf2 in pancreatic tissue: Pancreatic tissue lysates were generated and analyzed by western blotting to detect
Nrf2 and the loading control GAPDH. Analysis of the data showed a significant increase in the Nrf2 expression in tissues collected from animals treated with
naringenin compared to vehicle and streptozotocin administered ones. Interestingly, a slight non-significant increase in Nrf2 was observed even in the STZ
administered animals. ∗Naringenin (100 mg/kg b.w.) and STZ C NAR (50 and 100 mg/kg b.w.) treated mice were compared with vehicle control and STZ control
mice; P < 0.05 (One-way ANOVA).

treated mice (Figure 7). It is well known that Nrf2 regulates the
cellular oxidative stress by increasing the expression of its target
genes NQO1, SOD, CAT, GPX, and GSH transferase (Jung and
Kwak, 2010). Therefore, we have measured the activities of these
Nrf2 target genes in the pancreatic tissue (Table 4). SOD is an
enzyme, which catalyzes the dis-mutation of superoxide radicals
to H2O2 thus decreasing the possibility of superoxide anion
interacting with nitric oxide that forms reactive peroxynitrite
(Fukai and Ushio-Fukai, 2011). The SOD activity in the tissues
was assayed according to the method developed by Kakkar et al.
(1984). The reaction was initiated by addition of NADH. After
incubation for 90 s, the glacial acetic acid was added to stop the
reaction and the colored complex formed was extracted into
butanol layer and measured at 560 nm. The SOD activity was
significantly (p< 0.05) decreased in pancreatic tissue from about
∼6.4 units/min/mg protein to ∼2.1 units/min/mg protein upon
STZ injection (Table 4). Administration of 50 mg/kg b.w. and
100 mg/kg b.w. naringenin significantly augmented the SOD
levels in pancreatic tissue to ∼4.5 units/min/mg protein and

∼5.5 units/min/mg protein, respectively (Table 4). The positive
control 600 µg/kg b.w. glibenclamide augmented the SOD levels
to ∼6.1 units/min/mg protein (Table 4). Treatment of control
animals with 100 mg/kg b.w. naringenin did not change SOD
levels (Table 4).

Catalase is a tetrameric hemin-enzyme, which decomposes
hydrogen peroxide into water and molecular oxygen (Kirkman
and Gaetani, 1984). The CAT activity (µmoles of H2O2
consumed/min/mg protein) in the tissues was assayed by the
method developed by Sinha (1972). Dichromate is converted
to chromic acetate after heating in the presence of hydrogen
peroxide with the formation of an intermediate perchromic
acid. The produced chromic acetate was measured at 590 nm.
The CAT activity significantly decreased in pancreatic tissue
from about 18 units in control animals to 7.8 units; upon STZ
injection (Table 4). Administration of 50 mg/kg b.w. naringenin
and 100 mg/kg b.w. naringenin significantly augmented the
CAT activity in pancreatic tissue to ∼13.8 and ∼18.0 units,
respectively (Table 4). The positive control 600 µg/kg b.w.
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TABLE 4 | Effect of naringenin on the activities of SOD, CAT, GPX, GST, and GSH in the pancreatic tissues of control and experimental mice.

Groups SOD (Units/mg Protein) CAT (Units/mg Protein) GPX (Units/mg Protein) GST (Units/mg Protein) GSH (mg/100 g tissue)

Control 6.41 ± 0.20 18.76 ± 1.11 5.46 ± 0.20 4.175 ± 0.2 11.28 ± 0.12

NAR control (100 mg/kg) 6.52 ± 0.37 18.90 ± 0.75 5.64 ± 0.35 4.332 ± 0.2 12.03 ± 0.37

STZ control 2.12 ± 0.10∗ 7.83 ± 0.56∗ 2.81 ± 0.19∗ 1.392 ± 0.1∗ 6.18 ± 0.133∗

STZ + NAR (50 mg/kg) 4.59 ± 0.11# 13.82 ± 0.99# 4.83 ± 0.07# 3.007 ± 0.1# 8.60 ± 0.385#

STZ + NAR (100 mg/kg) 5.56 ± 0.16# 18.05 ± 1.01# 5.47 ± 0.12# 3.312 ± 0.1# 10.73 ± 0.46#

STZ + GLC (600 µg/kg) 6.16 ± 0.28# 18.54 ± 1.33# 5.83 ± 0.16# 3.957 ± 0.1# 11.24 ± 0.26#

Persistent hyperglycemia modulates the levels of free radicals, antioxidant enzymes and their substrates (Birben et al., 2012). Administration of STZ to mice showed a
significant (p< 0.05) decrease in the levels of antioxidants compared to control group (Table 4). Oral administration of 50 and 100 mg/kg b.w. of naringenin and 600 µg/kg
b.w. of glibenclamide (a positive control) showed a significant increase in the antioxidants to near normal levels in pancreatic tissues of control mice (Table 4). Data are
expressed as mean ± SE from six mice in each group. Statistical analysis was performed by one-way ANOVA (P < 0.05), followed by Tukey’s post hoc test. ∗STZ control
mice were compared with control mice. #STZ + NAR (50 and 100 mg/kg b.w.) and STZ + GLC (600 µg/kg b.w.) treated mice were compared with STZ control mice;
P < 0.05.

glibenclamide significantly elevated the CAT activity, which
is similar to the activity of control animals (Table 4). No
significant change was observed in mice treated with 100 mg/kg
b.w. naringenin in comparison to that of control group
administered with 0.5% carboxymethyl cellulose demonstrating
that naringenin administration has no major impact on CAT
activity (Table 4).

GPX is a selenium-containing peroxidase, which decomposes
H2O2 and lipid peroxides through GSH, as a hydrogen donor,
into the water and protects the cells from free radicals (Lubos
et al., 2011). The activity of GPX was determined by the
method of Rotruck et al. (1973). The GPX activity (µmoles
of GSH oxidized/min/mg protein) was significantly decreased
in pancreatic tissue from about from 5.4 µmoles in control
animals to ∼2.8 µmoles; upon STZ treatment (Table 4). Oral
administration of 50 mg/kg b.w. naringenin and 100 mg/kg
b.w. naringenin significantly augmented the GPX activity
in pancreatic tissue to ∼4.8 and ∼5.4 µmoles; respectively
(Table 4). The positive control 600 µg/kg b.w. glibenclamide
significantly augmented the GPX activity in pancreatic tissue
up to 5.8 µmoles compared to STZ control animals (Table 4).
No significant change was observed even in non-diabetic mice
treated with naringenin in comparison to that of the control
group demonstrating that naringenin administration did not
affect the GPX levels (Table 4).

GST is a GSH-dependent cytosolic enzyme, which protects
cells from the damage caused by ROS (Hayes and McLELLAN,
1999). In order to determine whether administration of
naringenin restored the GST activity, a method developed by
Habig et al. (1974) was used and the results expressed as µmoles
of CDNB conjugate formed /min/mg protein. Analysis of the
data represented in Table 4 showed about 75% decrease in GST
activity in the pancreatic tissue, compared to vehicle-treated
mice, in STZ injected animals. Oral administration of naringenin
(50 mg/kg and 100 mg/kg b.w.) and glibenclamide (600 µg/kg
b.w.) significantly (p< 0.05) increased the GST activity levels. For
example, administration of 100 mg/kg body weight naringenin
elevated the pancreatic GST activity to ∼3.3 units (Table 4).
Similarly, 600 µg/kg body weight glibenclamide elevated the
pancreatic GST activity to ∼3.9 units (Table 4). No significant
change in GST activity was observed between vehicle control and

100 mg/kg body weight naringenin-treated non-diabetic mice
(Table 4).

GSH is a potent free-radical scavenger and co-substrate for
GPX activity (Sies, 1999). Several studies have shown the ability
of STZ to decrease cellular GSH levels (Birben et al., 2012).
Therefore, to determine whether administration of naringenin
could mitigate the effect of STZ-induced GSH depletion effect,
pancreatic tissues were collected and processed to estimate GSH
content using Ellman’s assay (Ellman, 1959). The data in Table 4
shows a significant decrease in pancreatic tissue GSH levels
upon administering mice with STZ (from ∼11.28 mg/100 g
tissue to ∼6 mg/100 g tissue). However, when naringenin or
glibenclamide was administered the levels had gone up to
the ones present in control animals (Table 4). However, no
significant changes were observed in non-diabetic mice treated
with naringenin in comparison to that of a control group of mice
(Table 4).

Oral Administration of Naringenin
Restored the Changes in Carbohydrate
Metabolizing Enzymes in STZ-Injected
Liver Tissues
Oral Administration of Naringenin Enhanced the
Activity of Hexokinase and Glucose-6-Phosphate
Dehydrogenase
The first step in the glycolysis is the fixation of glucose
by phosphorylation into glucose-6-phosphate by Hexokinase
enzyme (Guo et al., 2012). Hexokinase functions as a glucose
sensor of insulin-producing pancreatic β-cells and regulates the
glycogen synthesis and hepatic glucose production (Guo et al.,
2012). The hexokinase activity in the liver tissue was determined
by the method of Brandstrup et al. (1957). Hexokinase converts
D-glucose and ATP to glucose 6-phosphate and ADP. The
residual glucose was reacted with an o-toluidine reagent to form
a green color, which was measured at 640 nm. The hexokinase
activity was significantly (p < 0.05) reduced in liver tissues
of STZ control mice from 87.71 ± 3.4 units/mg protein to
60.04 ± 0.9 units/mg protein (Table 5). Oral administration
of 50 mg/kg b.w. and 100 mg/kg b.w. naringenin significantly
augmented the activity of hexokinase to 74.12 ± 1.0 units/mg
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TABLE 5 | Changes in the activities of key enzymes of carbohydrate metabolism and glycogen in the liver of control and experimental mice.

Groups Hexokinase
(IU@/g protein)

G6-PD
(104mIU/mg protein )

G6-P
(IU∗mg protein)

F1,6-BP
(IU$/mg protein)

Glycogen
(mg/100 g Tissue)

Control 87.61 ± 3.4 4.29 ± 3.70 0.178 ± 0.004 0.189 ± 0.025 32.44 ± 2.04

NAR control (100mg/kg) 88.97 ± 0.4 4.47 ± 0.27 0.174 ± 0.020 0.184 ± 0.024 32.61 ± 0.91

STZ control 60.04 ± 0.9∗ 2.61 ± 0.03∗ 0.297 ± 0.010∗ 0.440 ± 0.003∗ 21.27 ± 1.44∗

STZ+NAR (50mg/kg) 74.12 ± 1.0# 3.62 ± 0.14# 0.255 ± 0.005# 0.316 ± 0.015# 27.88 ± 1.60#

STZ+NAR (100mg/kg) 82.54 ± 3.5# 4.16 ± 0.09# 0.231 ± 0.010# 0.267 ± 0.027# 29.88 ± 0.98#

STZ+GLC (600µg/kg) 85.06 ± 2.4# 4.06 ± 0.16# 0.202 ± 0.016# 0.223 ± 0.026# 28.05 ± 0.30#

@ IU-moles of glucose phosphorylated per min, ∗ IU-moles of inorganic phosphate liberated per min, $ IU-moles of inorganic phosphate liberated per h. G6-PD, Glucose-
6-phosphate dehydrogenase; G6-P, Glucose-6-phophatase; F1,6-BP, Fructose-1,6-bisphosphatase. Diabetes inducing agent Streptozotocin decreased the activities of
hexokinase and glucose-6-phosphate dehydrogenase, while promoting the activities of glucose-6-phosphatase and fructose-1, 6-bisphosphatase. Oral administration
of naringenin (50 and 100 mg/kg b.w.) and glibenclamide (600 µg/kg b.w.) significantly (p < 0.05) increased the activity of hexokinase and glucose-6-phosphate
dehydrogenase in liver of STZ-induced diabetic mice indicating improved utilization of glucose by liver in diabetic mice. The activities of glucose-6-phosphatase and
fructose-1, 6-bisphosphatase were decreased leading to low gluconeogenesis. In addition, oral administration of naringenin (50 and 100 mg/kg b.w.) and glibenclamide
(600 µg/kg b.w.) significantly (p < 0.05) increased the concentration of liver glycogen. Data are expressed as mean ± SE from six mice in each group. Statistical analysis
was performed by one-way ANOVA (P < 0.05), followed by Tukey’s post hoc test. ∗Significantly different from control at P < 0.05. #Significantly different from diabetes
group at P < 0.05.

protein and 82.54 ± 3.5 units/mg protein, respectively (Table 5).
The positive control 600 µg/kg b.w. glibenclamide increased
the activity to 85.06 ± 2.4 units/mg protein (Table 5).
However, treatment of control non-diabetic animals with
100 mg/kg b.w. naringenin did not show any difference
(Table 5).

Glucose-6-phosphate dehydrogenase (G6-PD) is the first
regulating enzyme of the pentose phosphate pathway of glucose
metabolism that produces (a) ribose-5-phosphate; (b) reducing
equivalent, NADPH and a variety of sugars with carbon chain
length beginning from 3C to 7C (Cappai et al., 2011). A method
developed by Ells (1961) was used to measure the G6-PD
activity in liver tissue (Ells and Kirkman, 1961). The increase in
absorbance when NADP reduced to NADPH was measured. The
reduction of NADP occurs due to the transfer of electrons from
glucose-6-phosphate to NADP, which is catalyzed by G6-PD. The
STZ control animals showed a significant (p < 0.05) decrease
in the activity of G6-PD in liver tissue (4.29 ± 0.3 units/mg
protein VS 2.61 ± 0.1 units/mg protein) (Table 5). Oral
administration of 50 mg/kg b.w. naringenin and 100 mg/kg
b.w. naringenin significantly augmented the G6-PD activity
to 3.62 ± 0.1 units/mg protein and 4.16 ± 0.1 units/mg
protein, respectively (Table 5). 600 µg/kg b.w. of glibenclamide
also augmented the activity, which is similar to control
animals exposed to vehicle 0.5% CMC (Table 5). Treatment
of non-diabetic animals with 100 mg/kg b.w. naringenin did
not change G6-PD activity compared to vehicle 0.5% CMC
(Table 5).

Oral Administration of Naringenin Decreased the
Activities of Glucose-6-Phosphatase and Fructose-1,
6-bisphosphatase in STZ-Injected Liver Tissues
Glucose-6-phosphatase (G6-P), a key gluconeogenic enzyme,
catalyzes the dephosphorylation of glucose-6-phosphate to
glucose (van Schaftingen and Gerin, 2002). Under normal
conditions, insulin suppresses the activity of this enzyme
(Shulman, 2000). However, in diabetics, the levels of G6-
P get elevated to provide glucose to starving hepatocytes

(Roden and Bernroider, 2003). Therefore, in order to test
whether STZ induced animals also exhibit elevated G6-P
activity, the method developed by Hikaru and Toshitsugu (1959)
was adopted to measure the G6-P activity in the liver tissue
(Koide, 1959). The inorganic phosphorus liberated during this
conversion was estimated using Fiske and Subbarow (1925).
The G6-P activity was significantly (p < 0.05) elevated in liver
tissue of STZ control mice from 0.178 ± 0.02 units/mg protein
to 0.297 ± 0.01 units/mg protein (Table 5). Elevated G6-P
activity was reduced to about 0.255 ± 0.05 units/mg protein and
0.231 ± 0.01 units/mg protein, respectively upon 50 mg/kg b.w.
and 100 mg/kg b.w. naringenin administration (Table 5). Oral
administration of 600 µg/kg b.w. of glibenclamide decreased
the activity to 0.202 ± 0.02 units/mg protein (Table 5). No
significant change in G6-P activity was observed between vehicle
control and 100 mg/kg b.w. naringenin-treated non-diabetic
mice (Table 5).

Fructose-1, 6-bisphosphatase (F1,6-BP) is another key
gluconeogenic enzyme effected by diabetes (van Schaftingen
and Gerin, 2002). This enzyme is a rate-limiting enzyme in the
gluconeogenic pathway and catalyzes the dephosphorylation
of fructose-1,6-bisphosphate to fructose-6-phosphate (van
Schaftingen and Gerin, 2002). The F1,6-BP activity in the liver
tissue was determined by the method of Gancedo (Gancedo
and Gancedo, 1971). The inorganic phosphorus liberated
was estimated using (Fiske and Subbarow, 1925). Table 5
shows a significant increase in the activity of F1,6-BP from
0.189 ± 0.02 units/mg protein to 0.440 ± 0.03 units/mg protein
upon STZ administration. Oral administration of 50 mg/kg
b.w. naringenin and 100 mg/kg b.w. naringenin reduced the
STZ induced F1,6-BP activity to 0.316 ± 0.01 units/mg protein
and 0.267 ± 0.02 units/mg protein, respectively (Table 5). The
positive control 600 µg/kg b.w. glibenclamide brought down the
fructose-1, 6-bisphosphatase activity to 0.223 ± 0.02 units/mg
protein (Table 5). However, treatment of control non-diabetic
animals exposed to vehicle 0.5% CMC or treated with 100 mg/kg
body weight naringenin did not change F1,6-BP activity
(Table 5).
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Oral Administration of Naringenin Increased the Liver
Glycogen Levels in STZ-Administered Mice
Glycogen, a polymer of glucose residues produced by the
glycogen synthase enzyme, is the key storage form of glucose
and its amount in liver and muscle is an indication of insulin
activity (Pederson et al., 2005). A method devolved by Morales
et al. (1973) was used to extract and estimate the liver glycogen.
Glucose is dehydrated by sulphuric acid to furfural derivative
which then complexes with anthrone to give a green colored
complex, which is read at 620 nm. The glycogen level was
significantly (p < 0.05) decreased in liver tissues of STZ control
mice from 32.44 ± 2.0 units to 21.27 ± 1.4 units (Table 5).
Oral administration of 50 mg/kg b.w. naringenin and 100 mg/kg
b.w. naringenin significantly augmented the glycogen content
to 27.88 ± 1.6 units and 29.88 ± 0.9 units, respectively
(Table 5). 600 µg/kg b.w. of glibenclamide also augmented to
28.05 ± 0.3 units. However, 100 mg/kg b.w naringenin-treated
animals did not change liver glycogen compared to vehicle
control treated non-diabetic mice (Table 5).

Oral Administration of Naringenin
Restored the Altered Morphology of
Pancreatic Tissues Observed in Mice
Administered With STZ
Since STZ administration is known to damage pancreas by
reducing the size and number of functionally active β-cells, an
attempt was made to check whether naringenin and the positive
control glibenclamide restored these altered morphological

features (Bâlici et al., 2015). Control and naringenin (100 mg/kg
b.w.) treated non-diabetic mice showed a normal pattern with
clear and well-structured pancreatic islets (Figure 8). However,
the pancreatic sections of STZ control mice displayed severe
necrotic changes, exclusively in the center of pancreatic islets.
In addition, disappearing of the nucleus with a comparative
reduction in size was observed (Figure 8). Furthermore,
pancreatic islets of STZ animals treated with naringenin
(50 mg/kg b.w.) exhibited moderate expansion (Figure 8).
Likewise, STZ animals treated with naringenin (100 mg/kg
b.w.) showed a significant improvement in the pancreatic islet
with distinct cellularity changes and increase in granulation,
compared to the STZ control mice (Figure 8). The positive
control 600 µg/kg b.w. glibenclamide showed healthy pancreas
(Figure 8).

Oral Administration of Naringenin
Restored the Insulin Secreting Cells in
Mice Administered With STZ
The immunohistochemical method was used to study the
distribution pattern as well as number of functional β-cells in
pancreatic islets of mice (Kim et al., 2009). Control (vehicle
treated) and naringenin control (100 mg/kg b.w.) groups’ showed
islets with a comparatively larger region of positive immuno-
reactivity, demonstrating the existence of healthy cells secreting
insulin in the pancreas (Figure 9). However, the STZ control
islet cells showed distorted morphology with very few insulin-
positive cells compared to vehicle controls (Figure 9). While
50 mg/kg b.w. naringenin showed a moderate increase in

FIGURE 8 | Administration of naringenin restored the normal structure of pancreas (Magnification: 40X, scale 100 µm). Control and naringenin treated animals
exhibited normal pancreatic islet cells. However, animals administered with STZ showed a reduction in the size of islets, damaged β-cell population, and necrotic
tissue. Analysis of pancreas collected from STZ administered mice subsequently treated with naringenin (50 mg/kg b.w.) exhibited moderate expansion of pancreatic
islets, while other animals treated with 100 mg/kg b.w. naringenin restored necrotic and fibrotic changes and increased number and size of the islets. STZ mice
treated with glibenclamide (600 µg/kg b.w.) showed absence of necrosis and fibrotic changes and increased number and size of the islets, indicating the restoration
of normal morphological features.
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FIGURE 9 | Immunohistochemical analysis of insulin secreting cells in pancreatic islets of normal and experimental mice (Magnification-400X, Scale-100 µm).
Sections of pancreas collected from control and naringenin-treated non-diabetic animals showed the presence of normal morphology of islets and β-cells; however,
STZ control showed a significant decrease in insulin immunoreactivity and a number of immunoreactive β-cells. While diabetic mice (STZ mice) treated with
naringenin 50 mg/kg b.w. showed a moderate increase in insulin immunoreactivity, the ones administered with 100 mg/kg b.w. naringenin and 600 µg/kg b.w.
glibenclamide showed a significant increase in insulin immunoreactivity and number of immunoreactive β-cells.

insulin immuno-reactivity, the ones received 100 mg/kg b.w.
naringenin showed the relatively large area of positive immuno-
reactivity with numerous brown insulin granules in the β-cells
of pancreatic islets (Figure 9). Pancreatic section of STZ mice
treated with positive control compound glibenclamide showed
normal histo-architecture of the pancreas with insulin cells
(Figure 9). Collectively, these observations conform the role
of naringenin in increasing the insulin-positive cells in the
pancreas.

DISCUSSION

Oxidative stress, which results from the imbalance due to: (a)
overproduction of oxygen/nitrogen radicals; (b) loss/decrease
of antioxidant enzymes; (c) low levels of natural endogenous
antioxidants; (d) changes in transcription factors/transcription
factor-associated protein(s) controlling the expression of
endogenous radical scavenging enzymes (Rahal et al., 2014)
results in the generation of oxidized lipids, broken DNA,
modified proteins and carbohydrates (Birben et al., 2012). As
a result of these changes in macromolecules: (a) the normal
cells undergo transformation into cancer cells; (b) cells might
lose normal functions such as on-demand proliferation and
differentiation; (c) cells may undergo apoptosis or autophagic
death, and (d) cells may lose the ability to execute repair
processes (Klaunig et al., 2011). Therefore, oxidative stress is
responsible for the origin of various diseases that include diabetes
(Jiménez-Osorio et al., 2015). Hence, controlling oxidative stress
is key to prevent diabetes.

Several lines of evidences suggest that phytochemicals such
as flavonoids not only act as antioxidants to inhibit ROS but

also trigger the expression of cyto-protective transcription factors
such as Nrf2, which helps in the transcription of genes that
include NQO1, SOD, GST, HO1 and many more (Stefanson and
Bakovic, 2014). Among various flavonoids known to activate
Nrf2 signaling resveratrol and curcumins have been well studied
for treating diabetes (Tabatabaei-Malazy et al., 2015). Despite
its potent role in Nrf2 activation, resveratrol suffers from low
bioavailability, which limited its usage in the clinic (Elango et al.,
2016). Hence, in this study, we made an attempt to investigate
the Nrf2 activation potential of naringenin in STZ-exposed MIN6
cells and mice.

Pancreatic β-cells are highly susceptible to oxidative stress,
which appears to be in part due to the lack of robust antioxidant
capacity (Lenzen et al., 1996). Experimental studies have shown
that adenoviral-mediated overexpression of antioxidant enzymes
in vitro in β-cells, as well as exogenous treatment with
antioxidants in vivo in animals, safeguards pancreatic β-cells
from such insults (Lei and Vatamaniuk, 2011). Hence, initially,
we checked whether naringenin has the potential to activate
Nrf2 in MIN6 cell line using the Nrf2-Keap1 complementation
system. The sensor system recognizes the potential of naringenin
to promote Nrf2-Keap1 complex dissociation (Ramkumar et al.,
2013). Treatment of MIN6 cell line with naringenin-induced
endogenous as well as ectopically expressed Nrf2 in a dose-
dependent manner indicating the potential of this compound to
reduce oxidative stress. In addition, our data showed naringenin-
induced activation and subsequent nuclear translocation of Nrf2
at a dosage of 50 and 100 µM. Further, when the MIN6
cells were transfected with luciferase-expressing ARE-NQO1 and
ARE-GST constructs and, subsequently treated with naringenin,
a dose-dependent increase in the luciferase activity in both
NQO1 and GST was observed indicating that the naringenin
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treatment induced Nrf2, thereby elevated the levels of NQO1
and GST. Hence we further evaluated the antioxidant potential
of naringenin in STZ induced diabetic models.

Streptozotocin, a derivative of N-methyl-N-nitrosourea,
stands unique for its diabetogenic potential in β-cells (Schnedl
et al., 1994). Mechanistically STZ induces diabetes by transferring
the methyl group to the DNA molecule thereby triggering
damage and fragmentation (Bennett and Pegg, 1981). DNA
strand breaks induced by STZ treatment direct the cells to
synthesize more poly (ADP-ribose) polymerase (PARP) to
circumvent the STZ-induced apoptotic effects (Bennett and Pegg,
1981). However, over-stimulated PARP causes the reduction of
intracellular NAD+ and ATP, which ultimately leads to β-cells
apoptosis/necrosis (Szkudelski, 2001). Alternatively, it is also
been proposed that STZ act as an intracellular nitric oxide
donor, which stimulate the generation of ROS (Szkudelski,
2001). In the current study, MIN6 cells were exposed to a
10 mM concentration of STZ for 1 h to induce apoptosis
(Kang et al., 2011). Since caspases-3 is involved in the PARP
fragmentation, we have assessed the caspases-3 expression using
western blotting. STZ induced the expression of caspases-3,
however, naringenin attenuated the STZ induced apoptosis by
suppressing the expression of cleaved caspases-3. Sustained
production of ROSs is a primary stimulant of apoptosis. In
the STZ induced MIN6 cells, we found elevated intracellular
ROSs. Naringenin could decrease ROSs to a normal level
by promoting the expression of NQO1 and GST via Nrf2
pathway.

In vivo, administration of naringenin significantly
ameliorated the metabolic effects in STZ-induced diabetic
mice. The raised blood glucose levels in diabetic mice were
returned to near normal levels in diabetic mice treated with
naringenin (Figure 6A). Likewise, the naringenin administration
significantly enhanced the serum insulin level by stimulating
the remaining pancreatic β-cells to produce more insulin to
regulate the glucose level (Figure 6C). Further, naringenin
showed dose-dependent improvement in the intraperitoneal
glucose tolerance of the diabetic mice, which is comparable
with the anti-diabetic drug, glibenclamide, a known stimulator
of insulin (Figure 6B). Moreover, STZ-induced diabetic mice
displayed significant abnormalities in lipid metabolism, which
leads to significant elevation of serum cholesterol, triglycerides,
LDL and VLDL and reduction in HDL levels. Administration
of naringenin for 45 days showed a significant reduction in the
serum cholesterol, triglycerides, LDL and VLDL and increased
HDL levels in diabetic mice (Table 2). These results specify the
lipid-lowering effect of naringenin on diabetic mice also the
efficacy is comparative to the dose of naringenin.

Under physiological conditions, liver maintains
normoglycemia by controlling blood glucose through glycolysis,
gluconeogenesis, and glycogen synthesis processes (Han et al.,
2016). However, due to insulin deficiency in diabetes, the
above-stated functions are impaired and liver produces further
glucose (Ozougwu et al., 2013). Few in vivo studies have shown
that glucose homeostasis can be restored by phenolic compounds
through changes in the activities of enzymes of carbohydrate
metabolism in the liver of diabetic rats (Hanhineva et al., 2010;

Chandramohan et al., 2015). In agreement with their study, in
the current study, naringenin decreased the activities of key
enzymes of gluconeogenesis such as glucose 6-phosphatase
and fructose 1, 6-bisphosphatase in diabetic mice, increased
the activity of glycolytic enzyme hexokinases, the activity of
glucose 6-phosphate dehydrogenase and liver glycogen content.
These modifications point the shifting of the metabolic pathways
to reduced glucose production by the liver (Chandramohan
et al., 2015). In addition, the effects of naringenin in the
liver are accompanied by an increase in insulin expression as
demonstrated by IHC, highlighting that insulin is responsible
for these modifications. Furthermore, few recent studies have
also shown that Nrf2 can reprogram the cells in such a way that
the cell promotes synthesis (anabolism) rather than degradation
(catabolism). Since naringenin increases Nrf2, the cells might
have reoriented the cellular metabolism to synthesize more
glycogen from glucose, leading to a significant decrease in
blood glucose levels (Elango et al., 2016). In conclusion, results
of our study clearly demonstrate that naringenin helps in
the maintenance of glucose homeostasis by regulating key
enzymes involved in the glucose metabolism, hence, naringenin
may be considered as a good candidate drug for diabetes
management.

CONCLUSION

The in vitro and in vivo results of this study highlight the
potential of naringenin to activate Nrf2 and protect the pancreatic
β-cells from the oxidative damage caused by STZ. Above findings
provide key evidences to demonstrate the anti-diabetic potential
of naringenin. However, further studies testing the safety and
efficacy of naringenin in higher animals are required to bring
this natural product to the clinic. Additionally, strategies for
improving the delivery of naringenin are also warranted to reduce
the dose as well as to further enhance the potency.
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Nuclear factor erythroid 2-related factor 2 (Nrf2) regulates the expression of an array of
enzymes with important detoxifying and antioxidant functions. Current findings support
the role of high levels of oxidative stress in the pathogenesis of neurological disorders.
Given the central role played by Nrf2 in counteracting oxidative damage, a number
of studies have targeted the modulation of this transcription factor in order to confer
neuroprotection. Nrf2 activity is tightly regulated by oxidative stress and energy-based
stimuli. Thus, many dietary interventions based on energy intake regulation, such as
dietary energy restriction (DER) or high-fat diet (HFD), modulate Nrf2 with consequences
for a variety of cellular processes that affect brain health. DER, by either restricting
calorie intake or meal frequency, activates Nrf2 thereby triggering its protective effects,
whilst HFD inhibit this pathway, thereby exacerbating oxidative stress. Consequently,
DER protocols can be valuable strategies in the management of central nervous system
(CNS) disorders. Herein, we review current knowledge of the role of Nrf2 signaling
in neurological diseases, namely Alzheimer’s disease, Parkinson’s disease, multiple
sclerosis and cerebral ischemia, as well as the potential of energy intake regulation in
the management of Nrf2 signaling.

Keywords: Nrf2, dietary energy restriction, high-fat diet, aging, Alzheimer’s disease, Parkinson’s disease, multiple
sclerosis, cerebral ischemia

INTRODUCTION

It is widely recognized that oxidative stress plays a key role in CNS physiology and pathophysiology
(Patel, 2016). Free radicals are constantly produced and are required at physiological levels for
signaling and plasticity in the healthy brain. Conversely, their accumulation due to impaired cellular
antioxidant defenses or excessive production that exceeds the cell’s antioxidant capability can result

Abbreviations: 6-OHDA, 6-hydroxydopamine; Aβ, Amyloid β; AD, Alzheimer’s disease; ARE, antioxidant response
element; BBB, blood-brain barrier; BMI, body mass index; CAT, catalase; CNS, central nervous system; CR, calorie restriction;
DAMPS, damage-associated molecular patterns; DCs, dendritic cells; DER, dietary energy restriction; EAE, experimental
autoimmune encephalomyelitis; GPx, glutathione peroxidase; GR, glutathione reductase; GST, glutathione S-transferase;
HFD, high-fat diet; HO-1, heme oxygenase 1; IF, intermittent fasting; KEAP1, Kelch-like ECH associated protein 1;
MCA, middle cerebral artery; MCAO, middle cerebral artery occlusion; MnSOD, manganese superoxide dismutase; MPTP,
methyl-4-phenyl-1, 2, 5, 6-tetrahydropyridine; MS, multiple sclerosis; NQO1, NADPH quinine oxidoreductase 1; Nrf2,
Nuclear factor erythroid 2-related factor 2; OGDR, oxygen-glucose deprivation/reoxygenation; OPCs, oligodendrocytes and
oligodendrocytes precursor cells; PD, Parkinson’s disease; ROS, reactive oxygen species; RRMS, relapsing-remitting multiple
sclerosis; SN, substantia nigra; SOD, superoxide dismutase; SPMS, secondary progressive multiple sclerosis; T2D, type 2
diabetes; tMCAO, transient middle cerebral artery occlusion; VEGF, vascular endothelial growth factor.
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in neurotoxicity and cell death, which if continued will ultimately
lead to pathological processes (Cai et al., 2011). For this reason,
oxidative stress has been extensively studied as a therapeutic
target to treat brain diseases (Patel, 2016).

It is important to note that the brain can be highly susceptible
to oxidative damage, due, in part, to its elevated oxygen demand,
the presence of high amounts of polyunsaturated fatty acids that
are easily targeted by free radicals, and lower levels of antioxidant
enzymes compared to other organs (Ahmad et al., 2017; Mecocci
et al., 2018). Some stable products of lipid peroxidation in
the CNS are substantial oxidative stress biomarkers largely
used in studies involving neurological and neurodegenerative
disorders. These oxidation products include isoprostanes and
neuroprostanes, derived from the non-enzymatic oxidation of
arachidonic acid and decosahexanoic acid, respectively (Reed,
2011).

Aging leads to a gradual increase in brain oxidative stress,
which is accompanied by reduced antioxidant defenses and lower
levels of neurogenesis (Uttara et al., 2009). Aging is the main risk
factor for neurodegenerative disorders (Niccoli and Partridge,
2012), which accounts for 12% of total deaths worldwide (World
Health Organization [WHO], 2011; Chen et al., 2016b). Both
acute and chronic inflammatory processes reciprocally interact
with oxidative stress, with these factors being important to the
etiology and course of a wide array of neurological conditions,
such as AD, PD, MS, and stroke, as well as to the process of aging
per se (Sandberg et al., 2014).

Aging is also associated to a progressive reduction in
Nrf2 activity (Cuadrado, 2016). Interestingly, long-lived animal
species have higher Nrf2 signaling levels, highlighting the
importance of Nrf2 protection against aging and aging-related
diseases (Bruns et al., 2015). Nrf2 is pivotal in the regulation of
cellular redox status, modulating the expression of more than 200
downstream genes encoding Phase II response enzymes during
oxidative challenge, including HO-1, GST, CAT, SOD, and NQO1
(Nguyen et al., 2009; Sun et al., 2017). The phase II response in
an evolutionary conserved adaption to a broad range of stressors
and is intimately linked to the organism’s antioxidant defenses,
detoxification, and cellular resilience (Hine and Mitchell, 2012).
A broad array of published data show that the upregulation
of Nrf2 target genes in the CNS can render neurons more
resistant to excitotoxic and oxidative insults (Chen et al., 2000;
Satoh et al., 2006; Giordano et al., 2007; Tanito et al., 2007;
Lim et al., 2008). Nrf2 not only modulates antioxidant defense
genes, but also genes that have autophagic and anti-inflammatory
properties as well as glucose and lipid metabolism effects (Bruns
et al., 2015; Tebay et al., 2015). Nrf2 activation leads to its
translocation to the cell nucleus where it triggers the expression
of target genes that contain the ARE DNA regulatory sequence in
their promoter region (Jaiswal, 2004). The Nrf2/ARE pathway is
modulated by the KEAP1. In basal conditions, this protein acts
as a Nrf2 repressor, binding to Nrf2 and maintaining it in the cell
cytoplasm (Satoh et al., 2006). This regulatory protein also directs
Nrf2 to ubiquitination and degradation by proteasomes, thereby
limiting its basal cellular levels (Sun et al., 2017) (Figure 1).

Many dietary interventions modulate Nrf2. DER and high
energy consumption are two of the most studied strategies

for energy status regulation, and both act to modulate tNrf2
activity. DER increases Nrf2 activity, in contrast to high energy
consumption. DER, induced by chronically or intermittently
restricted calorie consumption, subjects neurons to an energetic
stress that triggers the Nrf2/ARE pathway and thereby induces
many beneficial effects on health and longevity, including
the prevention of neurological diseases (Mattson, 2012). In
contrast, a plethora of animal and human studies show that
a HFD, and associated obesity, enhance inflammation and
oxidative stress, resulting in a raised overall mortality and
higher incidence of many neurological disorders (Dorrance
et al., 2014; Michel, 2016; Mazon et al., 2017; Alfredsson
and Olsson, 2018) (Figure 2). This chapter focuses on the
Nrf2/ARE pathway regulation by dietary interventions and its
protective role in the CNS against metabolic, excitotoxic, and
oxidative insults, with relevance to AD, PD, MS, and cerebral
ischemia.

Nrf2/ARE PATHWAY AND
NEUROLOGICAL DISEASES

Both in vitro and in vivo neurodegenerative models have
demonstrated that Nrf2 activation promotes neuroprotective
effects (Calkins et al., 2009). However, as noted above, Nrf2
activity declines with age, consequently decreasing the protection
afforded by antioxidant enzymes activity. Such Nrf2/ARE
signaling impairment renders the organism and the brain more
susceptible to oxidative injury, abnormal protein aggregation and
neurodegeneration (Itoh et al., 1997; Suh et al., 2004; Shih and
Yen, 2007; Morrison et al., 2010; Safdar et al., 2010; Cuadrado,
2016). A number of studies have underscored the importance
of the Nrf2/ARE pathway to the pathogenesis and treatment
of neurological disorders, including PD, AD, MS, and cerebral
ischemia, as described below.

Alzheimer’s Disease
Alzheimer’s disease is the leading cause of senile dementia,
characterized by progressive cognitive impairment and memory
loss. In the United States, it is estimated that 5.7 million
people have AD in 2018 and this number is predicted to
reach 14 million by 2050, due to rises in longevity (Alzheimer’s
Association, 2018). Classically, AD has been thought to be driven
by the accumulation of amyloid-β peptide (Aβ) aggregates and
neurofibrillary tangles composed of hyperphosphorylated tau
proteins (Arriagada et al., 1992; Selkoe, 1994). However, there is a
growing appreciation of a role for other processes in AD etiology
and course, including changes in oxidative stress (Mecocci et al.,
2018). Oxidative stress markers have long been shown to be
increased in AD. Patients with mild cognitive impairment, often a
forerunner of AD, also show raised levels of oxidative damage and
reduced antioxidant defenses, in comparison to healthy controls
(Migliore et al., 2005; Bermejo et al., 2008; Mangialasche et al.,
2009; Padurariu et al., 2010). Markers of oxidative stress are all
increased in AD, including 4-hydroxynonenal (a product of lipid
peroxidation) (Bradley et al., 2012; Di Domenico et al., 2017),
and protein nitration and carbonylation (Perluigi et al., 2009;
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FIGURE 1 | Schematic representation of Nrf2 signaling in homeostasis and a deregulated environment. (A) Oxidative molecules (e.g., ROS and RNS) produced by
cellular respiration or neurotransmission activate the protective antioxidant pathway by dissociation of the Nrf2/KEAP1 complex. When dissociated from the cytosolic
protein KEAP1, Nrf2 translocates to the cell nucleus, triggering the expression of several homeostatic genes with the ARE sequence in their promoters, including
GPx, SOD, HO-1, GST, and CAT. When inactivated, Nrf2 is sequestered by KEAP1 and targeted for ubiquitination and proteasomal degradation. (B) Altered
homeostasis promotes excessive ROS/RNS production that can activate glial cells (astrocytes and microglia) that release proinflammatory and danger molecules
patterns, which disrupts neuronal communication and the nature of glial activities. Green arrows represent activation and truncated red lines, inhibition
(abbreviations: ACh, acetylcoline; DA, dopamine; CAT, catalase; Glu, glutamate; GPx, Glutathione Peroxidase; GST, glutathione S-transferase; HO-1, heme
oxigenase 1; RNS, reactive nitrogen species; ROS, reactive oxygen species; SOD, superoxide dismutase; Ub, ubiquitin; ATP, adenosine triphosphate).

Aluise et al., 2011). These changes are often accompanied by
a decline in antioxidant defenses, which contributes to such
heightened oxidative stress in AD patients (Kim et al., 2006).

Nrf2 levels are decreased in the AD brain (Kanninen et al.,
2008). This is supported by data from preclinical models of AD,
which indicate reduced brain Nrf2 expression levels (Carvalho
et al., 2015; Liu et al., 2016; Manczak et al., 2018), with Nrf2
activation mitigating neuronal apoptosis and spatial memory
impairment (Dong F. et al., 2017). Several in vivo and in vitro
studies also show that the activation of Nrf2/HO-1 signaling
cascade by flavonoids and microRNA-302 affords protection
against neuronal toxicity induced by Aβ (Zou et al., 2013;
Kwon et al., 2015; Li H.H. et al., 2016; Wang et al., 2016).
Moreover, Nrf2 knockout mice have an impaired clearance of
phosphorylated tau by autophagy, contributing to heightened
tau aggregation and accumulation in the brain, a well-known
hallmark of AD (Jo et al., 2014). In an AD murine model,
Nrf2 deletion also results in impaired autophagy, and therefore
a decrease in the ability of a cell to clear debris (Joshi et al.,
2015). These findings highlight the importance of Nrf2 in AD

pathophysiology as well as indicating its potential therapeutic
utility in AD.

In contrast, Raina et al. (1999) reported increased levels
of NQO1 in AD human brains, suggesting Nrf2 activation.
Similarly, three common Nrf2 target genes (p62, HO-1, and
GCLM) are upregulated in AD brains (Tanji et al., 2013). Such
contrasting results may be due to differential effects on Nrf2 levels
at different AD stages, perhaps indicative of an upregulation of
antioxidant defenses to counteract oxidative stress in early AD
stages, whilst the loss of endogenous antioxidants and Nrf2/ARE
pathway activity may be more evident in latter phases of the
disease (Sun et al., 2017).

Parkinson’s Disease
After AD, PD is the second most prevalent neurodegenerative
disease. PD is typically characterized by progressive movement
disorders (rigidity, resting tremor, postural instability,
hypokinesia, and bradykinesia) as well as by variable degrees
of cognitive dysfunction and dementia (Goris et al., 2007;
Tufekci et al., 2011). A number of different brain regions show
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atrophy in PD, with classic PD symptomatology mediated by
the loss of dopamine neurons in the SN. An accumulation of
α-synuclein protein is common, in association with proteasome
and mitochondria impairment (Mattson, 2012).

As with AD, the etiology of PD still awaits clarification,
with a number of studies indicating that oxidative stress is an
important contributor to PD pathogenesis and course, including
via increased membrane lipid peroxidation and protein damage
(Duan and Mattson, 1999; Jenner, 2007; Cuadrado et al.,
2009). Sources of oxidative stress in PD brain include chronic
neuroinflammation, the metabolism of dopamine producing
cytotoxic ROS, and mitochondrial impairment (Blesa et al.,
2015). Nrf2 is an emerging target to counteract PD-related
neuronal cell death, given its regulation of a plethora of
cytoprotective genes with anti-inflammatory and antioxidant
properties, as well as its role in optimizing mitochondria
biogenesis (Tufekci et al., 2011). Data from human post-mortem
PD brains and Nrf2 knockout mice indicate an association
between Nrf2/ARE pathway dysfunction and PD pathogenesis
(Tufekci et al., 2011). Such data shows that Nrf2 deficiency
increases the sensitivity of mice to PD neurotoxins (Jakel et al.,
2007; Chen et al., 2009; Colton, 2009), whereas the induction of
this transcription factor in astrocytes exerts a protective effect
against brain damage in the 6-OHDA model of PD (Jakel et al.,
2007). In post-mortem brains of PD patients, the proteins p62
and NQO1 were partially sequestered in Lewy bodies, indicating
a compromised neuroprotective capacity of Nrf2 (Lastres-Becker
et al., 2016). In the same study, Nrf2 pharmacological activation
by dimethyl fumarate in a murine PD model protected SN
neurons against α-synuclein toxicity, an effect not evident in
Nrf2-knockout mice (Lastres-Becker et al., 2016). Jazwa et al.
(2011) also showed that Nrf2 activation upregulates brain HO-
1 and NQO1 expression and prevents SN neuronal death as
induced by MPTP, a neurotoxin PD model. Furthermore, the
link between Nrf2 and PD is also supported by studies showing
that antiparkinsonian drugs (e.g., apomorphine, deprenyl, and
bromocriptine) can activate the Nrf2/ARE pathway and Nrf2-
dependent gene expression, preventing cell oxidative damage and
neurodegeneration (Hara et al., 2006; Nakaso et al., 2006; Lim
et al., 2008; Kabel et al., 2018).

In human PD brain tissue, Ramsey et al. (2007) showed
that hippocampal neurons and glia from CA1 region had
lower nuclear Nrf2 when compared to age-matched healthy
controls. In contrast, SN neurons of PD patients had higher Nrf2
nuclear localization, indicative of Nrf2 activation, although not
sufficient to counteract neurodegeneration in these individuals
(Ramsey et al., 2007). Similarly, Nrf2-dependent gene expression
is decreased in the striatum but increased in the SN of the
MPTP model (Ramsey et al., 2007). A recent study also reported
increased Nrf2 activation in SN of mice treated with MPTP, prior
to the onset of neurodegeneration (Rizzi et al., 2018).

Further research is required to clarify why the increased Nrf2-
dependent gene expression and nuclear translocation in the SN
reported in the aforementioned studies is incapable of protecting
neurons against oxidative damage. A number of studies indicate
a crucial role for Nrf2 activation in glial cells (Jakel et al., 2007;
Chen et al., 2009), suggesting that Nrf2 may need to be activated

FIGURE 2 | The role of Nrf2 modulation by dietary interventions on brain
health. HFD inhibit Nrf2 in the brain, whereas DER is able to activate this
transcription factor. When activated, Nrf2 triggers the expression of several
neuroprotective genes that counteract oxidative stress and neuroinflammation,
preventing the onset of neurological disorders and underlying pathological
processes. Green arrows represent activation and truncated red lines,
inhibition (abbreviations: DER, dietary energy restriction; HFD, high-fat diet).

in glia in order to exert its protective effects in PD and PD models.
Ramsey study did not report glial Nrf2 nuclear translocation in
the SN of PD brains (Ramsey et al., 2007) and in vitro studies
indicate that neuronal Nrf2 activation, even in the absence of glia,
induces neuroprotection against oxidative damage triggered by
parkinsonism-inducing neurotoxins (Lee et al., 2003; Cao et al.,
2005; Hara et al., 2006; Jakel et al., 2007; Wruck et al., 2007;
Hwang and Jeong, 2008; MacKenzie et al., 2008; Satoh et al.,
2009; Niso-Santano et al., 2010). Overall, such work indicates that
increased Nrf2 activity in both glia and neurons is important to
neuronal survival in PD (Tufekci et al., 2011).

Cerebral Ischemia
Cerebrovascular diseases are the second leading cause of death
worldwide. Without intervention, the cases of deaths worldwide
are estimated to increase from 6.5 million in 2015 to 7–8 million
in 2030 (Strong et al., 2007). Ischemic stroke is characterized
by decreased blood flow in the brain, causing injury to brain
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tissues and impairing normal neurological functioning (Jauch
et al., 2013; Ding et al., 2017).

The reduced delivery of nutrients and oxygen after stroke
decreases tissue pH, resulting in impairment of the mitochondrial
electron transport chain activity and subsequent diminished
ATP production. Subsequently, a cascade of events follows that
culminates in raised intracellular Na+, Ca2+, Cl− concentrations,
and K+ efflux. The neuronal cations increase leads to excessive
depolarization and the release of excitatory neurotransmitters,
such as glutamate, causing excitotoxicity and triggering oxidative
and cell death pathways (Nicholls, 2009).

Increased oxidative stress is evident in stroke. Murine models,
subjected to ischemia-reperfusion, show a high concentration
of superoxide and peroxynitrite, as well as metalloproteinase-9
production and BBB breakdown (Gursoy-Ozdemir et al., 2004).
The anti-apoptotic and anti-oxidative effects of the Nrf2 signaling
pathway in stroke have been noted. Nrf2 activators are able to
reduce oxidative stress and exert protective roles in models of
stroke (Alfieri et al., 2011; Yang et al., 2018). Astrocyte Nrf2
activation is important to the release of antioxidants, such as
glutathione, which protect neurons from free radicals produced
during ischemia (Alfieri et al., 2011).

Recent work shows Nrf2 to induce angiogenesis via HO-1
(Ding et al., 2014) and VEGF signaling (Huang Y. et al., 2018),
which is supported by the work of Bai and coworkers who showed
that epigallocatechin-3-gallate, the major effective polyphenol in
green tea, promotes angiogenesis and decreases oxidative stress
via MAPK/Nrf2/VEGF activation, following tMCAO (Bai et al.,
2017; Li L. et al., 2016).

In addition to antioxidant effects, Nrf2/ARE activation
can afford protection against the neuroinflammation evident
following ischemia. In the ischemic brain, ROS, as with DAMPS,
can activate the NLRP3 inflammasome, thereby converting pro-
interleukin (IL)-18 and pro-IL-1β into mature IL-18 and IL-1β

forms, which are then released (Inoue et al., 2012). Glial cells are
important drivers of neuroinflammation and NLRP3 activation
(Frank et al., 2007; Gavillet et al., 2008). Xu et al. (2018)
showed that the Nrf2/ARE pathway protects against the oxidative
stress-induced NLRP3 activation in the BV2 microglial cell
line exposed to OGDR. Moreover, neonatal rats treated with
LPS 24 h prior to hypoxia-ischemia, were protected against
neuropathological effects, whereas LPS administration 72 h
before hypoxia-ischemia increased brain damage, which was
prevented by treatment with N-acetylcysteine, a glutathione
precursor (Wang et al., 2007). Such data support the idea that
Nrf2 upregulation varies according to the time of ischemia
exposure, as well as cell type (glial cells or neurons) and anti-
oxidant reserve. Such data suggests complex effects, although it is
clear that Nrf2-related pathways are important molecular targets
for pharmacologic intervention in the management of ischemic
stroke.

Multiple Sclerosis
Multiple sclerosis is the most frequent chronic
neuroinflammatory disease of the CNS, characterized by
demyelination, as well as focal inflammatory lesions in the
brain and spinal cord, which culminates in axonal damage

(Lassmann, 2011b). MS is also associated with gray matter
synaptic loss and decreased neurogenesis, which contributes to
cognitive impairment. MS clinical symptoms include sensory
or motor impairment, fatigue, ataxia, and spasticity, as well as
cognitive impairment (Chiaravalloti and DeLuca, 2008; Lublin
et al., 2014). EAE is the most common experimental model
of MS (Simmons et al., 2013). Activated macrophages and
microglial cells can produce an array of neurotoxic factors,
including proteases, nitric oxide, and ROS, with this being
evident in both MS and the EAE model (Glass et al., 2010).
Generation of ROS and other free radicals by macrophages is
involved in demyelination and axonal damage in EAE. Evidence
of lipid peroxidation, as a consequence of oxidative stress, can be
detected in the exhaled breath samples of MS patients. Additional
studies have shown decreased levels of antioxidant enzymes in
blood and cerebrospinal fluid of MS patients (Lassmann, 2011a,b,
2014; Witte et al., 2014). Such data highlights the importance
of heightened levels of immune-inflammatory activity and
oxidative stress in MS.

Therapeutic strategies in the treatment of MS have primarily
focused on dampening the heightened immune-inflammatory
activity that is present, including by the use of: imunossupressors,
such as synthetic glucocorticoids (e.g., dexamethasone,
prednisone, and methylprednisone); monoclonal antibodies
(Natalizumab); inhibitors of cell egress from lymphoid organs
(Fingolimod), modulators of pro- and anti-inflammatory
cytokines (interferon-beta); and microglial inhibitors (acetate
glatiramer). However, all of these treatments have shown limited
efficacy. Antioxidant therapies have proved to have some utility
when used as adjuvants in MS treatment, with endogenous
Nrf2 being an important treatment target for the induction of
endogenous antioxidants (Kappos et al., 2010; Lim et al., 2014).

Classical treatment in MS has emphasized the role of
heightened immune-inflammatory processes. As noted above,
such processes are intimately linked to alterations in redox
regulation. There is now a growing appreciation of the role
the oxidant/antioxidant balance in MS. A growing body of
data indicates an important role for ROS in MS, including:
a central role in MS lesion development and progression and
an initial contribution to the BBB breakdown and leukocyte
infiltration that is crucial in early phases of lesion formation
in MS (Van der Goes et al., 2001; Schreibelt et al., 2006).
ROS can cause oxidative injury in CNS cells, including during
demyelination, oligodendrocyte injury, and axonal degeneration.
OPCs are highly vulnerable to oxidative injury due to their
low levels of endogenous antioxidant enzymes and the relatively
high levels of polyunsaturated fatty acids in the myelin sheets,
which are more susceptible to lipid peroxidation (Juurlink
et al., 1998; French et al., 2009). Furthermore, free radicals are
able to impair the maturation of OPCs into myelin-forming
mature cells by modulating the genes driving maturation and
differentiation.

Antioxidant molecules and oxidative stress are upregulated
in active brain lesions in MS patients, but not to a sufficient
level to counteract the oxidative stress evident in MS brain
tissue. NADPH oxidase subunits are strongly upregulated in
the macrophages and microglia in active MS lesions, suggesting
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an important role for heightened ROS, including as mediated
by an oxidative burst, in the pathophysiology of active lesions.
Contributing to such damage are increased expression of
inducible nitric oxide synthase (Bo et al., 1994; De Groot et al.,
1997; Liu et al., 2001) and myeloperoxidase (Marik et al., 2007;
Chen et al., 2008; Gray et al., 2008a,b; Wang et al., 2016) that are
evident in the brains of MS patients.

Although a number of different cell types, such as
macrophages, can have an antigen presenting capacity, DCs
are the body’s major antigen presenting cells. There is growing
body of data indicating that Nrf2 may regulate the differentiation
and function of macrophages and DCs, and therefore in antigen
presentation and the regulation of adaptive immune response. In
fact, Nrf2 deficiency modifies the phenotype and function of DCs
by increasing the expression of co-stimulatory molecules and
consequently the antigen-specific T cell reactivity (Al-Huseini
et al., 2013). Some of these Nrf2 effects may be mediated via
alterations in mitochondrial functioning, as indicated above,
including in the mitochondrial regulation of immune cell
responses.

Nrf2 is strongly upregulated in active MS lesions, with
the expression of Nrf2-responsive genes being predominantly
found in areas of initial myelin destruction (Licht-Mayer et al.,
2015). Analyses of MS inflammatory lesions showed upregulation
of Nrf2 and its downstream antioxidant enzymes, HO-1 and
NQO1. In support of the importance of such Nrf2-mediated
changes, experimental studies in Nrf2-deficient EAE mice show
an increase in disease signals and peripheral cell infiltration
(Lim et al., 2014). Accordingly, Johnson et al. (2010) showed
that the absence of Nrf2 exacerbates the development of EAE.
Part of the effects associated with Nrf2 deficiency may be
related to the reduced levels of HO-1. Indeed, mice with a
myeloid-specific HO-1 deficiency exhibit a higher incidence
of lesions, accompanied by activation of antigen-presenting
cells and the infiltration of the pro-inflammatory t helper
(Th)17 cells and myelin-specific T cells (Tzima et al., 2009).
Knockdown of KEAP1 (Kobayashi et al., 2016) or treatment
with a wide range of small molecules that activate Nrf2
(Buendia et al., 2016) inhibits the development and severity
of EAE.

ROLE OF Nrf2/ARE PATHWAY
MODULATION BY DIETARY
INTERVENTIONS IN NEUROLOGICAL
DISEASES

A growing literature shows Nrf2 to regulate the expression of
genes that reduce gluconeogenesis and lipogenesis, whilst also
increasing fatty acids β-oxidation and mitochondria activity.
Such data indicates that Nrf2 activity intimately interacts with
cellular nutritional and energetic status (Holmstrom et al.,
2013; Ludtmann et al., 2014; Tebay et al., 2015). The multiple
molecular pathways that may underpin such interactions have
been reviewed previously (Tebay et al., 2015). The present article
reviews the current knowledge of dietary interventions, namely

DER and HDF, on Nrf2 and the relevance of this to neurological
disorders.

Dietary Energy Restriction
Dietary energy restriction, the decrease of food intake without
malnutrition, is the most powerful intervention known to delay
aging processes and extend lifespan (Pearson et al., 2008;
Hine and Mitchell, 2012). Several studies have comprehensively
highlighted the beneficial effects of DER on cognitive function,
metabolic health, and longevity, which have been especially
associated with the two main DER protocols: caloric restriction
(CR) and IF (Horne et al., 2015; Vasconcelos et al., 2018).
In CR protocol, calorie consumption is chronically decreased
in 20–40% of the ad libitum intake, whilst IF involves a
restriction in the frequency of food intake, giving periods of
free food intake coupled to fasting periods. These protocols
were shown to extend life- and health-span and to counteract
numerous age-related diseases. The vulnerability of the CNS to
age progression is frequently expressed in neurological disorders,
such as AD, PD, and stroke (Martin et al., 2006; Logsdon et al.,
2017).

Dietary energy restriction, as a mild stress of energy
restriction to the organism, is considered a hormetic stimulus,
which is defined as a low dose stressor that induces adaptive
responses able to improve resistance to more severe stressors
and diseases. Within this context, the energetic challenge
to the brain induced by DER triggers beneficial outcomes,
including neurogenesis, synapses strengthening, and new synapse
formation (Calabrese et al., 2010; Hine and Mitchell, 2012;
Horne et al., 2015). Molecularly, DER induces the activation of
protective transcription factors, such as Nrf2, that activate the
expression of Phase II detoxifying enzymes, thereby increasing
neuronal resistance to oxidative stress and death, and hence
lowering the risk of neurodegenerative disorders. DER, especially
IF, upregulates genes encoding the antioxidant enzymes that are
modulated by Nrf2, including GPx, SOD2, and HO-1 (Hine and
Mitchell, 2012; Mattson, 2012).

Some of the benefits of CR protocol are associated with
Nrf2/ARE pathway activation (Pearson et al., 2008; Martin-
Montalvo et al., 2011; Bruns et al., 2015). One of the proposed
mechanisms of DER utility is via a transient ROS increase
to hormetic levels that may activate Nrf2 (Hine and Mitchell,
2012). For instance, fasting, and its consequential effects on
insulin levels, results in a small, transient increase in oxidative
stress, triggering activation of the Nrf2/ARE pathway and the
upregulation of its target genes (Kim and Novak, 2007).

Various age-related diseases, including AD and PD, are linked
to decreased Nrf2 activity and display symptom improvement
after Nrf2 activation by DER (Hine and Mitchell, 2012). CR can
counteract the age-related loss of cellular antioxidant defenses,
partly by promoting the up-regulation of Nrf2/ARE-driven
genes, including GST and NQO1, in a variety of body tissues and
organs, including the liver and brain (Chen et al., 1994; Hyun
et al., 2006). Furthermore, a recent study showed that 30% CR
for 12 weeks can prevent neurotoxicity, oxidative damage, and
cognitive impairment induced by acrolein. Acrolein has been
proposed to be involved in AD etiology, with the efficacy of CR

Frontiers in Pharmacology | www.frontiersin.org 6 February 2019 | Volume 10 | Article 33171

https://www.frontiersin.org/journals/pharmacology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/pharmacology#articles


fphar-10-00033 January 31, 2019 Time: 18:41 # 7

Vasconcelos et al. Nrf2 and Dietary Energy Regulation

mediated, at least partly, through the amelioration of acrolein-
induced depletion of hippocampal SOD levels, indicating a
positive effect of this protocol on Nrf2 signaling (Huang Y.J. et al.,
2018).

The age-induced Nrf2 dysfunction in BBB endothelial cells
is also prevented by CR, shedding light in the cerebrovascular
protective effects of this DER protocol (Csiszar et al., 2014).
Importantly, these age-dependent endothelial alterations are
thought to play a role in both vascular cognitive impairment
and AD (Gorelick et al., 2011; Zlokovic, 2011; Lin et al., 2013).
Accordingly, numerous substances proposed as “DER mimetics”
(i.e., compounds shown to promote the beneficial effects of DER
in the absence of food intake restriction), such as curcumin,
resveratrol, and quercetin (Ingram et al., 2006), have been shown
to increase longevity and slow down the aging process, at least in
part via Nrf2 activation (Balogun et al., 2003; Chen et al., 2005;
Hsieh et al., 2006; Tanigawa et al., 2007; Calabrese et al., 2010).

Several studies in murine and primate models of PD have
demonstrated that DER can protect dopaminergic neurons,
decrease motor dysfunction, and alleviate PD symptoms (Duan
and Mattson, 1999; Maswood et al., 2004; Qiu et al., 2012;
Griffioen et al., 2013), even when the DER protocol is initiated
after the induction of PD by MPTP (Holmer et al., 2005).
Published data also indicate that energy consumption profoundly
impacts the progression of AD (Mattson, 2012), with DER
decreasing brain Aβ accumulation in the APP transgenic murine
model of AD (Patel et al., 2005; Wang et al., 2005) and aged
primates (Qin et al., 2006). Furthermore, in a triple transgenic
AD mice, both IF and CR protocols, when starting at 3 months
of age (before symptoms onset), can counteract age-related
cognitive impairment (Halagappa et al., 2007). Interestingly, in
this study, CR, but not IF, reduced Aβ deposition in the brain. The
authors suggest that the IF mechanism of action may involve the
prevention of Aβ-mediated negative effects on cognitive function.

Glutathione is an important reducing agent of the phase
II antioxidant response. Many genes involved in glutathione
metabolism are modulated by Nrf2, including glutathione
synthesis genes (GCLM, GCLC), GST, GPx, and GR. Several
studies have reported an age-related disruption of the glutathione
antioxidant system in rodents and humans, which may result
in increased susceptibility to PD and AD (Rao et al., 1990;
Samiec et al., 1998; Cho et al., 2003; Suh et al., 2004; Kennedy
et al., 2005; Ballatori et al., 2009; Hine and Mitchell, 2012). Cho
et al. (2003) showed that CR in rodents is able to prevent the
age-related decrease in the levels of glutathione and glutathione-
related enzyme activities. Furthermore, many studies showed that
GST and GPx levels and activities can be augmented by both
fasting and CR (Leakey et al., 1989; Cho et al., 2003; Pearson
et al., 2008; Mitchell et al., 2010; Vazquez-Medina et al., 2011). In
one of these studies, these effects were evident in mice subjected
to 30% CR for 2–4 weeks or short periods of fasting, following
ischemia reperfusion injury (Mitchell et al., 2010). Results from
the CALERIE Trial of Human Caloric Restriction also showed
that GPx activity is increased by 10–30% CR over 6 months in
overweight individuals (Meydani et al., 2011).

NQO1 is another important endogenous antioxidant defense
enzyme modulated by Nrf2. Altered expression of NQO1 is

correlated with many pathologies, including AD and PD (Lastres-
Becker, 2017; Chhetri et al., 2018). Long term DR can increase
NQO1 expression, resulting in enhanced antioxidant defenses
in the brain and liver of aged rats (De Cabo et al., 2004; Hyun
et al., 2006). This effect was also observed in studies using DER
mimetics (Zhu et al., 2005; Higgins et al., 2009; Son et al., 2010).

DER and its mimetics can also counteract damage following
ischemia reperfusion injury (Go et al., 1988; Khan et al., 2006;
Saleh et al., 2010; Peng et al., 2012). After experimental stroke
in rodents, 70 days of DER leads to a substantial attenuation
of cognitive dysfunction as well as increasing hippocampal cell
survival (Roberge et al., 2008). These effects seem, in part,
to involve the Nrf2-triggering effect of DER (Mattson, 2012).
Fasting for up to 4 days or 30% CR for 2–4 weeks results in
augmented HO-1 expression and attenuates ischemic damage of
the brain, liver, and kidney in rodents (Go et al., 1988; Mitchell
et al., 2010; Verweij et al., 2011). Moreover, in vivo or in vitro data
shows that DER mimetics, such as curcumin and plumbagin, also
increase HO-1 expression and render rodents more resistant to
acute stressors and oxidative damage (Farombi et al., 2008; Son
et al., 2010). In one of these studies, plumbagin pre-treatment in
a murine model of focal ischemic stroke led to the attenuation
of brain injury and neurological deficits. These effects were
attributed to Nrf2/ARE activation, given that Nrf2 knockdown
prevents such neuroprotective effects (Son et al., 2010).

Current MS treatments have poor efficacy, both for symptom
relief and disease progression (Lublin et al., 2014). Genetic risk
factors do not fully explain the development of MS, with a
number of environmental factors, including infections, smoking,
low vitamin D levels and obesity, associated with increased
incidence of MS (Ascherio, 2013). A number of studies show
childhood/young adulthood obesity to be a risk factor for MS
(Munger et al., 2009; Hedstrom et al., 2012, 2014; Langer-Gould
et al., 2013). The chronic inflammatory state that is evident in
obesity can promote autoimmunity though adipokine production
(Calder et al., 2011). The effects of diet on the gut microbiome
is thought to contribute to this, via the regulation of pro- and
anti-inflammatory responses that regulate DC activation, MHC
II presentation, and T cell differentiation in the gut (Goto et al.,
2014; Furusawa et al., 2015). The gut microbiome in both RRMS
patients and EAE models is altered compared to healthy controls
(Chen et al., 2016a; Jangi et al., 2016). Several dietary habits
such as high salt intake or long chain fatty acid intake, have
been recently recognized as environmental contributors to the
pathogenesis of MS and EAE, by expanding TH1 and TH17 cells
(Berer et al., 2011; Kleinewietfeld et al., 2013).

Chronic CR has a potent anti-inflammatory effect, protecting
against EAE symptoms (Piccio et al., 2008; Meydani et al.,
2016). In these studies, CR reduced inflammation, demyelination,
and neurodegeneration ameliorating relapsing-remitting EAE in
SJL mice and progressive EAE in C57BL/6 mice. CR lowers
plasma IL-6 concentration in the course of EAE accompanied
by a decrease in leptin, suggesting CR-mediated alterations
in the gut-brain axis and associated changes in gut-mediated
inflammatory processes (Piccio et al., 2008). As leptin induces
Th1 cell differentiation, such changes are likely to lower the levels
of proinflammatory cytokine production (Matarese et al., 2005).
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Accordingly, MS patients showed an increased concentration
of leptin in the serum and cerebrospinal fluid, associated with
reduced levels of CD4 (+) CD25+ regulatory T cells and
augmented INF-γ release (Matarese et al., 2005).

Recent studies indicate that MS show characteristics of
metabolic disease, with SPMS patients showing elevated
peroxisomal metabolites (PlsEtn) and increased mitochondrial
stress metabolites (VLCFA-PtdEtn), when compared to control
patients (Senanayake et al., 2015). Furthermore, SPMS patients
showed reduced seric anti-inflammatory hydroxylated long-
chain fatty acids called gastro-intestinal tract acids (GTAs),
suggesting a diminished protection against MS-related
inflammation. In addition, the oxidative stress-induced
mitochondrial dysfunction in MS may provide biomarkers
for the susceptibility to, and progression of, MS.

Importantly, although Nrf2/ARE signaling plays a critical role
in cellular detoxification responses and prevention of age-related
diseases, excessive Nrf2 activation has deleterious consequences.
This is supported by studies showing KEAP1 knockout to be
lethal in mice as a consequence of excessive constitutive Nrf2
activation (Wakabayashi et al., 2003), with Nrf2 overexpression
(DeNicola et al., 2011; Lister et al., 2011) or mutation of KEAP2
(Zhang et al., 2010) promoting tumorigenesis. Consequently,
pharmacological activation of Nrf2 may be dangerous, with the
physiological activation of Nrf2 by DER likely to be a safer
alternative.

High Energy Consumption
The Western lifestyle are frequently more sedate with greater
levels of over-eating, characterizing a condition of chronic
positive energy balance (Martin et al., 2009; Mattson, 2012).
In contrast to DER, high-energy consumption is associated
with many negative impacts on overall health and longevity,
resulting in increased morbidity and mortality (Maffei et al.,
1995; Caro et al., 1996; Herrmann et al., 2001). Consequently,
being overweight or obesity has reached epidemic proportions,
being now classed as the fifth largest cause of death worldwide
(Razay et al., 2006; Procaccini et al., 2016). In fact, the
World Health Organization estimated that the global burden
of obesity and overweight was over 300 million and 1 billion
of adults, respectively (World Health Organization [WHO],
2011). Obesity, in turn, is an important risk factor for diabetes,
a metabolic disease associated to chronic hyperglycemia and
an array of other complications (Tebay et al., 2015). A HFD
(typically 40–60% of total calorie intake from fat) in humans
and animals results in an augmented vulnerability to an array of
medical conditions, including many psychiatric disorders where
risk positively correlates with BMI (Lopes et al., 2001; Degirmenci
et al., 2015). High BMI in human subjects is also linked to reduced
blood flow in brain regions important for cognitive function
(Willeumier et al., 2011) and reduced brain integrity (Gazdzinski
et al., 2008; Stanek et al., 2011). Even a short-term HFD, for
only 7 days, can cause cognitive impairment in humans (Edwards
et al., 2011).

Accumulating data clearly shows that obesity is a risk factor
for cognitive decline, dementia and neurodegenerative diseases,
such as AD and PD (Mazon et al., 2017). One of the mechanisms

by which diet-induced obesity can lead to neurological disorders
is through increased neuroinflammation and ROS production
and the downregulation of endogenous antioxidant enzymes,
resulting in increased oxidative damage to the CNS (Edwards
et al., 2011; Matsuda and Shimomura, 2013; Guillemot-Legris and
Muccioli, 2017; Mazon et al., 2017). Diet-induced obesity can
also lead to neurological disorders through microglia activation
and BBB disruption, which can trigger neuroinflammation and
synaptic impairment, thereby resulting in cognitive decline and
neurodegeneration (Pistell et al., 2010; Zlokovic, 2011; Knight
et al., 2014; Tucsek et al., 2014) (Figure 3).

Nrf2 activation can improve energy expenditure and prevent
weight gain in HFD mice (Shin et al., 2009). Moreover, Nrf2/HO-
1 pathway activation can ameliorate long-term HFD-induced
cognitive impairment, inflammation, as well as the accumulation
of Aβ and hyperphosphorilated tau in the hippocampus
(FangFang et al., 2017). In young subjects, Nrf2 can counteract
the vascular oxidative damage and augmented ROS production
associated with obesity (Ungvari et al., 2011a; Csiszar et al.,
2015). However, aging is associated with Nrf2/ARE signaling
pathway dysfunction, increasing the susceptibility of the elderly
to obesity-driven oxidative stress. As oxidative stress is already
exacerbated in these individuals by various other factors, the
dysfunctioning of Nrf2 signaling will further aggravate this
pro-oxidative scenario and contribute to the development of
neuropsychiatric disorders in the aging brain (Morrison et al.,
2010; Ungvari et al., 2011b,c).

Morrison et al. (2010) showed that 20-month old male mice
fed a HFD composed of 60% fat, but not 41% fat, presented
increased hippocampal oxidative stress and cognitive decline
after 4 months, when compared to controls. These changes were
associated with a decrease in Nrf2 levels and activity, suggesting
that Nrf2 signaling impairment may be a mechanism of HFD-
induced cognitive dysfunction in the aging brain.

Interestingly, numerous studies have demonstrated that DER
can counteract the negative effects of HFD and promote a
wide array of beneficial effects on the health of overweight
individuals (Mattson, 2012). For instance, obese or overweight
individuals show improved cognitive function and mood
regulation following 12 months of DER (low carbohydrate or fat
intake) (Brinkworth et al., 2009).

A HFD can result in neuronal insulin resistance, a marker
of diabetes, contributing to cognitive impairment. Moreover,
AD risk is positively correlated to brain insulin resistance and
diabetes (Pipatpiboon et al., 2012; Tucsek et al., 2014; FangFang
et al., 2017). Studies in an AD murine model show that, unlike
DER, HFD and T2D symptoms can aggravate Aβ deposition
in the brain and contribute to cognitive impairment (Ho et al.,
2004; Takeda et al., 2010). In an AD post-mortem study, insulin
resistance positively correlated with Aβ plaques and negatively
correlated with last recorded cognitive function (Talbot et al.,
2012).

A recent study in triple transgenic AD mice showed that
HFD (60% fat) for 4 months resulted in cognitive impairment,
coupled to increased oxidative stress and neuronal cell death.
These changes were attributed to suppressed Nrf2/ARE pathway
activation along with reduced expression of the Nrf2 target genes
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FIGURE 3 | The role of NRF2 and dietary interventions (DER and HFD) on the modification of the BBB. Neurological diseases, such as AD, PD, MS, and ischemic
stroke, can lead to BBB disruption. However, Nrf2 protects neurons and the BBB against oxidative stress and inflammation-induced damage. Astrocytes, microglia
and neurons produce Nrf2 that activates the expression of antioxidant and anti-inflammatory genes to the maintenance of neuronal health and BBB integrity. Nrf2
protective effects on BBB can be modulated by DER and HFD, modifying the release of inflammatory mediators by glial cells in neurodegenerative diseases. Green
arrows represent activation and truncated red lines, inhibition (abbreviations: BBB, blood-brain barrier; DER, dietary energy restriction; HFD, high-fat diet, MS,
multiple sclerosis; PD, Parkinson’s disease; DER, dietary energy restriction; HFD, high-fat diet).

HO-1 and manganese SOD (MnSOD) (Sah et al., 2017). Tarantini
et al. (2018) fed Nrf2 knockout mice a HFD (60% fat) for
5 months, with Nrf2 deficiency significantly increasing HFD-
induced brain inflammation, oxidative stress, synaptic disruption
and BBB permeability, as well as raising levels of amyloid
precursor protein (APP) gene expression, the proteolysis of which
produces Aβ. The authors concluded that Nrf2 dysfunction
exacerbates the obesity-induced adverse effects in the brain and
plays a role in vascular cognitive impairment and AD (Tarantini
et al., 2018).

As with AD, calorie intake throughout life can influence the
incidence of PD in some individuals (Mattson, 2012). Several
lines of evidence have shown that diet, adiposity and T2D are
linked to PD (Logroscino et al., 1996; Anderson et al., 1999;
Johnson et al., 1999; Abbott et al., 2002; Hu et al., 2006, 2007;
Morris et al., 2011; Schernhammer et al., 2011; Xu et al., 2011).
All these factors are correlated to a HFD, given that over 80% of
T2D patients are overweight or obese, whilst a HFD is frequently
used as a model of diabetes (Centers for Disease Control and
Prevention (CDC), 2004; Morris et al., 2011).

Many studies have shown that a HFD renders SN neurons
more vulnerable to PD neurotoxins and increased ROS levels
(Choi et al., 2005; Morris et al., 2010, 2011; Bousquet et al.,
2012). In one of these works, mice fed a HFD or control diet for
5 weeks were treated with the PD-related neurotoxin 6-OHDA,
with the HFD mice presenting with higher oxidative stress
and neurodegeneration (dopamine depletion in the striatum
and SN). These poorer outcomes were all correlated with

heightened levels of adiposity and insulin resistance (Morris et al.,
2010).

Innate and adaptive immune systems have a pivotal role
in MS pathogenesis. Nrf2 agonists are promising candidates
in the treatment of MS, since CDDO-Im 1-[2-cyano-3-,12-
dioxooleana-1,9(11)-dien-28-oyl] imidazole, a Nrf2 activator,
promoting the differentiation of the less inflammatory Th2 t cell
phenotype in stimulated splenocytes of C57BL/6 mice, thereby
lowering INFγ and TNFα production as well as NF-κB DNA
binding (Zagorski et al., 2018). However, it has more recently
been proposed that inflammatory processes are secondary to
primary cytodegenerative processes in some neural cells, such
as oligodendrocytes and neurons, with some studies strongly
suggesting that alterations in mitochondrial functioning, and
consequent increase ROS, can drive the initial neurodegeneration
in MS (Witte et al., 2014). Furthermore, increased oxidative
stress is correlated with decreased Complex IV electron transport
chain gene expression and Nrf2 activity in the non-lesioned gray
matter of the frontal and parietal cortex, from post-mortem MS
and control groups, suggesting that mitochondrial function is
correlated with, if not regulated by, Nrf2 in MS (Pandit et al.,
2009).

Epidemiological studies also indicate a positive correlation
between MS severity and fatty acids intake, with a long-term,
higher level saturated fat consumption being associated with
an increased frequency of MS as well as augmented EAE
symptomatology (Schwarz and Leweling, 2005; Thompson, 2008;
Winer et al., 2009). Moreover, overweight and obese 20-year olds
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have a higher risk of developing MS compared to those
of normal weight (Hedstrom et al., 2014). Likewise, several
other dietary compounds like tea, coffee, alcohol and sweets
are connected with MS incidence (Antonovsky et al., 1965;
Berr et al., 1989; Sepcic et al., 1993; Tola et al., 1994).
Timmermans and colleagues showed an increased clinical score
and proinflammatory genes (IL6, INFγ, and IL1β), as well as
higher levels of infiltrating CD3+ T cells in the CNS of female
animals subjected to a HFD. Similarly, Fernandez-Real and
Pickup (Fernandez-Real and Pickup, 2008) showed an increase
in inflammatory cytokines, soluble adhesion molecules, and
chemokines in the blood of obese people. Accordingly, the
Nrf2 activator, CDDO-IM, prevented the body weight gain in
animals submitted to HFD, partly by regulating expression of
fatty acid synthesis and oxidation enzymes in the liver (Shin et al.,
2009).

As in MS, a HFD also is a risk factor for cardiovascular
diseases and cerebral ischemia. Recent research has revealed an
increase in the prevalence of acute ischemic stroke in children
and young adults, correlated with such risk factors, as obesity
and lipid disorders (George et al., 2011). Impairment in vascular
function is evident in male Wistar rats submitted to 8-week
HFD before transient middle cerebral artery occlusion (MCAO),
with HFD significantly increasing not only body weight and
adiposity as well as associated processes, but also augmenting
the infarct size in rats (Li et al., 2013). Such data highlights
how alterations in the regulation of energy intake are intimately
linked to levels of Nrf2, in the regulation of susceptibility to,
and severity of, a wide array of seemingly distinct medical
conditions.

Interestingly, both HFD and lack of Nrf2 can increase
infarct area after cerebral ischemia. Deutsch et al. (2009)
demonstrated that HFD-rats submitted to cerebral ischemia
by MCAO showed smaller lumens and thicker MCA walls,
when compared to normal diet controls. This is attributed
to increased expression of metalloproteinase-2 expression and
collagen-1 deposition, suggesting impairment on neurovascular
functions (Deutsch et al., 2009; Osmond et al., 2010; Li et al.,
2013). In another study, the volume infarct of Nrf2-deficient
mice subjected to MCAO for 90 min and 24 h of reperfusion
was increased when compared to the control group (Shah
et al., 2007). Intracerebral ventricular pre-administration of
tert-butylhydroquinone reduced the infarct area in the MCAO
mouse brain (Shih et al., 2005). Corroborating these findings,
pharmacological agonism of Nrf2, by dimethyl fumarate, reduced
NF-κB activation and protected the calcium-activated potassium
(BK) channel-mediated coronary vasodilatation in HFD mice (Lu
et al., 2017). These findings suggest that both Nrf2 and HFD
have important roles in neurovascular and cerebral ischemia
modulation.

It is also of note that dietary impacts on the composition
of the gut microbiome may be of some relevance to the data
presented above. There is considerable interest in the role of gut
microbiome changes in the etiology, course and treatment of AD,
PD, and MS (Anderson and Maes, 2017), mediated via changes in
the gut-brain and gut-liver axes. By increasing gut permeability,

gut bacteria and tiny fragments of partially digested food can
trigger an immune reaction, with a wide array of consequences,
including the possible production of α-synuclein in the gut, and
its transport via neurons to the brain in the etiology of PD (Chen
et al., 2018). Generally, an increase in the gut bacteria producing
the small chain fatty acid, butyrate, is beneficial across a wide
array of medical conditions. It is of note that butyrate increases
levels of Nrf2 (Anderson et al., 2016), suggesting that some of
the benefits of butyrate may be mediated not only by its histone
deacetylase inhibitor capacity and its induction of melatonin, but
also by its induction of Nrf2 (Dong W. et al., 2017).

CONCLUSION

It is widely accepted that oxidative stress plays a central role
in neurological disorders. This underpins the importance of
targeting Nrf2 to counteract such oxidative stress and associated
brain diseases (Patel, 2016). Dietary interventions such as
DER protocols, in contrast to a HFD, can promote small
energetic challenges to the brain that enhance Nrf2/ARE pathway
activation (Mattson, 2012). Nrf2 up-regulates the expression of
several pro-survival genes and counteracts oxidative damage to
the CNS, thereby preventing neurodegeneration and obesity-
related brain disorders (Calkins et al., 2009). Hence, DER may
be a valuable treatment option for brain disorders, including
as adjunct therapy with other known Nrf2 activators. However,
controversial reports showed that NRF2 activation can result in
drug resistance and oncogenic effects (Sporn and Liby, 2012).
Thus, additional large-scale studies are warranted to further
explore the effects of dietary interventions in Nrf2/ARE signaling
and to establish the best dietary protocols for humans to optimize
the beneficial effects of Nrf2 for the prevention and/or early
intervention in the etiology and course of neurological disorders.
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Ischemic stroke is one of the leading causes of death and long-term disability worldwide;

however, effective clinical approaches are still limited. The transcriptional factor Nrf2 is a

master regulator in cellular and organismal defense against endogenous and exogenous

stressors by coordinating basal and stress-inducible activation of multiple cytoprotective

genes. The Nrf2 network not only tightly controls redox homeostasis but also regulates

multiple intermediary metabolic processes. Therefore, targeting Nrf2 has emerged as

an attractive therapeutic strategy for the prevention and treatment of CNS diseases

including stroke. Here, the current understanding of the Nrf2 regulatory network is

critically examined to present evidence for the contribution of Nrf2 pathway in rodent

ischemic stroke models. This review outlines the literature for Nrf2 studies in preclinical

stroke and focuses on the in vivo evidence for the role of Nrf2 in primary and secondary

brain injuries. The dynamic change and functional importance of Nrf2 signaling, as well

as Nrf2 targeted intervention, are revealed in permanent, transient, and global cerebral

ischemia models. In addition, key considerations, pitfalls, and future potentials for Nrf2

studies in preclinical stroke investigation are discussed.

Keywords: antioxidant response element, global cerebral ischemia, middle cerebral artery occlusion, permanent

MCAO, preclinical models, reperfusion, stroke, transient MCAO

INTRODUCTION

Ischemic stroke is one of the leading causes of death and long-term disability worldwide (Benjamin
et al., 2018), an event which is more disabling than it is fatal. In the U.S. alone,∼795,000 people each
year suffer a new or recurrent stroke, of which 87% are ischemic (Dirnagl et al., 2003; Feigin et al.,
2017; Benjamin et al., 2018). However, effective clinical approaches are still limited. A successful
therapeutic strategy for salvaging ischemic brain tissue and promoting functional outcomes is to
quickly restore blood flow during acute ischemic stroke by introducing intravenous recombinant
tissue plasminogen activator (rtPA), which has been available since 1996 (Prabhakaran et al.,
2015; Romano and Sacco, 2015), in combination with thrombectomy. However, more than 95%
of patients do not benefit from rtPA due to the narrow therapeutic window (4.5 h) and limited
indications (Hacke et al., 2008; Fonarow et al., 2011; Sandercock et al., 2012; Emberson et al.,
2014). In addition, there is no efficacious treatment that exhibits long-term recovery improvement.
Therefore, development of new therapeutic strategies by targeting vital cellular components of the
ischemic cascade is urgently needed.

The transcriptional factor Nrf2 is a major regulator of cellular and organismal defense
mechanism against endogenous and exogenous stresses by coordinating basal and stress-inducible
activation of multiple cytoprotective genes (Leonardo and Doré, 2011; Suzuki et al., 2013; Hayes
and Dinkova-Kostova, 2014; Tonelli et al., 2017; Cuadrado et al., 2018; Yamamoto et al., 2018).
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Since its discovery in 1994 (Moi et al., 1994), Nrf2 biology
has been extensively studied in understanding the structure,
molecular mechanism, function, regulation of Nrf2 activity,
downstream pathways and implications as a therapeutic target
of diseases (Ma, 2013; Suzuki et al., 2013; Kumar et al.,
2014; Cuadrado et al., 2018; Yamamoto et al., 2018). It is
now recognized as a master regulator of redox homeostasis
through the control of a wide array of target genes that share
a common DNA sequence called the antioxidant response
element (ARE) in the promoter region ensuring that its
activity increases in response to redox perturbation, energy or
nutrient fluxes, inflammation, toxicity, and disease conditions
(Ma, 2013; Cuadrado et al., 2018; Yamamoto et al., 2018).
The equivalent response element in mice and rats is called
the electrophile response element (EpRE) (Friling et al., 1990;
Wasserman and Fahl, 1997; Itoh et al., 2010; Yamamoto et al.,
2018). Besides mediating antioxidant responses, Nrf2 contributes
to the regulation of many primary and secondary metabolic
processes (Hayes and Dinkova-Kostova, 2014; Tonelli et al.,
2017). Consequently, targeting Nrf2 has emerged as an attractive
therapeutic strategy for stroke prevention and reversal (Calkins
et al., 2009; Leonardo and Doré, 2011; Wang Y. C. et al., 2011;
Ma, 2013; Kumar et al., 2014; Tonelli et al., 2017).

This paper outlines the current understanding of the
Nrf2 regulatory network and critically examined the recent
evidence for the contribution of Nrf2 pathway in experimental
ischemic stroke models. It includes extensive literature review
for Nrf2 studies in experimental ischemic stroke mouse and
rat models published by June 30, 2018 with a special focus
on in vivo evidence for the role of Nrf2 in ischemic brain
injury. We summarized the dynamic regulation of Nrf2
signaling, functional importance, and its targeted intervention
in permanent, transient, and global cerebral ischemia preclinical
models. Finally, we also assessed key considerations, pitfalls, and
the potential for future Nrf2 studies in stroke investigation.

OVERVIEW OF THE NRF2 REGULATORY
NETWORK

A Brief History
Nrf2 is widely expressed in mammalian cells. In 1991, a
study in the field of toxicology revealed that oxidative stress
activates antioxidant genes through the antioxidant-response
element (ARE), a cis-acting regulatory element that contributes
to cellular defense in eukaryotes (Rushmore et al., 1991; Hayes
andDinkova-Kostova, 2014). In 1994, Nrf2 was firstly reported in
the molecular biology field as an NF-E2-like basic leucine zipper
transcriptional activator that binds to the tandem NF-E2/AP1
repeat of the beta-globin locus control region (Moi et al., 1994;
Raghunath et al., 2018). However, its biological function was
unclear. In 1996, the first study on Nrf2 knockout mice showed
that no overt abnormal phenotype was detected although the
mice were susceptible to stresses (Chan et al., 1996). In 1997, a
landmark study illustrated that the induction of two ARE-driven
genes, glutathione S-transferase (GST) and NAD(P)H:quinone
oxidoreductase-1 (NQO1), was abolished in the Nrf2 knockout

mice by the phenolic antioxidant butylated hydroxyanisole
(BHA), revealing that Nrf2 controls drug-metabolizing enzymes
in vivo (Itoh et al., 1997). Recently, series of breakthrough studies
have revealed that Nrf2 coordinately regulates a wide array of
antioxidant response element/electrophile responsive element
(ARE/EpRE)-driven genes that play critical roles in controlling
endogenous resistance to various intrinsic and extrinsic stressors
(Ma, 2013; Suzuki et al., 2013; Hayes and Dinkova-Kostova, 2014;
Tonelli et al., 2017; Yamamoto et al., 2018).

Structure Domain of Nrf2
Nrf2 belongs to the cap’n’collar subfamily of the basic-
region leucine zipper (CNC-bZIP) transcription factors. It is
a modular protein composed of seven functional domains,
Nrf2-ECH homology (Neh) domains 1–7, which have distinct
functions (Figure 1A) (Chan et al., 1993; Katoh et al., 2005;
Hayes and Dinkova-Kostova, 2014; Tonelli et al., 2017).
The Neh1 domain contains the well-conserved CNC-bZIP
region that heterodimerizes with small musculoaponeurotic
fibrosarcoma oncogene (sMaf) proteins and binds ARE/EpRE
sequence in DNA. This CNC-bZIP region, which can be
found in several species, is vital for Nrf2 function. The
N-terminal Neh2 is the domain by which Nrf2 binds to
its primary negative regulator Keap1 through its low-affinity
DLG and the high-affinity ETGE motifs. The C-terminal
Neh3 region represents a transactivation domain that binds
to chromo-ATPase/ helicase DNA-binding protein (CHD) 6
and activates transcription of Nrf2 target genes in concert
with the Neh4 and Neh5 domains. The Neh4 and Neh5
regions of Nrf2 are transactivation domains that recruit
the cAMP response element-binding protein (CREB)-binding
protein (CBP) and/or receptor-associated coactivator (RAC)
3. The Neh6 domain, independent of Keap1, mediates the
repression of Nrf2 stability with another negative regulator
the dimeric β-transducin repeat-containing protein (β-TrCP),
a substrate adaptor for the S-phase kinase-associated protein
1 (Skp1)–Cul1–Rbx1 core E3 complex, through DSGIS and
DSAPGS motifs. The Neh7 domain is involved in the negative
control of Nrf2 by physically binding to the retinoid X
receptor (RXR).

Overview of the Nrf2 Pathway
Organisms are equipped with a defense system to maintain
homeostasis against constant intrinsic and extrinsic insults that
result in the damage of nucleic acids, proteins, and membrane
lipids. Nrf2 is a master regulator of the inducible cell defense
system by controlling a broad range of cytoprotective genes
(Hayes and Dinkova-Kostova, 2014; Suzuki and Yamamoto,
2015). Under basal homeostatic conditions, Nrf2 in the
cytoplasm is predominately bound to the Kelch-like ECH-
associating protein 1 (Keap1) through the Keap1–Cullin3
(Cul3)-Rbx1 ubiquitin E3 ligase complex and is constitutively
degraded by the proteasome. Cul3 serves as a scaffolding protein
that is bound to both Keap1 and Rbx1. As a result, Nrf2
abundance and activity are maintained at low levels (Figure 1B).
Under stress conditions, Nrf2 protein is liberated from Keap1-
mediated repression. The stabilized and accumulated Nrf2
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FIGURE 1 | Overview of the Nrf2 pathway activation. (A) Functional domains of human Nrf2 protein. (B) The Keap1-dependent Nrf2 activation and response.

translocates into the nucleus and, as a heterodimer with one
of the small Maf proteins, binds to the ARE/EpRE in the
promoter region of Nrf2 target genes, thus activating a wide
array of cytoprotective genes (Ma, 2013; Kumar et al., 2014;
Suzuki and Yamamoto, 2015; Taguchi and Yamamoto, 2017;
Bellezza et al., 2018; Yamamoto et al., 2018).

It is becoming increasingly clear that Keap1 plays a central
role in the regulatory mechanism of Nrf2. (1) Keap1 acts
as a sensor of oxidative and electrophilic stresses for Nrf2
with a subcellular localization in the perinuclear cytoplasm
(Suzuki and Yamamoto, 2017; Yamamoto et al., 2018). (2)
Keap1 is a major repressor of Nrf2 through the activity
of the Keap1–Cul3 complex. It is an adaptor protein for
Cul3-dependent ubiquitination and specifically targets Nrf2
(Itoh et al., 1999, 2003; Kobayashi et al., 2004), thereby
marking Nrf2 protein for rapid degradation by the ubiquitin–
proteasome system. Under normal conditions, Nrf2 undergoes
constitutive ubiquitination by the Keap1-Cul3 complex and
resultant proteasomal degradation, leading to its low level of
activity. Exposure to cellular insults like electrophiles or reactive
oxygen species (ROS) brings activity of the E3 ubiquitin ligase
Keap1-Cul3 complex to a halt, inhibiting Nrf2 ubiquitination
and enabling Nrf2 protein stabilization and transcriptional
activation. (3) Keap1 serves as a “floodgate” for Nrf2: Normally
it functions to suppress Nrf2 nuclear translocation in response
to cellular insults, the gene promotes translocation of Nrf2 into
the nucleus to activate cytoprotective target gene expression.
Keap1 has a relatively long half-life of 12 h compared to Nrf2’s
half-life of 20min, contributing to its importance in the Nrf2
regulatory network.

Target Genes and Functions of Nrf2
The Nrf2-Maf complex binds to the specific promoter of its target
genes. In the past decade, more than 200 target genes of Nrf2
have been identified through the analyses of gene expression
profiling and chromatin immunoprecipitation (ChIP) (Suzuki
et al., 2013; Kumar et al., 2014; Suzuki and Yamamoto, 2017;
Rojo de la Vega et al., 2018). The Nrf2 target ARE-driven genes
have been defined in encoding proteins for functional regulation
of a wide range of biological processes including detoxification,
antioxidation, anti-inflammation, NADPH regeneration, and
intermediary metabolisms (Figure 1B). Nrf2 exerts multiple
defense processes counteracting various stresses by the induction
of these genes. Consequently, Nrf2 plays a fundamental role in
maintaining the redox homeostasis of the cell.

Target Genes and Functions of
Nrf2—Detoxification of Xenobiotics
Xenobiotics, including toxic chemicals and drugs, are detoxified
by various drug-metabolizing enzymes and transporters. This
detoxification mechanism is divided into three phases (Croom,
2012; Raghunath et al., 2018). Phase I enzymes mainly consist
of cytochrome P450 oxidases that modify the xenobiotics
through oxidation, reduction, or hydrolysis. Phase II conjugating
enzymes include glutathione S-transferases, which catalyze the
conjugation of reactive electrophile species with glutathione
(GSH), attenuating the toxic potential of xenobiotics. Phase III
transporters eliminate the GSH conjugates and offer protection
against deleterious chemicals. It has been demonstrated that
Nrf2 controls the expression of many drug-metabolizing
enzymes [like distinct GST subunits and [NAD(P)H:quinone
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oxidoreductase 1) NQO1] and transporters [(drug-resistance-
associated proteins (MRP)].

Target Genes and Functions of
Nrf2—Antioxidant
A major function of Nrf2 is to resist oxidative stress, thereby
maintaining redox homeostasis between reactive oxidants and
endogenous antioxidant systems. Groups of Nrf2 targeted genes
that regulate antioxidant defense and oxidant signaling have been
defined. (1) Glutathione (GSH)-based: glutamate–cysteine ligase
catalytic (GCLC) subunit and glutamate-cysteine ligase modifier
(GCLM) control the entry of cystine into cells; glutathione
peroxidase (GPX) 2 produces oxidized glutathione (GSSG)
during the reduction of peroxides; and glutathione reductase
(GSR) 1 reduces GSSG for maintenance of reduced intracellular
GSH levels. (2) Thioredoxin (TXN)-based: Thioredoxin (TXN)
1, thioredoxin reductase (TXNRD) 1, and sulfiredoxin (SRXN)
1 reduce oxidized protein thiols. (3) Others: G6PDH and 6PGD
reduce synthesis of NADPH, antioxidant protein Trx, stress
response protein heme oxygenase 1 (HO1), and other proteins.
Nrf2 coordinately regulates key components in the antioxidant
system that precisely controls antioxidant defense at multiple
levels, thus ensuring an adequate response to oxidants in time
and space (Lin and Beal, 2006; Ma, 2013).

Target Genes and Functions of
Nrf2—Anti-inflammation
Besides protecting against xenobiotic and oxidative insults, Nrf2
plays a role in anti-inflammation, which is supported by several
recent findings (Kobayashi et al., 2016; Suzuki and Yamamoto,
2017). Several findings support the anti-inflammatory effect.
The absence of Nrf2 leads to exacerbated inflammation in
different murine models. Attenuated inflammation by Nrf2
is related to the inhibition of the nuclear factor-κB (NF-κB)
pathway and proinflammatory cytokine level (Wardyn et al.,
2015). Most recently, it was demonstrated that Nrf2 suppressed
lipopolysaccharide (LPS)-induced inflammation by blocking
the transcriptional upregulation of proinflammatory cytokines,
including IL-6 and IL-1β. ChIP-seq and ChIP-qPCR analyses
revealed that Nrf2 binds near the promoter region of these
genes, and this Nrf2-mediated inhibition is independent of the
Nrf2-binding motif and ROS level (Ahmed et al., 2017).

Target Genes and Functions of
Nrf2—Heme and Iron Metabolism
Nrf2 also modulates the key components of heme and iron
metabolism. HO1 catalyzes the cleavage of heme (which cannot
be recycled) to form iron, carbonmonoxide (CO), and biliverdin,
which is immediately reduced to bilirubin (Doré and Snyder,
1999; Doré et al., 1999). HO1 is considered to be a stress
protein that can be highly induced in a cell-specific manner by
numberous conditions (Ewing et al., 1992). Iron is intimately
linked to oxygen by acting as an essential nutrient cofactor
in enzymes for oxygen transport, oxidative phosphorylation,
and metabolite oxidation. However, excess labile iron—not

bound to ferritin—would facilitate the formation of oxygen-
derived free radicals capable of damaging biomolecules (Rouault,
2013; Kerins and Ooi, 2017). The biological utilization of
iron is a tightly regulated process. Constitutive Nrf2 activation
and subsequent deregulation of iron metabolism have been
implicated in cancer development. Nrf2-mediated upregulation
of HO1 or the iron storage protein ferritin can lead to enhanced
proliferation and therapy resistance.

Target Genes and Functions of
Nrf2—NADPH Regeneration and Other
Metabolic Processes
NADPH is an essential cofactor for many drug-metabolizing
enzymes and antioxidants. Nrf2 controls NADPH production
by regulating key NADPH-generating enzymes, such as glucose-
6-phosphate dehydrogenase (G6pd), 6-phosphogluconate
dehydrogenase (Pgd), isocitrate dehydrogenase 1 (Idh1), and
malic enzyme 1 (Leonardo and Doré, 2011; Dinkova-Kostova
and Abramov, 2015). In addition, Nrf2 controls the expression of
multiple metabolic enzymes, indicating its unique role between
redox and intermediary metabolism. Nrf2 also regulates fatty
acid oxidation and lipases that influence lipid metabolism and
transcription factors (Hayes and Dinkova-Kostova, 2014).

Regulatory Mechanisms of Nrf2
Besides the predominant view that Nrf2 activity is mainly
regulated at the protein stability level by Keap-mediated
repression, accumulated evidence show that Nrf2 activity is
tightly controlled at the transcriptional and post-translational
levels during both basal and stressful conditions (Hayes and
Dinkova-Kostova, 2014; Tonelli et al., 2017; Yamamoto et al.,
2018). Given the central role of Nrf2 in cellular defense,
the regulatory mechanisms of Nrf2 activity are intricate
and multifaceted.

Regulatory Mechanisms of
Nrf2–Transcriptional Regulation
Nrf2 mRNA is broadly expressed across different species (Ma,
2013; Tonelli et al., 2017; Yamamoto et al., 2018), and its basal
levels vary within different organs. Nrf2 activity is at least
partially regulated at the transcriptional level. (1) The rodent
Nrf2 gene comprises two ARE-like sequences in its promoter
region and, in response to electrophilic stimuli, appropriately
autoregulates its own expression level in concert with sustaining
the induction of ARE-driven genes, offering a positive feedback
mechanism to augment the Nrf2 signal. In contrast, the ARE-
like sequences in the human Nrf2 gene promoter region are
reportedly associated with reduced expression of Nrf2, which
enhances vulnerability to lung cancer. (2) The Nrf2 gene
promoter comprises a binding site for NF-κB, which can
be induced by environmental stress, injury or inflammation.
Indeed, Nfe2l2 transcription level in human monocytes is indeed
activated by LPS-induced inflammation. (3) It was reported that
Nfe2l2 transcription in tumor cells can be amplified by the Notch
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signaling pathway and the phosphoinositide 3-kinase (PI3K)-
Akt pathway, ultimately contributing to the increased expression
of Nrf2.

Regulatory Mechanisms of
Nrf2—Post-transcriptional Regulation
AmicroRNA (miRNA) is a small non-coding RNAmolecule that
functions in RNA silencing and post-transcriptional regulation
of gene expression. At least eight miRNAs have been identified as
direct modulators of Nrf2 expression at the transcriptomic level
(Ayers et al., 2015). The miR-144 was identified to negatively
regulate Nrf2 level in reticulocytes of homozygous sickle cell
disease (HbSS) patients (Bryan et al., 2013; Kurinna andWerner,
2015) (140). Increased miR-144 is associated with the reduction
of both Nrf2 level and GSH regeneration as well as impeded
oxidative stress defense.

Regulatory Mechanisms of
Nrf2—Post-translational Regulation in Nrf2
Protein Stability
Keap1-Dependent Repression Mechanism

(1) The prevailing view is that Keap1 is a primary repressor
of Nrf2. Under basal conditions, Keap1 constantly targets Nrf2
for ubiquitination and proteasomal degradation, resulting in
the disruption of Nrf2 protein stability and maintenance of
Nrf2 signaling capacity at a very low level. In response to
electrophiles or stressors, Nrf2 is liberated from the Keap1
repression (i.e., derepression) by inhibiting ubiquitylation and
proteasomal degradation that allows newly-synthesized Nrf2 to
be rapidly stabilized and activates transcriptional activation of
cytoprotective genes. This view is supported by many reports
of Keap1 knockout mice and Keap1 knockdown human cells
that exhibited sufficient Nrf2 activity (Kensler et al., 2007;
Yates et al., 2009; Bellezza et al., 2018; Yamamoto et al.,
2018). Blockage of Keap1 expression by miR-141 or miR-200a
triggers increased Nrf2 activity at the protein stabilization level.
Transgenic complementation rescue assay is a comprehensive
and powerful approach to delineate the in vivo functions of
proteins (Motohashi et al., 2011; Katsuoka and Yamamoto, 2016).
The esophagus lesions and resultant mortality in Keap1 knockout
mice were fully retrieved by concurrent Nrf2 disruption, and
aberrant phenotypes caused by Keap1 deficiency can also be
rescued by transgene-derived Keap1. Epigenetic silencing of
the Keap1 gene by hypermethylation of its promoter results
in upregulation of Nrf2 in patients with gliomas and different
cancers of breast, lung, prostate and colorectal (Tonelli et al.,
2017). (2) The function of Keap1 within various electrophiles
is related primarily to three critical cysteine residues: Cys151,
Cys273, and Cys288 (Yamamoto et al., 2018). Keap1 is a thiol-
rich protein with many cysteine residues and thus is sensitive
to electrophiles (McMahon et al., 2010). Therefore, covalent
modifications of the cysteine residues had been proposed to
influence the function of Keap1, which releases Nrf2 (McMahon
et al., 2010). Affirmatively, covalent binding of electrophiles to
critical cysteine residues has been observed. Meanwhile, various
lines of studies in cultured cells, zebrafish, and mice demonstrate

that Keap1 functions as a sensor due to the prominent
contribution of the cysteine residues. Multiple studies involving
substitution of Cys151 strongly support its role as a main cysteine
sensor by modulating the activity of the ubiquitin E3 ligase
Keap1-Cul3 complex to respond to different electrophiles. (3) To
activate Nrf2 by inhibiting Keap1 activity: Many ARE activity
inducing agents are soft electrophiles that inhibit Keap1 by
modifying Cys151, Cys226/Cys613, Cys-273/Cys-288, or Cys-
434. Thus, the presence of multiple Cys-based sensors in Keap1
allows Nrf2 to be de-repressed in response to many xenobiotic
stressors. (4) To activate Nrf2 by competitive inhibition of Keap1:
p62, the first mammalian selective autophagy cargo receptor
(Chu, 2018), is able to directly interact with the Nrf2- binding
site on Keap1, a component of Cullin-3-type ubiquitin ligase
for Nrf2 (Komatsu et al., 2010; Lau et al., 2010). Thus, an
overproduction of p62 or a deficiency in autophagy competes
with the interaction between Nrf2 and Keap1, resulting in Nrf2
stabilization and transcriptional activation of Nrf2 target genes.
Additionally, p62 is a target gene of Nrf2 and creates a positive
feedback loop by inducing ARE-driven gene transcription (Jain
et al., 2010). Oxidative stress-triggered Nrf2 results in the
induction and accumulation of p62 that in turn activates Nrf2
activation (Komatsu et al., 2010).

Keap1-Nondependent Repression Mechanism

(1) The Nrf2 is has been described to be suppressed by b-
TrCP and GSK-3; in addition to the well-studied Keap1, E3
ubiquitin ligase adaptor β-TrCP is another negative repressor of
Nrf2 stabilization (Rada et al., 2012). Nrf2 is controlled by two
distinct β-TrCP recognition motifs in its Neh6 domain, one of
which can be modulated by GSK-3 activity (Chowdhry et al.,
2013). Intraperitoneal injection of the GSK-3 inhibitor through
the GSK-3/β-TrCP axis led to increased Nrf2 and HO1 levels
in liver and hippocampus (Rada et al., 2012). Activation of the
GSK3β/β-TrCP axis by gene knockdown of PHLPP1 in NRK52E
cells enhanced Nrf2-responsive antioxidant enzymes HO1 and
NQO1 (Mathur et al., 2018). (2) The Nrf2 is suppressed by
CRIF1 and RNF4: CR6-interacting factor 1(CRIF1) physically
interacts with both N- and C-terminal regions of Nrf2 and
promotes Nrf2 ubiquitination and subsequent proteasome-
mediated Nrf2 protein degradation (Kang et al., 2010). Crif1-
knockdown BMMSCs caused increased oxidative stress and
apoptosis after irradiation injury, partially due to a suppressed
antioxidant response mediated by decreased Nrf2 nuclear
translocation (Chen L. et al., 2017). RING finger protein 4 (Rnf4)
mediates polyubiquitylation of polysumoylated Nrf2, leading to
its subsequent degradation in promyelocytic leukemia-nuclear
bodies (Malloy et al., 2013). Respiratory syncytial virus-induced
Nrf2 degradation occurs in a SUMO-specific E3 ubiquitin
ligase—RING finger protein 4 (Rnf4)-dependent manner.

CEREBRAL ISCHEMIA AND RELEVANT
PRECLINICAL ANIMAL MODELS

Ischemic stroke is caused by cerebral arterial occlusion that leads
to a critical reduction or loss of regional cerebral blood flow,
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and it occurs as a consequence of multiple vascular diseases,
including cardioembolism, atherosclerosis, small vessel disease,
and cryptogenic diseases (Adams and Biller, 2015; Mehndiratta
et al., 2015). Interruption of the blood supply initiates
complex spatial and temporal events involving hemodynamic,
biochemical, and neurophysiologic alterations that ultimately
lead to a pathological disturbance and a wide range of clinical
symptoms (Lo et al., 2003; Iadecola and Anrather, 2011). The
severity and temporal evolution of ischemic injury depend on
the extent of cerebral blood flow (CBF), localization, duration
of ischemia and coexisting systemic diseases among individual
patients (Martini and Kent, 2007; Bang et al., 2008; Shen and
Duong, 2008; Liebeskind, 2010).

Experimental ischemic stroke models are indispensable to
our understanding of the events occurring in the ischemic and
reperfused brains, enabling us to elucidate the pathophysiological
mechanisms of ischemic brain injury and develop novel
therapeutic treatments (Bosetti et al., 2017; Quinn et al., 2018).
The vast majority of stroke models are carried in rats or
mice because they present clear advantages of lower cost,
resemblance to human cerebrovascular anatomy and physiology,
and reproducibility of studies (Durukan and Tatlisumak, 2007;
Durukan et al., 2008). In addition, genetic modification is usually
applied in mice to illuminate molecular pathophysiological
conditions like stroke. Cerebral ischemia in humans is divided
into two categories: focal and global. Focal cerebral ischemia
occurs when CBF is disrupted within a specific brain region,
whereas global cerebral ischemia occurs when CBF is blocked
throughout most or all of the brain. Given that ischemic stroke
in humans occurs mostly in the territory of the middle cerebral
artery (MCA), experimental focal cerebral ischemia models,
including permanent and transient types, have served as the
most widely used tool in the stroke research field (Dorr et al.,
2007; Mehta et al., 2007). In focal cerebral ischemia, there is no
blood flow at the infarct core, but there is usually a gradient
of blood flow from the inner core to the neighboring ischemic
area due to the collateral circulation. In global cerebral ischemia,
global blood flow is completely stopped or remarkably reduced,
depleting the energy supply and hindering cerebral metabolism
and function. The reperfusion of blood flow effectively treats
acute stroke; however, it can also exacerbate tissue damage and
limit the recovery of function. Oxidative stress plays a key role in
the pathogenesis of cerebral ischemia-reperfusion injury.

(1) Permanent cerebral ischemia (pdMCAO and pMCAO):
Technically, the MCA can be selectively occluded at a distal or
proximal site, referred to as permanent distal MCA occlusion
(pdMCAO) or permanent (proximal) MCA occlusion (pMCAO)
cerebral ischemia model, respectively. The pdMCAO model
produces highly reproducible ischemic cortical lesions that
are predominantly restricted to the barrel regions of cortex,
inducing definable sensorimotor deficits that closely mimics
ischemic stroke in humans. Thus, it is believed to be one
of the most predictable and useful stroke models, allowing
researchers to look at long-term recovery with high survival rates
(Doyle and Buckwalter, 2014). Permanent cerebral ischemia can
also be generated by the intraluminal suture method used in
MCAO (pMCAO).

(2) Transient focal cerebral ischemia (tMCAO): This model
is easy to perform in a controlled manner. The intraluminal
suture MCAOmodel in rats and mice is the most frequently used
model. This model exhibits reproducible MCA region infarctions
that depend on the shape, size, and insertion length of the
thread, allowing reperfusion by retracting the suture. MCAO
generates ischemic cell death in the striatum and overlying
the frontal, parietal, temporal, and portions of the occipital
cortex. MCAO also precipitates variable damage in the thalamus,
cervicomedullary junction, substantia nigra, and hypothalamus.
Ischemic brain injury widely affects diverse brain regions and
leads to complex motor, sensory, autonomic, and cognitive
deficits (Carmichael, 2005). Usually ischemiamust be induced for
60–120min to obtain reproducible infarct volumes in transient
focal ischemia models. In contrast, focal ischemia for more than
3 h precludes reversibility (Kasner and Grotta, 1998; Sicard and
Fisher, 2009).

(3) Global cerebral ischemia (GCI): global cerebral ischemia
(GCI) during cardiac arrest results in selective and delayed
neuronal death of pyramidal neurons in the hippocampal CA1
region, similar to the situation in humans, and consequent
cognitive decline (Traystman, 2003; Ostrowski et al., 2016).

ROLE PLAYED BY NRF2 DURING
CEREBRAL ISCHEMIA

In recent years, studies reported findings concerning the
dynamic change of Nrf2 signaling, its functional importance,
and its targeted intervention in cerebral ischemia. These findings
provide insights into whether, when and how Nrf2 functions
during brain injury. Accordingly, we mainly focused on the
following questions. (1) What is the dynamic regulation of the
Nrf2 signaling following cerebral ischemia? (2) Does the evidence
from Nrf2−/− mice support the functional importance of Nrf2
during ischemic injury? (3) Whether Nrf2 induction is protective
against ischemic injury and is facilitative for recovery? Specific
focus is given to the in vivo evidence in different rodent cerebral
ischemia models. Then, the pitfalls and concerns of current Nrf2
experimental ischemic stroke studies are discussed, which would
be valuable for future studies.

THE DYNAMIC REGULATION OF THE
NRF2 SIGNALING DURING
CEREBRAL ISCHEMIA

Normally, Nrf2 is largely localized in the cytoplasm and is
maintained at a low basal level due to its binding affinity to
Keap1. However, when cells are exposed to excessive oxidative
stimuli during cerebral ischemia, Nrf2 is liberated from Keap1,
translocates into the nucleus, and binds to the ARE sequence,
thereby upregulating the expression of its target genes, which
code cytoprotective proteins like anti-oxidative enzymes. In
recent years, studies have provided substantial in vivo evidence
of dynamic alternation of Nrf2 expression, as well as its target
genes, and cellular and subcellular distribution of Nrf2 during
different stages of cerebral ischemia. These findings, utilizing
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focal ischemia models with or without reperfusion in addition
to global ischemia models, help us to identify the role of the Nrf2
regulatory network in the context of cerebral ischemia.

A number of studies with permanent cerebral ischemia
models (pdMCAO and pMCAO) investigated the Nrf2/ARE
pathway in response to ischemic insults (Table 1). Several
permanent cerebral ischemia studies showed that, at 24 h after
pMCAO, the protein expression levels of Nrf2 (total and nuclear)
and its target antioxidant genes HO1 and SOD were upregulated
in the ischemic cortex of mice or rats (Chang et al., 2013;
Zhang J. et al., 2014; Zhao et al., 2014). The obvious increase
of Nrf2 downstream antioxidant proteins can be sustained for
at least 3 days following ischemia, revealed by the 1.8- to
3.6-fold increase in HO1, NQO1, SOD2, and GPx proteins
after pdMCAO (Liu et al., 2018). The inflammatory factors
IL-1β and IL-6 were dramatically increased in mouse brains
for at least 48 h after pdMCAO (Clausen et al., 2017). These
findings are supported by immunohistochemical analyses (Chen
et al., 2012; Kao et al., 2013; Meng et al., 2014). Minimal
Nrf2 and HO1 positive cells were detected in the sham group,
indicating low baseline levels of Nrf2 and HO1 in the non-
ischemic cortex areas, levels which increased significantly after
pMCAO. Such signals were detected in neurons, astrocytes, and
microglia, indicating concurrent expression of Nrf2 and HO1
in most cortical cells. On the contrary to above data, Nrf2 was
reported to be significantly decreased at the mRNA level 6 h
after pdMCAO, whereas the overall protein level was comparable
to that under basal conditions (Clausen et al., 2017). A study
reported a significantly decreased level of Nrf2 protein along with
an increased level of antioxidant protein HO1 in rat cortex after
pMCAO (Wang et al., 2018).

It appears that the majority of tMCAO studies support
the activation of the Nrf2/ARE pathway in response to focal
cerebral ischemia and perfusion (Tables 2, 3). Because the
ischemia-reperfusion injury measured by infarct volume is
widely accepted to be most severe at 24 h following tMCAO,
most studies investigated theNrf2 pathway byWestern blot (WB)
or immunohistological analyses at that time point, with some
extending to earlier (2–8 h) or later stages (3–14 d). In these
studies, the Nrf2 pathway was examined in different ischemic
brain tissues including the cortex, hemisphere, hippocampus,
striatum, and cerebellum. The researchers selected 1–2 h
ischemia when designing these tMCAO ischemia-reperfusion
animal models. We summarized these studies together in order
to provide an overview of this field. Most studies measured total
Nrf2 level in the ischemic cortex or brain at 24 h after tMCAO
(1–2 h); studies subjects showed Nrf2 upregulation at the mRNA
level (Li et al., 2013; Guo et al., 2014) and protein level (up to 2–
3 fold higher) (Han et al., 2014; Li et al., 2015; Peng et al., 2015;
Shi et al., 2015; Cai et al., 2017; Miao et al., 2018; Shang et al.,
2018). Such an increase in Nrf2 protein might begin at 8 h (Cai
et al., 2017) and be sustained over 3–14 days (Ding et al., 2015;
Lin et al., 2016; Bai et al., 2017; Shang et al., 2018). Following
nuclear translocation, Nrf2 protein accumulated in the nucleus
(Li et al., 2013; Lv et al., 2017) and increased the Nrf2-binding
activity to the ARE. Studies presented that the high nuclear Nrf2
protein level (Ding et al., 2015; An et al., 2018) and increased

DNA binding activity of Nrf2 with the ARE can be observed, at 7
days after tMCAO (Li et al., 2014). The Nrf2 target antioxidant
protein HO1 (up to 3 fold) (Li et al., 2013; Zhang M. et al.,
2014; Hua et al., 2015; Peng et al., 2015; Lv et al., 2017; Yang
et al., 2017), NQO1(Miao et al., 2018), GCLC and LCLM (Han
et al., 2014; Shi et al., 2015) were also upregulated. Several reports
showed that the higher expression level of HO1 can continue over
2–14 days (Zhang M. et al., 2014; Ding et al., 2015; Lin et al.,
2016). At 24 h after tMCAO, the total and nuclear Nrf2 proteins
levels in the ischemic hippocampus also implied significantly
higher expression levels (Shi et al., 2015; Lou et al., 2016), which
may continue for at least 2 days. In addition, it was reported
by immunohistochemistry that, Nrf2 levels in the peri-infarct
regions began to show a significant increase at 2 h with a peak at
8 h of reperfusion after 1 h tMCAO, and its target antioxidative
proteins such as thioredoxin, glutathione, and HO1 showed
significant increases at 24–72 h (Tanaka et al., 2011). Another
study presented that Nrf2 immunoreactivity was detectable in
the neurons, endothelial cells, astrocytes, and microglia in the
peri-infarct area at 7 days after 1 h tMCAO (Shang et al., 2018).
A luciferase mouse model, a Keap1-dependent oxidative stress
detector, was employed to visualize the time-dependent Nrf2
expression from brain ischemia onset through 7 days after
tMCAO (Takagi et al., 2014; Nakano et al., 2017). The in vivo
optical signals of Nrf2 expression were not detected in the
earliest stages but peaked at 24 h after ischemia. Such Nrf2
expression was mainly detected in in the penumbra area, largely
localizing inside neurons and astrocytes (Srivastava et al., 2013;
Takagi et al., 2014). By quantifying Nrf2 labeled with green
fluorescent protein (GFP), researchers have found that Nrf2 and
HO1 exhibited higher protein levels in the ischemic cortex at 4–
48 h and striatum at 24 h after ischemia, which are consistent
with the findings above. In contrast, some studies present the
results that indicate suppression of the Nrf2/ARE pathway during
tMCAO. At 24 h after tMCAO, the total (Wang L. et al., 2012;
Pang et al., 2016; Wang et al., 2016, 2018; Chumboatong et al.,
2017; Janyou et al., 2017) and nuclear (Wicha et al., 2017) Nrf2
proteins were found to be downregulated, and the same was
observed with HO1 (Wang L. et al., 2012; Pang et al., 2016;
Wang et al., 2016, 2018; Chumboatong et al., 2017; Wicha et al.,
2017) and NQO1 (Janyou et al., 2017). On the contrary to above
findings, several reports found that no change was detected
in the markers above (Wu L. et al., 2013; Zhao et al., 2016;
Wu G. et al., 2017; Zhang W. et al., 2018).

The activation of the Nrf2/ARE pathway following global
ischemia damage remains controversial (Table 4). This might
be because of the various experimental factors like animal
background, age, model, observation time points after ischemia,
presence or absence of reperfusion, and site of the sample. At
24 h after GCI (2 vessel occlusion, 2VO), hippocampal Nrf2
content increased nearly 2-fold as determined by biochemical
assay (Atef et al., 2018); striatal nuclear Nrf2 protein level
and DNA binding activity of Nrf2 increased about 1.5-fold
following reperfusion compared with the sham group; and there
was notable upregulation in the detoxification and antioxidant
proteins HO1, NQO1, GCLC, and GCLM (Ya et al., 2017). At
3 days after GCI (2VO), the total, cytoplasmic, and nuclear
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protein levels of Nrf2 were upregulated in the hippocampal CA1
region of rats although the increase in nuclear Nrf2 was not
significant (Chen B. et al., 2016), a finding which is supported
by another report (Lei et al., 2016). No change in HO1 protein
level was detected at 3 days following brain injury (Chen B.
et al., 2016). An immunofluorescence-based study showed that
the Nrf2 level was slightly (but not significant) higher in the rats
hippocampal CA1 area along with a decline of HO1 expression
at 7 days after GCI (2VO) (Tulsulkar and Shah, 2013). In a
rat GCI (4VO) model, activation of Nrf2 in the hippocampal
CA1 region was examined over 3 days by four metrics including
nuclear translocation of Nrf2, total Nrf2 protein level, DNA-
binding of Nrf2, and induction of Nrf2 regulated proteins (Tu
et al., 2015). The cytosolic but not nuclear Nrf2 protein was
slightly upregulated from 12 to 72 h as evidenced by WB and
immunostaining analyses, whereas the total Nrf2 protein level
remained unchanged at 24 h. No change in the Nrf2 DNA
binding activity was detected at 24 h and 72 h. TheNrf2-regulated
antioxidant proteins HO1, NQO1, SOD2, and GPx1 were slightly
altered within 72 h. These findings are supported by another
report of GCI with less time of ischemia (Wang et al., 2013)
that presented the upregulation of HO1 protein at 3 days.
Lastly, it should be pointed out that the reports are inconclusive
concerning the protein expression levels of Nrf2 with its target
genes and subcellular distribution of Nrf2 following GCI. For
example, hippocampal Nrf2 protein was reported to have not
changed (Yang Y. et al., 2015), significantly decreased (Liu H.
et al., 2015), or increased (Ashabi et al., 2015; Lee et al., 2015)
following ischemia.

FUNCTIONAL BENEFIT OF NRF2 IN
CEREBRAL ISCHEMIA—IN VIVO

EVIDENCE FROM NRF2−/− MICE

Multiple lines of evidence demonstrate the beneficial
contribution of Nrf2 in various pathological conditions,
and most come from studies using Nrf2 knockout (Nrf2−/−)
or knockdown animals. Reports showed that Nrf2−/− mice do
not exhibit any overt abnormal phenotype regarding size, body
weight, food intake, mobility, fertility, or other characteristics
at baseline (Itoh et al., 1997; Wang et al., 2007; Wang Y. C.
et al., 2011; Wang B. et al., 2012; Leonardo et al., 2013, 2015;
Doré, 2015; Liu et al., 2018). In addition, Nrf2−/− mice exhibit
similar cerebrovascular architecture in anastomosis, vascular
physiology, and blood pH compared to their WT counterparts
(Leonardo et al., 2015). Basal GST and NQO1 activities, but not
GSH content, modestly but significantly decreased in multiple
brain regions of Nrf2−/− mice compared to their Nrf2+/+

littermates, suggesting that the constitutive synthesis of brain
GSH does not rely on Nrf2 function, at least in young adult
mice (Shih et al., 2005).

However, in response to the various ischemic insults, it is
becoming clear that Nrf2 plays a critical role in protection against
ischemic brain damage (Tables 1–3). Indeed, older and recent
studies with different cerebral ischemia models have revealed the
functional benefit of Nrf2 on infarct volume, brain edema, and
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neurobehavioral deficits after ischemia. Following permanent
ischemia injury without reperfusion, Nrf2 deficiency exacerbated
the acute development of brain lesions, revealed by severe infarct
volume at 3 days but not at 1 day after pdMCAO, and these
mice exhibited relatively poor sensorimotor function over 28
days (Liu et al., 2018). At 2 days after pdMCAO, Nrf2−/−

mice had significantly larger cortical infarct volume and more
severe neurological deficits than WT controls (Wang B. et al.,
2012). Another group showed that Nrf2 deficiency slightly (but
not significantly) enlarged the cortical infarct size at 1 day and
sustained considerably more damage at 7 day after pdMCAO
(P < 0.01), which further supports the findings above (Shih
et al., 2005). Moreover, it is well-known that reperfusion after a
long period of ischemia can exacerbate brain damage. Following
cerebral ischemia injury with reperfusion, several studies showed
that Nrf2−/− mice exhibited aggravated acute brain damage in
infarct volume and neurological deficits scores at 1 day after
tMCAO with 1 h (Li et al., 2013; Yao et al., 2016; Zhang et al.,
2017), 1.5 h (Shah et al., 2007), and 2 h (Shi et al., 2015) of
ischemia. In these studies, no significant difference in blood
pH, PaO2, PaCO2, or cerebral blood fluid (CBF) was observed
before, during, or after ischemia-reperfusion between WT and
Nrf2−/− at indicated time points as monitored by laser-Doppler
flowmetry (Shah et al., 2010). In contrast, another contradictory
report showed that no significant difference in infarct volume
was observed between Nrf2−/− and WT mice 2 days after 1 h
tMCAO (Narayanan et al., 2015). This discrepancy might be
related to the different genetic background or age of mice or the
experimental setting.

Nrf2 disruption depresses the capacity of the cellular
antioxidant system and diminishes upregulation of its target
cytoprotective proteins in response to ischemia (Tables 1–3). A
study showed that, along with severe ischemic brain damage 3
days after pdMCAO, Nrf2 deficiency destroyed the ischemia-
induced increase of antioxidant/detoxification proteins NQO1,
HO1, SOD2, and Gpx1 (Liu et al., 2018). Oxidative stress and
inflammation plays a key role in the pathological process of
ischemia. Excessive production of ROS and reactive nitrogen
species (RNS) contributes to the activation of inflammatory
processes, further aggravating brain injury and functional
deficits during or after stroke. Toll-like receptor 4 (TLR 4)
initiates inflammatory processes and induces the expression
of inflammatory elements IL-6, TNFα, and IL-1β through
activation and nuclear translocation of NF-κB in cerebral
ischemia/reperfusion injury (Arslan et al., 2010;Wang Y. C. et al.,
2011). At 24 h after 1 h tMCAO, Nrf2 knockout upregulated
the TLR4 and NF-κB proteins mediated by the inflammatory
response in the ischemic cortex (Li et al., 2013).

Astrocytes interact closely with neurons to provide structural
and functional support at multiple levels, including ion and
water homeostasis, chemical signal transmission, blood flow
regulation, immune and oxidative stress defense, and supply
of metabolites (Liu et al., 2017). Given that the ARE-regulated
genes are preferentially activated in glial cells, which have
more effective detoxification and antioxidant capacities than
neurons (Vargas and Johnson, 2009; Gan et al., 2012; Haskew-
Layton et al., 2013), Nrf2 in glia cells can protect neurons
from a wide array of insults like stroke (Vargas and Johnson,

2009). In response to ischemic insults, astrocytes undergo
structural and functional changes, and interact with other glial
cells to defend neurons (Magaki et al., 2018). Indeed, in the
ischemic cortex, Nrf2 deficiency exacerbated reactive astrogliosis,
dysfunction in glutamate metabolism, and water permeability
within 3 days after pdMCAO. The spatiotemporal pattern of
reactive astrogliosis correlated well with acute ischemic damage
progression. Interestingly, the microglia activation was affected
considerably under Nrf2 absence.

NRF2 TARGETED INTERVENTION IN
ISCHEMIC STROKE—ADVANCEMENTS
FROM EXPERIMENTAL ISCHEMIC
STROKE MODEL

Given the fundamental role of Nrf2 in redox homeostasis,
many studies have presented the unique contribution of Nrf2
in neuroprotection against various diseases (Ma, 2013; Kumar
et al., 2014; Sun et al., 2017; Cuadrado et al., 2018). For
ischemic stroke, Nrf2/ARE activation is expected to trigger
a cytoprotective response counteracting deleterious ischemic
events. The beneficial effects of some candidate Nrf2 inducers
were directly proved by the findings in Nrf2−/− mice. The typical
findings were listed below (just to name a few), and more are also
depicted in Tables 1–4.

Dimethyl Fumarate and
Monomethyl Fumarate
Dimethyl fumarate (DMF) and its primary metabolite
monomethyl fumarate (MMF) are two typical Nrf2 inducers.
Several studies support their neuroprotective efficacy against
ischemic brain injury through the activation of the Nrf2/HO1
pathway. DMF and MMF dramatically reduced infarct volume,
brain edema, and neurological deficits over 7 days after tMCAO,
along with the suppressed acute glial activation (Yao et al.,
2016). Importantly, such evident protection was abolished in
Nrf2−/− mice, indicating that the Nrf2 pathway is required
for the benefit of DMF and MMF. During the late phase (7–14
d), DMF also acted as a potent immunomodulator, reducing
the infiltration of neutrophils and T cells and the number
of activated microglia and macrophages in the infarct region
(Lin et al., 2016). Interestingly, DMF also attenuated brain
edema formation during ischemia and stabilized the blood
brain barrier (BBB) by preventing disruption of interendothelial
tight junctions (Kunze et al., 2015). DMF protected against
acute brain damage in edema volume and sensorimotor deficits
after pdMCAO through anti-inflammatory cytokines (IL-10
and IL-12p70), further supporting the neuroprotective role of
MMF (Clausen et al., 2017).

Sulforaphane
Sulforaphane (SFN), a typical Nrf2 activator, is a naturally
occurring isothiocyanate found in cruciferous vegetables.
Upregulation of Nrf2 by sulforaphane pretreatment was
associated with increased HO1 expression in perivascular
astrocytes in the peri-infarct regions and cerebral endothelium
of the infarct core. BBB disruption, lesion progression, and

Frontiers in Pharmacology | www.frontiersin.org 22 March 2019 | Volume 10 | Article 153205

https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles


Liu et al. Nrf2 in Experimental Ischemic Stroke

neurological deficits were reduced after tMCAO. This indicates
that the Nrf2 defense pathway in the cerebral microvasculature
provides a novel therapeutic approach for preventing BBB
breakdown and neurological dysfunction in stroke victims
(Alfieri et al., 2013). There is a contradictory finding that
sulforaphane treatment increased the overall mRNA levels
of transcription of Nrf2, Hmox1, GCLC and GSTA4 but
failed to reduce the infarct volume and motor deficits in a
photothrombotic mouse model (Porritt et al., 2012).

Tert-Butylhydroquinone
Tert-butylhydroquinone (tBHQ) is a Nrf2 inducer widely used as
a food additive. Nrf2 activation by tBHQ pretreatment reduced
cortical damage and sensorimotor deficits from 24 h up to
even 1 month after pdMCAO. Interestingly, larger infarcts were
observed in Nrf2−/− mice 7 d after stroke, but not 24 h after
stroke (Shih et al., 2005). This Nrf2-specific action of tBHQ in
vivo was also validated in another study with tMCAO (Shah
et al., 2007). A recent study showed that Nrf2 upregulation
by tBHQ significantly reduced the expression of cytoplasmic
thioredoxin interacting protein, nod-like receptor protein 3
(NLRP3) inflammasome, and downstream factors caspase-1, IL-
1β, and IL-18, all of which contribute to the Nrf2-mediated
neuroprotection against ischemic outcomes after tMCAO (Hou
et al., 2018). Interestingly, there is a contradictory report that
tBHQ-exacerbated stroke damage (Sun et al., 2016), revealed
by increased post-stroke mortality and worsened outcomes
after pMCAO.

MiR-93 Antagomir
MicroRNAs (miRNAs) play vital roles in regulating neuronal
survival during cerebral ischemia/reperfusion injury. MiR-
93, a direct negative modulator of Nrf2 expression at the
transcriptomic level, serves as a potential therapeutic target
for acute ischemic stroke. MiR-93 levels in the ischemic
cortex of mice increased at 24 h and 48 h after tMCAO. MiR-
93 antagomir treatment reduced infarction volume, neural
apoptosis and neurological deficits through the Nrf2/HO1
antioxidant pathway (Wang et al., 2016).

Korean Red Ginseng
Korean Red Ginseng (Ginseng) is one of the most widely
used herbal medicines with reported antioxidant and anti-
inflammatory properties, displaying promising potential in
neuroprotection. Ginseng pretreatment ameliorated short- and
long-term sensorimotor deficits over 28 days, prevented the
acute enlargement of lesion volume, attenuated reactive astroglial
progression but not microglial activation, and enhanced the
induction of Nrf2 target antioxidant proteins after pdMCAO in
WT mice, an effect that was abolished in Nrf2−/− mice (Liu
et al., 2018). Nrf2-dependent spatiotemporal reactive astrogliosis
correlated well with acute ischemic damage progression. In
contrast, Nrf2 deficiency exacerbated the ischemic conditions.
This supported the conclusion that Ginseng pretreatment
protects against acute sensorimotor deficits and promotes its
long-term recovery after pdMCAO, at least partly, through Nrf2

activation. Attenuated reactive astrogliosis contributes to the
Nrf2-depedent neuroprotection.

(–)-Epicatechin
The (–)-Epicatechin (EC) is especially abundant in cocoa, dark
chocolate, and green tea, and it boosts antioxidant activity
while supporting vascular function. EC-treated ischemic WT
mice displayed a reduction of forelimb motor coordination
impairments associated with reduced anatomical injury and
microglia/macrophage activation in pMCAO and tMCAO
models of adult WT mice, impairments which were abolished
in tissues and neurons from Nrf2−/− mice (Shah et al., 2010).
Interestingly, this neuroprotection was observed in 12 month-
old WT and Nrf2−/− mice, indicating that age influences Nrf2
function (Leonardo et al., 2013, 2015).

Resveratrol
Resveratrol is a natural polyphenolic compound that is found in
some dietary sources such as grapes, plums, and red wine. Trans-
resveratrol pretreatment had neuroprotective effects on ischemic
brain damage after tMCAO. This neuroprotective effect is likely
exerted by upregulated expression of Nrf2, HO1 and SOD that
ameliorates oxidative damage (Ren et al., 2011). Meanwhile,
resveratrol preconditioning-mediated neuroprotection is
reduced after tMCAO (Narayanan et al., 2015). WT and Nrf2−/−

cortical mitochondria exhibited increased uncoupling and ROS
production after resveratrol pre-treatments. Nrf2−/− astrocytes
exhibited decreased mitochondrial antioxidant expression and
were unable to upregulate cellular antioxidants.

Carbon Monoxide
Carbon monoxide (CO) is a gaseous second messenger produced
when heme oxygenase enzymes catabolize heme. At low doses
(Otterbein et al., 1999; Koehler and Traystman, 2002; Leffler
et al., 2011), despite being traditionally viewed as a toxic agent
(Cheng et al., 2012), CO displayed sustained neuroprotective
efficacy against brain damage and progressive functional deficits
via the Nrf2 pathway in tMCAO and pdMCAO models (Meffert
et al., 1994; Maines, 1996; Alkadhi et al., 2001). Brain lesions
in mice exposed to CO were 29.6 ± 12.6% smaller at 7
days after pdMCAO. Additionally, 18-h CO treatment led to
Nrf2 dissociation from Keap1, nuclear translocation, increased
activity of Nrf2 binding to the ARE sequence of the HO1
gene, and elevated HO1 expression from 6 to 48 h after
CO exposure, the neuroprotection of which was abolished in
Nrf2−/− mice (Wang B. et al., 2011).

Tetramethylpyrazine
Tetramethylpyrazine (TMP) is one of the main components
of Ligusticum wallichii Franchat (Chuan Xiong) that has been
used to treat neurovascular and cardiovascular diseases including
stroke in traditional Chinese medicine. TMP has been found
to protect against pdMCAO injury and reduce inflammation
and ischemia-induced neutrophils through Nrf2/HO1 activation
(Kao et al., 2013; Chang et al., 2015).
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Curcumin
Curcumin is a phenolic pigment extracted from the rhizome of
Curuma longa Linn, which has been widely used as medicine in
many Asian countries. It has strong neuro-protective effects on
neurological injuries, with virtually no toxicity, even at a high
dose; though, its absorption-bioavailability is the main issue, and
few groups are actively looking to test innovative formulation
to circumvent this serious limitation. Curcumin significantly
reduced infarct size, brain edema, neurological dysfunction, and
oxidative stress levels in tMCAO rats, and this neuroprotective
effect involves the Akt/Nrf2 and NF-κB pathways (Wu J. et al.,
2013; Li et al., 2016).

Besides the candidate Nrf2 inducers above, many natural
products, synthetic compounds and clinical drugs, such as ginkgo
biloba (Tulsulkar and Shah, 2013), paeonol (Zhao et al., 2014),
isoquercetin (Chen M. et al., 2017), tanshinone IIA (Cai et al.,
2017), ursolic acid (Li et al., 2013), isorhamnetin (Zhao et al.,
2016), docosahexaenoic acid (Chang et al., 2013), HP-1c (Wang
et al., 2018), gastrodin (Peng et al., 2015), trichostatin A (Wang B.
et al., 2012), bicyclol (Zhang J. et al., 2014), recombinant human
erythropoietin (Meng et al., 2014), omega-3 fatty acids (Zhang
M. et al., 2014), Tocovid (Shang et al., 2018), estradiol (Li et al.,
2017), and more, have also been shown to benefit ischemic brain
injury through mechanisms involving Nrf2.

PITFALLS AND CONSIDERATIONS OF
CURRENT NRF2 EXPERIMENTAL
ISCHEMIC STROKE STUDIES

Although most reports support the beneficial effect of Nrf2
activation by a multitude of variety of inducers against ischemic
brain damage, many findings regarding the role of Nrf2 during
ischemia or ischemic-reperfusion injury are contradictory. This
could be attributed to a number of inconsistencies across studies,
as briefly overview here. (1) Nrf2 antibody: Getting potent,
selective and highly specific antibodies against the various species
of Nrf2 has been an ongoing serious issue. Furthermore, what is
the correct molecular weight of Nrf2 protein? The biologically
relevant molecular weight of Nrf2 protein has been proven to
be ∼95–110 KDa, but not ∼55–65 KDa, based on its 2-kb
open reading frame or its tertiary structure (Lau et al., 2013;
Kemmerer et al., 2015). Many reports presented the expression
level of Nrf2 protein by Western blots at apparent different
(or unspecified) molecular weights, which might be mainly
responsible for the contradictory results among research groups,
the lack of good negative controls to be run in parallel should be
documented. Additionally, this issue may also contribute to the
discrepancy regarding findings of Nrf2 in subcellular distribution
and cell-type expression under normal and inducible conditions.
(2) Questions remain as to which cell types would be most
responsible for the neuroprotection associate with Nrf2. (3) Some
reports also questioned the potential issues in the Nrf2 knockout
lines and strains. (4) Furthermore, while many of these reported
cytoprotective enzymes that are induced by Nrf2 activation, there
are activate debates as to whether traditional freely available
substrates are sufficiently high to explain the resulting beneficial

properties of these metabolites/end-products. (5) While many of
these compounds are assumed to be the bioactive entity, there are
well-recognized issues on such drugs to be bioavailable and cross
the blood brain barrier to then reach the target at a concentration
that would be biologically relevant; thus, there is the possibility
that indirect pathways are stimulated that would then indirectly
activate the Nrf2 pathway. (6) Several of the studies have
tested preventive medicine when give before ischemia while
others have tested the therapeutic potential of the given drug
concoction; though, one should not extrapolate conclusion
of the universal protection until it is rigorously tested and
independently validated. (7) Nrf2/ARE pathway: Is the Nrf2/ARE
pathway activated or not? To validate that Nrf2 is activated,
many reports based their conclusions on selected protein level
measurements of total Nrf2 with or without its target markers
like HO1 by WB. Based on the current understanding of
Nrf2 activation, nucleus translocation of Nrf2 is essential to
its activation, which is revealed by nuclear Nrf2 protein levels.
Evidence that targets distinct components of the Nrf2/ARE
pathway cascade will be expected. In addition, the application
of pharmacological or genetic blockage of Nrf2 will be helpful to
demonstrate whether Nrf2/ARE pathway activation is specific to
the neuroprotection of the candidate Nrf2 inducer. (8) Ischemic
brain tissue: Which part of the ischemic cerebral hemisphere
was used for measurement? Despite variable ischemic damage
to different brain regions (or together with reperfusion), various
ischemic brain tissue like the cortex, ischemic region, and
cerebral hemisphere was used for measurement, possibly leading
to inconsistent results. These tissue samples such as the infarct
core, peri-infarct, and healthy brain regions, could “dilute” and
even mask the changes of markers interest during cerebral
ischemia. The apparent alternation of Nrf2 expression happens
inside the peri-infarct area. Accordingly, tissue from the same
site of the peri-infarct area appears to be appropriate for the
subsequent measurement that leads to the final conclusion. (9)
Histological and neurobiological outcomes: Which marker and
which time points are expected to have the functional benefit of a
potent Nrf2 inducer? Most reports only selected infarct volume
or neurological deficit score in the acute ischemic stage (1–3
days) without tracking long-term efficacy. As we know, ischemic
insult induces severe motor, sensory, emotional, and cognitive
deficits (Ferro et al., 2016), and long-term functional recovery is
considered to be the goal of stroke intervention. More accurate
and long-term histological and functional evaluations are
expected for future studies. (10) Nrf2 activators: As mentioned
above, a number of Nrf2 activators have been identified that
appears to upregulate Nrf2/ARE pathway. However, thus far, only
limited compounds including sulforaphane, CDDO-methyl ester,
and DMF have consistently indicated sufficient pharmacokinetic
and pharmacodynamic properties to act in brain (Lastres-Becker
et al., 2016; Yamamoto et al., 2018). Future rigorous studies
are needed to provide the necessary information concerning the
clinical application prospect of Nrf2 targeted intervention.

This review focusses on Nrf2 activity in the context of
ischemic stroke, though, over- or prolonged Nrf2 activation
could potentially be problematic. For example, sustained
activation of Nrf2 in drosophila would shorten its life
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expectancy (Tsakiri et al., 2013), and it would also promote
the malignant transformation of human cells (Yang X. et al.,
2015). It has also been reported that mutations in Nrf2 and
Keap1 would promote cancer cell survival (Shibata et al.,
2008); furthermore, many cancer cells would overexpress Nrf2
and this would be associated with cell resistance to cancer
therapies (Taguchi and Yamamoto, 2017).

CONCLUSIVE REMARKS
AND PERSPECTIVE

Emerging evidence demonstrates that the Nrf2 network plays
a crucial role in cellular adaption by controlling a wide range
of cytoprotective proteins, counteracting distinct endogenous
and exogenous insults while providing a promising optimal
therapeutic target against various diseases from cancer to brain
disorders. By using various ischemic stroke rodent models, recent
preclinical studies provide direct in vivo evidence revealing the
contribution of the Nrf2 pathway in ischemic stroke pathogenesis
and neuroprotection. This review highlighted the promising
potential of interventions targeting Nrf2, implying that the

moderate activation of Nrf2 favors the attenuation of brain
damage and long-term recovery from cerebral ischemia. Because

the investigations of Nrf2 in stroke are still in the initial stages,
future research is expected to elucidate the natural properties of
Nrf2 in stroke leading to the development of novel drugs that
target Nrf2.
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Free radicals act as secondary messengers, modulating a number of important
biological processes, including gene expression, ion mobilization in transport systems,
protein interactions and enzymatic functions, cell growth, cell cycle, redox homeostasis,
among others. In the cardiovascular system, the physiological generation of free
radicals ensures the integrity and function of cardiomyocytes, endothelial cells,
and adjacent smooth muscle cells. In physiological conditions, there is a balance
between free radicals generation and the activity of enzymatic and non-enzymatic
antioxidant systems. Redox imbalance, caused by increased free radical’s production
and/or reduced antioxidant defense, plays an important role in the development
of cardiovascular diseases, contributing to cardiac hypertrophy and heart failure,
endothelial dysfunction, hypertrophy and hypercontractility of vascular smooth muscle.
Excessive production of oxidizing agents in detriment of antioxidant defenses in the
cardiovascular system has been described in obesity, diabetes mellitus, hypertension,
and atherosclerosis. The transcription factor Nrf2 (nuclear factor erythroid 2–related
factor 2), a major regulator of antioxidant and cellular protective genes, is primarily
activated in response to oxidative stress. Under physiological conditions, Nrf2 is
constitutively expressed in the cytoplasm of cells and is usually associated with Keap-1,
a repressor protein. This association maintains low levels of free Nrf2. Stressors, such
as free radicals, favor the translocation of Nrf2 to the cell nucleus. The accumulation of
nuclear Nrf2 allows the binding of this protein to the antioxidant response element of
genes that code antioxidant proteins. Although little information on the role of Nrf2 in
the cardiovascular system is available, growing evidence indicates that decreased Nrf2
activity contributes to oxidative stress, favoring the pathophysiology of cardiovascular
disorders found in obesity, diabetes mellitus, and atherosclerosis. The present mini-
review will provide a comprehensive overview of the role of Nrf2 as a contributing factor
to cardiovascular risk in metabolic diseases.
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OVERVIEW OF REACTIVE OXYGEN
SPECIES AND
CARDIOVASCULAR FUNCTION

Although reactive oxygen species (ROS) were initially presumed
to cause cell damage, they are now recognized as important
molecules that regulate many cell signaling and biological
processes, such as induction of defense genes, activation
of transcription factors, phosphorylation of kinases, and
mobilization of ions in transport systems (reviewed in Droge,
2002; Touyz and Briones, 2011; Brown and Griendling, 2015).
In the cardiovascular system, ROS generation is important to
maintain endothelial and vascular smooth muscle cells (VSMCs)
function, including vascular tone control, inflammation-
related responses, cell growth and proliferation, modulation of
extracellular matrix production, apoptosis and angiogenesis (Siti
et al., 2015; reviewed in Galley and Straub, 2017). Alterations of
the balance between cellular ROS production and the capacity
to rapidly detoxify reactive intermediates play an important role
in the development of risk factors for cardiovascular diseases
(reviewed in Harrison et al., 2003 and Touyz et al., 2018). Such
events are observed in patients with essential hypertension
(Redón et al., 2003) and various experimental models of arterial
hypertension, such as spontaneously hypertensive rats (SHR)
that exhibit increased levels of vascular superoxide anion and
vascular smooth muscle hypercontractility (Paravicini et al.,
2004). The same occurs in obesity and experimental models
of diabetes, in which insulin resistance and hyperglycemia
culminate in increased NAD(P)H oxidase enzyme activity
and endothelial nitric oxide synthase (eNOS) uncoupling,
thereby contributing to increased ROS generation and impaired
vascular function (Youn et al., 2012; da Costa et al., 2017;
Neves et al., 2018).

Vascular cells generate ROS in response to several
stimuli, including cytokines, angiotensin II, endothelin-
1, aldosterone and platelet-derived growth factor (PDGF)
(reviewed in Thannickal and Fanburg, 2000). ROS signaling
in endothelial cells and VSMCs involves alterations in the
intracellular redox state and oxidative modification of
regulatory and contractile proteins (da Costa et al., 2017).
The oxidative modification of these redox-sensitive proteins
alters their conformation, stability, activity and/or ability
to interact with other proteins, resulting in modulation of
vascular function. Redox-sensitive proteins include proteins
involved in calcium handling as well as contractile proteins,
proteins involved in various signaling and transcriptional
activities. Redox modulation of calcium handling proteins
directly affects cardiac and vascular contraction by altering
intracellular calcium levels. Examples of redox-sensitive
calcium handling proteins are calcium-calmodulin kinase
II (CaMKII), the ryanodine receptor on the sarcoplasmic
reticulum, sarcoplasmic reticulum ATPase (SERCA), and
phospholamban (reviewed in Burgoyne et al., 2012 and
Steinberg, 2013). Protein kinases and phosphatases are also
affected by direct redox modification, resulting in modulation
of various signal transduction pathways in cardiac and
vascular cells, including altered modulation of calcium

sensitivity, phosphorylation of the myofilaments and receptor
tyrosine kinase signaling (reviewed in Knock and Ward, 2011 and
Steinberg, 2013).

The long-term effects of ROS in cardiovascular function
depend on the balance between signals promoting proliferation
or growth inhibition and/or cell death. This dual role is evidenced
by the findings that endothelial apoptosis initiated by tumor
necrosis factor-alpha (TNF-α) is attenuated by ROS scavenging
(Xia et al., 2006) and that, during ischemia-reperfusion
injury, ROS trigger apoptosis, whereas ROS generated during
ischemic preconditioning prevent apoptosis (Maulik et al.,
1999; Hattori et al., 2001; reviewed in Becker, 2004). In
vascular cells, ROS can alter this balance leading to either
excessive angiogenesis or loss of endothelial cells (reviewed in
Papaharalambus and Griendling, 2007).

To contain ROS generation, there are antioxidant defenses
that prevent or neutralize the generation of highly reactive
compounds in biological systems. Among the major intracellular
antioxidant enzymes, superoxide dismutase, catalase, and
glutathione peroxidase are major players. In cooperative action,
these enzymes catalyze ROS in molecular oxygen and water
(reviewed in Rodriguez and Redman, 2005). Other agents, such
as ascorbic acid (reviewed in May and Harrison, 2013) and
phenolic acids (reviewed in Santhakumar et al., 2014), which do
not present enlightened mechanisms of action, also contribute
to redox balance.

Although the exact mechanisms underlying cardiovascular
oxidative stress during obesity, diabetes, and atherosclerosis still
remain unclear, the discovery of mechanisms and subsequent
new pharmacological interventions related to the disruption of
the antioxidant system has become of great interest to identify
key mediators that will potentially instigate and exacerbate these
cardiovascular complications.

Nrf2 ACTIVITY AND REGULATION

Several cell types throughout evolution have developed adaptive
programs to counteract oxidative stress, and the role of the
nuclear factor erythroid 2-related factor-2 (Nrf2) in these
programs has been a subject of recent interest. Nrf2 is a basic
leucine zipper region (bZip) transcription factor of the Cap
n’Collar family, with approximately 589 amino acid residues
and seven conserved domains (Neh1 – Neh7) (reviewed in
Kansanen et al., 2013). When the levels of ROS and electrophiles
become greater than the cell’s ability to detoxify them, a series of
events results in Nrf2 activation. Activated Nrf2 heterodimerizes
with Jun and small musculoaponeurotic fibrosarcoma (sMaf)
proteins, translocates to the nucleus and binds to the antioxidant
response element (ARE) or the electrophile-response element
(EpRE) in the promoter region of Nrf2 target genes. This results
in the coordinated expression and activation of antioxidant,
antiapoptotic, metabolic, and detoxification proteins. Among
the proteins with antioxidant activity regulated by Nrf2 are
superoxide dismutase (SOD), catalase (CAT), heme-oxygenase
1 (HO-1), glutathione peroxidase 1 (GPx-1) and NAD(P)H:
quinone oxidoreductase 1 (reviewed in Tebay et al., 2015).
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The conserved Nrf2 domains are crucial for their self-
regulation and activity. In this context, the Neh-1 domain is
responsible for the binding of Nrf2 to DNA through dimerization
with the low molecular weight sMaf proteins of type F, G, and K
(sMafF, sMafG, and sMafK), favored by the bZip domain, and by
recognition of the ARE (Mohler et al., 1991; Oyake et al., 1996;
reviewed in Motohashi et al., 2002). The Neh-2 domain, rich
in lysines, is responsible for binding of Nrf2 to its cytoplasmic
repressor protein Keap-1. This domain also has high and low
affinity regions for Keap-1 binding, the ETGE and DLG motifs,
respectively (Itoh et al., 1999; Kobayashi et al., 2002). The Neh-
3 domain, located in the carboxy-terminal portion of Nrf2, is
sumoylated. This post-translational modification is important
for Nrf2 transactivation. In addition to Neh-3, the Neh-4, and
Neh-5 domains, when acetylated or oxidized, in oxidative stress
conditions, are responsible for the transactivation of Nrf2 (Katoh
et al., 2001; Nioi et al., 2005). The Neh-6 and Neh-7 domains
are responsible for the degradation of Nrf2, independently of the
regulation by Keap-1 (McMahon et al., 2004; Wang et al., 2013).

In physiological conditions, when there is a balance between
oxidant species and the adequate activity of antioxidant proteins,
Nrf2 is suppressed in the cytoplasm. This suppression occurs
adjacent to the cellular cytoskeleton by the interaction of Nrf2
with Keap-1 and Cullin3, a protein of the E3 ligase family
(reviewed in Canning et al., 2015). The formation of the Nrf2-
Keap-1-Cullin3 complex becomes a signal for the ubiquitination
and proteasome degradation of Nrf2, maintaining its basal levels
along with the genes regulated by this transcription factor
(Furukawa and Xiong, 2005; reviewed in Canning et al., 2015).

Under oxidative or electrophilic stress conditions, ROS
promote the breakdown of the Nrf2-Keap1-Cullin3 complex,
allowing Nrf2 to translocate to the nucleus and activate the
expression of antioxidant proteins. The ARE is normally
suppressed by a heterodimer formed by the sMaf and Bach-
1 proteins, preventing Nrf2 heterodimerization and binding
to the ARE (reviewed in Tebay et al., 2015 and Tong et al.,
2015). However, under conditions of oxidative stress, there is
an accumulation of heme groups in the cytosol, a frequent
substrate for ROS formation. In this condition, Bach-1 undergoes
dissociation of sMaf proteins and migrates to the cytosol to act on
the heme group metabolism, allowing Nrf2 to dimerize with the
sMaf protein and initiate gene transcription (reviewed in Ryter
and Choi, 2005 and Tebay et al., 2015).

Among the proteins that participate in Nrf2 regulation
and activity, Keap-1 and Bach-1 stand out from the others
due to their direct role in redox balance and cardiovascular
homeostasis (Lopes et al., 2015). Of importance, the negative
regulation of Nrf2 by Keap-1 and Bach-1 raises the possibility
of new therapeutic targets to prevent oxidative stress-associated
cardiac hypertrophy and vascular dysfunction (Abed et al., 2015;
Jiao et al., 2018).

Nrf2 AND OBESITY

The mechanisms accompanying the progression of obesity and its
cardiovascular comorbidities have been the focus of considerable

research over the last 30 years. As the mechanistic insights
clarify, it is evident that the expansion of visceral adipose tissue
plays a pivotal role in the pathophysiology of obesity. Increased
ROS generation by the adipocytes, which, in turn, increases
expression and secretion of inflammatory adipokines, causes
dramatic consequences for the regulation of energy homeostasis
and vascular function (Keaney et al., 2003; reviewed in DeMarco
et al., 2010 and Otani, 2011). This is a common combination
associated with individual cardiovascular disease risk (Furukawa
et al., 2004; reviewed in Sowers et al., 2011).

Recent evidence shows that Nrf2 is involved in the control
of energy metabolism and might be a promising therapeutic
target for obesity. The underlying mechanism of Nrf2 in obesity
has been investigated using various experimental approaches,
including Nrf2 gene deletion, Nrf2 pharmacological activators
and Nrf2 gene overexpression, but only few of these approaches
were clinically tested. Specific pharmacological activators of
Nrf2, including epigallocatechin 3-gallate, oltipraz, sulforaphane,
curcumin and 1-[2-cyano-3, 12-dioxooleana-1, 9(11)-dien-28-
oyl] imidazole (CDDO-Im), induce the expression and activity
of Nrf2 both in vitro and in vivo (Shin et al., 2009; Yu et al.,
2011; Xu et al., 2012; Gao et al., 2013). The epigallocatechin
3-gallate-induced activation of Nrf2 in liver and adipose tissue
of obese mice improves lipidemic control, decreases oxidative
products generation, and reduces body mass, insulin and glucose
levels (Sampath et al., 2017). Interestingly, knockout mice for
the Keap-1 protein exhibit similar features, including suppression
of high-fat diet-induced obesity and decreased deposition of
lipids and cholesterol in the liver (Slocum et al., 2016).
Of importance, improvement of metabolic profile is closely
associated with improved cardiovascular function (da Costa et al.,
2016; Neves et al., 2018).

A recent study demonstrated that the Nrf2 activator
sulforaphane, during revascularization procedures in
metabolically compromised individuals, has the potential to
suppress the progression of intimal hyperplasia. In addition,
Nrf2 activation attenuates leptin-induced proliferation of VSMCs
in the diet-induced obesity scenario (Shawky et al., 2016).

Natural compounds are also promising elements in Nrf2
activation during obesity. As an example, Zeng et al. (2015)
observed that curcumin, a natural Nrf2 activator, suppresses
oxidative stress, inflammation and hypertrophy induced by
treatment of cardiac cells with free fatty acids. Similarly,
high-fat diet induced oxidative stress, inflammation, fibrosis,
hypertrophy and tissue remodeling are attenuated by curcumin
treatment. These benefits are closely associated with increased
Nrf2 expression and activity, as well as reduced ROS generation
(Zeng et al., 2015).

Deletion of the Nrf2 gene is expected to increase ROS
generation and to aggravate the phenotypes of obesity. Nrf2
knockout mice show increased ROS generation, deposition of
fatty acids in the liver and increased expression of genes related
to the synthesis of lipids and cholesterol (Tanaka et al., 2008).
Consistent with these findings, our group showed that obesity in
mice favors vascular oxidative stress by increasing the expression
of the downregulatory proteins of Nrf2, Keap-1 and Bach-1
(Costa et al., 2017).
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Nrf2 in adipose tissue function and metabolic syndrome
has also been examined. Xue et al. (2013) determined the
role of Nrf2 in the development of obesity and associated
metabolic disorders, using Nrf2-knockout mice on a leptin-
deficient ob/ob background, a model with an extremely
positive energy balance. In obese mice, ablation of Nrf2,
globally or specifically in adipocytes, reduces white adipose
tissue mass. However, Nrf2 deletion results in even more
severe metabolic syndrome with aggravated insulin resistance,
hyperglycemia, and hypertriglyceridemia. In addition, when
compared to wild-type mice, the white adipose tissue of obese
mice expresses substantially higher levels of many genes related
to antioxidant response, inflammation, adipogenesis, lipogenesis,
glucose uptake, and lipid transport (Xue et al., 2013). These
findings support a role for Nrf2 in regulating adipose tissue
development and function, insulin sensitivity, glucose and
lipid homeostasis.

In contrast to the above-mentioned study, Nrf2 knockout
mice treated with a high-fat diet tend to gain less body mass
and display increased insulin sensitivity and glucose tolerance.
In addition, they do not exhibit increased glucose, cholesterol,
or plasma triglycerides. Of importance, the altered metabolic
phenotype of Nrf2- knockout mice on high-fat diet is associated
with higher expression and abundance of fibroblast growth
factor 21 (FGF21), a novel hormone that regulates energy
metabolism, glucose tolerance and adipose tissue expansion
(Chartoumpekis et al., 2011).

The complex roles of Nrf2 in adipogenesis and adipose
tissue functions were recently examined by adipose tissue-specific
ablation of Nrf2 in mice. This condition is associated with
a transient delayed increase of body weight in high-fat diet-
fed mice. However, the benefit is eventually suppressed after
prolonged feeding. The phenotypic changes induced by adipose
tissue-specific ablation of Nrf2 also extend to the whole-body
level, reducing blood glucose and altering the expression of
genes involved in glucose, lipid and energy metabolism (Zhang
et al., 2016). These findings are consistent with those of previous
studies using Nrf2 knockout mice (Pi et al., 2010; Xu J. et al.,
2015) and provide additional mechanistic insights into the role
of Nrf2 as an important mediator of glucose, lipid and energy
metabolism. To date there are no studies showing direct effects
of Nrf2 deletion on cardiovascular function.

The apparent contradictory role of Nrf2 protecting mice from
obesity and insulin resistance in conditions of Nrf2 deficiency
in comparison to Nrf2 pharmacological activation, may be
explained by the observations that Nrf2 deficiency leads to a mild
increase in the levels of ROS, which stimulate the antioxidant
system in a manner similar to the Nrf2 activators (reviewed in
Bocci et al., 2014). Another possible explanation is that Nrf2
activators also regulate non-Nrf2 signaling pathways to modulate
glucose and lipid metabolism. The same is true for Keap-1, the
Nrf2 repressor protein, which may also have Nrf2-independent
effects on transcription factors and, consequently, on metabolic
homeostasis (Huang et al., 2012). Controversial results on the
role of Nrf2 in obesity may be linked to differences in the
pathophysiological characteristics of obesity (such as diet content
or time under obesity conditions), as well as specific genetic

characteristics. Table 1 summarizes the contribution of Nrf2
signaling in different obesity conditions. Further studies are
required to explore this apparent discrepancy on the role of
Nrf2 in obesity.

The Nrf2/Keap1/ARE signaling pathway also represents a
mechanism by which the gut microbiome activates a wide
range of host signaling and homeostatic processes (reviewed
in Murota et al., 2018). The intestinal microbiome and its
metabolites display a pivotal role in host physiological processes
including immune, metabolic, neurological, and nutritional
homeostasis (reviewed in Lynch and Pedersen, 2016). Many
of these physiological processes are under influence of ROS
generation in the gut epithelia. Alterations in the gut microbiota
have recently emerged as major triggers of abnormalities in the
integrity of the intestinal barrier, facilitating blood translocation
of bacteria and uremic toxins, systemic inflammation and adverse
outcomes in obesity and diabetes (reviewed in Belizário et al.,
2018). Nrf2 activation in intestinal barrier leads to upregulation
of antioxidant enzymes, thereby strengthening the cell’s ability
to neutralize several types of free radicals (Zheng et al.,
2018). In addition, the relationship between bacterial-dependent
ROS generation and Nrf2 pathway activity was recently
revealed by observations that lactobacilli-induced and Nox1-
mediated generation of ROS evokes Nrf2-dependent activation
of cytoprotective antioxidants genes (Jones et al., 2015). In fact,
microbe-induced ROS generation and activation of Keap1/Nrf2/
ARE signaling may contribute to our understanding on the
mechanisms involved in the genesis of obesity and diabetes,
comorbidities associated with increased cardiovascular risk.

Nrf2 AND TYPE 2 DIABETES MELLITUS

There is abundant evidence that oxidative damage caused by
free radicals contributes to the pathogenesis and progression
of type 2 diabetes mellitus and its complications (reviewed in
Dandona et al., 1996; Brownlee, 2001 and Giacco and Brownlee,
2010). Only recently, however, has the role of the Nrf2/Keap-
1/ARE pathway in the pathophysiology of this condition and the
wide range of its complications, such as diabetic nephropathy
and impaired cutaneous wound healing begun to be elucidated
(Jiménez-Osorio et al., 2014; reviewed in Uruno et al., 2015;
Long et al., 2016). Furthermore, as noted in an excellent and
recent review on Nrf2 (David et al., 2017), this pathway is
implicated in diabetic damage to the pancreas (Yagishita et al.,
2014) and heart (Li et al., 2009). There are promising results
provided by animal studies and clinical trials suggesting that
activation of this pathway can delay or even reverse type 2
diabetes mellitus-associated dysfunctions (Ichikawa et al., 2009;
Uruno et al., 2013).

A consistent alteration in diabetic patients is the presence of
endothelial dysfunction, which precedes the development
of diabetes-associated vascular complications and may
explain, in part, the increased cardiovascular risk in this
condition. Endothelial dysfunction in diabetes is associated
with enhanced vascular contractility, oxidative stress and
vascular inflammation (Zakkar et al., 2009; Tabit et al., 2010
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TABLE 1 | Nrf2 signaling and actions in obesity and atherosclerosis animals models.

Genotype
strain mice

Metabolic and body
parameters

Atherosclerotic
plaque

Diet / feeding time
period

Effect on Nrf2 and target
genes

References

Male C57BL/6J HFD vs. LFD
↓ glycaemia and
body weight.

HFD + E-75 vs. LFD
↔ glycaemia and
body weight.

Not assessed LFD (10% calories from
fat) or HFD (45%
calories from fat), and
HFD + E-25 or HFD +
E-75 for 17 weeks.

HFD vs. LFD
↔ Nrf2 nuclear fraction in
the liver.

HFD + E-75 vs. LFD
↑ Nrf2 nuclear fraction and
HO-1 protein expression.

Sampath et al. (2017)

Male C57BL/6J WT
and Keap1-hypo

HFD Keap1-hypo vs. HFD
WT
↓ glycaemia, hepatic
triglyceride and body weight.

Not assessed SD (10 kcal % fat) or
HFD (60 kcal % fat) for
90 days.

Keap1-hypo vs. WT
↑ NQO-1 mRNA.

Slocum et al. (2016)

Male C57BL/6J HFHS+SFN vs. HFHS
↓ glycaemia, weight gain,
plasma leptin, plasma insulin,
cLDL and triglycerides.

HFHS+SFN vs. HFHS
↓ neointima formation
in the injured femoral
artery.

SD (10% calories from
fat and 72% from
carbohydrate) or
HFHS diet (40%
calories from fat, 42%
from carbohydrate and
0.15% w/w
cholesterol), and
HFHS + SFN for
8 weeks.

SFN induces Nrf2
activation.

Shawky et al. (2016)

Male C57BL/6J HFD curcumin vs. HFD
↔ triglycerides, LDL,
cholesterol total and body
weight.

Not assessed SD or HFD, and HFD +
curcumin treatment for
8 weeks.

HFD curcumin vs. HFD
↑ Nrf2, HO-1 and NQO-1
gene and protein
expression in the
myocardium.

Zeng et al. (2015)

Male C57BL/6J WT;
Nrf2+/+:ob/ob;
Nrf2−/−:ob/ob and
Adipocyte-specific
Nrf2-KO

Nrf2−/−:ob/ob vs.
Nrf2+/+:ob/ob
↓ weight gain and white
adipose tissue;
↑ insulin resistance,
triglycerides, glycaemia.

Adipocyte-specific Nrf2-KO
and Nrf2−/−:ob/ob mice
have a similar phenotype.

Not assessed SD for 11 weeks. WT vs. Nrf2+/+:ob/ob
↑ HO-1 and NQO-1 mRNA.

Xue et al. (2013)

Male C57BL/6J WT
and Nrf2−/−

Nrf2-/- HFD vs. HFD WT
↓ weight gain, basal glucose,
insulin resistance, leptin.
↑ triglycerides.

Not assessed SD (10 kcal % fat) or
HFD (60 kcal % fat) for
180 days.

HFD WT vs. SD WT
↑ Nrf2 mRNA.

Chartoumpekis et al.
(2011)

Male adipose-specific
Nrf2-KO (NK) and Nrf2
control (NC)

NK HFD vs. NC HFD
↓ weight gain, basal glucose.
↔ cholesterol, leptin, free
fatty acid.

Not assessed SD (5.55% kcal
soybean oil and 4.44%
kcal) or HFD (5.55%
kcal soybean oil and
54.35% kcal) for 14
weeks.

NK mice has a reduction in
adipose tissue Nrf2
expression

Zhang et al. (2016)

Male C57BL/6J WT
and Nrf2−/−

Nrf2−/− HFD vs. WT HFD, 12
weeks
↓ weight gain, adipose tissue.

Not assessed Regular diet (11% fat)
or HFD (41% fat) for 4,
8, and 12 weeks.

Not assessed Pi et al. (2010)

Male Lepob/ob (OB) and
Nrf2/Lepob/ob (OB-Nrf2
KO)

OB-Nrf2 KO vs. OB, 8 weeks
↓ body weight, adipose
tissue, glucose tolerance.
↑ VLDL/triglycerides hepatic
secretion, triglycerides,
cholesterol.
↔ not-fasting glucose.

Not assessed SD for 4, 8, and
12 weeks.

Not assessed Xu J. et al., 2015

(Continued)
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TABLE 1 | Continued

Genotype
strain mice

Metabolic and body
parameters

Atherosclerotic
plaque

Diet / feeding time
period

Effect on Nrf2 and
target genes

References

Male C57BL/6J WT
and Nrf2−/−

Not assessed Not assessed SD and Carotid artery
treatment with oxPAPC
for 6 h and 24 h.

WT + oxPAPC vs. WT
↑ HO-1 and NQO-1
expression.

Jyrkkänen et al. (2008)

Female
HO-1−/−:ApoE−/− and
HO-1+/+:ApoE+/+

↔ cholesterol. ↑ Atherosclerotic lesion
formation.

Western Diet (1.25%
cholesterol and 21%
fat) for 8 weeks.

Not assessed Yet et al. (2003)

Male Nrf2−/−:ApoE−/−

and
Nrf2+/+:ApoE−/−

↓ cholesterol, VLDL in
Nrf2−/−:ApoE−/− irradiated.

↔ Atherosclerotic
lesion at 3 and
5 weeks.
↓ atherosclerotic
plaque at 12 weeks in
Nrf2−/−: ApoE−/−.

HFD (1.25%
cholesterol) for 3, 5,
and 12 weeks.

↓ HO-1 expression in
Nrf2+/+: ApoE−/− with
HFD at 12 weeks.

Harada et al. (2012)

Male LDLr−/− and
LDLr−/− transplanted
with Nrf2−/− BM
(Nrf2+/+ BM)

↔ cholesterol, triglycerides. ↑ Lesion, necrotic cord. SD or HFD. HFD-fed Nrf2−/− vs.
Nrf2+/+ BM mice
↓ NQO-1, catalase,
Gpx-1.

Collins et al. (2012)

Male C57BL/6J WT
and Nrf2−/−

Not informed Nrf2−/−

↑ neointimal formation.
SD for 4 weeks. Nrf2 depletion. Ashino et al. (2013)

Male C57BL/6J WT
and Nrf2−/−

Not informed Nrf2−/−

↑ neointimal formation
after femoral injury.

SD. Femoral artery injury
WT
↑ Nrf2.
↓ Keap1.

Ashino et al. (2016)

↔, not altered; ↓, decreased; ↑, increased; Adipocyte-specific Nrf2-KO, mice with Nrf2 deletion only in adipose tissue; ApoE−/−, knockout mice to apolipoprotein E;
BM, bone marrow; cLDL, cholesterol fraction of the Low density lipoprotein; E-25 and E-75, treatment with Epigallocatechin-3-gallate 25 and 75 mg/kg, respectively;
Gpx-1, glutathione peroxidase 1; HFD, high fat diet; HFHS + SFN, HFHS diet-fed mice that receive SFN treatment; HFHS, high fat high sugar diet; SFN, sulforaphane;
HO-1, Hemeoxygenase 1; Keap1-hypo, hypomorphic Keap1 allele mice; LDL, low density lipoprotein; LDLr−/−, knockout mice to low density lipoprotein receptor;
Lepob/ob or ob/ob, leptin-deficient mice; LFD, low fat diet; NQO-1, NAD(P)H:Quinone Oxidoreductase 1; Nrf2, Nuclear factor-like 2; Nrf2−/−:ob/ob mice, Nrf2 knockout
and leptin-deficient mice; Nrf2-KO or NRF2−/−, knockout mice to Nrf2; oxPAPC, oxidized 1-palmitoyl-2-arachidonoyl-sn-glycero-phosphocholine; SD, standard diet;
WT, wild type mice.

and Hamilton and Watts, 2013). The importance of Nrf2 and
its downstream elements in the control of vascular function in
diabetes has become increasingly apparent and is reinforced by
multiple studies using many of the same agents for protection
from conditions other than diabetes. Bardoxolone methyl, a
synthetic small molecule activator of the Nrf2/Keap-1 pathway,
improves structural and functional changes in animal models of
renal disease (Wu et al., 2011; Chin et al., 2013). Its therapeutic
potential was extended to clinical trials in type 2 diabetic patients
with chronic kidney disease (Pergola et al., 2011). The recent
studies published by Tan and Sharma’s group demonstrated
that the bardoxolone analog, dh404, at low doses, attenuates
atherosclerosis in diabetic Apolipoprotein E (ApoE) knockout
mice (Tan et al., 2014) and protects against diabetes-induced
endothelial dysfunction, both in vivo and in vitro (Sharma et al.,
2017). Considering that endothelial dysfunction, which is the first
step in the development of vascular complications in diabetes, is
accompanied by pro-oxidative and pro-inflammatory processes,
the atheroprotective effects of dh404 could be mediated by
improvement of the endothelial function. In agreement with
these observations, increased Nrf2 activity induced, for example,
by bardoxolone or sulforaphane, abrogates augmented vascular
contraction (Alves-Lopes et al., 2016; Sharma et al., 2017) and
attenuates reduced vasodilation in diabetic mice (Lu et al., 2017).

One proposed mechanism for the improvement of endothelial
function following Nrf2 activation is the increased expression of
a subunit of the BK (big potassium or large conductance, Ca2+-
activated potassium) channel, the BK-β1, and its attenuated
degradation (Lu et al., 2017), a process commonly accelerated
by diabetes-induced oxidative stress (Li et al., 2017). Other
mechanisms include reduced systemic and vascular oxidative
stress as well as increased nitric oxide (NO) bioavailability
(Liu et al., 2016; Pereira et al., 2017). Beyond this immediate
homeostatic response, long-term consequences of Nrf2 activity
have also been described as important culprits of micro-
and macrovascular complications associated with diabetes.
Accordingly, the literature describe functional connections
between Nrf2 and signaling pathways involving nuclear factor-
κB (NF-κB), p53, ERK5, mTOR46, heat shock proteins, activator
protein-1 (AP-1) and Notch homolog 1, translocation-associated
(Drosophila) (NOTCH1) (Hwang et al., 2017). This implies
that Nrf2 modulates many cellular activities, beyond its
immediate homeostatic and cytoprotective actions, influencing
processes as diverse as inflammation, proliferation, apoptosis, cell
differentiation, tissue regeneration and even metabolism. In fact,
decreased activation of Nrf2 is observed in experimental diabetic
cardiomyopathy, along with a decrease in the downstream
activity of antioxidant enzymes and increased oxidative stress
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(Wang et al., 2017). In this sense, activation of the Nrf2 system
attenuates vascular remodeling by decreasing proliferation,
migration, and fibrotic processes. These effects are mediated
by reduced metalloproteinase activity and decreased protein
expression of adhesion molecules and TNF-α (Wang et al., 2014;
Choi et al., 2015).

Such widespread protective effects of Nrf2 might constitute
the underlying mechanism involved in the progression of
diabetes-associated complications. These results have also
provided strong support for the development of new potent
enhancers of Nrf2 activity for the prevention and treatment
of many diseases in which both inflammatory and oxidative
processes have a key pathogenic role.

Nrf2 AND ATHEROSCLEROSIS

Atherosclerosis, a progressing inflammatory disease produced
by many risk factors, such as diabetes, hypertension, and
hyperlipidemia, is one of the major cardiovascular diseases,
which, together with myocardial infarction and coronary heart
disease, will account for more than 20 million deaths in
2030 (reviewed in Yahagi et al., 2016). Even though much is
known about the mechanisms that result in the formation of
atherosclerotic plaque, the processes are not entirely understood.

During the atherogenesis process, the build-up of lipids in the
arterial intima triggers several changes in the microenvironment
of the arterial wall, such as the formation of fatty streaks,
endothelial dysfunction, recruitment and activation of immune
cells and VSMCs proliferation (reviewed in Raggi et al.,
2018). Recruitment and retention of inflammatory cells lead

to persistent production of cytokines and ROS that contribute
to the progression of atherosclerotic lesion (reviewed in
Koelwyn et al., 2018). Increased ROS induces the oxidation
of low-density lipoprotein (LDL) to ox-LDL that contributes
to oxidative stress and foam cell formation in the arterial
wall, aggravating the atherosclerotic plaque formation (reviewed
in Koelwyn et al., 2018). In this scenario, the transcription
factor Nrf2 is considered a protective signaling molecule, since
it induces the expression of many antioxidant genes that
may attenuate atherosclerosis progression (Jyrkkänen et al.,
2008; reviewed in Guerrero-Hue et al., 2017). For instance,
deficiency of GPX-1, a Nrf2 target gene, in mice increases
ox-LDL-induced foam cell formation and leads to amplified
proliferative activity of peritoneal macrophages, indicating that
this gene is atheroprotective (Cheng et al., 2013). Moreover,
atherosclerotic lesion development and oxidative stress are
accelerated in HO-1 deficient ApoE knockout mice (Yet et al.,
2003). Deletion of HO-1 in macrophages increases lipid build-
up and foam cell formation and, consequently, the production
of ROS and pro-inflammatory cytokines (Orozco et al., 2007).
Cheng et al. found that HO-1 expression is increased in
vulnerable plaque from patients with symptomatic carotid
artery disease and this increase correlates with unstable plaque
phenotype. These findings indicate that HO-1 is a major
regulator of advanced atherosclerotic lesion progression (Cheng
et al., 2009). However, it is not clear whether the induction
of HO-1 is a compensatory atheroprotective response, trying
to reduce increased levels of ROS in the plaque, or if it
contributes to increased plaque vulnerability. Therefore, more
studies are necessary to understand the role of HO-1 in advanced
atherosclerotic plaque stage.

FIGURE 1 | Mechanisms involved in the actions of reactive oxygen species that lead to metabolic diseases and cardiovascular risk development. Metabolic diseases
are closely associated with increased generation of reactive oxygen species (ROS) due to reduced Nrf2 antioxidant activity. This phenomenon culminates in
target-organ damage and metabolism disorders, such as adipogenesis and adipose tissue inflammation, increased production of hepatic cholesterol, decreased
insulin secretion, insulin resistance, loss of integrity of vascular tone control, endothelial dysfunction and atheroma formation, all contributing to increased
cardiovascular risk. Nrf2 activation by several agents reduces ROS levels, decreasing metabolic damage and reducing cardiovascular risk.
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On the other hand, Nrf2 gene deletion in ApoE knockout
mice decreases atherosclerotic lesions at a late stage, whereas it
does not affect atherosclerotic lesions in earlier stages (Harada
et al., 2012). These observations suggest that Nrf2 inhibition
may be atheroprotective in advanced plaques. Additionally,
Ishii et al. observed that oxidized lipids induce Nrf2-dependent
CD36 scavenger receptor expression in macrophages, resulting
in intracellular accumulation of ox-LDL (Ishii et al., 2004).
However, deletion of Nrf2 in myeloid cells of LDL receptor
knockout mice (LDLr−/−) exacerbates atherosclerotic lesions
and increases pro-inflammatory genes expression (Collins
et al., 2012), indicating that Nrf2 activity in myeloid cells
and macrophages modulates the pro-inflammatory vascular
milieu associated with atherosclerosis. These conflicting
findings demonstrate that Nrf2 may also exhibit pro-
atherogenic functions, depending on atherosclerotic lesion stage
or animal model.

The accumulation of lipids into the vascular intima is
related to oxidative and pro-inflammatory stress that result
in endothelial cells dysfunction (reviewed in Sitia et al.,
2010). Pro-inflammatory cytokines contribute to monocytes
recruitment into the intima by inducing expression of endothelial
adhesion molecules and chemokines. Nrf2 activity reduces
the inflammatory response in endothelial cells. Ox-LDL-
induced expression of vascular cellular adhesion molecule-
1 (VCAM-1) and intracellular adhesion molecule-1 (ICAM-
1) is reduced by a HO-1 inducer (Zhang et al., 2013).
Furthermore, Nrf2/ARE pathway suppresses TNF-α-induced
expression of redox-sensitive inflammatory genes, including
monocyte chemoattractant protein (MCP)-1 and VCAM-
1 (Chen et al., 2006). These results indicate that Nrf2
activation is atheroprotective due to its antioxidant and anti-
inflammatory actions that limit the deleterious effects imposed by
hyperlipidemic and inflammatory processes to endothelial cells.

Nrf2 anti-atherogenic effects have also been linked to its
modulatory effects on migration and proliferation of VSMCs.
PDGF-induced VSMCs migration is increased by Nrf2 depletion,
and Nrf2-deficient mice exhibit higher neointimal hyperplasia, as
shown in a wire injury model (Ashino et al., 2013). Nrf2 control of
neointima hyperplasia may be linked to the ability of Nrf2/Keap-1
system to regulate VSMCs apoptosis and, consequently, to inhibit
neointimal hyperplasia after vascular injury (Ashino et al., 2016).
Also, increased expression of Nrf2 target genes reduces VSMCs
proliferation (Duckers et al., 2001; Kim et al., 2009). Moreover,
Nrf2 activity is important to maintain VSMCs phenotype (Xu
M. et al., 2015) and the activation of Keap-1/Nrf2/NQO1
pathway attenuates VSMCs calcification circulating calciprotein
particles (CPP)-induced VSMCs calcification (Aghagolzadeh
et al., 2017). Taken together, these studies indicate that Nrf2 may
protect against atherogenesis by decreasing VSMCs migration,
proliferation, calcification and vascular remodeling.

In recent years, microRNAs (non-coding small RNAs)
were identified as key regulators in the cellular events and
molecular signaling pathways involved in atherosclerosis
(reviewed in Feinberg and Moore, 2016). Multiple microRNAs
that participate in cholesterol homeostasis (miR-33), macrophage
activation (miR-155), endothelium dysfunction (miR-146),

VSMCs proliferation (miR-221), and other processes that lead
to plaque progression have already been identified (reviewed in
Feinberg and Moore, 2016). In this context, the Nrf2 system and
microRNAs can establish regulatory loops and influence vascular
responses to oxidative and inflammatory injury. Accordingly,
Nrf2 and miR93 regulate endothelial glycolysis, proliferation,
and quiescence by Krüppel-like Factor 2 (KLF2)- and vascular
endothelial growth factor A (VEGFA)-dependent mechanisms
(Kuosmanen et al., 2017). Moreover, oxidized palmitoyl-
arachidonoyl-phosphatidylcholine (Ox-PAPC)- induced HO-1
expression is partially dependent on miR-320a in endothelial
cells (Schrottmaier et al., 2014). However, the role of microRNAs
in the Nrf2 system and their implications in atherogenesis need
to be further explored.

In conclusion, anti-oxidant and anti-inflammatory effects
of Nrf2 play an essential modulatory role in the formation
and progression of atherosclerotic lesions, regulating functional
and structural vascular responses. However, additional studies
are necessary to explain the discrepant results related to the
role of Nrf2 in the different stages of plaque progression. The
interactions between microRNAs and Nrf2 target genes during
atherosclerosis development also deserve further investigation.

CONCLUSION

Activation of the Nrf2-dependent antioxidant system plays an
important role in cell defense against oxidative stress damage,
whereas the insufficiency of the Nrf2 system is associated with
multiple aspects of the genesis and progression of metabolic
diseases, posing a great risk to the cardiovascular system
(Figure 1). The systemic increase of Nrf2 activity by several
activators may be beneficial in the treatment of metabolic
diseases. In addition, selective upregulation of Nrf2 genes
may represent a potential therapy in obesity, diabetes and
atherosclerosis. Looking to the future, experimental research that
elucidates the role of Nrf2 activation in specific tissues, such as
adipose tissue, liver, pancreas and others, is important for better
understanding of the multiple roles of Nrf2. Additional studies
may also provide new redox balance-targeted therapy for the
treatment of metabolic diseases and consequent mitigation of
cardiovascular risk.
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Depression is an incapacitating neuropsychiatric disorder. The serotonergic system in the 
brain plays an important role in the pathophysiology of depression. However, due to 
delayed and/or poor performance of selective serotonin reuptake inhibitors in treating 
depressive symptoms, the role of the serotonergic system in depression has been recently 
questioned further. Evidence from recent studies suggests that increased inflammation 
and oxidative stress may play significant roles in the pathophysiology of depression. The 
consequences of these factors can lead to the neuroprogression of depression, involving 
neurodegeneration, astrocytic apoptosis, reduced neurogenesis, reduced plasticity 
(neuronal and synaptic), and enhanced immunoreactivity. Specifically, increased 
proinflammatory cytokine levels have been shown to activate the kynurenine pathway, 
which causes increased production of quinolinic acid (QA, an N-Methyl-D-aspartate 
agonist) and decreases the synthesis of serotonin. QA exerts many deleterious effects on 
the brain via mechanisms including N-methyl-D-aspartate excitotoxicity, increased oxidative 
stress, astrocyte degeneration, and neuronal apoptosis. QA may also act directly as a 
pro-oxidant. Additionally, the nuclear translocation of antioxidant defense factors, such 
as nuclear factor (erythroid-derived 2)-like 2 (Nrf2), is downregulated in depression. Hence, 
in the present review, we discuss the role of QA in increasing oxidative stress in depression 
by modulating the nuclear translocation of nuclear factor (erythroid-derived 2)-like 2 and 
thus affecting the synthesis of antioxidant enzymes.

Keywords: oxidative stress, depression, serotonin, quinolinic acid, tryptophan, Nrf2

INTRODUCTION

Depression is a heterogeneous mood disorder characterized by mood alterations, anhedonia, 
low self-esteem, social withdrawal, feelings of guilt, idiopathic pain, loss of interest in enjoyable 
activities, and suicidal tendencies. According to the World Health Organization, more than 
300 million people currently have depression and approximately 800,000 individuals with 
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depression commit suicide every year. Suicide due to depression 
is the second leading cause of death among individuals 
16–25  years of age (WHO, 2018).

Various antidepressants are available for the clinical treatment 
of depression, including typical antidepressants, atypical 
antidepressants, monoamine oxidase inhibitors, and selective 
serotonin reuptake inhibitors. These drugs’ mechanism of action 
aligns well with the monoamine theory of depression. This 
theory states that decreased levels of serotonin in the synaptic 
cleft in various brain regions correspond to increased activity 
of the monoamine degrading enzyme and decreased synthesis 
of serotonin by serotonergic neurons, ultimately leading to 
depression (Cowen and Browning, 2015).

Although advancements in medical research have 
contributed to increase depression treatment options, one-third 
of patients do not respond to conventional drug therapies. 
Given this, there is a pressing need to elucidate the 
pathophysiology of depression so that new pathways can 
be  explored for the investigation of novel therapeutics. 
Emerging evidence from various clinical and preclinical 
studies has revealed that oxidative stress and increased activity 
of immune factor cascades play significant roles in the 
pathophysiology of depression (Liu et al., 2015; Kohler et al., 
2016). Maes et  al. were the first to report that abnormal 
activation of the immune system and hypothalamic-pituitary-
adrenal axis hyperactivity occur in depression. Additionally, 
decreased serotonin has been implicated in depression as a 
consequence of cell-mediated immune activation leading to 
decrease availability of plasma L-tryptophan (a precursor 
for serotonin synthesis). Tryptophan is a common substrate 
for the kynurenine pathway (KP) and serotonin synthesis 
pathway (methoxyindole pathway). Activation of indoleamine 
2,3-dioxygenase (IDO), a rate limiting enzyme of the KP 
in the brain and periphery, results in decreased tryptophan 
availability (Maes et  al., 1991, 1993; Maes, 1993). Interferon 
(IFN)-γ is the major inducer of IDO while tumor necrosis 
factor-α, interleukin (IL)-6, IFN-β, and IFN-α also activate 
IDO to some extent. Many studies have found a positive 
link between neuroinflammation and IDO expression in 
neurodegenerative diseases and depression (Sapko et al., 2006; 
Kim et  al., 2012; Dobos et  al., 2015).

Tryptophan metabolism via the KP results in the production 
of a neurotoxin, quinolinic acid (QA), and a neuroprotective 
compound, kynurenic acid (KA). KA binds to the glutamate 
recognition site of the N-methyl-D-aspartate (NMDA) receptor 
and antagonizes it, while QA binds to the glycine site of the 
NMDA receptor with agonistic properties. Thus, KA prevents 
excitotoxicity induced by NMDA overstimulation. Kynurenine 
is the first metabolite of the KP and is catalyzed by IDO. 
IDO enhances the activity of the kynureninase enzyme, which 
catalyzes the breakdown of kynurenine to anthranilic acid. 
However, kynureninase also prevents the activity of kynurenine 
aminotransferase (KAT), which catalyzes the formation of 
neuroprotective KA from kynurenine. Eventually, the breakdown 
of kynurenine is linked to neurotoxic QA production and 
reduced KA production (Réus et  al., 2015).

Imbalance in the levels of QA and KA has been reported 
in patients with major depressive disorder (MDD). Furthermore, 
increased levels of QA exert neurotoxic effects in the brain 
of patients with depression (explained in the next section) 
(Myint et al., 2012). Studies conducted by three different groups 
have shown that QA acts as a pro-oxidant and is associated 
with oxidative stress (Behan et  al., 1999; Santamaría et  al., 
1999; Rossato et al., 2002). Although QA is an NMDA receptor 
agonist, QA-induced oxidative stress occurs in both NMDA-
dependent and independent fashion and requires further 
exploration (Orlando et  al., 2001; Behan and Stone, 2002; 
Guillemin, 2012).

A key factor crucial to combat increased oxidative stress 
is nuclear factor (erythroid-derived 2)-like 2 (Nrf2). Nrf2 is 
a basic leucine zipper protein factor that acts as a master 
regulator of oxidative stress, maintains redox homeostasis, and 
provides protection against oxidative stress by transcribing 
various antioxidant enzymes. More specifically, studies have 
also shown downregulation of Nrf2  in depression and that 
Nrf2 activators, such as sulforaphane and its precursor 
glucoraphanin, exert antidepressive-like effects in depression 
(Martín-de-Saavedra et  al., 2013; Yao et  al., 2016).

In the present review, we  discuss the role of QA, which 
might act as a pro-oxidant by impeding Nrf2 activity, an 
antioxidant protein implicated in clinical depression. Research 
on these two factors and their role in depression has led 
to emerging insight into the neuroprogression theory of 
depression and potential novel pharmacotherapeutics for 
its treatment.

THE KP AND GLIAL CELLS  
IN DEPRESSION

The KP is a metabolic pathway of tryptophan both in the 
periphery and central nervous system (CNS). In the periphery, 
90% of tryptophan is found in the unbound form while 10% 
is bound to albumin. Only the free form of tryptophan can 
be  transported through the blood-brain barrier (Jones et  al., 
2013). Tryptophan is metabolized to kynurenine by tryptophan 
2,3-dioxygenase or IDO, a rate limiting enzyme of the KP. 
Tryptophan 2,3-dioxygenase catalyzes tryptophan catabolism 
in the liver and contributes to the peripheral levels of tryptophan, 
whereas IDO catalyzes tryptophan metabolism extrahepatically. 
In inflammatory conditions, IDO is induced by proinflammatory 
cytokines and shifts tryptophan metabolism to kynurenine. 
Kynurenine is further metabolized via three branches to KA, 
anthranilic acid, and QA by the enzymatic activity of KAT, 
kynureninase, and kynurenine monooxygenase, respectively. As 
shown in Figure 1, kynurenine is metabolized to KA through 
branch 1, to anthranilic acid through branch 2, and to 3-hydroxy 
kynurenine through branch 3. 3-Hydroxykynurenine is further 
metabolized to 3-hydroxyanthranilic acid in the presence of 
kynureninase. Finally, 3-hydroxyanthranilic acid is metabolized 
to QA in the presence of 3-hydroxyanthranilate 3,4-dioxygenase. 
Anthranilic acid formed via branch 2 is readily metabolized 
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to 3-hydrocyanthranilic acid through non-specific hydroxylase, 
which further contributes to the synthesis of QA (Lima, 1998).

Glial cells, i.e., astrocytes and microglia, play a significant 
role in the development and proper function of the adult brain. 
Astrocytes are crucial for the formation and maturation of 
synapses, receptor trafficking, control of the homeostasis of ions 
and energy metabolites, and clearance of neurotransmitters for 
maintenance of the neuronal microenvironment (Araque et  al., 
2014; Dallérac and Rouach, 2016). Astrocytes and microglia 
have been found to play a potential role in inflammatory and 
neurodegenerative diseases as they act as both source and target 
of various inflammatory cytokines. Increased astrogliosis and 
microgliosis have been observed in several neurological and 
neurodegenerative disorders such as CNS injury, brain tumors, 
Huntington’s disease, stroke, epilepsy, Parkinson’s disease, or 
Alzheimer’s disease, whereas no astrogliosis takes place in 
depression. Postmortem studies have revealed considerably 
reduced number and packing density of astrocytes in subjects 
with depression compared to age-matched normal controls 
(Cotter et  al., 2002; Gittins and Harrison, 2011). In addition, 
immunohistochemical analysis of glial fibrillary acidic protein, 
an astrocytic marker, revealed a significantly reduced area covered 
by glial fibrillary acidic protein-positive cell bodies and processes 
in various brain regions of young patients with depression 
compared to a control group (Müller et  al., 2001; Fatemi et  al., 
2004; Miguel-Hidalgo et  al., 2010; Gittins and Harrison, 2011; 
Chandley et al., 2013). In a recent preclinical study by Mendoza 
et  al. (2018), reduced number and complexity of astrocytes in 
the dentate gyrus region of the hippocampus was seen in a 
restraint stress mouse model of depression. Contrary to this, 

animal studies have shown a clear increase in microglial activity 
in depressed rodents. Mice subjected to lipopolysaccharide 
(LPS)-induced microglial activation showed depressive-like 
behaviors (Henry et  al., 2008). In a clinical study by Setiawan 
et  al. (2015), significant elevation in the brain translocator 
protein density, a marker of microglial activation and 
neuroinflammation, was found in the prefrontal cortex, anterior 
angulate cortex, thalamus, hippocampus, dorsal putamen, and 
ventral striatum in patients with MDD compared to healthy 
controls. The mechanism by which activated microglia induce 
depression is through activation of microglial IDO and a further 
signaling pathway, i.e., the KP. Psychological stress, increased 
glucocorticoid levels, increased inflammatory cytokines, mainly 
IFN-γ but also tumor necrosis factor-α, IL-6, and their inducers 
such as LPS, activate microglial IDO (Kiank et al., 2010; Dantzer 
et  al., 2011; Vaváková et  al., 2015). Microglial KP-mediated 
depression is supported by clinical studies where IFN-α-induced 
immunotherapy increased peripheral and central KP metabolites. 
The severity of depressive-like symptoms is positively correlated 
with increased tryptophan metabolism (Capuron et  al., 2003; 
Raison et  al., 2010; Savitz, 2017). Additionally, postmortem 
studies of patients with unipolar depression have shown elevated 
number of QA-positive microglia in the subgenual anterior 
cingulate gyrus and anterior mid-cingulate cortex (Steiner et al., 
2011). 1-Methlytryptophan (an inhibitor of IDO) and ketamine 
(an NMDA antagonist) significantly decreased depressive-like 
behavior by inhibiting QA-mediated NMDA signaling in rodents 
in an LPS-induced depression model (Aan Het Rot et  al., 2012; 
Dobos et  al., 2015). These findings revealed the prominent role 
of the KP in astrocytes and microglia in depression (Figure 2).

FIGURE 1 | Schematic representation of tryptophan-kynurenine pathway. IDO, indoleamine 2,3-dioxygenase; TDO, tryptophan 2,3-dioxygenase; KMO, kynurenine 
monooxygenase; KYNU, kynureninase; 3-HAO, 3-hydroxyanthranilate 3,4-dioxygenase; QPRT: quinolinate phosphoribosyl transferase.
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QUINOLINIC ACID IN DEPRESSION

QA is a neurotoxic compound involved in the neuroprogression 
of depression. Neuroprogression is a term inclusive of the 
various stages of neurodegeneration including apoptosis, reduced 
neurogenesis, reduced plasticity (neuronal and synaptic), and 
increased immunoreactivity (Berk et al., 2011). Various dynamics 
are involved in the neuroprogression of depression, including 
disturbances in the serotonergic system, increased inflammation 
and cell-mediated immunity, oxidative and nitrosative stress, 
and neurotoxic compound production (Vaváková et  al., 2015; 
Ruiz et  al., 2018). QA is one such neurotoxic compound that 
acts as an NMDA receptor agonist and elicits excitotoxic 
damage via glutamatergic activation of neurons and astrocytes 
(Zhou et  al., 2013).

The serotonin theory of depression asserts that “depression 
is a mood disorder characterized by decreased levels of 
monoamines, i.e., serotonin in the brain as a consequence 
of the increased activity of monoamine degrading enzyme, 
i.e., MAO or reduced serotonin synthesis” (Delgado, 2000). 
The reduced synthesis of serotonin accounts for the activation 
of the KP, as a consequence of increased inflammatory cascades 
in the brain (Ball et al., 2007). Critically, the fate of tryptophan 
depends on proinflammatory factor levels in the brain. During 
stress, the levels of circulating and brain proinflammatory 
cytokines (IL-6, IL-β, tumor necrosis factor-α, and IFN-γ) 
increase (Lanquillon et  al., 2000; Kaestner et  al., 2005; 

Thomas et  al., 2005). This increase activates IDO and thus 
shifts tryptophan metabolism toward the tryptophan-KP 
(Leonard, 2010). Under basal conditions, kynurenine is 
metabolized predominantly to KA in astrocytes, the glia cells 
responsible for maintenance of homeostasis within the brain. 
KAT catalyzes the synthesis of KA from kynurenine and is 
not responsive to increased inflammation as are other enzymes 
of the KP. KAT is predominantly expressed in astrocytes 
(Rossi et  al., 2008). During neuroinflammation, kynurenine 
metabolism shifts toward QA synthesis in microglia due to 
microglial activation (Delgado, 2000). Increased kynurenine 
levels and kynurenine monooxygenase expression are associated 
with neuroinflammation, characterized by activation of 
microglia and inflammatory cascades in the CNS. This shift 
from the methoxyindole pathway toward the KP increases 
the levels of the deleterious metabolite, QA, in the brain 
during increased neuroinflammation (Yan et  al., 2015).

IDO-directed activity of pro-inflammatory cytokines (IL-6, 
IFN-α, and IFN-γ) can outpace KA synthesis by inhibiting 
KAT. A clinical study by Savitz et  al. revealed reduced KA/
QA levels in the cerebrospinal fluid (CSF) of patients with 
depression, MDD, and remitted patients with MDD compared 
to healthy individuals (Savitz et  al., 2015). Additional studies 
have also shown a negative correlation between hippocampal 
and amygdala volume and increased QA levels in patients 
with bipolar disorder (Savitz et al., 2015). Another study reported 
that QA and IL-6 levels in the CSF are positively correlated 

FIGURE 2 | Tryptophan metabolism in astrocytes, microglia and 5HT neuron. Tryptophan, precursor of serotonin is transported to brain with the aid of non-specific 
competitive L-type amino acid transporters. At homeostatic conditions tryptophan is metabolized to KA in astrocytes and 5HT in serotonergic neurons. KA is an 
NMDA and α7nAch receptor antagonist, hence acts as anti-excitotoxic and anticonvulsant, thus provide neuroprotection. Increased activation of inflammatory 
cascades either by psychological stress and LPS activates microglia (microgliosis). Increased inflammation due to psychological stress or LPS activates the enzymes 
of neurotoxic branch of kynurenine pathway in microglia. This leads to increased production of QA. Psychological stress and activation of inflammatory cascades 
diverts the metabolism of tryptophan towards QA. This shift hampers the neuroprotection provided by KA and decreases synthesis of 5HT in serotonergic neurons 
thus contribute to the depression pathophysiology. TRP, tryptophan; IDO, indoleamine-2,3-dioxygenase; KAT, kynurenine aminotransferase; TRPOH, tryptophan 
hydroxylase; AAADC, aromatic L-amino acid decarboxylase; 5HT, serotonin; 5HTP, 5-hydroxytryptophan; QA, quinolinic acid; KA, kynurenic acid; KYN, kynurenine; 
3HK, 3-hydroxykynurenine; 3HAA, 3-hydroxyanthranilic acid; KMO, kynurenine monooxygenase; KYNU, kynureninase;  
3HAO, 3-hydroxyanthranilate 3,4-dioxygenase.
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with suicide attempts in patients with MDD. Clinical and 
postmortem studies with individuals who had attempted to 
commit suicide have shown clear increase in the levels of QA 
in the brain (Erhardt et  al., 2013; Brundin et  al., 2016). In a 
preclinical study by Laugeray et  al. (2011), tryptophan was 
found to be  metabolized to QA in the amygdala and striatum 
but not in the cingulate cortex. Furthermore, peripheral 
catabolism of tryptophan to kynurenine was found to increase 
in a murine model of depression, resulting in lower availability 
of plasma tryptophan to the brain (Laugeray et  al., 2011).

Given the relationship between QA and depression, the 
next question that arises is how QA serves as an oxidative 
stress modulator. QA is not only excitotoxic but also a modulator 
of oxidative stress (Kubicova et  al., 2013). Specifically, QA 
increases reactive oxygen species (ROS) by increasing the 
excitotoxicity of the NMDA receptor (Guillemin, 2012; Schwarcz 
et  al., 2012). QA-induced toxicity can be  mediated through 
both NMDA-dependent and independent mechanisms. In line 
with this, studies have shown that at pathological concentrations 
(i.e., 10–40  μM), QA forms complexes with iron (Fe) via the 
Fenton reaction and thus increases ROS levels (Stipek et  al., 
1997; Iwahashi et al., 1999; Müller et al., 2007; Kubicova et al., 
2013). In a study by Goda et  al. (1996), it was found that 
the QA-Fe2+ complex causes cell death via hydroxyl ion-induced 
DNA chain breakage and lipid peroxidation. QA also enhances 
free radical production by inducing nitric oxide synthase activity 
in neurons and astrocytes and also increases poly(ADP-ribose) 
polymerase and extracellular lactate dehydrogenase activities 
and impairs mitochondrial function (Braidy et al., 2010; Pérez-De 
La Cruz et  al., 2010). QA has also been found to impair the 
activity of endogenous antioxidant enzymes. In a study by 
Rodríguez-Martínez et  al. (2000), intrastriatal injection of QA 
reduced the activity of reduced glutathione and cytosolic copper/
zinc superoxide dismutase, whereas it increased the levels of 
oxidized glutathione. Melatonin and deprenyl, potent free radical 
scavengers, prevented QA-induced oxidative stress via NMDA 
receptor-independent action and also elevated antioxidant 
enzyme levels (Behan et  al., 1999; Antunes Wilhelm et  al., 
2013). Increased brain microglial density was reported by a 
postmortem study with individuals who had attempted to 
commit suicide (Steiner et  al., 2008). In addition, microglial 
QA levels have also been shown to be  upregulated in the 
brain of patients with depression (Steiner et  al., 2011). In 
their study with patients with depression, Meier et  al. found 
a positive correlation between a decreased KA/QA ratio in 
the CSF and reductions in gray matter volume in the rostral 
and subgenual anterior cingulate cortex in the medial prefrontal 
cortex (Meier et  al., 2016). Patients with bipolar disorder were 
found to have decreased KA levels in the hippocampus and 
amygdala compared with healthy controls (Savitz et  al., 2015). 
A recent meta-analysis by Ogyu et al. (2018) revealed increased 
QA levels and decreased KA and kynurenine levels in patients 
with depression. Additionally, at pathological concentrations 
(i.e., 10–40  μM), QA reduces metabolic and physical buffering 
of neurons by instigating astrocytic apoptosis and thus hampering 
protection to neurons from ROS and inflammatory processes 
that lead to neurodegeneration (Grant and Kapoor, 1998). 

Given this, constraining the activity of QA may reduce the 
neuroprogression of depression and thus serve as a potential 
target for its pharmacotherapeutic treatment.

Nrf2  IN DEPRESSION

Nrf2, also known as NFE2L2, is a redox-sensitive transcription 
factor. It is a basic leucine zipper protein factor that belongs 
to the cap “n” collar subfamily. It plays an important role in 
the body’s endogenous antioxidant defense system by 
maintaining the intracellular redox homeostasis that when 
dysregulated, triggers oxidative stress (Moi et  al., 1994). Nrf2 
transcribes various antioxidant enzymes to protect against 
oxidative stress induced by injury and/or inflammation. Under 
physiological conditions, Nrf2 is retained in the cytosol in a 
dormant form via tethering to Kelch-like ECH associated 
protein-1 (Keap-1), an adaptor for the cullin-3/Rbx complex. 
Keap-1, in association with cullin-3/Rbx, causes ubiquitination 
and finally causes proteasomal degradation of Nrf2. Given 
this, Nrf2 is highly unstable at physiological conditions due 
to its negative regulation by Keap-1 (Dhakshinamoorthy and 
Jaiswal, 2001). In inflammatory and oxidative stress conditions, 
Nrf2 translocates to the nucleus after dissociating from Keap-1 
and binds to antioxidant response element, also referred to 
as electrophile responsive element. Transcription of electrophile 
responsive element target genes that encode phase-II antioxidant 
proteins such as GCLC, NOQ1, and HO-1; detoxifying enzymes, 
antiapoptotic proteins, and proteasomes are then enhanced 
(Figure 3; Niture et  al., 2014).

Of special relevance here, studies have shown that 
downregulation of Nrf2 occurs in depression. In a recent study 
by Bouvier et  al. (2016), rats that were exposed to persistently 
stressful conditions became progressively more vulnerable to 
depression due to persistent oxidative stress. This oxidative 
stress was found to be caused by diminished nuclear translocation 
of Nrf2, which prevented the transcription of antioxidants and 
detoxifying enzymes. In an in vitro study by Rojo et al. (2008), 
GSK-3β downregulated Nrf2  in neuronal cultures, providing 
a possible mechanism of inability to combat oxidative stress 
under persistent oxidant exposure (Figure 3).

The neurotrophic hypothesis of depression proposes that 
depression is also accompanied by decreased neurotrophic support, 
which is primarily linked to the brain-derived neurotrophic 
factor (BDNF) protein. A recent study reported that BDNF-
deficient mice were more susceptible to stress-induced oxidative 
damage, indicating a direct link between oxidative stress and 
BDNF levels (Hacioglu et al., 2016). Bouvier et al. (2016) reported 
a positive correlation between BDNF and Nrf2 levels in rodents 
vulnerable to depression. In a study by Mendez-David et  al. 
(2015), a positive correlation between BDNF and Nrf2  in the 
hippocampus of corticosterone-treated depressed rats was 
established. Besides depression, reduced levels of Nrf2 have 
further been noted in hippocampal astrocytes in patients with 
Alzheimer’s disease (Ramsey et  al., 2007). Furthermore, when 
Nrf2 knockout mice were treated with corticosterone, they 
exhibited significant changes in prefrontal cortex neurotransmitter 
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levels, including serotonin, glutamate, and dopamine, compared 
to wild-type controls (Mendez-David et  al., 2015).

In addition to its role in neurotransmission and depression, 
Nrf2 is also linked to neuroprotection. Nrf2 protects neurons 
from the deleterious effects of oxidative and nitrosative stress 
and inflammatory cytokines by regulating astrocytic enzymes 
integral to glutathione redox signaling (Habas et  al., 2013; 
Baxter and Hardingham, 2016). In a recent study by Yao et  al. 
(2016), mice exhibiting depression-like behavior were found 
to have decreased levels of Keap-1 and Nrf2 protein in the 
prefrontal cortex, CA3, and dentate gyrus compared to controls. 
The authors also found that pre-treatment with dietary 
sulforaphane and 0.1% glucoraphanin (Nrf2 modulators) during 
the juvenile and adolescent stages prevented emergence of 
depression-like behavioral phenotypes in animals exposed to 
repeated social defeat stress (Yao et  al., 2016). Additionally, 
Freitas et  al. (2016) found that agmatine, an endogenous 
metabolite of L-arginine, protects corticosterone-induced 
apoptotic cell death and ROS production in hippocampal 
neuronal cells via induction of Nrf2. This group further evaluated 
the antidepressant potential of agmatine in a corticosterone 
mouse model of depression. Agmatine showed antidepressant 
properties in Nrf2(+/+) mice via induction of Nrf2 and BDNF 
and was unable to reverse the depression-like effect in Nrf2 
knockout (Nrf2(−/−)) mice. Agmatine also prevented morphological 
changes in astrocytes and microglia in the CA1 region of the 
hippocampus of Nrf2(−/−) mice (Freitas et  al., 2016).

Nrf2 is predominantly expressed in astrocytes. In studies by 
Calkins et  al. (2004, 2010), specific Nrf2 activation in astrocytes 
provided protection against malonate and 3-nitropropionic acid 
induced mitochondrial complex II inhibition-mediated 

neurotoxicity both in vitro and in vivo. Additionally, the presence 
of tert-butyl hydroquinone (tBHQ; an Nrf2 activator) was unable 
to buffer against oxidative stress in pure neuronal cultures, 
whereas in a mixed culture of astrocytes and neurons, tBHQ 
caused Nrf2 activation and provided protection from oxidative 
stress (Bell et al., 2015). In another complimentary study conducted 
by (Kraft, 2004), similar in vitro results were reported wherein 
the pharmacological activation of mixed cultures by tBHQ 
protected against oxidative stress, whereas specific inhibition of 
Nrf2  in astrocytes reduced the protection. Although Nrf2 is 
predominantly expressed in astrocytes, overactivation of Nrf2  in 
astrocytes is protective in various neurogenerative diseases such 
as Parkinson’s disease (Chen et  al., 2009), amyotrophic lateral 
sclerosis (Vargas et  al., 2008), Huntington’s disease (Shih et  al., 
2005), and multiple sclerosis (Draheim et  al., 2016). In another 
study, overactivation of neuronal Nrf2 was found to be protective 
in Alzheimer’s disease (Vargas et  al., 2013), suggesting potential 
neural involvement. Collectively, these findings indicate that 
astrocytic activation of Nrf2 may be a potent pharmacotherapeutic 
target in various CNS diseases.

New findings on the role of Nrf2  in various CNS diseases 
have shown that Nrf2 is also important in the regulation of 
neuroinflammation that arises as a consequence of oxidative 
stress in the brain. In a study by Martín-de-Saavedra et  al. 
(2013), Nrf2 was shown to reverse depression symptoms via 
an anti-inflammatory mechanism. This study also found that 
depletion of Nrf2 caused inflammation-induced depressive 
symptoms that were reversed by treatment with an anti-
inflammatory drug, rofecoxib. Furthermore, this study also found 
that sulforaphane treatment in an LPS-induced inflammatory 
mouse model of depression increased nuclear translocation of 

FIGURE 3 | Nrf2/ARE pathway during basal and stressed conditions. During homeostatic conditions Nrf2 remains in tethering with Keap1 and Cul3-Rbx1-E2 
ligase and undergoes proteasome degradation through ubiquitination. In normal brain functioning, mild ROS production dissociates Nrf2 from Keap1 and 
translocate it to the nucleus. After nuclear translocation, it binds with ARE to transcribe genes of various antioxidants enzymes to combat deleterious effects  
of ROS. On contrary during chronic stress, increased activity of inflammatory cascades and GSK-3β increased Nrf2 proteasome degradation via ubiquitination. Nrf2, 
nuclear factor (erythroid-derived 2)-like 2; Keap1, Kelch-like ECH associated protein-1; Cul-3, cullin 3; ROS, reactive oxygen species; ARE, antioxidant response 
element; Rbx1, ring box-1; E2, E2 ubiquitin-conjugating enzyme; Ub, ubiquitin.
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Nrf2 and led to antidepressant-like effects (Martín-de-Saavedra 
et  al., 2013). Also in the same study, Nrf2(−/−) animals displayed 
a reduction in BDNF expression in the hippocampus, 
demonstrating a prospective relationship between the neurotropic 
factor and Nrf2. Suggesting a potential mechanism for these 
effects of Nrf2, in a recent study by Kobayashi et  al. (2016), 
Nrf2 was found to be an upstream regulator of cytokine production 
via inhibiting transcriptional upregulation of proinflammatory 
cytokine genes and thus decreased the levels of proinflammatory 
cytokines. Thus, Nrf2 exerts anti-inflammatory and antioxidant 
effects on biological systems. Collectively, the studies discussed 
here strongly suggest an essential role for Nrf2  in depression, 
pointing at the induction of Nrf2 as a potential target in the 
investigation of novel antidepressant drugs.

INTERACTIONS BETWEEN QA  
AND Nrf2  IN DEPRESSION

As suggested by the studies outlined previously, both QA and 
Nrf2 play substantial, and probably opposite, roles in the etiology 
of depression. While QA has been shown to contribute to 
depression, Nrf2 likely protects against depression. Given this, 
it is important to understand whether QA and Nrf2 are directly 

associated. To date, only two known in vitro studies have 
examined the direct relationship between QA and Nrf2 (Tasset 
et al., 2010; Colín-González et al., 2014). Suggesting a potential 
mechanism for this, Tasset et al. (2010) reported that exposure 
to QA abolished nuclear translocation of Nrf2  in rat striatal 
tissues. Nuclear translocation of Nrf2  in QA-treated striatal 
slices was noted after tBHQ (a Nrf2 modulator) treatment 
(Tasset et  al., 2010). This indicates that QA abolishes Nrf2 
translocation in the nucleus.

An additional study by Colín-González et al. (2014) reported 
that striatal slices from Nrf2(−/−) animals were more vulnerable 
to the oxidative damage caused by QA than were wild-type 
tissues. In mouse striatum slices, QA treatment after 1  h was 
found to stimulate Nrf2 nuclear translocation, while after 3  h, 
it was found to decrease Nrf2 translocation and phase II enzymatic 
activity and increase lipid peroxidation. Enhanced Nrf2  
nuclear translocation may thus represent a compensatory 
mechanism for QA-induced oxidative stress, while downregulation 
of Nrf2 might contribute to cellular oxidative damage.  
Further, Nrf2(−/−) animals were found to be  less responsive to 
QA-induced toxicity compared to wild-type animals (Colín-
González et al., 2014). In a recent study by Ferreira et al. (2018), 
KA prevented QA-induced oxidative imbalance, mitochondrial 
dysfunction, and decreased Nrf2 levels in striatal slices.  

FIGURE 4 | Interaction between QA and Nrf2 in depression. In chronic stress conditions, increased proinflammatory cytokines lead to microgliosis. Increased 
proinflammatory cytokines activate IDO (enzyme catalyzing first rate-limiting step of KP) and shift tryptophan metabolism from serotonin synthesis to KP in microglia. 
Elevated levels of QA further increases oxidative stress through NMDA agonistic activity and secondly might be through directly inhibiting nuclear translocation of 
Nrf2 and hence causes increased proteasome degradation of Nrf2 which ultimately led to decreased antioxidant levels and increased oxidative stress. QA also 
causes degeneration of astrocytes thus hampering protection and nutritional support to neurons. All this together lead to degeneration of 5HT neurons and 
decreased 5HT synthesis which results in depression. On the other hand mild oxidative stress stabilizes Nrf2 and increases Nrf2 transcribed antioxidant enzymes. 
IDO, indoleamine-2,3-dioxygenase; KP, kynurenine pathway; QA, quinolinic acid; KA, kynurenic acid; Nrf2, nuclear factor (erythroid-derived 2)-like 2; 5HT, serotonin.
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The NADPH inhibitor, apocynin, prevented QA-induced decrease 
in antioxidant levels such as glutathione, γ-GCL, and GPx 
activities and Nrf2 mRNA levels which is involved in the 
maintenance of antioxidant levels (Cruz-Álvarez et  al., 2017).

Apart from NMDA-induced excitotoxicity by QA, studies 
have also shown that QA exerts toxic effects by increasing 
the oxidant-to-antioxidant ratio. Specifically, QA alters the ratio 
of reduced glutathione to oxidized glutathione and hinders 
the activity of other antioxidants, such as Cu and zinc-superoxide 
dismutase (Rodríguez-Martínez et  al., 2000). However, Nrf2 
protects against these pro-oxidant effects by increasing the 
transcription of various cytoprotective antioxidant genes such 
as GSH. For example, Harvey et  al. (2009) demonstrated that 
Nrf2 is protective against oxidative stress by maintaining the 
glutathione redox state via transcriptional regulation of 
glutathione reductase. As noted previously, pathological 
concentrations of QA can cause astrocytic apoptosis, limiting 
the role of these cells in protecting neurons from ROS and 
other pro-inflammatory processes, thus causing 
neurodegeneration (Grant and Kapoor, 1998). In sum, Nrf2 
protects against the deleterious effects of oxidative and nitrosative 
stress and inflammatory cytokines on neurons by cytoprotection 
of astrocytes via regulation of enzymes belonging to the 
glutathione redox system (Habas et  al., 2013; Baxter and 
Hardingham, 2016). Based on the aforementioned studies, there 
may also be  a direct link between QA and Nrf2,  wherein QA 
constrains Nrf2 nuclear translocation. Further  examining this 
process may serve as a viable potential target for the development 
of pharmacological treatments for depression  (Figure 4).

CONCLUDING REMARKS

A growing body of preclinical and postmortem evidence has 
revealed that depression is often accompanied by hippocampal 

and prefrontal cortex neuronal atrophy. Decreased neuronal 
activity and plasticity across multiple brain regions have also 
been noted in clinical and modeled depression. Collectively, 
these morphological changes and altered neuronal functions 
may be  due to increased oxidative stress, which contributes 
to neuronal and glial atrophy in depression. Specifically, the 
role of QA in mediating these changes and the broader 
pathophysiology of depression has become a subject of clinical 
and preclinical studies. A decreased KA/QA ratio has been 
noted in the CSF of remittent patients with depression. Moreover, 
QA is an endogenous toxin that also acts as a pro-oxidant 
and leads to the neuroprogression of depression. Furthermore, 
QA is linked to the activity of Nrf2, an endogenous antioxidant 
transcription factor. While the contributions of Nrf2 to CNS 
diseases have been understudied, it has been reported that 
Nrf2 is both a potent antioxidant transcription factor and also 
has anti-inflammatory effects that may be  responsible for its 
antidepressant properties. Hence, further study of the associations 
among QA, Nrf2, and oxidative stress may provide novel insight 
into the neuroprogression and etiology of depression.
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Nrf2 Plays a Protective Role Against 
Intravascular Hemolysis-Mediated 
Acute Kidney Injury
Alfonso Rubio-Navarro 1*†‡, Cristina Vázquez-Carballo 1†, Melania Guerrero-Hue 1†, 
Cristina García-Caballero 1, Carmen Herencia 1, Eduardo Gutiérrez 2, Claudia Yuste 2, 
Ángel Sevillano 2, Manuel Praga 2, Javier Egea 3,4,5, Pablo Cannata 6, Isabel Cortegano 7, 
Belén de Andrés 7, María Luisa Gaspar 7, Susana Cadenas 8, Patrycja Michalska 3,4, 
Rafael León 3,4, Alberto Ortiz 1, Jesús Egido 1 and Juan Antonio Moreno 1,9*
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Terapéutica, Facultad de Medicina, UAM, Madrid, Spain, 5 Hospital Santa Cristina, Madrid, Spain, 6 Pathology Department, 
Fundación Instituto de Investigaciones Sanitarias-Fundación Jiménez Díaz, Autónoma University, Madrid, Spain, 
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Massive intravascular hemolysis is associated with acute kidney injury (AKI). Nuclear factor 
erythroid-2-related factor 2 (Nrf2) plays a central role in the defense against oxidative 
stress by activating the expression of antioxidant proteins. We investigated the role of 
Nrf2 in intravascular hemolysis and whether Nrf2 activation protected against hemoglobin 
(Hb)/heme-mediated renal damage in vivo and in vitro. We observed renal Nrf2 activation 
in human hemolysis and in an experimental model of intravascular hemolysis promoted 
by phenylhydrazine intraperitoneal injection. In wild-type mice, Hb/heme released from 
intravascular hemolysis promoted AKI, resulting in decreased renal function, enhanced 
expression of tubular injury markers (KIM-1 and NGAL), oxidative and endoplasmic 
reticulum stress (ER), and cell death. These features were more severe in Nrf2-deficient 
mice, which showed decreased expression of Nrf2-related antioxidant enzymes, including 
heme oxygenase 1 (HO-1) and ferritin. Nrf2 activation with sulforaphane protected against 
Hb toxicity in mice and cultured tubular epithelial cells, ameliorating renal function and 
kidney injury and reducing cell stress and death. Nrf2 genotype or sulforaphane treatment 
did not influence the severity of hemolysis. In conclusion, our study identifies Nrf2 as a 
key molecule involved in protection against renal damage associated with hemolysis and 
opens novel therapeutic approaches to prevent renal damage in patients with severe 
hemolytic crisis. These findings provide new insights into novel aspects of Hb-mediated 
renal toxicity and may have important therapeutic implications for intravascular hemolysis-
related diseases.

Keywords: intravascular hemolysis, hemoglobin, heme, Nrf2, oxidative stress, tubular injury, sulforaphane
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INTRODUCTION

Recurrent and massive intravascular hemolysis induces renal 
toxicity, leading to acute kidney injury (AKI) and increasing the 
risk to develop chronic kidney disease (CKD) (Moreno et al., 
2012; Naik et al., 2014). Intravascular hemolysis is a common 
characteristic of diseases such as sickle cell disease (SCD), 
paroxysmal nocturnal hemoglobinuria, hemolytic uremic 
syndrome, thrombotic thrombocytopenic purpura, and surgical 
procedures, including cardiopulmonary bypass or percutaneous 
mechanical thrombectomy (Ballarin et al., 2011; Baddam et al., 
2017; Escobar et al., 2017; Mammen et al., 2017; Wetz et al., 2017; 
Guerrero-Hue et al., 2018).

Erythrocyte destruction leads to the release of hemoglobin 
(Hb) and heme-derived products to plasma, which are then 
filtered by kidney glomeruli and reabsorbed by the proximal 
tubular epithelium. Renal cell exposure to Hb and metabolites 
promotes side effects, such as inflammation, cell death, and 
oxidative stress characterized by lipid peroxidation and 
mitochondrial dysfunction (Balla et al., 1993; McFaul et al., 
1994; Reiter et al., 2002; Liu and Spolarics 2003; Gonzalez-
Michaca et al., 2004). Thus, in an oxidant milieu, heme-
derived iron group may be oxidized, producing hydroxyl and 
hydroperoxyl radicals (Gutteridge, 1986). These radicals are 
highly reactive and promote the formation of reactive oxygen 
species and subsequent lipid peroxidation and DNA damage (Jia 
et al., 2007; Buehler et al., 2010). Endoplasmic reticulum (ER) 
stress, a common form of cell stress, has recently emerged as 
a pathophysiologic mechanism underlying the renal damage 
associated with Hb and heme accumulation (Deuel et al., 2016; 
Feng et al., 2018). ER stress is generated by the accumulation 
of misfolded proteins in the ER, initiating the unfolded protein 
response (UPR) that also can be triggered by several insults 
such as inhibition of proteasome, hypoxia, and oxidative stress 
(Kim et al., 2008; Liu et al., 2019). UPR compensates stress 
maintaining cellular homeostasis and avoiding cell death. Heme 
induces ER stress by expression of activating transcription 
factor-4 (ATF4) as well as splicing of X-box binding protein-1 
(XBP1), promoting upregulation of targets such as CHOP (C/
EBP homology protein) (Gall et al., 2018). Administration of 
transferrin, hemopexin, and haptoglobin resulted in beneficial 
extravascular/intravascular hemolytic anemias (Buehler and 
Karnaukhova, 2018). However, it is necessary to unravel the 
pathogenesis of Hb-mediated renal damage to identify novel 
therapeutic targets to protect against AKI and subsequent 
progression to CKD.

Nuclear factor erythroid-2-related factor 2 (Nrf2) is a 
transcription factor that drives the expression of target genes 
involved in cellular defense against xenobiotics and cellular 
stress such as oxidative and ER stress (Itoh et al., 1997; 
Cullinan and Diehl, 2004; Chang et al., 2018). In these harmful 
conditions, Nrf2 is translocated into the nucleus and interacts 
with antioxidant response elements (AREs) to upregulate a 
battery of phase II and antioxidant enzymes, such as HO-1 (the 
enzyme that catalyzes heme degradation) and ferritin (involved 
in iron storage and with ferroxidase activity) (Tsuji et al., 
2000; Kobayashi and Yamamoto, 2006; Liu et al., 2009). Both 

proteins have been shown to be protective in heme-associated 
pathologies (Balla et al., 1992; Nath et al., 1992; Zarjou et al., 
2013). Several studies have shown that Nrf2 induction protects 
against oxidative stress and inflammation in AKI (Shelton 
et al., 2013; Zarjou et al., 2013). Interestingly, pharmacological 
activation of Nrf2/HO-1 pathway was found to significantly 
protect against rhabdomyolysis-induced AKI (Shelton et al., 
2013; Wang et al., 2014). Although Nrf2 activation has been 
postulated as a possible therapeutic target to treat diseases 
associated with intravascular hemolysis (Keleku-Lukwete et al., 
2015; Doss et al., 2016; Ghosh et al., 2016; Vasconcellos et al., 
2016; Belcher et al., 2017), additional studies are needed to 
unravel the specific effect of Nrf2 activation in kidney in this 
pathological setting. In the present study, we investigate the 
role of Nrf2 in Hb-induced AKI during intravascular hemolysis 
episodes in humans and in an experimental animal model 
resembling massive intravascular hemolysis. Nrf2 knockout 
mice showed more severe AKI. To further clarify the role of 
Nrf2 in AKI induced by intravascular hemolysis, we analyzed 
the expression of several Nrf2-related proteins. Finally, we also 
demonstrate that Nrf2 activation ameliorates AKI induced by 
intravascular hemolysis both in vivo and in cultured tubular 
epithelial cells, indicating that Nrf2 may be a therapeutic target 
for the treatment of these diseases.

MATERIAL AND METHODS

Human Renal Biopsy
We identified a renal biopsy from a 28-year-old patient with 
massive intravascular hemolysis secondary to percutaneous 
mechanical thrombectomy. At time of biopsy, the patient 
showed characteristics of AKI (sCr 9.78 mg/dl) and intravascular 
hemolysis (Hb 11 g/dl, platelets 180,000/µl, LDH 1,030 IU/L, and 
haptoglobin 5 mg/dl). Healthy kidney samples were obtained 
from non-tumor renal sections obtained after surgery in patients 
with kidney cancer and stored at the Instituto de Investigaciones 
Sanitarias-Fundacion Jimenez Diaz (IIS-FJD) biobank. Patients 
provided informed consent, and the biobank was approved by 
the IIS-FJD ethics committee.

Animal Model
Intravascular hemolysis was induced by the intraperitoneal 
administration of a freshly prepared phenylhydrazine solution 
(2 mg/10 g of body weight) in 12-week-old wild-type C57BL/6 
mice (Jackson Laboratory) or Nrf2-deficient mice (Nrf2−/−) 
(obtained from Dr. Susana Cadenas, CBMSO, Spain). Mice were 
housed in a pathogen-free, temperature-controlled environment 
with a 12-h/12-h light/dark photocycle and had free access 
to food and water. Phenylhydrazine hydrochloride (Sigma-
Aldrich) was dissolved in phosphate-buffered saline (PBS) at 
a concentration of 10  mg/ml, and the pH was adjusted to pH 
7.4 with NaOH. For Nrf2 activation, sulforaphane (12.5  mg/
kg of body weight, Cayman Chemical) was administrated 
intraperitoneally 48, 24, and 2 h before phenylhydrazine 
injection. At 24 h after phenylhydrazine injection, mice were 

239

https://www.frontiersin.org/journals/pharmacology#articles
https://www.frontiersin.org/journals/pharmacology/
www.frontiersin.org


Nrf2 Reduces Hemoglobin-Induced Renal DamageRubio-Navarro et al.

3 July 2019 | Volume 10 | Article 740Frontiers in Pharmacology | www.frontiersin.org

anesthetized (100 mg/kg of ketamine and 15 mg/kg of xylazine), 
saline perfused, and euthanized. Blood samples were collected 
for biochemistry analysis (ADVIA® 2400 Clinical Chemistry 
System, Siemens Healthcare) and hematological analysis (Scil 
Vet ABC hematology analyser; Scil). Urine samples were 
collected for measuring urinary creatinine (creatinine assay kit, 
Abcam). The presence of heme in tissue, blood, and urine was 
quantified with a commercial kit (MAK316, Sigma). Dissected 
kidneys were fixed in 4% paraformaldehyde and embedded in 
paraffin for histological studies or snap frozen for RNA and 
protein studies, as previously described (Moreno et al., 2011; 
Sastre et al., 2013). All reported experiments were conducted 
in accordance with the Directive 2010/63/EU of the European 
Parliament and were approved by a local Institutional Animal 
Care and Use Committee (IIS-FJD).

Immunohistochemistry/
Immunofluorescence
Paraffin-embedded kidneys were cross-sectioned into 3-μm-thick 
pieces, and immunohistochemistry/immunofluorescence was 
performed as previously described (Rubio-Navarro et al., 2016). 
Specific primary antibodies were rabbit anti-Hb (1:100 dilution, 
ab92492, Abcam), rabbit anti-HO-1 (1:200 dilution, ADI-
OSA-150-DEnzo Life technologies), rabbit anti-ferritin light 
chain (1:500 dilution, ab69090, Abcam), rabbit anti-phospho 
Nrf2 (1:50 dilution, bs-2013R, Bioss), Nrf2 (1:100 sc-722, 
Santa Cruz), rabbit anti-mouse 4-hydroxynonenal (4-HNE) 
(1:100, ab46545, Abcam), mouse anti-calnexin (1:100, 610523 
BD Biosciences), and mouse anti-BiP (1:100, sc376768, Santa 
Cruz). The biotinylated secondary antibodies were applied 
for 1 h. Avidin–biotin peroxidase complex (Vectastain ABC 
kit, PK-7200, Vector Laboratories) was added for 30 min. 
Sections were stained with 3,3′-diaminobenzidine or 3-amino-
9-ethyl carbazol (S1967, DAKO) and counterstained with 
hematoxylin. Images were taken with a Nikon Eclipse E400 
microscope (Japan) and Nikon ACT-1 software (Japan). In 
immunofluorescence studies, slides were incubated with Alexa 
488 as secondary antibodies (A11090, Invitrogen) and analyzed 
in an inverted confocal microscope (Leica TCS SP5). Nuclei 
were counterstained with 4′-6-diamidino-2-phenylindole 
(DAPI). Negative controls using the corresponding IgG were 
included to check for non-specific staining. Quantification of 
protein expression was performed using the Image-J software 
(National Institutes of Health, Bethesda, MD, USA) with similar 
acquisition settings in all tissues. Samples were examined in a 
blinded manner.

TUNEL Assay
The degree of apoptosis was assessed using a terminal 
deoxynucleotidyl transferase (TdT) dUTP nick-end labeling 
(TUNEL) assay. Detection of DNA fragmentation was performed 
using a kit from Roche Applied Sciences (06432344001, 
Indianapolis, IN, USA). A semi-quantitative analysis was 
performed by counting the number of TUNEL-positive cells per 
field in the renal tissue at ×400 magnification. At least 10 areas in 
the cortex per slide were randomly selected. The mean number 

of green colored cells in these selected fields was expressed as the 
number of TUNEL-positive cells.

Cell Culture
Proximal murine tubular epithelial (MCT) cells were cultured in 
RPMI 1640 (R0883, Sigma, MO, USA) supplemented with 10% 
decomplemented fetal bovine serum (FBS, F7524, Sigma, MO, 
USA), glutamine (2 mmol/L, G7513, Sigma, MO, USA), and 
penicillin/streptomycin (100 U/ml; P0781, Sigma, MO, USA) 
in 5% CO2 at 37°C. MCT cells were stimulated with Hb (0–500 
µg/ml, corresponding to 0–30 µM of heme molar equivalents) 
(H0267, Sigma) and hemin/heme (0–30 µM) (H9039, Sigma). 
Some cells were pre-treated with sulforaphane (SFN, 2 μM, 
Cayman Chemical) or tert-butyl hydroquinone (tBHQ, 1 µM) 
(112941, Sigma) for 16 h before Hb/heme stimulation.

Luciferase Assay in AREc32 Cell Cultures
Transformed MCF-7 breast cancer cells, stably expressing 
luciferase under the control of ARE sequences, AREc32 [kindly 
provided by Prof. Roland Wolf (University of Dundee, U.K.)], 
were cultured in DMEM with GlutaMAX and high glucose, 
supplemented with 1% penicillin-streptomycin (10,000 units), 
Geneticin (0.8 mg/ml), and 10% FBS at 37°C in a 5% CO2-
supplemented air atmosphere. Nrf2 was induced in AREc32 cells 
as previously described (Buendia et al., 2015). In brief, AREc32 
cells were seeded in 96-well white plates (2 × 104 cells/well). 
Twenty-four hours later, cells were treated with Hb (0–500 µg/ml, 
0–30 µM of heme molar equivalents) or heme (10 µM) for 
another 24 h. Thereafter, luciferase content was determined using 
a Luciferase Assay System (Promega E1500) and quantified in an 
Orion II microplate luminometer (Berthold, Germany).

RNA Extraction and Real-Time PCR
Total RNA from kidneys or cultured cells was isolated with TriPure 
reagent (Roche) and reverse transcribed with High Capacity 
cDNA Archive Kit (Applied Biosystems). Real-time PCR was 
performed on ABI Prism 7500 PCR system (Applied Biosystems, 
Foster City, CA, USA) using the DeltaDelta Ct method.

Expression of target genes was analyzed by real-time 
quantitative PCR using Taqman® gene expression assays for 
murine NGAL (Mm01324470_m1), KIM-1 (Mm00506686_m1), 
HO-1 (Mm00516005_m1), ferritin light chain (Mm03030144_
g1), Nrf2 (Mm 00477784_m1), catalase (Mm00437992_m1), 
and NQO1 (Mm01253561_m1) (Applied Biosystems, Foster 
City, CA, USA) and designed probes for Atf4 (forward-5′- 
GGGTTCTGTCTTCCACTCCA-3′, reverse-5′-AAGCAGCAG 
AGTCAGGCTTTC-3′), CHOP/Ddit3 (forward-5′-CCACCACA 
CCTGAAAGCAGAA-3′, reverse-5′-AGGTGAAAGGCAGGGA 
CTCA-3′), spliced XBP1 (sXBP1) (forward-5′-CTGAGTCCGA 
ATCAGGTGCAG-3′, reverse-5′-GTCCATGGGAAGATGTT 
CTGG-3′), ferritin heavy chain (forward-5′-AGACCGTGAT 
GACTGGGAGA-3′, reverse-5′-TGAAGTCACATAAGTGGG 
GATCA-3′), and GAPDH (forward-5′-TGCACCACCAACT 
GCTTAGC-3′, reverse-5′-GGCATGGACTGTGGTCATGAG-3′) 
(Fisher Scientific, Spain). Expression levels are given as ratios to 
eukaryotic 18S rRNA (VIC, 4310893E).
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Western Blot
Tissue samples were homogenized in lysis buffer (50 mM of 
Tris–HCl, 150 mM of NaCl, 2 mM of EDTA, 2 mM of EGTA, 
0.2% Triton X-100, 0.3% NP-40, 0.1 mM of PMSF, and 1 µg/ml 
of pepstatin A) and then separated by 10% SDS-PAGE under 
reducing conditions. After electrophoresis, samples were 
transferred to PVDF membranes (IPVH00010, Millipore, 
Bedford, MA, USA), blocked with 5% skimmed milk in 
TBS/0.5% v/v Tween 20 for 1 h, washed with TBS/Tween, and 
incubated with anti-HO-1 (1:2000 dilution, ADI-OSA-150-D 
Enzo Life Technologies), rabbit anti-ferritin light chain (1:500 
dilution, ab69090, Abcam), rabbit anti-ferritin heavy chain 
(1:1000 dilution, Thermo Fisher 701934), and anti-phospho Nrf2 
(1:1000 dilution, bs-2013R, Bioss). Antibodies were diluted in 
5% milk TBS/Tween. Blots were washed with TBS/Tween and 
incubated with anti-rabbit horseradish peroxidase-conjugated 
secondary antibody (1:2000, Amersham, Aylesbury, UK). After 
being washed with TBS/Tween, blots were developed with 
the chemiluminescence method (ECL Luminata Crescendo, 
WBLUR0500, Millipore) and scanned using the ImageQuant 
LAS-4000 (GE Healthcare). Blots were then probed with mouse 
monoclonal anti-α-tubulin antibody (1:5000, T6199, Sigma, 
MO, USA), and levels of expression were corrected for minor 
differences in loading. Quantification was expressed as arbitrary 
densitometric units (AU).

Assessment of Oxidative Stress
The molecular probe 2′,7′-dichlorodihydrofluorescein diacetate 
(H2DCFDA) (C6827; Invitrogen) was used to measure 
intracellular reactive oxygen species (ROS). Cells were incubated 
with H2DCFDA (5 µM) for 30 min, and ROS production was 
estimated using flow cytometry as previously reported (Rubio-
Navarro et al., 2018). To determine cell superoxide anion 
production, cells were assayed with dihydroethidium (DHE) 
(Invitrogen) (Sastre et al., 2013). To quantify mitochondrial 
superoxide production, cells were incubated with MitoSOX Red 
(0.5 µM) for 30 min in the dark. Nuclei were counterstained 
with DAPI. Cells were then analyzed using confocal microscope 
(Leica TCS SP5).

Cell Viability Assay
Cell viability was determined using the 3-[4,5-dimethylthiazol-
2-yl]-2,5 diphenyltetrazolium bromide (MTT, Sigma) colorimetric 
assay. After treatment, cells were incubated with 1 mg/ml of MTT 
in PBS for 1 h at 37°C. The resulting formazan crystals were dried 
and dissolved in dimethylsulfoxide. Absorbance (indicative of 
cell viability) was measured at 570 nm in a microplate reader 
(BMG Labtech Offenburg, Germany).

GSH Measurement
GSH quantification was performed as previously described 
(Kamencic et al., 2000). In brief, cells were incubated with 
monochlorobimane (100 µM) in free serum media for 45 min. Then, 
cells were washed twice with RPMI and treated for 6 h. Fluorescence 
intensity was measured in a Fluostar optima microplate reader 

(BMG Labtech Offenburg, Germany) at excitation and emission 
wavelengths of 410 and 485 nm, respectively.

Statistical Analysis
Data were expressed as mean ± SEM. Differences between groups 
were analyzed with the Kruskal–Wallis test and the Mann–Whitney 
U-test. p values <0.05 were considered significant. Statistical 
analysis was performed using SPSS 11.0 statistical software.

RESULTS

Nrf2 Is Activated in Human Kidney After 
Massive Intravascular Hemolysis
To determine whether Nrf2 is activated in kidneys as consequence 
of intravascular hemolysis, we performed histological studies in a 
patient with AKI-associated with intravascular hemolysis. Perls’ 
Prussian blue staining revealed iron accumulation in tubular 
cells compared with renal tissue from healthy donor (Figure 
1A). Immunofluorescence studies confirmed the presence of 
Hb within tubular cells, as well as Nrf2 phosphorylation and 
translocation to nuclei and induction of HO-1 expression as 
compared with those of healthy control (Figure 1B). In this 
patient, we also observed increased tubular cell death, determined 
by TUNEL staining (Figure 1B), and exacerbated oxidative 
stress, as determined by 4-hydroxynonenal (4-HNE) staining 
(Figure 1C) and presence of the endoplasmic reticulum stress 
markers BiP (binding immunoglobulin protein) (Figure 1D) 
and calnexin (Figure 1E). These results suggest that kidney Hb/
iron accumulation as a consequence of intravascular hemolysis 
promotes oxidative stress and tubular cell injury and further 
activation of Nrf2 in human disease.

Hb/Heme Induces Nrf2 Activation in 
Both AREc32 Cells and Cultured Tubular 
Epithelial Cells
To further explore how intravascular hemolysis modulates Nrf2 
activity, we studied whether Hb and heme directly induce Nrf2 
transcriptional activity in AREc32 cells. In these experiments, we 
observed that Hb or heme increased Nrf2-dependent luciferase 
reporter activity in a dose-dependent manner (Figure 2A and 
B). Moreover, we found that both Hb and heme induced Nrf2 
mRNA expression and Nrf2 nuclear translocation and reduced 
the intracellular levels of the Nrf2 repressor Keap1 in a time-
dependent manner in MCT (Figure 2C–H). Stimulation of MCT 
cells with Hb and heme increased mRNA and protein expression 
of two Nrf2-regulated proteins, HO-1 and ferritin subunits, heavy 
(FtH) (Supplemental Figure 3A–C) and light ferritin chain (FtL) 
(Figure 2I–L).These results suggest that intravascular hemolysis 
activates Nrf2 in the kidney via Hb and heme accumulation.

Nrf2 Is a Protective Factor Against Kidney 
Injury Induced by Intravascular Hemolysis
To determine whether Nrf2 plays a protective role against 
hemolysis-induced kidney injury, we set up a mouse model of 
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FIGURE 1 | Nuclear factor erythroid-2-related factor 2 (Nrf2) activation in a patient with massive intravascular hemolysis-associated acute kidney injury (AKI). 
(A) Representative image of Perls’ Prussian blue staining showing iron accumulation in the renal biopsy of a patient with massive intravascular hemolysis as 
compared with healthy control (200× upper panel, 400× lower panel). (B) Representative confocal microscopy images showing Hb accumulation (green, first 
row), terminal deoxynucleotidyl transferase (TdT) dUTP nick-end labeling (TUNEL)-positive cells (green, second row), phospho-Nrf2 (green, third row), and 
HO-1 (green, fourth row). Nuclei were stained with 4′-6-diamidino-2-phenylindole (DAPI) (blue); scale bar, 100 μm. B.1. Representative confocal microscopy 
images showing the presence of heme cast (red) and nuclear phospho-Nrf2 (green); scale bar, 50 μm. B.2. Representative serial immunofluorescence images 
showing nuclear Nrf2 translocation (phospho-Nrf2, green) in HO-1-rich areas. White circles indicate similar regions in serial immunostained sections. Scale bar, 
100 μm. (C) Representative image of 4-hydroxynonenal (4-HNE) staining (200× upper panel, 400× lower panel). Representative confocal microscopy images 
showing the presence of nuclear Nrf2 translocation (phospho-Nrf2, green) and the endoplasmic reticulum stress markers BiP (red, D) and calnexin (red, E). 
Scale bar, 50 μm.
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FIGURE 2 | Continued
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intravascular hemolysis induced by the intraperitoneal injection 
of phenylhydrazine in wild-type (Nrf2+/+) and Nrf2 knockout 
mice (Nrf2−/−) (Figure 3A). This is a well-established mouse 
model of AKI-associated with massive intravascular hemolysis 
promoted by phenylhydrazine-mediated lipid peroxidation of 
erythrocytes membranes, leading to the extracellular release of 
Hb and heme (Merle et al., 2018). In line with the human findings, 
we observed nuclear staining for phospho-Nrf2 (Ser40) (pNrf2) 
in kidneys from Nrf2+/+ mice with intravascular hemolysis 
(Supplemental Figure 1). Interestingly, our results show a decline 
of renal function (increase of serum creatinine and BUN levels) 
after induction of intravascular hemolysis in WT mice; and this 
was more severe in Nrf2−/− mice (Figure 3B and C). Similarly, 
we observed more severe histological changes (presence of 
intratubular debris, pyknotic nuclei from apoptotic cells, tubular 
epithelial cells into the lumen, and loss of nuclei in the tubular 
epithelium) and enhanced mRNA expression of the tubular injury 
biomarkers NGAL and KIM-1 in Nrf2−/− mice with intravascular 
hemolysis than in wild-type mice (Figure  3D–F). These data 
suggest that Nrf2 could be a protective factor against kidney injury 
promoted by intravascular hemolysis.

We next examined whether Nrf2 deficiency determines 
degree of systemic intravascular hemolysis. As expected, 
phenylhydrazine-injected mice showed a reduction in hematocrit 
and erythrocyte number, as well as an increased concentration 
of serum free Hb and heme, but no significant differences were 
observed between Nrf2+/+ and Nrf2−/− mice (Figure 3G–K). 
Hemolysis also promoted a similar renal accumulation of Hb 
and heme between mice strains, mainly in tubular cells (Figure 
3L–N). Altogether, these data reveal that Nrf2 did not prevent 
erythrocyte lysis or Hb accumulation after the intravascular 
hemolysis episode.

Nrf2 Protects From Kidney Oxidative 
Stress and Cell Death Promoted by 
Intravascular Hemolysis
To fully address the mechanism involved in Nrf2-mediated renal 
protection against intravascular hemolysis, we characterized 
oxidative stress and cell death, pathogenic processes characteristic 
of this scenario (Gutteridge, 1986; Gonzalez-Michaca et al., 
2004). Intraperitoneal phenylhydrazine injection increased renal 
levels of 4-HNE, a marker of lipid peroxidation (Figure 4A), and 
decreased kidney GSH contents (Figure 4B). These effects were 
more severe in Nrf2−/− than in wild-type mice. Recently, ER 
stress has been shown as a new mechanism underlying the renal 

toxicity induced by Hb and heme accumulation (Deuel et al., 
2016; Feng et al., 2018). We observed an increase in expression 
of UPR-related proteins such as CHOP, ATF4, and sXBP1 in 
kidney from WT mice injected with Phe. However, Nrf2−/− mice 
injected with phenylhydrazine showed a higher induction of 
these UPR-related genes (Figure 4C). Renal tubule cell death is an 
important consequence of Hb accumulation, leading to AKI and 
renal failure in patients with intravascular hemolysis (Guerrero-
Hue et al., 2017). Therefore, we explored the potential beneficial 
effect of the Nrf2 transcription factor on cell death prevention. 
Intraperitoneal injection of phenylhydrazine induced tubular cell 
death, as determined by TUNEL-positive staining, in wild-type 
mice, an effect that was significantly increased in Nrf2−/− mice 
(Figure 4D).

Next, to unravel the mechanism involved in Nrf2 protection, 
we analyzed the expression of some Nrf2-regulated genes, such 
as HO-1 and ferritin, which are implicated in the intracellular 
degradation of toxic heme (Stocker, 1990). Intravascular hemolysis 
upregulated HO-1 and both ferritin subunits, light ferritin 
(FtL) (Figure 5A–F) and heavy ferritin (FtH) (Supplemental 
Figure 3D). However, this compensatory response, consisting of 
heme-related and anti-oxidant proteins, was attenuated in Nrf2−/− 
as compared with wild-type mice, despite the more severe injury in 
Nrf2−/− mice. Similar effects were observed for other antioxidant 
Nrf2-dependent genes, such as catalase and NQO1 (Figure 5G 
and H). These results could explain why intravascular hemolysis 
induced more severe kidney injury in mice lacking Nrf2.

Nrf2 Activation Protects Against Hb/
Heme-Mediated Oxidative Stress and Cell 
Death In Vitro
We further investigated whether the Nrf2 inducers sulforaphane 
or tert-butylhydroquinone (tBHQ) protected MCT cells from 
Hb/heme-mediated damage. Thus, we performed in vitro 
experiments pre-treating MCT cells with sulforaphane or tBHQ 
for 16 h before adding Hb/heme. As expected, Nrf2 activators 
increased mRNA and protein HO-1 expression in time- and 
dose-dependent manner (Figure 6A–C). Importantly, we observed 
that sulforaphane and tBHQ reduced Hb- and heme-mediated 
ROS production, i.e., hydrogen peroxide (Figure 6D and E), 
mitochondrial superoxide (Figure 6F), and total superoxide 
(Figure 6G). Similarly, we found that pre-treatment with Nrf2 
inducers abolished the Hb- and heme-mediated intracellular 
GSH reduction (Figure 6H). We next tested whether Nrf2 
activation could protect tubular cells from cell death in vitro. 

FIGURE 2 | Hemoglobin and heme promote Nrf2 activation in cultured renal cells. Nrf2 transcriptional activity was measured by a luciferase reporter assay in 
AREc32 cells treated with increasing concentrations of Hb (0–500 µg/ml, 0–30 µM heme equivalents) (A) or heme (0–10 µM) (B) for 24 h. Representative confocal 
microscopy images showing Nrf2 nuclear translocation (green) in murine tubular (MCT) cells after exposure to Hb (500 µg/ml, 30 µM heme equivalents) (C) or heme 
(1 µM) (D) at different times (0–6 h). Nuclei were stained with DAPI (blue). Nrf2 mRNA expression measured by real-time-quatitative polymerase chain reaction 
(RT-qPCR) in MCT cells treated with Hb (E) or heme (F) for 6 h. (G) Nuclear Nrf2 levels in MCT cells treated with Hb (500 µg/ml, 30 µM heme equivalents) and 
heme (1 µM) at different times (0–6 h). Representative western blot image from nuclear protein fraction. TFIIB (transcription factor II B) was used as loading control. 
(H) Keap1 protein content in MCT cells treated with Hb (500 µg/ml, 30 µM heme equivalents) and heme (1 µM) at different times (0–6 h). HO-1 (I) and FtL (J) mRNA 
expression measured by RT-qPCR in MCT cells treated with heme for 6 h. (K–L) Representative western blot image showing HO-1 and FtL expression in MCT cells 
treated with Hb (0–500 µg/ml, 0–30 µM heme equivalents) and heme (0–10 µM) for up to 48 h (upper panel). Quantification of HO-1 and FtL by western blot (lower 
panel). Results are expressed as mean ± SE. *p < 0.05 vs non-treated cells.
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FIGURE 3 | Nrf2 plays a protective role against kidney injury associated with intravascular hemolysis. C57BL/6 (Nrf2+/+) or Nrf2−/− mice (12 weeks old) were i.p. 
injected with saline (vehicle) or phenylhydrazine (Phe, 2 mg/10 g of body weight) to induce intravascular hemolysis (n = 8/group). (A) Schematic representation of 
intravascular hemolysis mouse model. Serum measurement of creatinine (B) and blood urea nitrogen (BUN) (C). (D) Representative images showing hematoxylin 
and eosin staining in kidneys from mice with intravascular hemolysis. Arrows indicate signs of acute tubular injury: presence of intratubular debris, pyknotic nuclei 
from apoptotic cells, tubular epithelial cells into the lumen, and loss of nuclei in the tubular epithelium. Expression of tubular injury biomarkers NGAL (E) and 
KIM-1 (F), as determined by real-time RT-qPCR, in kidneys from mice with intravascular hemolysis. (G) Representatives images showing kidneys (upper row) and 
serum (lower row) after intravascular hemolysis in both Nrf2+/+ and Nrf2−/− mice. Hematocrit (H), total red blood cell (RBC) counts (I), serum levels of Hb (J) and 
heme (K), and heme concentrations in renal tissue (L). (M) Semi-quantification of hemoglobin (Hb)-positive staining per renal cross section. (N) Representative 
images showing Hb (green) accumulation obtained by confocal microscopy. The podocyte marker nephrin (red) was used to delimitate the glomerular area. Nuclei 
were stained with DAPI (blue); scale bar, 100 μm. Results are expressed as mean ± SE. *p < 0.05 vs Nrf2+/+ control mice, ≠p < 0.05 vs Nrf2+/+ Phe-injected mice.
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Treatment with sulforaphane and tBHQ improved cell viability 
after exposure to heme (Figure 6I and J). Altogether, our 
results show that pharmacological activation of Nrf2 in vitro 
avoided Hb- and heme-mediated oxidative stress and cell death, 
indicating that Nrf2 could be a therapeutic target against kidney 
injury induced by intravascular hemolysis.

In Vivo Nrf2 Activation Protects Against 
Intravascular Hemolysis-Associated AKI
Once we demonstrated the beneficial effects of Nrf2 activation 
in vitro, we tested whether this therapeutic approach may 
prove effective in vivo. Thus, in a first set of experiments, we 
administrated sulforaphane once a day for 3 days to analyze 

FIGURE 4 | Nrf2 protects against oxidative stress and cell death associated with intravascular hemolysis. C57BL/6 (Nrf2+/+) or Nrf2−/− mice (12 weeks old) were 
i.p. injected with saline (vehicle) or phenylhydrazine (Phe, 2 mg/10 g of body weight) to induce intravascular hemolysis (n = 8/group). (A) Representative image of 
4-hydroxynonenal (4-HNE) staining. Semi-quantification of 4-HNE-positive staining per renal cross section. (B) GSH content in renal tissue. (C) ATF4, CHOP, and 
sXBP1 mRNA levels determined in kidney by real-time RT-qPCR. (D) Representative confocal microscopy images showing nuclear staining of TUNEL (green) (left 
panel). Nuclei were stained with DAPI (blue); scale bar, 100 μm. Semi-quantitative analysis of TUNEL-positive cells (right panel). Results are expressed as mean ± 
SE. *p < 0.05 vs Nrf2+/+ control mice, ≠p < 0.05 vs Nrf2+/+ Phe-injected mice.
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whether this treatment produced Nrf2 activation in kidney. 
As reported in Figure 7A, sulforaphane treatment induced 
Nrf2 phosphorylation and increased HO-1 and FtL levels 
in the kidney. We also ruled out any sulforaphane-derived 
adverse effect in the kidney (Supplemental Figure 2). We 
next conducted new experiments to determine whether 
sulforaphane administration protects from phenylhydrazine-
mediated renal injury in mice (Figure 7B). Consistent with 
our previous findings, sulforaphane treatment improved 
renal function in mice with hemolysis, as assessed by 

serum creatinine and BUN (Figure 7C and D). Moreover, 
sulforaphane reduced histological injury (Figure 7E) and 
decreased the gene expression of the tubular injury markers 
KIM-1 and NGAL (Figure 7F and G). In line with our previous 
results, we did not observe any differences in the severity of 
hemolysis (hematocrit, erythrocyte number, and serum free 
Hb/heme concentration) between sulforaphane-treated and 
non-treated mice (Figure 7H–L). Moreover, kidney Hb/
heme accumulation did not change according to sulforaphane 
treatment (Figure 7M and N).

FIGURE 5 | Nrf2-related proteins in kidney from mice with intravascular hemolysis. C57BL/6 (Nrf2+/+) or Nrf2−/− mice (12 weeks old) were i.p. injected with saline 
(vehicle) or phenylhydrazine (Phe, 2 mg/10 g of body weight) to induce intravascular hemolysis (n = 8/group). (A) Representative immunofluorescence images 
obtained by confocal microscopy showing expression of HO-1 (green, upper panel) and FtL (green, lower panel). Nuclei were stained with DAPI (blue); scale bar, 
100 μm. HO-1 (B) and FtL (C) mRNA expression measured by RT-qPCR. Semi-quantification of HO-1 (D) and FtL (E) protein expression determined by western 
blot. (F) Representative western blot image of HO-1 amd FtL expression in kidneys from mice of the experimental model. Catalase (G) and NQO1 (H) mRNA 
expression measured by RT-qPCR. Results are expressed as mean ± SEM. *p < 0.05 vs Nrf2+/+ control mice, ≠p < 0.05 vs Nrf2+/+ Phe-injected mice.
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FIGURE 6 | In vitro Nrf2 induction ameliorates oxidative stress and cell death. HO-1 mRNA and protein expression in MCT cells treated with the Nrf2 inducers 
tert-butylhydroquinone (tBHQ) (A) or sulforaphane (SFN) (B) at different concentrations (µM) for up to 18 h. (C) Representative confocal microscopy images 
showing HO-1 (green) staining in MCT cells pre-treated with Nrf2 inducers SFN and tBHQ with or without Hb. Nuclei were stained with DAPI (blue); scale bar, 
20 μm. Quantification of ROS production (hydrogen peroxide) by flow cytometry with the fluorescent dye H2DCFDA in MCT cells stimulated with Hb (D) or heme (E) 
for 6 h. (F) Representative image of MitoSOX showing mitochondrial superoxide production by Hb (left panel) and heme (right panel) in cells pre-treated with SFN 
(2 µM) and tBHQ (1 µM) for 16 h. Nuclei were stained with DAPI (blue); scale bar, 20 μm. (G) Representative image of superoxide anion production determined by 
confocal microscopy using dihydroethidium (DHE) assay. Nuclei were stained with DAPI (blue); scale bar, 20 μm. (H) Intracellular GSH content in MCT cells treated 
with heme (1 μM) for 6 h with or without SFN (2 μM) or tBHQ (1 µM). (I–J) Cell viability determined in MCT cells stimulated with heme (1 μM) for 24 h and pre-treated 
with SFN (2 μM) or tBHQ (1 µM). Results are expressed as mean ± SEM. *p < 0.05 vs non-treated cells. ≠p < 0.05 vs Hb or heme-treated cells.
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FIGURE 7 | SFN treatment ameliorates acute kidney injury and tubular damage induced by intravascular hemolysis. (A) C57BI/6 mice (males, 12 weeks old) were 
i.p. treated with saline or sulforaphane (SFN, 12.5 mg/kg) for 3 days (n = 5/group). Representative western blot image showing phospho-Nrf2 (Ser40), HO-1, 
and FtL protein expression. (B) C57BI/6 mice (males, 12 weeks old) were i.p. treated with saline or sulforaphane (SFN, 12.5 mg/kg) for 48, 24, and 2 h before 
phenylhydrazine (n = 5/group). Mice were sacrificed 24 h after phenylhydrazine administration. Schematic representation of intravascular hemolysis mouse model. 
Serum measurement of creatinine (C) and blood urea nitrogen (BUN) (D). Representative images showing hematoxylin and eosin staining (E). Expression of 
tubular injury biomarkers NGAL (F) and KIM-1(G), as determined by real-time RT-qPCR, in kidneys from mice with intravascular hemolysis. (H) Representatives 
images showing kidney and serum after intravascular hemolysis in mice treated with SFN. Hematocrit (I) and total red blood cell (RBC) counts (J). Serum levels 
of Hb (K) and heme (L). (M) Heme concentrations in renal tissue. (N) Representative images showing hemoglobin (Hb, green) accumulation obtained by confocal 
microscopy (left panel). The podocyte marker nephrin (red) was used to delimitate the glomerular area. Nuclei were stained with DAPI (blue); scale bar, 100 μm. 
Semi-quantification Hb-positive staining per cross section (right panel). Results are expressed as mean ± SEM. *p < 0.05 vs control mice, ≠p < 0.05 vs Phe-injected mice.
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Interestingly, 4-HNE staining revealed lower oxidative stress 
in sulforaphane-treated than non-treated mice (Figure 8A). In 
addition, sulforaphane decreased the renal expression of UPR-
related molecules induced by intravascular hemolysis (Figure 8B). 
Moreover, the decrease in renal GSH levels was milder in 
sulforaphane-treated mice with hemolysis and was not significantly 
different from that in controls as opposed to the significant GSH 
decrease observed in non-treated mice with hemolysis (Figure 8C). 

Finally, we observed that sulforaphane significantly decreased renal 
tubular epithelial cell death, evaluated by TUNEL staining, after 
intravascular hemolysis, as compared with that in non-treated 
mice (Figure 8D and E). Collectively, these results suggest that 
administration of the pharmacologic inducer of Nrf2, sulforaphane, 
relieves the kidney adverse effects observed in experimental 
hemolysis. We conclude that Nrf2 might be a potential therapeutic 
target for kidney injury induced by intravascular hemolysis. 

FIGURE 8 | Nrf2 activation pathway in kidney from SFN-treated mice. (A) Representative image of 4-HNE staining in the experimental model (left). Semi-quantification 
4-HNE-positive staining per cross section (right). (B) ATF4, CHOP, and sXBP1 mRNA levels determined in kidney by real-time RT-qPCR. (C) GSH content in renal 
tissue. (D) Representative confocal microscopy images showing nuclear staining of TUNEL (green) (left) and semi-quantitative analysis of TUNEL-positive cells (right). 
Nuclei were stained with DAPI (blue); scale bar, 100 μm. Results are expressed as mean ± SEM. *p < 0.05 vs control mice, ≠p < 0.05 vs Phe-injected mice.
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DISCUSSION

In the present study, we demonstrate that Hb/heme accumulation 
in the kidney after massive intravascular hemolysis induces 
Nrf2 activation. We also found that massive intravascular 
hemolysis promotes AKI, resulting in increased serum creatinine 
concentration, tubular injury, oxidative and ER stress, and 
subsequent kidney cell death. These harmful effects were more 
severe in Nrf2 knockout mice, which showed a decreased 
expression of the Nrf2-dependent antioxidant proteins HO-1, 
FtL, and FtH and reduced levels of GSH, suggesting a critical 
protective role against Hb-mediated ROS production and cell 
toxicity in the kidney. Moreover, therapeutic Nrf2 activation 
reduced Hb/heme-mediated cellular stress and cytotoxicity 
in experimental hemolysis and cultured renal cells. Therefore, 
enhancing Nrf2 activity may be a potential therapeutic strategy 
to decrease renal injury associated with hemolytic diseases.

Recurrent or massive erythrocyte lysis increases plasma free 
Hb concentration and leads to renal Hb overload and toxicity, 
contributing to acute and chronic kidney injury (Tracz et al., 
2007; Moreno et al., 2012; Naik et al., 2014). In our study, we 
administrated phenylhydrazine to induce severe hemolysis, 
thus promoting accumulation of Hb and its heme derivatives 
as well as a rapid decrease of renal function. It is well known 
that Hb triggers ROS production (Jia et al., 2007), similar to 
our observations in renal proximal tubular epithelial cells after 
exposure with Hb or heme. Recently, ER stress has been shown 
as a novel mechanism underlying the renal toxicity of Hb 
and heme (Deuel et al., 2016; Feng et al., 2018). Interestingly, 
Nrf2−/− mice showed an exacerbated renal expression of UPR-
related genes, suggesting a protective role of this transcription 
factor against ER stress in kidney. Mitochondria are susceptible 
to Hb-mediated toxicity, resulting in decreased oxygen 
consumption and exacerbating mitochondrial ROS production 
(Nath et al., 1998). In this line, our results show an increased 
mitochondrial ROS production in renal cells exposed to Hb 
and heme. We also found that Hb/heme-mediated oxidative 
stress was related not only to production of superoxide 
anion and hydrogen peroxide but also to a reduction in GSH 
levels, the main cellular antioxidant. There is accumulating 
evidence supporting a direct link between mitochondria, 
oxidative stress, and cell death (Ott  et al., 2007). Previous 
studies from our group showed that Hb induced apoptosis in 
renal podocytes by mitochondrial-related intrinsic pathway 
(Rubio-Navarro et al., 2018). Moreover, it has been shown that 
oxidative stress may contribute to ER stress and subsequent 
cell death (Liu et al., 2019). Specifically, rhabdomyolysis-
induced ER stress promoted apoptosis, playing a crucial 
role in progression of AKI (Feng et al., 2018). According 
to these observations, the oxidative and ER stress as well as 
mitochondrial oxidation induced by Hb/heme may explain the 
increased cell death rate reported in our study, both in vitro 
and in mice with intravascular hemolysis (Nath et al., 1995; 
Gonzalez-Michaca et al., 2004). Moreover, this could explain 
the exacerbated cell death observed in kidney from Nrf2−/−, 
suggesting a protective role against renal toxicity subsequent 
to intravascular hemolysis.

There is no specific treatment to avoid the toxic effects caused 
by free Hb in the kidney. Therefore, understanding molecular 
mechanisms involved in this pathological setting is crucial to 
design new therapeutic strategies. In this line, Nrf2 has emerged 
as a master regulator of cellular resistance to oxidation (Guerrero-
Hue et al., 2017). In basal conditions, Nrf2 is bound to Keap1, 
a cytosolic repressor that targets Nrf2 to the proteasome for 
degradation (Jaiswal, 2004). However, oxidative stress modifies 
cysteine residues in Keap1 and allows the nuclear translocation 
of Nrf2, such as what we observed in tubular cells stimulated 
with Hb and in mice with hemolysis. Once in the nucleus, 
Nrf2 transcriptionally induces the expression of cytoprotective 
enzymes and proteins involved in heme-degradation, including 
HO-1 and both ferritin subunits, FtH with ferroxidase activity 
and FtL that induces iron nucleation. Thus, we surmised that Nrf2 
might improve intravascular hemolysis-induced kidney injury. To 
test this hypothesis, we induced intravascular hemolysis in both 
Nrf2+/+ and Nrf2−/− mice. Here, we show that mice lacking Nrf2 
gene had more severe kidney injury, characterized by loss of renal 
function and increased cell stress and death. In agreement with 
our data, several studies have demonstrated the protective role 
of Nrf2 in a number of renal diseases associated with oxidative 
stress, such as cisplatin-induced nephropathy (Li et al., 2016), 
ischemia–reperfusion (Bayrak et al., 2008; Yoon et al., 2008; 
Trujillo et al., 2013), and rhabdomyolysis (Zhao et  al.,  2016). 
Oxidative stress drives ER stress and UPR activation in order to 
attenuate cellular stress through Nrf2 activation (Cullinan and 
Diehl, 2004; Liu et al., 2019). Interestingly, our data showed an 
increased expression of UPR-related proteins in kidneys from 
phenylhydrazine-injected Nrf2−/− mice as compared with wild-
type mice, suggesting that the Nrf2 pathway may regulate kidney 
ER stress induced by intravascular hemolysis (Mukaigasa et al., 
2018). In our study, the Nrf2-regulated molecules HO-1, FtL, 
and FtH were found upregulated in kidneys from wild-type mice 
after hemolysis or in cultured tubular epithelial cells stimulated 
with Hb/heme. Supporting the translational relevance of our 
findings, we observed increased Nrf2 and HO-1 expression, lipid 
peroxidation, and tubular cell death in a patient suffering from 
massive Hb renal accumulation after hemolysis-associated AKI. 
Similarly, patients with warm antibody hemolytic anemia, SCD, 
or thrombotic microangiopathy also showed increased expression 
and activity of HO-1 in renal tubules (Nath et al., 2001; Maroti 
et al., 2004; Fervenza et al., 2008). However, it is important to note 
that in our study, kidneys from Nrf2−/− mice with hemolysis 
showed an attenuated adaptive response characterized by lower 
expression of NQO-1, catalase, HO-1, FtH, and FtL than did 
wild-type mice with hemolysis. These Nrf2-regulated proteins 
play a key protective role against heme-mediated oxidative stress. 
HO-1 is the principal enzyme involved in heme degradation 
and, therefore, plays a cytoprotective function during heme-
mediated tissue injury (Vogt et al., 1995). Interestingly, a known 
human case of HO-1 deficiency showed persistent hemolytic 
anemia with kidney iron deposits as well as loss of renal 
function (Yachie et al., 1999). Altogether, these data suggest 
the key role of the Nrf2/HO-1 axis in renal diseases associated 
with Hb accumulation. Recent studies have demonstrated 
the relevance of Nrf2 pathway in the regulation of hemolysis 
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(Keleku-Lukwete et al., 2015; Krishnamoorthy et al., 2017). Thus, 
targeted disruption of Nrf2 induced hemolytic anemia in old 
mice by increasing erythrocyte susceptibility to oxidative stress 
(Lee et al., 2004). However, young Nrf2−/− mice did no present 
anemia (Chan et al., 1996). There are also conflicting reports on 
whether Nrf2 activation reduces hemolysis or not. Thus, the Nrf2 
agonist dimethyl fumarate improved hematological parameters 
and reduced plasma-free Hb in SCD mice (Krishnamoorthy 
et al., 2017), whereas other authors showed that Nrf2 activation 
through ablation of its negative regulator Keap1 did not modify 
hemolysis and stress erythropoiesis in SCD mice, although it 
increased plasma heme clearance (Keleku-Lukwete et al., 2015). 
Our findings show no differences in serum free Hb and heme 
levels between Nrf2−/− and Nrf2+/+ mice or after Nrf2 activation 
with sulforaphane. Moreover, we do not observed differences 
in renal heme concentration according to Nrf2 genotypes or 
sulforaphane treatment. Altogether, these results seem to indicate 
that beneficial effects of Nrf2 on renal function are not related 
with a reduction in hemolysis or an increased heme catabolism 
in massive hemolysis induced by phenylhydrazine.

There is evidence that genetic or pharmacological Nrf2 
activation may ameliorate systemic and vascular inflammation as 
well as lung injury and liver damage in mice with intravascular 
hemolysis (Keleku-Lukwete et al., 2015; Ghosh et al., 2016; 
Promsote et al., 2016; Belcher et al., 2017; Ghosh et al., 2018). 
However, none of these studies focused on renal injury, one of 
the major pathological consequences observed in patients with 
massive and recurrent hemolytic crises (Baddam et al., 2017; 
Mammen et al., 2017; Plewes et al., 2017). To investigate a potential 
beneficial effect of Nrf2 induction in vivo, we treated mice with 
sulforaphane before the onset of hemolysis. Remarkably, Nrf2 
activation with sulforaphane ameliorated renal function and 
decreased oxidative and ER stress, cell viability, and tubular injury 
associated with massive hemolysis. Similar effects were observed 
in cultured tubular cells, where Nrf2 activation with sulforaphane 
or tBHQ reduced cellular and mitochondrial ROS production, 
the loss of GSH, and cell death induced by Hb and heme. These 
protective effects may be explained by an Nrf2-mediated induction 
of HO-1 and ferritin expression, thus decreasing heme-mediated 
toxic effects. In agreement with our data, Nrf2 activation also 
reduced cellular stress such as oxidative stress and ER stress and 
ameliorated renal function in experimental ischemia–reperfusion 
(Bayrak et al., 2008; Yoon et al., 2008; Trujillo et al., 2013) and 
rhabdomyolysis-associated AKI (Zhao et al., 2016; Guerrero-
Hue et al., 2017). Interestingly, although activation of Nrf2 may 
induce UPR (Cullinan and Diehl, 2004; Liu et al., 2019), we did 
not observe significant changes in UPR-related genes in kidney 
from mice treated with sulforaphane compared with non-treated 
mice, suggesting that Nrf2 may activate UPR in the presence of ER 
stress but not in basal conditions. Moreover, different therapeutic 
approaches based on Nrf2 activation have preserved renal function 
in several past and ongoing clinical trials in patients with renal 
disease (Guerrero-Hue et al., 2017). Overall, our findings indicate 
for the first time that Nrf2 could be a potential target to prevent 
renal damage induced by intravascular hemolysis by ameliorating 
oxidative stress, ER stress, tubular cell death, and loss of renal 
function. These protective effects may be mediated almost in part 

by promoting the expression of antioxidant proteins involved in 
heme catabolism, including HO-1 and ferritin. Lack of cell-site-
specific Nrf2 deletion in mice is a limitation of our study. Further 
studies must be performed to test whether specific Nrf2 deletion 
in tubular cells increases renal injury in hemolytic disorders.

In conclusion, our results show that Nrf2 plays a key regulatory 
role in limiting the severity of AKI triggered by intravascular 
hemolysis. Renal Hb accumulation promotes a loss of renal 
function and kidney injury, effects that are aggravated by the 
genetic deletion of Nrf2. Sulforaphane treatment induced Nrf2 
activation as well as an increase of related proteins such as HO-1 
and ferritin, decreasing the severity of kidney injury induced 
by intravascular hemolysis. Thus, Nrf2 could be a potential 
therapeutic target to limit Hb-induced toxicity in patients with 
intravascular hemolysis.

DATA AVAILABILITY STATEMENT

The raw data supporting the conclusions of this manuscript will 
be made available by the authors, without undue reservation, to 
any qualified researcher.

ETHICS STATEMENT

Patients provided informed consent, and the biobank was approved 
by Instituto de Investigaciones Sanitarias-Fundacion Jimenez 
Diaz (IIS-FJD) ethics committee. All reported experiments with 
animals were conducted in accordance with the Directive 2010/63/
EU of the European Parliament and were approved by Instituto de 
Investigaciones Sanitarias-Fundacion Jimenez Diaz Animal Care 
and Use Committee.

AUTHOR CONTRIBUTIONS

AR-N and JM designed the study. AS, CY, and ER were involved 
in human samples collection. PC analyzed renal biopsies. AR-N, 
CV-C, CH, RL, PM, MG-H, SC, MG, JE, IC, CG-C, and BA 
performed research. AR-N, CV-C, MG-H, and JM performed 
data analysis and data interpretation. EG, AR-N, JE, AO, MP, 
and JM wrote the manuscript. All authors critically revised the 
manuscript for important intellectual content.

FUNDING

Supported by FIS/FEDER CP14/00008, CP16/00014, CP16/00017, 
PI15/00448, PI16/00735, PI16/02057, PI17/00130, PI17/01495, 
PI17/01700, ISCIII-RETIC REDinREN RD012/0021, RD016/0009 
FEDER funds, Spanish Ministry of Economy and Competitiveness 
(RYC-2017-22369), Sociedad Española de Nefrología, Fundacion 
Renal Iñigo Álvarez de Toledo (FRIAT), Comunidad de Madrid 
CIFRA2 B2017/BMD-3686 and BMD-3827, Fundacion La Caixa, 
CaixaImpulse program CI17-00048, and Spanish Biomedical 
Research Centre in Diabetes and Associated Metabolic Disorders 
(CIBERDEM).

252

https://www.frontiersin.org/journals/pharmacology#articles
https://www.frontiersin.org/journals/pharmacology/
www.frontiersin.org


Nrf2 Reduces Hemoglobin-Induced Renal DamageRubio-Navarro et al.

16 July 2019 | Volume 10 | Article 740Frontiers in Pharmacology | www.frontiersin.org

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at: 
https://www.frontiersin.org/articles/10.3389/fphar.2019.00740/
full#supplementary-material

FIGURE S1 | Nrf2 resulted activated in mice with intravascular hemolysis. 
Representative confocal microscopy images showing nuclear translocation of 
phosphorylated-Nrf2 (Ser40) (green) in C57Bl/6 wild type (Nrf2+/+) mice that 
were i.p. injected with saline (Vehicle) or phenylhydrazine (Phe, 2mg/10g of body 
weight) to induce intravascular hemolysis. Nuclei were stained with DAPI (blue), 
scale bar 100 μm.

FIGURE S2 | Expression of NGAL (A) and KIM-1 (B) determined by 
RT-qPCR in kidneys from control mice treated with sulforaphane (SFN, 
12.5 mg/kg) for 3 days. These animals did not display evidence of tubular 

injury as there was no increase in the expression of these markers. (C) 
Quantification of total Nrf2 protein in kidney from control mice and treated 
with SFN (left panel). Representative western blot image showing total Nrf2 
protein levels (right panel). Results are expressed as mean ± SE. *p<0.05 vs 
non-treated cells.

FIGURE S3 | (A) Expression of FtH mRNA expression measured by 
RT-qPCR in MCTs cells treated with heme for 6h. (B) Western blot image 
showing FtH expression in MCT cells treated with Heme (0-10 µM) for 24h. 
(C) FtH protein expression in MCT cells stimulated with Hb (0-500 µg/mL, 
0-30 µM heme equivalents). FtH mRNA expression measured by RT-qPCR 
(D) and semiquantification of FtH protein expression determined by 
western-blot (E) of kidneys from wild type and Nrf2 -/- mice injected with 
phenylhydrazine or vehicle. FtH mRNA expression measured by RT-qPCR 
(F) and semiquantification of FtH protein expression determined by western-
blot (G) of kidneys from wild type pre-treated with SFN and injected with 
phenylhydrazine or vehicle.
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