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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/Keapl 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 Keapl-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,
SEN 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 Keapl and Nrf2 levels. This
study suggests that decreased Keapl-Nrf2 signaling in the
medial prefrontal cortex, hippocampus, and muscle may
contribute to anhedonia susceptibility and that SEN exerts
beneficial effects by normalization of decreased Keapl-Nrf2
signaling (Li et al.).

In another review submitted to this special issue, different
therapeutic approaches for improving the prognosis of liver
diseases, includingacuteliver failure,alcoholicand 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 SEN 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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The Protective Effect of Astaxanthin
on Cognitive Function via Inhibition
of Oxidative Stress and Inflammation
in the Brains of Chronic T2DM Rats

Yonghao Feng’, Aiqun Chu?, Qiong Luo?, Men Wu', Xiaohong Shi’ and Yinghui Chen®*
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University, Shanghai, China

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-kB) 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-1B) 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.

Keywords: astaxanthin, type 2 diabetes mellitus, oxidative stress, inflammatory response, Nrf2, cytokines

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
etal., 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 35-3’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 ¢T2DM 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 pm 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-kB
p65 antibody (1: 1,000 dilution; Cell Signaling Technology,
Danvers, MA, United States), anti-tubulin and anti-B-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 Image] 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 pl 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 L of
standard sample was added to standard tube. At the same time,
100 L of anhydrous alcohol was added to standard blank tube
and 100 pL 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 WL 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-18) 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-1B cytokines were determined.
Premixed magnetic beads conjugated to specific antibodies for
12 analytes were mixed with 25 puL 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 nL 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® 200™ system with
xPONENT® 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 f-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 ¢T2DM 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 cI2DM 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**
12thweek 2.82+£0.35 1858 +£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; (i) aT2DM group;

(i) 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.
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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 ¢T2DM 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-kB p65 and

Inflammatory Cytokines in Each Group
The immunoblots (Figures 5A,B) indicated that the expression
levels of NF-kB p65 were significantly different between each
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(G,H) astaxanthin group.

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;

group (F = 64.459, P < 0.01). Compared with the control group,
the expression levels of NF-kB p65 in the aT2DM and ¢T2DM
groups were increased (P < 0.01). However, the expression of
NF-kB p65 in the aT2DM group was lower than that in the
cT2DM group (P < 0.01). The expression level of NF-kB 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-kB p65 to a certain
extent and that NF-kB 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-f 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-1f 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-18 in the ¢cT2DM group was
increased in comparison to the control group (P < 0.01). The
expression of IL-1p 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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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-18, and IL-6
(Figures 6B-D). This demonstrated that MDA, IL-6, and
IL-1B 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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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 (Keapl), resulting in the degradation
and inactivation of Nrf2 via ubiquitination. When the cell
is stimulated by harmful stimuli, Nrf2 separates from Keapl,
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-a,
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-1p 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-kB, 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-kB1 (p50 and its precursor pl05) and NF-
kB2 (p50 and its precursor pl05). There is growing evidence
that NF-«kB is closely linked to synaptic plasticity, memory,
and cognitive dysfunction (Kaltschmidt et al., 2006; Ahn et al.,
2008). The activation of NF-kB in microglia plays a major
role in inflammatory processes. NF-kB is also involved in
long-term memory consolidation and fear memory recovery
(Boccia et al., 2007). Studies have confirmed that the NF-kB
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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-1 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 ¢T2DM 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, Keapl is isolated from
it and then can inhibit the activity of IKK kinase, resulting in
NF-«kB inactivation (Kim et al., 2010). The carbon monoxide
and biliverdin, catalytic products of HO-1, have been shown
to suppress the activation of NF-kB (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 NEF-
kB, resulting in impedance of NF-kB activation when the level

REFERENCES

Ahmed, S. M., Luo, L., Namani, A., Wang, X. J., and Tang, X. (2017). Nrf2 signaling
pathway: pivotal roles in inflammation. Biochim. Biophys. Acta 1863, 585-597.
doi: 10.1016/j.bbadis.2016.11.005

Ahn, H. J., Hernandez, C. M., Levenson, J. M., Lubin, F. D., Liou, H. C., and
Sweatt, J. D. (2008). c-Rel, an NF-kappaB family transcription factor, is required
for hippocampal long-term synaptic plasticity and memory formation. Learn.
Mem. 15, 539-549. doi: 10.1101/lm.866408

Ahtiluoto, S., Polvikoski, T., Peltonen, M., Solomon, A., Tuomilehto, J.,
Winblad, B., et al. (2010). Diabetes, Alzheimer disease, and vascular
dementia: a population-based neuropathologic study. Neurology 75, 1195-1202.
doi: 10.1212/WNL.0b013e3181f4d78

Ambati, R. R., Phang, S. M., Ravi, S., and Aswathanarayana, R. G. (2014).
Astaxanthin: sources, extraction, stability, biological activities and its
commercial applications-a review. Mar. Drugs 12, 128-152. doi: 10.3390/
md12010128

Boccia, M., Freudenthal, R., Blake, M., De La Fuente, V., Acosta, G., Baratti, C.,
et al. (2007). Activation of hippocampal nuclear factor-kappa B by retrieval
is required for memory reconsolidation. J. Neurosci. 27, 13436-13445.
doi: 10.1523/JNEUROSCI.4430-07.2007

Brands, A. M., Biessels, G. J., De Haan, E. H., Kappelle, L. J., and Kessels, R. P.
(2005). The effects of type 1 diabetes on cognitive performance: a meta-analysis.
Diabetes Care 28, 726-735. doi: 10.2337/diacare.28.3.726

Chan, K. C, Pen, P. ], and Yin, M. C. (2012). Anticoagulatory and
antiinflammatory effects of astaxanthin in diabetic rats. . Food Sci. 77,
H76-H80. doi: 10.1111/j.1750-3841.2011.02558.x

Chatterjee, S., Khunti, K., and Davies, M. J. (2017). Type 2 diabetes. Lancet 389,
2239-2251. doi: 10.1016/S0140-6736(17)30058-2

Choi, H. D., Kang, H. E, Yang, S. H,, Lee, M. G., and Shin, W. G. (2011).
Pharmacokinetics and first-pass metabolism of astaxanthin in rats. Br. J. Nutr.
105, 220-227. doi: 10.1017/S0007114510003454

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-kB
(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.

AUTHOR CONTRIBUTIONS

XS and YC contributed conception and design of the study. YF
and QL accomplished the experiments. MW and AC performed
the statistical analysis. YF and AC wrote the manuscript. XS and
YC contributed to English editing. All authors contributed to
manuscript revision, read and approved the submitted version.

FUNDING

This work was supported by a grant from the Shanghai Municipal
Commission of Health and Family Planning (201540075).

Dong, L. Y., Jin, J., Lu, G., and Kang, X. L. (2013). Astaxanthin attenuates the
apoptosis of retinal ganglion cells in db/db mice by inhibition of oxidative stress.
Mar. Drugs 11, 960-974. doi: 10.3390/md11030960

Gao, Y., Xiao, Y., Miao, R, Zhao, J., Cui, M., Huang, G., et al. (2016). The
prevalence of mild cognitive impairment with type 2 diabetes mellitus among
elderly people in China: a cross-sectional study. Arch. Gerontol. Geriatr. 62,
138-142. doi: 10.1016/j.archger.2015.09.003

Gaspar, J. M., Baptista, F. I., Macedo, M. P., and Ambrosio, A. F. (2016). Inside the
diabetic brain: role of different players involved in cognitive decline. ACS Chem.
Neurosci. 7, 131-142. doi: 10.1021/acschemneuro.5b00240

Gerritsen, M. E., Williams, A. J., Neish, A. S., Moore, S., Shi, Y., and
Collins, T. (1997). CREB-binding protein/p300 are transcriptional coactivators
of p65. Proc. Natl. Acad. Sci. U.S.A. 94, 2927-2932. doi: 10.1073/pnas.94.7.
2927

Guerin, M., Huntley, M. E., and Olaizola, M. (2003). Haematococcus astaxanthin:
applications for human health and nutrition. Trends Biotechnol. 21, 210-216.
doi: 10.1016/S0167-7799(03)00078-7

Higuera-Ciapara, 1., Felix-Valenzuela, L., and Goycoolea, F. M. (2006).
Astaxanthin: a review of its chemistry and applications. Crit. Rev. Food
Sci. Nutr. 46, 185-196. doi: 10.1080/10408690590957188

Kaltschmidt, B., Ndiaye, D., Korte, M., Pothion, S., Arbibe, L., Prullage, M., et al.
(2006). NF-kappaB regulates spatial memory formation and synaptic plasticity
through protein kinase A/CREB signaling. Mol. Cell. Biol. 26, 2936-2946.
doi: 10.1128/MCB.26.8.2936-2946.2006

Kim, J. E.,, You, D. J, Lee, C., Ahn, C,, Seong, J. Y., and Hwang, J. I. (2010).
Suppression of NF-kappaB signaling by KEAP1 regulation of IKKbeta activity
through autophagic degradation and inhibition of phosphorylation. Cell. Signal.
22, 1645-1654. doi: 10.1016/j.cellsig.2010.06.004

Kim, S. W., Lee, H. K,, Shin, J. H,, and Lee, J. K. (2013). Up-down regulation
of HO-1 and iNOS gene expressions by ethyl pyruvate via recruiting p300
to Nrf2 and depriving It from p65. Free Radic. Biol. Med. 65, 468-476.
doi: 10.1016/j.freeradbiomed.2013.07.028

Frontiers in Pharmacology | www.frontiersin.org

July 2018 | Volume 9 | Article 748


https://doi.org/10.1016/j.bbadis.2016.11.005
https://doi.org/10.1101/lm.866408
https://doi.org/10.1212/WNL.0b013e3181f4d7f8
https://doi.org/10.3390/md12010128
https://doi.org/10.3390/md12010128
https://doi.org/10.1523/JNEUROSCI.4430-07.2007
https://doi.org/10.2337/diacare.28.3.726
https://doi.org/10.1111/j.1750-3841.2011.02558.x
https://doi.org/10.1016/S0140-6736(17)30058-2
https://doi.org/10.1017/S0007114510003454
https://doi.org/10.3390/md11030960
https://doi.org/10.1016/j.archger.2015.09.003
https://doi.org/10.1021/acschemneuro.5b00240
https://doi.org/10.1073/pnas.94.7.2927
https://doi.org/10.1073/pnas.94.7.2927
https://doi.org/10.1016/S0167-7799(03)00078-7
https://doi.org/10.1080/10408690590957188
https://doi.org/10.1128/MCB.26.8.2936-2946.2006
https://doi.org/10.1016/j.cellsig.2010.06.004
https://doi.org/10.1016/j.freeradbiomed.2013.07.028
https://www.frontiersin.org/journals/pharmacology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/pharmacology#articles

Feng et al.

The Protective Effect of Astaxanthin on Cognitive Function

Kong, M., Mao, J., Luo, B., and Qin, Z. (2015). Role of transcriptional factor Nrf2
in the acute lung injury of mice. Int. J. Clin. Exp. Pathol. 8, 10929-10934.

Kuhad, A., Bishnoi, M., Tiwari, V., and Chopra, K. (2009). Suppression of NEF-
kappabeta signaling pathway by tocotrienol can prevent diabetes associated
cognitive deficits. Pharmacol. Biochem. Behav. 92, 251-259. doi: 10.1016/j.pbb.
2008.12.012

Liu, G. H., Qu, J., and Shen, X. (2008). NF-kappaB/p65 antagonizes Nrf2-ARE
pathway by depriving CBP from Nrf2 and facilitating recruitment of HDAC3
to MafK. Biochim. Biophys. Acta 1783, 713-727. doi: 10.1016/j.bbamcr.2008.
01.002

Logroscino, G., Kang, J. H., and Grodstein, F. (2004). Prospective study of type
2 diabetes and cognitive decline in women aged 70-81 years. BM] 328:548.
doi: 10.1136/bmj.37977.495729.EE

Ma, Q. (2013). Role of Nrf2 in oxidative stress and toxicity. Annu. Rev. Pharmacol.
Toxicol. 53, 401-426. doi: 10.1146/annurev-pharmtox-011112-140320

Mastrocola, R., Restivo, F., Vercellinatto, I, Danni, O., Brignardello, E.,
Aragno, M, et al. (2005). Oxidative and nitrosative stress in brain mitochondria
of diabetic rats. J. Endocrinol. 187, 37-44. doi: 10.1677/joe.1.06269

McCrimmon, R. J., Ryan, C. M., and Frier, B. M. (2012). Diabetes and cognitive
dysfunction. Lancet 379, 2291-2299. doi: 10.1016/S0140-6736(12)60360-2

Menghini, L., Ferrante, C., Leporini, L., Recinella, L., Chiavaroli, A., Leone, S.,
et al. (2016). An hydroalcoholic chamomile extract modulates inflammatory
and immune response in ht29 cells and isolated rat colon. Phytother. Res. 30,
1513-1518. doi: 10.1002/ptr.5655

Miao, Y., He, T., Zhu, Y., Li, W., Wang, B, and Zhong, Y. (2015). Activation of
hippocampal creb by rolipram partially recovers balance between tnf-alpha and
il-10 levels and improves cognitive deficits in diabetic rats. Cell. Mol. Neurobiol.
35, 1157-1164. doi: 10.1007/s10571-015-0209-3

Mitchell, S., Vargas, J., and Hoffmann, A. (2016). Signaling via the NFkappaB
system. Wiley Interdiscip. Rev. Syst. Biol. Med. 8, 227-241. doi: 10.1002/wsbm.
1331

Mittler, R. (2002). Oxidative stress, antioxidants and stress tolerance. Trends Plant
Sci. 7, 405-410. doi: 10.1016/S1360-1385(02)02312-9

Munshi, M., Grande, L., Hayes, M., Ayres, D., Suhl, E., Capelson, R., et al. (2006).
Cognitive dysfunction is associated with poor diabetes control in older adults.
Diabetes Care 29, 1794-1799. doi: 10.2337/dc06-0506

Naito, Y., Uchiyama, K., Aoi, W., Hasegawa, G., Nakamura, N., Yoshida, N., et al.
(2004). Prevention of diabetic nephropathy by treatment with astaxanthin in
diabetic db/db mice. Biofactors 20, 49-59. doi: 10.1002/biof.5520200105

Nguyen, T., Nioi, P., and Pickett, C. B. (2009). The Nrf2-antioxidant response
element signaling pathway and its activation by oxidative stress. J. Biol. Chem.
284, 13291-13295. doi: 10.1074/jbc.R900010200

Nooyens, A. C., Baan, C. A,, Spijkerman, A. M., and Verschuren, W. M. (2010).
Type 2 diabetes and cognitive decline in middle-aged men and women: the
Doetinchem Cohort Study. Diabetes Care 33, 1964-1969. doi: 10.2337/dc09-
2038

Regnier, P., Bastias, J., Rodriguez-Ruiz, V., Caballero-Casero, N., Caballo, C,,
Sicilia, D., et al. (2015). Astaxanthin from Haematococcus pluvialis prevents
oxidative stress on human endothelial cells without toxicity. Mar. Drugs 13,
2857-2874. doi: 10.3390/md 13052857

Soares, M. P., Seldon, M. P., Gregoire, I. P., Vassilevskaia, T., Berberat,
P. O, Yu, J, et al. (2004). Heme oxygenase-1 modulates the expression of
adhesion molecules associated with endothelial cell activation. J. Immunol. 172,
3553-3563. doi: 10.4049/jimmunol.172.6.3553

Srinivasan, K., Viswanad, B., Asrat, L., Kaul, C. L., and Ramarao, P. (2005).
Combination of high-fat diet-fed and low-dose streptozotocin-treated rat: a
model for type 2 diabetes and pharmacological screening. Pharmacol. Res. 52,
313-320. doi: 10.1016/j.phrs.2005.05.004

Tian, X,, Liu, Y., Ren, G., Yin, L., Liang, X., Geng, T, et al. (2016). Resveratrol limits
diabetes-associated cognitive decline in rats by preventing oxidative stress and
inflammation and modulating hippocampal structural synaptic plasticity. Brain
Res. 1650, 1-9. doi: 10.1016/j.brainres.2016.08.032

Tripathi, D. N., and Jena, G. B. (2010). Astaxanthin intervention ameliorates
cyclophosphamide-induced oxidative stress, DNA damage and early
hepatocarcinogenesis in rat: role of Nrf2, p53, p38 and phase-II enzymes.
Mutat. Res. 696, 69-80. doi: 10.1016/j.mrgentox.2009.12.014

Uchiyama, K., Naito, Y., Hasegawa, G., Nakamura, N., Takahashi, J., and
Yoshikawa, T. (2002). Astaxanthin protects beta-cells against glucose toxicity
in diabetic db/db mice. Redox Rep. 7, 290-293. doi: 10.1179/135100002125
000811

Wang, B., Miao, Y., Zhao, Z., and Zhong, Y. (2015a). Inflammatory macrophages
promotes development of diabetic encephalopathy. Cell. Physiol. Biochem. 36,
1142-1150. doi: 10.1159/000430285

Wang, B., Waters, A. L., Valeriote, F. A, and Hamann, M. T. (2015b). An efficient
and cost-effective approach to kahalalide F N-terminal modifications using
a nuisance algal bloom of Bryopsis pennata. Biochim. Biophys. Acta 1850,
1849-1854. doi: 10.1016/j.bbagen.2015.05.004

Wang, B., Zhu, X,, Kim, Y., Li, J., Huang, S., Saleem, S., et al. (2012). Histone
deacetylase inhibition activates transcription factor Nrf2 and protects against
cerebral ischemic damage. Free Radic. Biol. Med. 52, 928-936. doi: 10.1016/j.
freeradbiomed.2011.12.006

Ying, C. J., Zhang, F., Zhou, X. Y., Hu, X. T,, Chen, J., Wen, X. R,, et al. (2015).
Anti-inflammatory effect of astaxanthin on the sickness behavior induced by
diabetes mellitus. Cell. Mol. Neurobiol. 35,1027-1037. doi: 10.1007/s10571-015-
0197-3

Zhang, X. S., Zhang, X., Wu, Q., Li, W., Zhang, Q. R., Wang, C. X,, et al. (2014a).
Astaxanthin alleviates early brain injury following subarachnoid hemorrhage
in rats: possible involvement of Akt/bad signaling. Mar. Drugs 12, 4291-4310.
doi: 10.3390/md12084291

Zhang, X. S., Zhang, X., Zhou, M. L., Zhou, X. M., Li, N., Li, W., et al. (2014b).
Amelioration of oxidative stress and protection against early brain injury by
astaxanthin after experimental subarachnoid hemorrhage. J. Neurosurg. 121,
42-54. doi: 10.3171/2014.2.JNS13730

Zhou, X., Zhang, F., Hu, X, Chen, J., Wen, X,, Sun, Y., et al. (2015). Inhibition
of inflammation by astaxanthin alleviates cognition deficits in diabetic mice.
Physiol. Behav. 151, 412-420. doi: 10.1016/j.physbeh.2015.08.015

Conflict of Interest Statement: The authors declare that the research was
conducted in the absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Copyright © 2018 Feng, Chu, Luo, Wu, Shi and Chen. This is an open-access article
distributed under the terms of the Creative Commons Attribution License (CC BY).
The use, distribution or reproduction in other forums is permitted, provided the
original author(s) and the copyright owner(s) are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice.
No use, distribution or reproduction is permitted which does not comply with these
terms.

Frontiers in Pharmacology | www.frontiersin.org

18

July 2018 | Volume 9 | Article 748


https://doi.org/10.1016/j.pbb.2008.12.012
https://doi.org/10.1016/j.pbb.2008.12.012
https://doi.org/10.1016/j.bbamcr.2008.01.002
https://doi.org/10.1016/j.bbamcr.2008.01.002
https://doi.org/10.1136/bmj.37977.495729.EE
https://doi.org/10.1146/annurev-pharmtox-011112-140320
https://doi.org/10.1677/joe.1.06269
https://doi.org/10.1016/S0140-6736(12)60360-2
https://doi.org/10.1002/ptr.5655
https://doi.org/10.1007/s10571-015-0209-3
https://doi.org/10.1002/wsbm.1331
https://doi.org/10.1002/wsbm.1331
https://doi.org/10.1016/S1360-1385(02)02312-9
https://doi.org/10.2337/dc06-0506
https://doi.org/10.1002/biof.5520200105
https://doi.org/10.1074/jbc.R900010200
https://doi.org/10.2337/dc09-2038
https://doi.org/10.2337/dc09-2038
https://doi.org/10.3390/md13052857
https://doi.org/10.4049/jimmunol.172.6.3553
https://doi.org/10.1016/j.phrs.2005.05.004
https://doi.org/10.1016/j.brainres.2016.08.032
https://doi.org/10.1016/j.mrgentox.2009.12.014
https://doi.org/10.1179/135100002125000811
https://doi.org/10.1179/135100002125000811
https://doi.org/10.1159/000430285
https://doi.org/10.1016/j.bbagen.2015.05.004
https://doi.org/10.1016/j.freeradbiomed.2011.12.006
https://doi.org/10.1016/j.freeradbiomed.2011.12.006
https://doi.org/10.1007/s10571-015-0197-3
https://doi.org/10.1007/s10571-015-0197-3
https://doi.org/10.3390/md12084291
https://doi.org/10.3171/2014.2.JNS13730
https://doi.org/10.1016/j.physbeh.2015.08.015
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/pharmacology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/pharmacology#articles

',\' frontiers

in Pharmacology

ORIGINAL RESEARCH
published: 31 July 2018
doi: 10.3389/fphar.2018.00819

OPEN ACCESS

Edited by:

Emanuela Ricciotti,
University of Pennsylvania,
United States

Reviewed by:

lan Megson,

University of the Highlands

and Islands, United Kingdom
Marco Giorgio,

Istituto Europeo di Oncologia s.rl.,
Italy

*Correspondence:
lolanda Lazaro
iolazaro@clinic.cat;
iolanda.lazaro@fid.es

Specialty section:

This article was submitted to
Inflammation Pharmacology,
a section of the journal
Frontiers in Pharmacology

Received: 27 April 2018
Accepted: 09 July 2018
Published: 31 July 2018

Citation:

Lazaro |, Lopez-Sanz L, Bernal S,
Oguiza A, Recio C, Melgar A,
Jimenez-Castilla L, Egido J,
Madrigal-Matute J and
Gomez-Guerrero C (2018) Nirf2
Activation Provides Atheroprotection
in Diabetic Mice Through Concerted
Upregulation of Antioxidant,
Anti-inflammatory, and Autophagy
Mechanisms.

Front. Pharmacol. 9:819.

doi: 10.3389/fohar.2018.00819

®

Check for
updates

Nrf2 Activation Provides
Atheroprotection in Diabetic Mice
Through Concerted Upregulation of
Antioxidant, Anti-inflammatory, and
Autophagy Mechanisms

lolanda Lazaro™, Laura Lopez-Sanz2, Susana Bernal’2, Ainhoa Oguiza’,
Carlota Recio’, Ana Melgar?, Luna Jimenez-Castilla’, Jesus Egido'?,
Julio Madrigal-Matute® and Carmen Gomez-Guerrero'?

" Renal, Vascular and Diabetes Research Lab, IIS-Fundacion Jimenez Diaz, Autonoma University of Madirid, Madirid, Spain,
2 Spanish Biomedical Research Centre in Diabetes and Associated Metabolic Disorders, Madrid, Spain, ° Department of
Developmental and Molecular Biology, Institute for Aging Studiies, Albert Einstein College of Medicine, New York City, NY,
United States

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-infammatory 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; ATGS5, autophagy-related gene 55 ATG7,
autophagy-related gene 7; BECNI, 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; IFNY, interferon y; KEAP1, Kelch-like ECH-associated protein 1; MAP1LC3B,
microtubule-associated protein 1A/1B light chain B; MRC1, mannose receptor
C-type 1; NF-kB, nuclear factor kB; NOS2, inducible nitric oxide synthase;
Nox, NADPH oxidase; Nrf2, nuclear factor (erythroid-derived 2)-like 2; O,
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-Beltran 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, Cysl151, Cys226, and
Cys368). Due to the resultant profound conformational change
in KEAPI, Nrf2 escapes from KEAP1l-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 lI: 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 (um?) and neutral lipid content
were quantified in serial 8 pm aortic sections (covering about
1,000 pm 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 ARGI,
sc-18354; Santa Cruz Biotechnology, Inc., Santa Cruz, CA,
United States], VSMCs (a-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

model.

A Study I: STZ
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FIGURE 1 | Experimental protocols for diabetes induction in apoE~/~ mice. (A) Study I: Atherogenesis model. (B) Study II: In vivo blockage of autophagic flux
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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;) in
atherosclerotic lesions was assessed by microscopy using the
O, -sensitive fluorescent dye dihydroethidium (DHE; D1168,
Life Technologies, Carlsbad, CA, United States), followed
by nuclear counterstain (DAPL; 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 pg/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 pmol/L for 1-3 h) were exposed to the combination
of inflammatory cytokines [10? units/mL interleukin (IL)-6
plus 10° units/mL interferon-y (IFNy); 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 pmol/L leupeptin plus 20 mmol/L NH4Cl; 12884 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 ug 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
TagMan 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 272,

Protein Expression Analysis

For total protein extraction, mouse tissues and cells were
homogenized in 0.25 M sucrose buffer containing 0.2 mmol/L
Na3VOy, 10 mmol/L NaF 0.2 mmol/L PMSE 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 KCI,
2 mmol/L MgCl,, 1 mmol/L EDTA, 1 mmol/L dithiothreitol,
1 mmol/L PMSE, 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), HMOXI,
microtubule-associated protein 1 light chain 3 (MAP1LC3B;
2,775, Cell Signaling), SQSTM1/p62 (sc-28359, Santa Cruz
Biotechnology) and beclin-1 (BECNI1; sc-11427, Santa Cruz
Biotechnology), using histone H3 (4499, Cell Signaling), B-actin
(sc-47778, Santa Cruz Biotechnology) and a-tubulin (T5168,
Sigma-Aldrich) as loading controls. Peroxidase-conjugated
secondary antibodies (anti-rabbit 711-035-152, anti-mouse
715-035-150, Jackson ImmunoResearch) 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).

were

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;

Frontiers in Pharmacology | www.frontiersin.org

July 2018 | Volume 9 | Article 819


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

Lazaro et al.

Nrf2 and Autophagy in Diabetic Atherosclerosis

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 IFNy), 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, 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 HMOXI, SODI, 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 p47P"°* and
p67PRo% regulatory subunits), alongside increased expression of
antioxidant enzymes HMOXI1, 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 MAPILC3B)
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 x200, scale bars: 40 um) 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 x40) and higher-magnifications (x200 and x400) of the boxed regions showing
colocalization of Nrf2 with macrophages (CD68) and VSMC (a-SMA). Arrows indicate double positive staining (blue—purple, Nrf2; red-brown, cell type marker). L,
lumen. (C) Real-time PCR analysis of N2 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 (8-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 (M¢) incubated with increasing concentrations of tBHQ (0-25 pmol/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 (8-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, %8P < 0.01, and %8P < 0.001 vs. basal.
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FIGURE 3 | tBHQ treatment lessens the development of atherosclerosis in mice. (A) Representative images (magnification x40, scale bars: 200 um) 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 4+ 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+00 0.0+ 3.0 -28+1.0 —-3.0+1.0
Total cholesterol (mg/dL) 330 + 19 263 + 18 852 4 47H## 935 + 69*##
LDL cholesterol (mg/dL) 293 + 18 227 + 13 819 + 40## 901 + 66*#*
HDL cholesterol (mg/dL) 156.3+0.6 1565 +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) 517 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+01 2.4 + 017 12401 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 MAPILC3B-I to MAPILC3B-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 MAPILC3B-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 MAPILC3B-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

Frontiers in Pharmacology | www.frontiersin.org

July 2018 | Volume 9 | Article 819


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

Lazaro et al. Nrf2 and Autophagy in Diabetic Atherosclerosis

B vehicle tBHQ
=
E P=0.0009
o 20
8 f: 1B ..o
o]
N T
= JE: 1.0 (]
40 =9 w%o
28 ; ) g 0° °
S © 30 LY = ~
[ =
- O [e] ~ 0.0 T T
% 3 20 % 0lo - vehicle  tBHQ
© %. Cee _E;_ 8
8% 10 &0 <
O
~ 0
vehlicle tBll-lQ
C D E
[ ND-tBHQ IL6/IFNy
ER D-whicle Mg tBHQ+IL6/IFNy
10 [ D4BHQ 250
< ~ 200
: & ¥
S ! ©
5 32 6 S5 50
= *,° X e % 5
% 100 % E k) 4 [3 % g
b . ) T2
8 50 o% S 5 = ol
5 Ccl2 Cel5 Ccl2 Ccl5 Nos2 Mrc1 Arg2/Argl
S o0 . .
- vehicle  tBHQ

FIGURE 4 | Reduced inflammation in atherosclerotic plaques of tBHQ-treated mice. (A) Immunoperoxidase detection of total macrophages (magnification x 100,
scale bars: 80 wm) 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 x200; scale bars:

20 um; 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 um) 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 wmol/L, 90 min) or vehicle prior to stimulation with cytokines (IL-6 102 units/mL plus
IFNy 10° 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 3P < 0.01 vs. cytokine stimulation.

on the attenuation of vascular inflammation and oxidative stress,

analysis showed upregulated BECN1, ATG5/7, MAP1LC3B,
and bolstering autophagy.

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 MAPILC3B-II
protein, but not SQSTMI1/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

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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(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 (B-actin and
a-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 (1 = 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 wmol/L, 90 min) prior to stimulation with cytokines (IL-6 102 units/mL plus IFNy 102 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
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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 kB (NF-kB) (Monaco and Paleolog,
2004). Evidence indicates a functional crosstalk between
Nrf2 and NF-kB pathways. In macrophages, Nrf2 opposes
transcriptional upregulation of proinflammatory cytokine
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genes (Kobayashi et al, 2016) and its absence exacerbates
NF-kB activity and promotes atherogenesis (Ruotsalainen
et al., 2013). Conversely, NF-kB represses Nrf2 by a physical
interaction with KEAP1 (Yu et al, 2011). We have reported
opposite regulation of NF-kB 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, 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 (HMOXI, SODI,
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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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
MAPI1LC3B-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 wuseful 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
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Kenji Hashimoto?* and Ailin Luo™

" Department of Anesthesiology, Tongji Hospital, Tongji Medical College, Huazhong University of Science and Technology,
Wuhan, China, 2 Division of Clinical Neuroscience, Center for Forensic Mental Health, Chiba University, Chiba, Japan

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 (SN 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 (mMPFC),
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; GustorfI 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 (Keapl), 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, Keapl
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 Keapl and
Nrf2 proteins in the parietal cortex of depressed patients
was lower than that in controls, suggesting that Keapl-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). SEN is reported to have potent anti-inflammatory effects
through the activation of Nrf2. Previously, we reported that
pretreatment with SEN 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 SEN 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 Keapl-Nrf2 signaling system in selected tissues
following surgery for spared nerve injury (SNI). Furthermore,
we investigated whether abnormalities in behaviors and Keapl-
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 Keapl-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(321) = 38.352, P < 0.001; Group: F(2,14) = 66.232, P < 0.001; Interaction: F(g 42y = 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 4,08y = 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

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 Keapl (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 Keapl 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 Keapl 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 Keapl 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 a