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Abstract

Objective: To explore the effect of RTA-408 on the propofol-induced cognitive im-
pairment of neonatal mice via regulating Nrf2 and NF-xB p65 nuclear translocation.
Methods: C57BL/6 neonatal mice were randomized into intralipid, propofol, vehi-
cle + propofol, and RTA-408 + propofol groups. The learning and memory ability was
inspected by Morries water maze (MWM) test. TUNEL staining was performed to ex-
amine the apoptosis of neurons in hippocampus. The gene and protein expressions in
hippocampus were detected by immunohistochemistry, gRT-PCR, or Western blot-
ting. The activities of glutathione peroxidase (GPx), superoxide dismutase (SOD), and
catalase (CAT) were tested by the corresponding kits.

Results: Propofol prolonged escape latency of mice, decreased the times of cross-
ing the platform, and shortened the time of staying in the target quadrant, while
RTA-408 treatment improved the above-mentioned situation. Besides, Nrf2 pro-
tein in hippocampus of mice induced by propofol was decreased with the increased
NF-xB p65 nuclear translocation, which was reversed by RTA-408. Meanwhile, RTA-
408 decreased the apoptosis of neurons accompanying with the down-regulation of
Caspase-3 and the up-regulations of neuronal-specific nuclear protein (NeuN), mi-
crotubule-associated protein 2 (Map2), Ca2+/CaImoduIin-dependent Protein Kinase Il
(CaMKIl), and parvalbumin (PV) immunostaining in hippocampus. Besides, propofol-
induced high levels of proinflammatory cytokines and antioxidase activities in hip-
pocampus were reduced by RTA-408.

Conclusion: RTA-408 improved propofol-induced cognitive impairment in neonatal
mice via enhancing survival of neurons, reducing the apoptosis of hippocampal neu-
rons, mitigating the inflammation and oxidative stress, which may be correlated with

the activation of Nrf2 and the inhibition of NF-kB p65 nuclear translocation.
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1 | INTRODUCTION

A series of animal studies have demonstrated that many anesthet-
ics, like ketamine, propofol, etomidate, and isoflurane, could cause
damage to the brain neurons during the early postnatal period, fur-
ther leading to cognitive and neurological abnormalities (Kletecka
et al., 2019). Since propofol (2, 6-diisopropylphenol) has rapid onset
and short duration of action, it has been widely used in surgical pro-
cedure and intensive care units (ICU), as well as the pediatric ICU
(Yan et al., 2019), which, however, could trigger the apoptosis or in-
hibit the neuronal growth in vitro (Wang et al., 2018). Especially, the
long-term repeated injection of large-dose propofol has influence on
the learning and memory capacity (Xu et al., 2016), which could be
used as the regulator of Nrf2 and nuclear factor-kB (NF-kB) path-
ways (Jiang et al., 2018).

Nrf2 is a basic leucine zipper transcription factor, belonging
to the Cap' n' Collar (CNC) transcription factor family, which was
functioned as a key transcription factor and a major regulator of
cell oxidative stress, inducing the expression of antioxidant en-
zymes, detoxification enzymes, and downstream protein mole-
cules (lkram et al., 2019). Currently, the researches of Nrf2 in the
central nervous system have become a hot spot (Liu et al., 2019;
Shah et al., 2019). NF-xB is a family of dimeric transcription fac-
tors made up of five family members, p50 (NF-kB1), RelA (p65),
p52 (NF-xB2), c-Rel, and RelB (Oda-Kawashima et al., 2020).
Zhong et al. (2014) revealed down-regulation of p65 was in-
volved in the potential mechanisms of propofol-induced neuro-
toxicity. RTA-408 (Omaveloxolone), a nuclear factor E2 related
2 (Nrf2) activator, is a synthetic triterpeniod with anticancer and
anti-inflammatory activities (Probst et al., 2015). Recently, Yang
et al. (2019) demonstrated RTA-408 attenuated IL-1B-stimulated
p65 nuclear translocation in a rat brain astrocyte (RBA-1) line.
Therefore, we hypothesis that RTA-408 may play a role in the
propofol-induced cognitive dysfunction in neonatal mice via af-
fecting Nrf2 and NF-xB p65. In our experiment, C57BL/6 mice
aged 7 days were pretreated with RTA-408, and treated with
propofol for 6 hr (Mandyam et al., 2017), to explore the treat-
ment of RTA-408 on propofol-induced cognitive dysfunction of
neonatal mice.

2 | MATERIALS AND METHODS
2.1 | Ethical statement

All experiments conducted on animals in the study are in accord-
ance with the management and using principles of local experimen-
tal animals, meet the requirements of animal ethics, and follow the
Guidelines for the Management and Use of Experimental Animals issued
by the National Institutes of Health of the United States (Mason &
Matthews, 2012).

2.2 | Anesthesia

C57BL/6 wild-type male mice aged 7 days (PND 7, purchased from
Jackson Laboratory) were fed in clean animal rooms with normal
circadian rhythm and free eating and drinking at room temperature
22°C. Mice were randomly divided into four groups: intralipid group,
propofol group, vehicle + propofol group, and RTA-408 + propo-
fol group. The animals grouping and the experiment process were
shown in Figure 1. The mice in the vehicle + propofol or RTA-
408 + propofol were pretreated with either vehicle [10% dimethyl
sulphoxide (DMSOQ)/sterile saline] or RTA-408 (Selleck Chemicals)
for 2 hr (Shekh-Ahmad et al., 2018). Then, the mice in intralipid group
and propofol groups received intraperitoneal (i.p.) injection of in-
tralipid (vehicle control, 50 mg/kg; Cutter Laboratories) and propo-
fol (50 mg/kg; Sigma-Aldrich) followed by twice injections (25 mg/
kg, i.p.) of intralipid and propofol at 2-hr intervals, respectively, 6 hr
of exposure in all (Pearn et al., 2018). One month after propofol ex-
posure, half of the mice randomly chosen in each group were killed,
and the others were fed for 3 months after propofol exposure for
Morris Water Maze (MWM) test. The body weight was recorded

every week.

2.3 | Sample collection

The mice in each group were weighted and then killed after blood
samples collected from their tail vein. The chest cavity was quickly
opened to fully expose the heart. A 16G vein puncture needle was
used to insert into the aorta through the left ventrical, and the
right auricle cut to be quickly infused with 200 ml of ice normal
saline. The brain was taken out, quickly transferred into the ice
block formed by sterile double steaming water, and hippocam-
pus, was separated, washed with 4°C sterile water and dried to
be frozen in liquid nitrogen, and then transferred to keep it in
refrigerator at —-80°C. Corresponding kits were used to test the
activities of glutathione peroxidase (GPx), superoxide dismutase
(SOD), and catalase (CAT). The hippocampus was perfused rap-
idly with heparinized normal saline and fixed with 200 ml of 4%

paraformaldehyde.

2.4 | gRT-PCR

TRIzol reagent was used to extract the total RNA, which was then re-
versed into cDNA by the Super Script Il cDNA synthesis kit (Bio-Rad
Laboratories, Inc., Hercules, CA, USA). A SYBR Green PCR Master
kit with an ABI Prism 7,500 Sequence Detection System (Applied
Biosystems, Foster City, CA) was conducted to perform the PCR
reaction. Table 1 shows primer sequences used in the study. The
2"ALCt method was utilized to calculate the relative expression of

target gene with p-actin as the internal reference.
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FIGURE 1 Brief flow chart of the experimental procedures

TABLE 1 Primer sequences of gRT-PCR in the study

Gene Primer sequences

IL-6 Forward:
5'-ATGAAGTTCCTCTCTGCAAGAGACT-3’
Reverse: 5'-CACTAGGTTTGCCGAGTAGATCTC-3'

IL-1p Forward: 5'-GAGTGTGGATCCCAAGCAAT-3’
Reverse: 5'-AGACAGGCTTGTGCTCTGCT-3'

TNF-a Forward: 5-CAAAGGGAGAGTGGTCAGGT-3’
Reverse: 5-ATTGCACCTCAGGGAAGAGT-3'
B-actin Forward: 5'-GGTCATCACTATTGGCAACG-3'

Reverse: 5'-~ACGGATGTCAACGTCACACT-3'

2.5 | Western blotting

The hippocampus was dispersed in precooled RIPA lysis buffer,
followed by homogenization. Nuclear and cytoplasmic proteins
were extracted using NE-PER Nuclear and Cytoplasmic Extraction
Reagents (Pierce Biotechnology, Inc.) followed by the quantitation
with a bicinchoninic acid (BCA) protein assay kit (Thermo Scientific)
according to the instructions. The same sample was separated by
sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-
PAGE), transferred to PVDF membrane. 5% nonfat milk was added
for 1 hr followed by the addition of primary antibodies overnight at
4°C. After the membrane was washed once for three times, second-
ary antibody was added, and the membrane was washed three times
after incubation at 37°C for 1.5 hr (each time for 10 min), followed by

* RTA-408 dissolved in the vehicle
[10% dimethyl sulphoxide
(DMSO)/sterile saline] for 2 h

 propofol (50 mg/kg) followed

by two injections of propofol
(25 mg/kg) at 2 h intervals

Execution <1 month after

propofol exposure

(half of the mice
in each group)

~ MWM test

¢ 3 months after

UELIIRUUEEE  propofol exposure

in each group)

the detection with ECL (Amersham Pharmacia Biotech). The densito-

metric analysis was conducted using ImageJ Software.

2.6 | TUNEL staining

The hippocampus was dehydrated with gradient ethanol, cleared in
xylene, embedded in paraffin, and sectioned into 4 pm slices. Then,
these sections were subjected to conventional dewaxing to water.
The TUNEL kits (Boehringer Mannheim) were applied to conduct
TUNEL staining according to the instructions. Observed under the
optical microscope, the nucleus of apoptotic cells was stained into
brown or yellow. The percentage of TUNEL positive cell number was

calculated in five arbitrarily selected fields.

2.7 | Immunohistochemistry

Sections were dewaxed, incubated with 3% H,0, at room tempera-
ture for 5-10 min, then washed with PBS, and incubated for 10 min
at room temperature. The Caspase-3 (1/100, Abcam, USA), NeuN
(1:1,000; Chemicon), PV (1:2,000; Sigma-Aldrich), NF-xB p65 (1:200;
Santa Cruz Biotechnology), Map2 (1/8,000; Abcam), and CaMKII
(1:500; Abcam) were added into it at 4°C overnight. After being
washed with PBS, the secondary antibody was added and incubated
at 37°C for 10-30 min, which was followed by the addition with
alkaline phosphatase-labeled streptavidin at 37°C for 10-30 min.
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Then, the tissues were washed with PBS (5 min x 3 times), developed
with DAB, counterstained with hematoxylin, dehydrated, rendered
transparent, and mounted.

2.8 | Morris water maze test

The device adopted a diameter of 214 cm with a height of 50 cm
and a depth of 30 cm, and four white mark points divided the pool
into four quadrants. Mice were put into the pool from different
quadrants every time, and the time from entering water to finding
platform was calculated as the escape latency. Mice, which cannot
find the platform in 60 s, were placed on the platform to 10 s. After
5 days of continuous training, 4 times a day, each time from different
quadrants with different random entry points, the average value of
daily test was taken as the learning and memory performance. The
platform was removed in the morning after the end of the above
experiment. The mice entered the water in the opposite of the orig-
inal quadrant, and the time of staying in the target quadrant was
recorded.

2.9 | Statistical analysis

SPSS 22.0 statistical software was used for conducting analysis.
The measurement was expressed in the way of mean + standard
deviation (SD). One-way or two-way ANOVA was used as a tool for
comparison among multiple groups followed by Tukey's honestly sig-
nificant differences (HSD) test or Holm-Sidak method for pair com-

parison, respectively. p < .05 was taken as statistically significant.
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3 | RESULTS
3.1 | RTA-408 strengthened the learning and
memory capacity of propofol-induced neonatal mice

No significant difference was observed in body weight (p > .05,
Figure 2a) among groups. Morris water maze test showed (Figure 2b-e)
that the period of propofol-induced escape latency was significantly
prolonged, with the decreased number of platform crossings (both
p < .05). By comparison with propofol group, the escape latency of
mice in RTA-408 + propofol group was reduced, but the number of
platform crossings was increased (both p < .05). Besides, when com-
pared with intralipid group, the time of mice in the target quadrant in
propofol group was shortened (p < .05), but it was prolonged in RTA-
408 + propofol group, as compared to propofol group.

3.2 | Comparison of Nrf2 and NF-xB expression in
hippocampus of neonatal mice in each group

The result of Western blotting demonstrated the decreased Nrf2
protein and increased NF-kB p65 nuclear translocation in hippocam-
pus of mice from propofol group and vehicle + propofol group as
compared with intralipid group (all p < .05, Figure 3a,b). Additionally,
protein expression of Nrf2 in the hippocampus of mice from RTA-
408 + propofol group was up-regulated, while NF-xB p65 nuclear
translocation was inhibited as compared with propofol group (all
p < .05). The NF-xB p65 nuclear-positive cells were increased in the
propofol group by the immunohistochemistry, which was decreased
in the RTA-408 + propofol group (Figure 3c,d).

propofol vehicle + propofol

RTA-408 + propofol

Postnatal day
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60
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FIGURE 2 RTA-408 improved the learning and memory abilities of propofol-induced mice. Notes: (a) Changes in body weight of mice
from PND7 to PND84 (3 months) (two-way ANOVA followed by pairwise comparison with post hoc Holm-Sidak method); (b) Representative
images of MWM test of the mice in four groups; (c) Escape latency period of mice in each group (two-way ANOVA followed by pairwise
comparison with post hoc Holm-Sidak method); (d) Percentage time of staying in the target quadrant of mice in each group (One-way
ANOVA followed by Tukey’ HSD test). (e) The number of platform crossings (One-way ANOVA followed by Tukey' HSD test); Data are
expressed as means + SD, and n = 10 mice per group; *p < .05, compared with intralipid group, #p < .05, compared with propofol group and

vehicle + propofol group
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FIGURE 3 Effect of RTA-408 on Nrf2 and NF-xB p65 nuclear translocation in hippocampus from propofol-induced mice. Note: A-B: The
expression of Nrf2 and NF-kB p65 nuclear translocation in the hippocampus of mice detected by Western blotting; C: NF-kB p65-positive
neurons were detected in CA1 subfield cells using immunohistochemical staining. D: Quantitative analysis of NF-kB p6é5 nuclear-positive
cells. The data are expressed as percentage of total cell number. Data are expressed as means + SD, and analyzed using One-way ANOVA

followed by the Tukey’ HSD test, n = 10 mice per group;
and vehicle + propofol group

3.3 | RTA-408 increased the propofol-induced
loss of mature neurons in neonatal mice

According to the NeuN and Map2 immunostaining in the hip-
pocampus as shown in Figure 4a-d, the NeuN and Map2 expres-
sions were decreased in the hippocampal CA1 areas of mice after
propofol induction (p < .05), which was not differ from those in the
vehicle + propofol group (p > .05). However, compared with vehi-
cle + propofol group, the NeuN and Map2 expressions in the hip-
pocampal CA1 areas were increased in propofol-induced mice after
RTA-408 treatment, but were still less than those in the intralipid
group (both p < .05).

3.4 | RTA-408 increased the propofol-induced
loss of pyramidal neurons and interneurons in
neonatal mice

As shown in Figure 4e-h, the pyramidal neurons (marked by CaMKIl)
and interneurons (marked by PV) was decreased in the hippocampal
CA1 areas of mice form the propofol group as compared with the
intralipid group (both p < .05), which was partly reversed by the RTA-
408 treatment (both p < .05).

3.5 | RTA-408 restricted the inflammation of
hippocampus in propofol-induced neonatal mice

Levels of proinflammatory factors (TNF-q«, IL-6, and IL-1) in the hip-
pocampus of each group were determined by gRT-PCR and Western

*p < .05, compared with intralipid group; # p < .05, compared with propofol group

blotting in Figure 5, which showed increased levels of proinflamma-
tory factors in the hippocampus of mice from propofol group than
those from intralipid group (all p < .05), but RTA-408 pretreatment
could decreased the inflammation of hippocampus in propofol-in-
duced neonatal mice with decreased levels of TNF-q, IL-6, and IL-1p
(all p < .05).

3.6 | RTA-408 reduced propofol-induced
apoptosis and oxidative stress in hippocampus of
neonatal mice

RTA-408 pretreatment significantly reduced propofol-induced apop-
tosis of hippocampus neurons of mice (p < .05, Figure 6a,b). Besides,
expression of Caspase-3 was tested in the CA1 area of hippocam-
pus via immunohistochemistry, which showed Caspase-3 expression
was increased significantly in other three groups compared with
intralipid group, but when compared to vehicle + propofol group,
its expression was decreased significantly in RTA-408 + propofol
group (all p < .05, Figure 6c,d). Moreover, the activities of GPx, SOD,
and CAT in the hippocampus of mice from propofol group and ve-
hicle + propofol group were lower than those from intralipid group,
while RTA-408 can significantly improve propofol-induced oxidative

stress in hippocampus (all p < .05, Figure 6e-g).

4 | DISCUSSION

According to the previous study, the brain from a one-week-old

mouse developed similar as the human's brain to some extent (Pearn
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FIGURE 4 Comparison of NeuN, Map2, CaMKIl, and PV immunostaining in the hippocampus from mice among different groups. Note:
A-B: Representative images of the NeuN staining from hippocampus of mice with high magnification of boxed CA1 areas (A), and the
percent protection of NeuN (+) cells in various subgroups in the hippocampus (B). C-D: Representative image of the Map2 staining from

hippocampus of mice with high magnification of boxed CA1 areas (C), and the percent protection of Map2 (+) cells in the hippocampus from
mice among the various subgroups (D); E-F: Representative image of the CaMKI|I staining in the hippocampal CA1 areas of mice (E), and the
percent protection of CaMKII (+) cells among the different groups (F); G-H: Representative image of the PV staining in the hippocampal
CA1 areas of mice (G), and the percent protection of PV (+) cells among the different groups; ml, molecular cell layer; DG, dentate gyrus; sr,
stratum radiatum; pcl, pyramidal cell layer; gcl, granule cell layer. Data are expressed as means + SD, and analyzed using One-way ANOVA
followed by the Tukey’ HSD test, n = 10 mice per group; * p < .05, compared with intralipid group, #p < .05, compared with propofol group

and vehicle + propofol group

et al., 2018). In addition, propofol has been pointed out to cause the
growth cone collapse, axonal transport impairment, loss of synaptic
connectivity, and the behavioral deficits of mice at PND 5-7 (Wang
et al., 2016). Therefore, in this study, we did experiments on PND7
mice, and after being exposed to propofol for 6 hr, the escape la-
tency was prolonged with the decreased number of crossing plat-
form, which was reversed by the treatment of RTA-408, indicating
that RTA-408 could strengthen the learning and memory capacity of
propofol-induced mice.

In our study, we found the expression of Nrf2 protein in hip-

pocampus was reduced after the propofol injection. Therefore, we

speculated that Nrf2 activation might also play a protective role in
the neonatal mice induced by propofol. Previous study found the
mice lacking the Nrf2 transcription had increased oxidative stress in
hippocampus, thus resulting in serious cognitive impairment, which
was further illustrated by a marked amplification of the oxidative
stress and inflammatory response factor (McNeilly et al., 2016).
Besides, the activation of Nrf2 would improve the cognitive func-
tion of PS1V97L-Tg mice model of AD (Tian et al., 2019). As re-
ported, compounds activating the Nrf2 pathway, which starts the
transcription of antioxidant enzymes, such as BDNF (a growth factor

that promotes neuronal survival), have been reported to protect the
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FIGURE 6 RTA-408 reduced propofol-induced apoptosis of hippocampus neurons of neonatal mice and oxidative stress in the
hippocampus. Notes: (a, b) TUNEL staining was used to detect apoptosis in the hippocampal CA1 area of mice; (c,d) Immunohistochemistry
was to detect the expression of Caspase-3 in the hippocampal CA1 area of mice; Arrows indicated Caspase-3 positive staining. (e-g)
Comparison of oxidative stress indexes (GPx, SOD, and CAT) in hippocampus of mice; Data are expressed as means + SD and analyzed using
One-way ANOVA followed by the Tukey' HSD test, n = 10 mice per group; *p < .05, compared with intralipid group, *p < .05, compared with

propofol group and vehicle + propofol group

neurons from a variety of injury (Shi et al., 2018). Debolina Ghosh
and his groups also revealed Nrf2 activator treatment additively im-
prove redox glutathione levels and neuron survival in aging and in
Alzheimer mouse neurons (Ghosh et al., 2013). RTA-408, as a syn-
thetic triterpenoid compound, is found to be able to potently acti-
vate Nrf2, thus promoting antioxidant and anti-inflammatory effects
in neurodegenerative diseases (Shekh-Ahmad et al., 2018), indicat-
ing that RTA-408 may increase the survival of propofol-induced

hippocampal neurons via activating Nrf2 expression. Furthermore,

many studies have reported that Nrf2 can activate a variety of
downstream antioxidant genes, like NF-xB, after being stimulated by
inflammation or oxidative stress (Calkins et al., 2009). We also found
propofol induced a significant increase of NF-xB p65 nuclear trans-
location in the hippocampus of neonatal mice, which was in line with
the former researches (Popic et al., 2015). Several researches demon-
strated the stimulated nuclear translocation of NF-kB pé65 could be
suppressed by RTA-408 (Sun et al., 2019; Yang et al., 2019). In our
study, the hippocampal CA1 neurons of propofol-induced mice after
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RTA-408 treatment were increased, suggesting the enhance survival
of neurons by RTA-408 pretreatment may be related to the activa-
tion of Nrf2 and the inhibition of NF-kB p65 nuclear translocation
in propofol-induced hippocampal of mice. The proinflammatory cy-
tokines mainly including IL-1, IL-6, IL-8, and TNF are small molecular
polypeptides synthesized and secreted by immune and nonimmune
cells of the body (Dhanisha et al., 2019; Gebremariam et al., 2019),
which were shown to be induced in propofol-induced hippocam-
pus (Milanovic et al., 2016; Yang et al., 2014), being similar as the
findings in our study. At present, the anti-inflammatory medicines
can inhibit the activation of NF- ¥B pathway, and antioxidant drugs
usually perform cell protection function by activating Nrf2 pathway
(Choudhury et al., 2015; Mukherjee et al., 2013). As consistent with
previous study, the antioxidase activities of GPx, SOD, and CAT
in hippocampus of mice were reduced by propofol, indicating that
the oxidative response was serious (Alirezaei et al., 2017). In recent
years, a large number of studies at home and abroad have found that
RTA 408 has inflammatory and antioxidant effects. For example, in
the model of seizure-like activity in vitro, RTA 408 inhibited the pro-
duction of active oxygen (Shekh-Ahmad et al., 2018) and up-regu-
lated the expression of antioxidant gene in diabetic wounds (Rabbani
et al., 2018), so as to play the role of antioxidant stress. In addition,
RTA-408 did attenuate airway inflammation in a murine model of
ozone-induced asthma exacerbation (Zhang et al., 2019) and sup-
pressed proinflammatory cytokine levels in interferon-y-stimulated
RAW 264.7 macrophage cells (Probst et al., 2015). From our models,
the expression of hippocampal inflammatory factors was signifi-
cantly reduced in propofol-induced mice, with the increased level
of antioxidant stress after RTA-408 pretreatment, suggesting that it
can significantly improve propofol-induced hippocampal inflamma-
tion and oxidative stress in mice.

Furthermore, the study of neonatal anesthetics, including propo-
fol, concerning the neurotoxicity mainly focuses on apoptosis (Zhu
et al., 2018). RTA 408 has been reported to play an antiapoptotic role
in several studies. The in vitro experiments showed RTA 408 (10 and
100 nM) treatment can reduce H,O,-induced apoptosis of human
retinal pigment epithelial cells (Chen et al., 2016), and the mice,
underwent unilateral ischemia followed by contralateral nephrec-
tomy, exhibited had the improved renal function and the decreased
apoptosis after treated with RTA-408 in vivo (Han et al., 2017).
Meanwhile, caspase-3 had irreplaceable role in cell apoptosis, as the
most important end shear enzyme in the process of apoptosis (Zhou
etal., 2018). In our experiment, propofol-induced apoptosis of hippo-
campal neurons and expression of caspase-3 were inhibited with the
treatment of RTA 408 with the decreased loss of NeuN (+) and Map2
(+) principal cells, PV(+) interneurons, and CaMKII (+) pyramidal neu-
rons in the hippocampal CA1 areas of mice, indicating that RTA 408
may play a protective role in propofol-induced cognitive impairment.

To sum up, RTA-408 can be used to improve learning and memory
capacity of propofol-induced neonatal mice by increasing the sur-
vival of neurons, lowering the inflammatory response and oxidative
stress in hippocampus, and reducing the apoptosis of neurons, which

may be correlated with the activation of Nrf2 and the inhibition of

NF-xB p65 nuclear translocation. However, there exist several lim-
itations: First, we did not measure the actual plasma concentrations
of propofol as it is technically difficult to place an intravenous line
and obtain blood in PND7 mice; second, the extrahippocampal re-
gions were not examined due to time and funding constraints; finally,
further studies in humans will be needed to confirm the ability of
RTA-408 in propofol-induced cognitive impairment.

ACKNOWLEDGMENTS
The authors appreciate the reviewers for their useful comments in
this study.

CONFLICT OF INTEREST
None of the authors have any competing interests.

AUTHOR CONTRIBUTION
Ling Zhang designed and wrote the study. Qian Zhou performed and
analyzed the study. Chun-Li Zhou wrote and revised the study.

DATA AVAILABILITY STATEMENT
The datasets supporting the conclusions of this article are included

within the article.

ORCID

Chun-Li Zhou https://orcid.org/0000-0003-3501-8975

REFERENCES

Alirezaei, M., Rezaei, M., Hajighahramani, S., Sookhtehzari, A., & Kiani, K.
(2017). Oleuropein attenuates cognitive dysfunction and oxidative
stress induced by some anesthetic drugs in the hippocampal area of
rats. The Journal of Physiological Sciences, 67(1), 131-139. https://doi.
org/10.1007/s12576-016-0446-3

Calkins, M. J., Johnson, D. A., Townsend, J. A., Vargas, M. R, Dowell, J.
A., Williamson, T. P, ... Johnson, J. A. (2009). The Nrf2/ARE path-
way as a potential therapeutic target in neurodegenerative dis-
ease. Antioxidants & Redox Signaling, 11(3), 497-508. https://doi.
org/10.1089/ARS.2008.2242

Chen, B., Deng, X., Wang, B., & Liu, H. (2016). Etanercept, an inhibitor
of TNF-a, prevents propofol-induced neurotoxicity in the develop-
ing brain. International Journal of Developmental Neuroscience, 55,
91-100. https://doi.org/10.1016/j.ijdevneu.2016.10.002

Choudhury, S., Ghosh, S., Gupta, P., Mukherjee, S., & Chattopadhyay,
S. (2015). Inflammation-induced ROS generation causes pancre-
atic cell death through modulation of Nrf2/NF-kappaB and SAPK/
JNK pathway. Free Radical Research, 49(11), 1371-1383. https://doi.
org/10.3109/10715762.2015.1075016

Dhanisha,S.S., Drishya, S., & Guruvayoorappan, C.(2019). Pithecellobium
dulce fruit extract mitigates cyclophosphamide-mediated toxicity by
regulating proinflammatory cytokines. Journal of Food Biochemistry,
44,e13083. https://doi.org/10.1111/jfbc.13083

Gebremariam, H. G., Qazi, K. R., Somiah, T., Pathak, S. K., Sjolinder, H.,
Sverremark Ekstrom, E., & Jonsson, A. B. (2019). Lactobacillus gas-
seri suppresses the production of proinflammatory cytokines in
Helicobacter pylori-Infected macrophages by inhibiting the expres-
sion of ADAM17. Frontiers in Immunology, 10, 2326. https://doi.
org/10.3389/fimmu.2019.02326

Ghosh, D., Levault, K. R., & Brewer, G. J. (2013). Dual energy precursor
and Nrf2 activator treatment additively improve redox glutathione


https://orcid.org/0000-0003-3501-8975
https://orcid.org/0000-0003-3501-8975
https://doi.org/10.1007/s12576-016-0446-3
https://doi.org/10.1007/s12576-016-0446-3
https://doi.org/10.1089/ARS.2008.2242
https://doi.org/10.1089/ARS.2008.2242
https://doi.org/10.1016/j.ijdevneu.2016.10.002
https://doi.org/10.3109/10715762.2015.1075016
https://doi.org/10.3109/10715762.2015.1075016
https://doi.org/10.1111/jfbc.13083
https://doi.org/10.3389/fimmu.2019.02326
https://doi.org/10.3389/fimmu.2019.02326

ZHANG ET AL.

levels and neuron survival in aging and in Alzheimer mouse neurons
upstream of ROS. Neurobiology of Aging, 35(1), 179.

Han, P, Qin, Z., Tang, J., Xu, Z., Li, R, Jiang, X., ... Zhang, W. (2017).
RTA-408 protects kidney from ischemia-reperfusion injury in
mice via activating Nrf2 and downstream GSH biosynthesis gene.
Oxidative Medicine and Cellular Longevity, 2017, 7612182. https://doi.
org/10.1155/2017/7612182

lkram, M., Muhammad, T., Rehman, S. U., Khan, A., Jo, M. G, Ali, T., &
Kim, M. O. (2019). Hesperetin confers neuroprotection by regulating
Nrf2/TLR4/NF-kappaB signaling in an abeta mouse model. Molecular
Neurobiology, 56(9), 6293-6309. https://doi.org/10.1007/s1203
5-019-1512-7

Jiang, S., Liu, Y., Huang, L., Zhang, F., & Kang, R. (2018). Effects of propo-
fol on cancer development and chemotherapy: Potential mecha-
nisms. European Journal of Pharmacology, 831, 46-51. https://doi.
org/10.1016/j.ejphar.2018.04.009

Kletecka, J., Holeckova, I., Brenkus, P., Pouska, J., Benes, J., & Chytra, .
(2019). Propofol versus sevoflurane anaesthesia: Effect on cognitive
decline and event-related potentials. Journal of Clinical Monitoring
and Computing, 33(4), 665-673. https://doi.org/10.1007/s1087
7-018-0213-5

Liu, S., Li, G., Tang, H., Pan, R., Wang, H., Jin, F,, ... Dong, J. (2019).
Madecassoside ameliorates lipopolysaccharide-induced neu-
rotoxicity in rats by activating the Nrf2-HO-1 pathway.
Neuroscience Letters, 709, 134386. https://doi.org/10.1016/j.
neulet.2019.134386

Mandyam, C. D., Schilling, J. M., Cui, W., Egawa, J., Niesman, |. R,
Kellerhals, S. E., ... Head, B. P. (2017). Neuron-targeted caveolin-1
improves molecular signaling, plasticity, and behavior dependent on
the hippocampus in adult and aged mice. Biological Psychiatry, 81(2),
101-110. https://doi.org/10.1016/j.biopsych.2015.09.020

Mason, T. J., & Matthews, M. (2012). Aquatic environment, housing, and
management in the eighth edition of the guide for the care and use of
laboratory animals: Additional considerations and recommendations.
The Journal of the American Association for Laboratory Animal Science,
51(3), 329-332.

McNeilly, A. D., Gallagher, J. R., Dinkova-Kostova, A. T., Hayes, J. D,
Sharkey, J., Ashford, M. L., & McCrimmon, R. J. (2016). Nrf2-mediated
neuroprotection against recurrent hypoglycemia is insufficient to
prevent cognitive impairment in a rodent model of type 1 diabetes.
Diabetes, 65(10), 3151-3160. https://doi.org/10.2337/db15-1653

Milanovic, D., Pesic, V., Loncarevic-Vasiljkovic, N., Pavkovic, Z., Popic, J.,
Kanazir, S., ... Ruzdijic, S. (2016). The fas ligand/fas death receptor
pathways contribute to propofol-induced apoptosis and neuroin-
flammation in the brain of neonatal rats. Neurotoxicity Research,
30(3), 434-452. https://doi.org/10.1007/s12640-016-9629-1

Mukherjee, S., Ghosh, S., Choudhury, S., Adhikary, A., Manna, K., Dey,
S., & Chattopadhyay, S. (2013). Pomegranate reverses methotrex-
ate-induced oxidative stress and apoptosis in hepatocytes by modu-
lating Nrf2-NF-kappaB pathways. Journal of Nutritional Biochemistry,
24(12), 2040-2050. https://doi.org/10.1016/j.jnutbio.2013.07.005

Oda-Kawashima, K., Sedukhina, A.S., Okamoto, N., lytvyn, M., Minagawa,
K., lwata, T, ... Sato, K. O. (2020). NF-kB signaling in cardiomyocytes
is inhibited by sevoflurane and promoted by propofol. FEBS Open Bio,
10(2), 259-267. https://doi.org/10.1002/2211-5463.12783

Pearn, M. L., Schilling, J. M., Jian, M., Egawa, J., Wu, C., Mandyam, C. D.,
... Head, B. P. (2018). Inhibition of RhoA reduces propofol-mediated
growth cone collapse, axonal transport impairment, loss of synaptic
connectivity, and behavioural deficits. British Journal of Anaesthesia,
120(4), 745-760. https://doi.org/10.1016/j.bja.2017.12.033

Popic, J., Pesic, V., Milanovic, D., Loncarevic-Vasiljkovic, N., Smiljanic, K.,
Kanazir, S., & Ruzdijic, S. (2015). Induction of TNF-alpha signaling cas-
cade in neonatal rat brain during propofol anesthesia. International
Journal of Developmental Neuroscience, 44, 22-32. https://doi.
org/10.1016/j.ijdevneu.2015.05.003

B B dB h . o 9 of 10
rain an enavior Wl LEYJ—

Open Access,

Probst, B. L., Trevino, |, McCauley, L., Bumeister, R., Dulubova, I,
Wigley, W. C., & Ferguson, D. A. (2015). RTA 408, a novel syn-
thetic triterpenoid with broad anticancer and anti-inflammatory
activity. PLoS One, 10(4), e0122942. https://doi.org/10.1371/journ
al.pone.0122942

Rabbani, P. S., Ellison, T., Waqas, B., Sultan, D., Abdou, S., David, J. A,
... Ceradini, D. J. (2018). Targeted Nrf2 activation therapy with RTA
408 enhances regenerative capacity of diabetic wounds. Diabetes
Research and Clinical Practice, 139, 11-23. https://doi.org/10.1016/j.
diabres.2018.02.021

Shah, S., Zhao, D., Taglialatela, G., Hussain, T., Dong, H., Sabir, N., ... Yang,
L. (2019). Combinatory FK506 and minocycline treatment allevi-
ates prion-induced neurodegenerative events via caspase-mediated
MAPK-NRF2 pathway. International Journal of Molecular Sciences,
20(5), 1144. https://doi.org/10.3390/ijms20051144

Shekh-Ahmad, T., Eckel, R., Dayalan Naidu, S., Higgins, M., Yamamoto,
M., Dinkova-Kostova, A. T., ... Walker, M. C. (2018). KEAP1 inhibi-
tion is neuroprotective and suppresses the development of epilepsy.
Brain, 141(5), 1390-1403. https://doi.org/10.1093/brain/awy071

Shi, A, Xiang, J., He, F.,, Zhu, Y., Zhu, G., Lin, Y., & Zhou, N. (2018). The
phenolic components of Gastrodia elata improve prognosis in rats
after cerebral ischemia/reperfusion by enhancing the endogenous
antioxidant mechanisms. Oxidative Medicine and Cellular Longevity,
2018, 7642158. https://doi.org/10.1155/2018/7642158

Sun, X., Xie, Z., Hu, B., Zhang, B., Ma, Y., Pan, X., & Chen, Z. (2019). The
Nrf2 activator RTA-408 attenuates osteoclastogenesis by inhibiting
STING dependent NF-kappab signaling. Redox Biology, 28, 101309.
https://doi.org/10.1016/j.redox.2019.101309

Tian, Y., Wang, W., Xu, L., Li, H., Wei, Y., Wu, Q., & Jia, J. (2019). Activation
of Nrf2/ARE pathway alleviates the cognitive deficits in PS1IV97L-Tg
mouse model of Alzheimer's disease through modulation of oxidative
stress. Journal of Neuroscience Research, 97(4), 492-505. https://doi.
org/10.1002/jnr.24357

Wang, X., Ding, G., Lai, W,, Liu, S., & Shuai, J. (2018). MicroRNA-383
upregulation protects against propofol-induced hippocampal
neuron apoptosis and cognitive impairment. Experimental and
Therapeutic Medicine, 15(4), 3181-3188. https://doi.org/10.3892/
etm.2018.5838

Wang, Y. L., Li, F., & Chen, X. (2016). Piracetam prevents memory
deficit induced by postnatal propofol exposure in mice. European
Journal of Pharmacology, 779, 59-65. https://doi.org/10.1016/j.
ejphar.2016.03.013

Xu, C., Seubert, C. N., Gravenstein, N., & Martynyuk, A. E. (2016).
Propofol, but not etomidate, increases corticosterone levels and in-
duces long-term alteration in hippocampal synaptic activity in neo-
natal rats. Neuroscience Letters, 618, 1-5. https://doi.org/10.1016/j.
neulet.2016.02.045

Yan, W., Morgan, B. T., Berry, P., Matthys, M. K., Thompson, J. A, &
Smallheer, B. A. (2019). A quality improvement project to increase
adherence to a pain, agitation, and delirium protocol in the intensive
care unit. Dimensions of Critical Care Nursing, 38(3), 174-181. https://
doi.org/10.1097/DCC.0000000000000353

Yang, B., Liang, G., Khojasteh, S., Wu, Z., Yang, W., Joseph, D., & Wei, H.
(2014). Comparison of neurodegeneration and cognitive impairment
in neonatal mice exposed to propofol or isoflurane. PLoS One, 9(6),
€99171. https://doi.org/10.1371/journal.pone.0099171

Yang, C. C,, Lin, C. C,, Jou, M. J,, Hsiao, L. D., & Yang, C. M. (2019). RTA
408 inhibits interleukin-1beta-induced MMP-9 expression via sup-
pressing protein kinase-dependent NF-kappaB and AP-1 activation
in rat brain astrocytes. International Journal of Molecular Sciences,
20(11), 2826. https://doi.org/10.3390/ijms20112826

Zhang, J. H., Yang, X., Chen, Y. P.,, Zhang, J. F., & Li, C. Q. (2019). Nrf2 ac-
tivator RTA-408 protects against ozone-induced acute asthma exac-
erbation by suppressing ROS and gammadeltaT17 cells. Inflammation,
42(5), 1843-1856. https://doi.org/10.1007/s10753-019-01046-6


https://doi.org/10.1155/2017/7612182
https://doi.org/10.1155/2017/7612182
https://doi.org/10.1007/s12035-019-1512-7
https://doi.org/10.1007/s12035-019-1512-7
https://doi.org/10.1016/j.ejphar.2018.04.009
https://doi.org/10.1016/j.ejphar.2018.04.009
https://doi.org/10.1007/s10877-018-0213-5
https://doi.org/10.1007/s10877-018-0213-5
https://doi.org/10.1016/j.neulet.2019.134386
https://doi.org/10.1016/j.neulet.2019.134386
https://doi.org/10.1016/j.biopsych.2015.09.020
https://doi.org/10.2337/db15-1653
https://doi.org/10.1007/s12640-016-9629-1
https://doi.org/10.1016/j.jnutbio.2013.07.005
https://doi.org/10.1002/2211-5463.12783
https://doi.org/10.1016/j.bja.2017.12.033
https://doi.org/10.1016/j.ijdevneu.2015.05.003
https://doi.org/10.1016/j.ijdevneu.2015.05.003
https://doi.org/10.1371/journal.pone.0122942
https://doi.org/10.1371/journal.pone.0122942
https://doi.org/10.1016/j.diabres.2018.02.021
https://doi.org/10.1016/j.diabres.2018.02.021
https://doi.org/10.3390/ijms20051144
https://doi.org/10.1093/brain/awy071
https://doi.org/10.1155/2018/7642158
https://doi.org/10.1016/j.redox.2019.101309
https://doi.org/10.1002/jnr.24357
https://doi.org/10.1002/jnr.24357
https://doi.org/10.3892/etm.2018.5838
https://doi.org/10.3892/etm.2018.5838
https://doi.org/10.1016/j.ejphar.2016.03.013
https://doi.org/10.1016/j.ejphar.2016.03.013
https://doi.org/10.1016/j.neulet.2016.02.045
https://doi.org/10.1016/j.neulet.2016.02.045
https://doi.org/10.1097/DCC.0000000000000353
https://doi.org/10.1097/DCC.0000000000000353
https://doi.org/10.1371/journal.pone.0099171
https://doi.org/10.3390/ijms20112826
https://doi.org/10.1007/s10753-019-01046-6

10 of 10 WI LEy_Brain and Behavior

ZHANG ET AL.

Open Access,

Zhong, Y., Liang, Y., Chen, J., Li, L., Qin, Y., Guan, E., & Xiao, Q. (2014).
Propofol inhibits proliferation and induces neuroapoptosis of hippo-
campal neurons in vitro via downregulation of NF-kappaB pé5 and
Bcl-2 and upregulation of caspase-3. Cell Biochemistry and Function,
32(8), 720-729. https://doi.org/10.1002/cbf.3077

Zhou, M., Liu, X., Li, Z., Huang, Q., Li, F., & Li, C. Y. (2018). Caspase-3
regulates the migration, invasion and metastasis of colon cancer
cells. International Journal of Cancer, 143(4), 921-930. https://doi.
org/10.1002/ijc.31374

Zhu, W., Zhang, W., Li, J., Ding, Z., Huang, Y., & Lu, L. (2018). The abuse of
anesthetic propofol: Associated with cognitive impairment. Science
China Life Sciences, 61(11), 1428-1431. https://doi.org/10.1007/
s11427-018-9401-9

How to cite this article: Zhang L, Zhou Q, Zhou C-L. RTA-408
protects against propofol-induced cognitive impairment in
neonatal mice via the activation of Nrf2 and the inhibition of
NF-xB p65 nuclear translocation. Brain Behav.
2021;11:e01918. https://doi.org/10.1002/brb3.1918



https://doi.org/10.1002/cbf.3077
https://doi.org/10.1002/ijc.31374
https://doi.org/10.1002/ijc.31374
https://doi.org/10.1007/s11427-018-9401-9
https://doi.org/10.1007/s11427-018-9401-9
https://doi.org/10.1002/brb3.1918

