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CZ-7, a new derivative of Claulansine F, ameliorates
2VO-induced vascular dementia in rats through a
Nrf2-mediated antioxidant responses

Dan-dan Liu', Xia Yuan?, Shi-feng Chu', Chen Chen', Qian Ren', Piao Luo®, Mei-yu Lin3, Sha-sha Wang', Tian-bi Zhu?, Qi-di A%,
Ying-da Zang', Dong-ming Zhang', Xin He* Zhi-hua Huang®, Hong-shuo Sun®, Zhong-ping Feng® and Nai-hong Chen'?

Vascular dementia (VD) results from accumulated damage in the vascular system, which is characterized by progressive
impairments in memory and cognition and is second only to Alzheimer’s disease (AD) in prevalence among all types of dementia. In
contrast to AD, there is no FDA-approved treatment for VD owing to its multiple etiologies. In this study, we investigated whether
CZ-7, a new derivative of Claulansine F (Clau F) with verified neuroprotective activity in vitro, could ameliorate the cognitive
impairment of rats with permanent occlusion of bilateral common carotid arteries (2VO) and its potential mechanisms of action.
The 2VO rats were orally administered CZ-7 (10, 20, 40 mg/kg) from day 27 to day 53 post-surgery. Morris water maze tests
conducted at day 48-51 revealed that CZ-7 administration significantly reduced the escape latency in 2VO rats. After the rats were
sacrificed on day 53, morphological studies using Nissl and terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL)
staining showed that administration of CZ-7 markedly attenuated the pathological changes in CA1-CA3 area of the hippocampus,
including neuronal cell loss, nuclear shrinkage, and dark staining of neurons, and significantly decreased the chronic cerebral
hypoperfusion-induced cell loss. Kliiver-Barrera staining study revealed that CZ-7 administration significantly improved the white
matter lesions. 8-OHdG and reactive oxygen species (ROS) immunofluorescent analyses showed that CZ-7 administration
significantly decreased oxidative stress in CA1-CA3 area of the hippocampus. Finally, we found that the CZ-7-improved oxidative
stress might be mediated via the Nrf2 pathway, evidenced by the double immunofluorescent staining of Nrf2 and the elevation of
expression levels of oxidative stress proteins HO-1 and NQOT. In conclusion, CZ-7 has therapeutic potential for VD by alleviating
oxidative stress injury through Nrf2-mediated antioxidant responses.
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INTRODUCTION

The dramatic increase in the number of elderly people throughout
the world has brought attention to aging-related degenerative
diseases, such as dementia. Dementia has catapulted into the
public’s consciousness in the past few years [1]. Vascular dementia
(VD) often results from accumulated damage to the vascular
system. VD is characterized by progressive impairments in
memory and cognition and is second only to Alzheimer’s disease
(AD) in prevalence among all types of dementia [2]. Various
mechanisms interact with each other and lead to the complex
pathophysiological processes of VD. VD is mostly attributed to
stroke or deep white matter lesions detected on imaging, and
stroke risk factors are independently associated with an increased
risk of vascular cognitive impairment [3]. In contrast to AD, there is
no FDA-approved treatment for VD owing to its multiple

etiologies [4]. At present, several drugs employed for VD are
conventionally used for AD or are known to lower cardiovascular
risk factors [5], such as cholinesterase inhibitors. Cholinesterase
inhibitors might be appropriate treatments for VD because they
improve cognitive function, clinical global impression, and
activities of daily life in living patients with probable or possible
mild to moderate VD [6]. In general, the current therapies aim to
merely improve symptomatology or are of uncertain clinical
significance [7]. In the coming decades, there will be a marked
increase in the number of cognitively impaired stroke survivors,
especially among elderly people [8]. Therefore, it is essential to
develop more effective and targeted anti-VD drugs.
Clausenamide (Clau) is a newly found alkaloid that is isolated from
the leaves of Clausena lansium (Lour) Skeels, and an evaluation of its
activity showed that the principal pharmacological effects of (-)-Clau
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were to increase the cognition of mice/rats and inhibit, to different
degrees, the pathological changes of AD through its multi-target
effects [9, 10]. Claulansine F (Clau F) is a new carbazole alkaloid
isolated from the stem of C. lansium (Lour) Skeels [11]. Our research
group conducted a series of studies on Clau F and found that (1)
Clau F suppressed apoptosis and oxidative stress induced by sodium
nitroprusside in PC12 cells [12]; (2) Clau F promoted neuritogenesis
in PC12 cells via the ERK signaling pathway [13]; and (3) Clau F
promoted neuronal differentiation of neural stem and progenitor
cells through the Akt/GSK-3(3/B-catenin pathway [14]. Based on the
structure of Clau F, 37 new derivatives (named compounds CZ1-37)
were obtained by Dong-Ming Zhang’s research group to seek more
effective and safer compounds. Preliminary studies on the activity of
Clau F and its derivatives showed that the activities of some
derivatives were better than that of Clau F. Among them, derivative
CZ-7 exhibited the strongest neuroprotective effects in vitro and
inhibited programmed death of PC12 cells and primary cortical
neurons [15]. Preliminary metabolic studies showed that CZ-7 readily
passed through the blood-brain barrier and that its exposure in the
brain was 4.3 times that of the plasma. In addition, CZ-7 showed
strong free radical-scavenging activity [15]. Preliminary acute
toxicological test results showed that CZ-7 had no toxic side effects
with an oral 1g/kg dose in ICR mice. In the light of the above
findings, we designed this study to investigate the utility of CZ-7 in
chronic cerebral hypoperfusion-induced VD in rats and its potential
mechanism of action.

MATERIALS AND METHODS

Drugs and reagents

CZ-7 (purity >98% by HPLC analysis) was synthesized by Dong-
Ming Zhang's research group of the Institute of Materia Medica,
Chinese Academy of Medical Sciences. The chemical structures of
Clau F and CZ-7 are shown in Fig. 1. For oral administration, CZ-7
was first dissolved in dimethylsulfoxide (DMSO) and then 0.5%
CMC-Na solution (e.g., CZ-7.DMSO:5% CMC-Na=400mg:1
mL:100 mL). Nimodipine was purchased from Bayer AG (Leverku-
sen, Germany) and dissolved in 0.5% CMC-Na solution. Total
proteins were quantified by Beyotime Biotechnology (Beijing,
China). Nuclear and cytoplasmic proteins from hippocampus were
extracted by Nuclear-Cytosol Extraction Kit (Applygen Technolo-
gies, Inc., Beijing, China). The antibodies used for Western blotting
and immunofluorescence are shown in Table 1. All other reagents
were of analytical grade and were purchased locally.

Animals

Male Wistar rats (260 + 10 g, supplied by Vital River Laboratories,
Beijing, China) were housed in groups of four per cage at a
temperature of 23 £ 1°C, on a 12 h light-dark cycle, and food and
water were provided ad libitum. All experiments were performed
in accordance with the guidelines established by the National
Institutes of Health Guide for the Care and Use of Laboratory
Animals and were approved by the Animal Care Committee of the
Peking Union Medical College and Chinese Academy of Medical
Sciences (Beijing, China).

Surgical procedure
Permanent occlusion of bilateral common carotid arteries (2VO)
was utilized to cause a permanent and persistent cerebral
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Fig. 1 Chemical structures of Clau F and CZ-7
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Table 1. Primary antibodies used in this study
Target  Host Dilution Supplier
(usage)

Nrf2 Rat monoclonal  1:200 (WB) Santa Cruz Biotechnology
Mouse 1:200 (IF) Abcam, United States
monoclonal

HO-1 Rat monoclonal  1:500 (WB) Proteintech Group,

Chicago, USA

NQO1 Rat monoclonal  1:500 (WB) Proteintech Group,

Chicago, USA

B-actin  Mouse 1:5000 (WB)  Sigma, St Louis, MO, USA
monoclonal

lba-1 Rat monoclonal 1:250 (IF) Wako, Japan

GFAP Rat monoclonal 1:200 (IF) Dako, Japan

MAP2 Rat monoclonal 1:200 (IF) Abcam, United States

PCNA Rat monoclonal  1:500 (WB) Santa Cruz Biotechnology

8-OHdG Mouse 1:500 (IF) Sigma, St Louis, MO, USA
monoclonal

hypoperfusion in rats [16]. All rats had access to water but
not food for the 12h before 2VO surgery. Each rat was
anesthetized with a mixture of 5% isoflurane and 95%
oxygen, and then a mixture of 3% isoflurane and 97% oxygen
was supplied by a respiratory mask during the surgery. In the
permanent 2VO group, through a 1.5-2cm midline cervical
incision, both common carotid arteries were carefully exposed
and doubly ligated with 5-0 silk sutures just below the bifurcation
into internal and external carotid arteries and then cauterized
from the middle of the two silk sutures. The sham-operated
animals were treated similarly to the 2VO rats without carotid
artery ligations and without cauterization. Then, we sprinkled an
appropriate amount of penicillin powder into the wound and
closed it carefully.

Drug administration and experimental design

The Morris water maze (MWM) test was used in two stages in the
behavioral experiment. The first stage was carried out on days
22-26 after operation to evaluate the cognitive deficit of each
ischemic rat. We rejected the unsuccessful rats. The mean time
required to reach the hidden platform of each rat during the
acquisition stage on five consecutive days was calculated. The
mean time of each 2VO rat was defined as value 1, and the mean
time of all rats in the sham group was value 2. The screening
criterion (SC) was selected as the index for evaluating the
cognitive deficit of each ischemic rat: SC= (value 1—value 2)/
value 1. A rat was considered to have a cognitive deficit if its SC
was greater than 0.2 [17]. The sham-operated rats treated with
0.5% CMC-Na served as the sham group. 2VO rats with a ratio
larger than 0.2 were randomly divided into five groups: (1) 2VO
rats treated with 0.5% CMC-Na (model group); (2) 2VO rats treated
with CZ-7 10 mg/kg; (3) 2VO rats treated with CZ-7 20 mg/kg; (4)
2VO rats treated with CZ-7 40 mg/kg; (5) 2VO rats treated with
nimodipine 20 mg/kg. Every group consisted of 10 rats with
identical mean body weights. Daily oral administration of CZ-7 (10,
20, 40 mg/kg), nimodipine (20 mg/kg), or vehicle (0.5% CMC-Na)
started on day 27 post-surgery and lasting until the termination of
the experiment on day 53. The second-stage MWM test was
carried out on days 48-52 after operation to evaluate the effect of
CZ-7 on improvement of cognitive deficits. Behavioral tests were
conducted 4 h after drug administration. The timeline for surgical
procedures (2VO), drug treatment, and behavioral tests was
shown in Fig. 2.
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Fig. 2 Timeline for surgical procedures (2V0), drug treatment, and
behavioral tests

MWM test

The MWM test was performed as previously described [18]. The
apparatus consisted of a circular water tank 120 cm in diameter
and 50 cm in height, filled to a depth of 30 cm with water at 23 +
1°C to cover a black platform (10 cm in diameter). The tank was
divided into four quadrants called |, I, I, and IV at equal distances
from the rim. The platform was located in the center of quadrant |
during training. The top of the platform was approximately 1.5 cm
below the surface of the water. During the training period of the
task, rats were given two trials (in quadrants Ill and IV, respectively)
per day at an interval of 10s to find the hidden platform on five
consecutive days. The experimenter conducting the MWM test
was blinded to the treatment groups (double-blind). The rat was
gently placed into the water, facing the side walls of the maze
from one of the four starting positions. The swimming path of the
rat was monitored by a video camera linked to a computer
through an image analyzer (Chinese Academy of Medical
Sciences, Beijing, China). For each training trial, the latency to
escape onto the hidden platform and the path length were
recorded. The rat was given a maximum of 60 s to find the hidden
platform. If the rat failed to find the platform within 60s, the
training was terminated and a maximum score of 60s was
assigned. The rat was then guided to the hidden platform, and it
was allowed 10s reinforcement on the platform. In the second
stage of the MWM test, after the last training trial on training day
4, a probe test, in which the hidden platform was removed, was
conducted the next day. The rat was allowed to swim freely for 60
s in the pool before it was removed from water, and the number
of times it crossed the platform and the mean time spent in the
target quadrant were recorded as an assessment of spatial
memory.

Neuropathological analysis

Three rats chosen randomly from each group were anesthetized
with chloral hydrate (350 mg/kg, ip) at day 53 and then perfused
transcardially with phosphate-buffered saline (PBS) followed by
4% paraformaldehyde. The whole brain was removed and then
post-fixed in the same paraformaldehyde. It was gradually
dehydrated by sucrose polyformaldehyde and subsequently
embedded in paraffin blocks. Then, 4-um-thick coronal sections
were prepared for neuropathological analysis and immunofluor-
escence staining.

For Nissl staining, hippocampus paraffin coronal tissues were
deparaffinized and hydrated. The sections were immersed in 0.2%
cresyl violet for 5min and then covered with xylene-based
mounting medium. Nissl-stained cells in the hippocampal
CA1-CA3 area were observed at X200 magnifications. For TUNEL
staining to identify apoptotic cells, according to the manufac-
turer’s instructions, paraffin-embedded sections were pre-treated
with proteinase K (20 pg/mL) in Tris-hydrochloride buffer for 30
min at 37 °C. After washing three times with PBS, the sections
were incubated in TUNEL reaction mixture for 1 h at 37°C in the
dark. After washing three times with PBS, nuclear staining was
identified in cell nuclei with Hoechst (1:1000). TUNEL-positive cells
in hippocampal CA1-CA3 region were observed at %200
magnification. For Kllver-Barrera staining, coronal hippocampus
paraffin sections were deparaffinized and hydrated, then stained
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with Klliver-Barrera Luxol fast blue. The severity of the white
matter lesions was graded into four ranks by an independent
investigator blinded to the treatment group: normal (grade 0),
disarrangement of the nerve fibers (grade 1), the formation of
marked vacuoles (grade 2), and the disappearance of myelinated
fibers (grade 3) [19]. Representative photographs of tissue sections
stained with Kllver-Barrera in the corpus callosum (cc), external
callosum (ec), and internal capsule (ic) of the white matter were
taken at x200 magnifications. Sections of Nissl staining and
Kliver-Barrera staining were observed using a light microscope,
and TUNEL staining was observed using a laser scanning confocal
microscope (Leica TCSSP2, Solms, Germany).

Immunofluorescence staining

For immunofluorescence staining, after dewaxing and dehydra-
tion, hippocampus paraffin tissues were incubated for antigen
retrieval for 10 min. Then, the slices were placed at room
temperature and washed three times for 5min with PBS. Next
they were soaked in 0.5% Triton X-100 for 10 min and washed
three times for 5 min with PBS, followed by blockade with goat
serum and incubation with a primary antibody against Nrf2, MAP2,
GFAP, mouse anti-8-hydroxy-2’deoxyguanosine (8-OHdG), or Iba-1
at 4 °C overnight. Subsequently, sections were washed with PBST
three times and incubated for 2 h at room temperature in the dark
with secondary fluorescence antibodies. All images were captured
under a laser scanning confocal microscope (Leica TCSSP2, Solms,
Germany). The entire quantifying procedure was performed in a
blinded manner.

ROS production measurement by dihydroethidium staining

Brain sections (4 um), after dewaxing and dehydration, were
incubated for antigen retrieval for 10 min, then incubated with
dihydroethidium (100 uM; Molecular Probes, Sigma, D7008) in the
dark for 3 h at 37 °C, followed by three washes with PBST. Next, the
sections were incubated with Hoechst (1:1000) for 15 min at 37 °C.
The slides were rinsed three times with PBST, and mounted with
90% glycerin and coverslipped. The tissue sections were then
visualized with a confocal laser scanning microscope, and
fluorescence was detected.

Western blotting analysis

On day 53, the bilateral hippocampal tissues were excised at 4 °C
and stored at —80 °C until use. The cytoplasm and nuclear proteins
were extracted from the hippocampus using a nuclear-cytosol
extraction kit (Applygen, Beijing, China) according to its manu-
facturer’s instructions. The hippocampus tissues were homoge-
nized and dissociated with lysis buffer (in 150 mM NacCl, 25 mM
Tris—-HCl,1 mM EGTA, 1 mM EDTA, pH 7.4, 1% Triton X-100, 1T mM
PMSF) for 30 min and then centrifuged at 12000 x g for 30 min;
the supernatants were collected after centrifugation and used for
Western blotting analysis. Protein concentrations were deter-
mined using the BCA protein assay. Next, samples were separated
by sodium dodecyl sulfate-polyacrylamide gel electrophoresis and
transferred onto PVDF membranes. The membranes were blocked
with 3% bovine serum albumin in Tris-buffered saline for 2 h.
Then, the membranes were incubated at 4 °C overnight with the
Nrf2, NQO1, HO-1, PCNA, or B-actin antibody. After washing three
times with TBST the next day, the membranes were incubated
with a horseradish peroxidase-conjugated secondary antibody
(goat anti-rabbit, 1:5000; goat anti-mouse, 1:5000) (Santa Cruz
Biotechnologies, Santa Cruz, CA) for 2 h at room temperature and
processed for visualization by enzyme-linked chemiluminescence.
The bands were detected using the Enhanced Chemilumines-
cence Plus detection system (GE Healthcare, Fairfield, CT, USA).
The density of each band was quantified using Quantity One
software (Tokyo, Japan). The data are expressed as ratios and
were normalized to the amount of B-actin or PCNA (n = 4 for each
group).
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Image analysis

The number of Nissl bodies and staining for TUNEL,
KlGver-Barrera, 8-OHdG, and ROS were assessed in full micro-
scopic fields (x200) of the hippocampus or white matter by using
the digital medical image analysis software Image-Pro Plus (Media
Cybernetics, Silver Spring, MA, USA). Three random non-
overlapping sections were viewed and counted under a grid at
%200 magnification.

Statistical analysis

Data are presented as the mean + SEM. Raw data were statistically
analyzed with Graph Pad Prism 5.0. MWM test escape latencies
and swimming speeds were analyzed using two-way analysis of
variance (ANOVA) with repeated measures. The other data were
analyzed using one-way ANOVA. Fisher's least-significant-
difference post hoc test was used to test the differences between
two groups. A value of P<0.05 was considered statistically
significant.

RESULTS

CZ-7 attenuated spatial cognitive impairment induced by chronic
cerebral hypoperfusion

Learning and memory retention of the MWM test was used to
evaluate spatial memory in rats. As shown in Fig. 3a, b, the escape
latency (time to find the hidden platform) declined progressively
during days 22-26 in all rats. However, the 2VO rats had longer
escape latencies throughout the training days than sham-
operated rats (P < 0.05 or P < 0.001), demonstrating that hypoper-
fusion successfully induced learning deficit in this rat 2VO model.
As presented in Fig. 3c, compared with the sham-operated group,
the body weight of the 2VO group began to recover gradually on
the fifth day after the operation. After CZ-7 treatment (10, 20, 40
mg/kg) for approximately 4 weeks, the escape latency was
significantly shortened compared with CMC-Na-treated 2VO
group on days 2 and 4 (Fig. 3d). In the probe trial, the number
of platform crossings and the mean time spent in the target
quadrant were used to evaluate the retention performance. The
CMC-Na-treated 2VO rats had fewer crossings and less mean time
spent in the target quadrant than other groups (Fig. 3e, f). CZ-7
treatment at the dose of 20 mg/kg improved those deficits, but
not significantly. The groups treated with CZ-7 at the doses of 10
and 40 mg/kg and with nimodipine showed marginal improve-
ments in learning the task. Although there was no significant
difference between the CZ-7 and CMC-Na treatment groups, the
effect of CMC-Na was inferior to that of CZ-7 or nimodipine. To
determine whether the group differences in escape latency were
due to difference in swimming ability, swimming speed (path
length/escape latency) was calculated for each group. As shown in
Fig. 3g, there was no difference between the groups in swimming
ability.

The effects of CZ-7 on cerebral neuropathological alterations
induced by chronic cerebral hypoperfusion

The hippocampus is considered one of the most important brain
regions associated with learning and memory and is particularly
susceptible to ischemic insult. Neuronal death in the hippocampus
is a major contributor to memory decline [20]. Representative
microphotographs of Nissl staining in the hippocampus 53 days
after 2VO are shown in Fig. 4. Extensive neuronal changes were
visualized in the CA1-CA3 area of the hippocampus: neuronal cell
loss, nuclear shrinkage, and dark staining of neurons. Long-term
administration of CZ-7 or nimodipine markedly reduced these
pathological changes and attenuated the chronic cerebral
hypoperfusion-induced cell loss in CA1-CA3. Compared with
the pronounced damage in CA1-CA3, chronic cerebral hypoperfu-
sion did not induce obvious neuronal loss in the dentate gyrus
(data not shown). TUNEL staining is commonly used in the
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detection of neurons undergoing apoptosis. As reflected in the
Fig. 5, 2VO rats treated with CMC-Na exhibited more TUNEL-
positive neurons in the CA1-CA3 area. The nuclei of the model
group’s CA1-CA3 region were irregularly shaped and degenerat-
ing. The 2VO group treated with CZ-7 at 20 mg/kg had markedly
fewer TUNEL-positive cells, suggesting that CZ-7 protected
neurons from apoptosis.

Chronic cerebral hypoperfusion is an important cause of white
matter injury. The pathology of the 2VO model is attributed not
only to hippocampus damage but also to white matter
disintegration [21]. As illustrated in Fig. 6, myelinated fibers in
the corpus callosum (cc), external callosum (ec), and internal
capsule (ic) of the white matter were stained with Kliiver-Barrera,
and no obvious cell damage was observed in the sham-operated
rats. In contrast, CMC-Na-treated 2VO rats showed severe
rarefaction, marked vacuolization, increased crookedness, and
disarrangement of myelin fibers in the cc, ec, and ic. Administra-
tion of CZ-7 or nimodipine attenuated these lesions in white
matter, especially the CZ-7 20 mg/kg group.

CZ-7 suppressed chronic cerebral hypoperfusion-induced
oxidative stress in hippocampus

DNA damage is usually repaired by a specific system and produces
various oxidized metabolites. One of the recognized biomarkers of
oxidative damage of DNA is 8-OHdG [22]. Immunofluorescence for
8-OHdG in the hippocampus of rats was performed to measure
DNA-oxidative damage after chronic cerebral hypoperfusion [23]
with or without CZ-7. As shown in Fig. 7, the 8-OHdG-positive cells
increased significantly in the model group. The 8-OHdG-positive
cells of the CA1 and CA3 areas of the hippocampus in the CZ-7-
treated groups were obviously decreased compared with the
model group. These results show that CZ-7 prevented oxidative
DNA damage in rats.

CZ-7 rescued ROS impairment and protected neurons in
hippocampus of chronic cerebral hypoperfusion rats

The most important free radicals in the human body are ROS,
which are by-products of cellular metabolism that are largely
generated from mitochondria [24]. ROS are involved in the
maintenance of redox homeostasis and various cellular signaling
pathways, but excessive accumulation of ROS can cause
oxidative damage to DNA, resulting in the production of
8-OHdG [25]. On the basis of the above results, we examined
the ROS using immunofluorescence analysis. As shown in Fig. 8,
chronic cerebral hypoperfusion induced robust production of ROS
in the rat hippocampus CA1 and CA3 regions, which were
scavenged in the groups treated with CZ-7 (10, 20, and 40 mg/kg).
These results further suggest that CZ-7 might have antioxidant
properties.

CZ-7 induced Nrf2 translocation from the cytoplasm to the
nucleus in hippocampus of chronic cerebral hypoperfusion rats
Considering Nrf2 is a master regulator of cytoprotective regulators
against oxidative stress, we hypothesized that the ameliorated
cognitive deficits and ischemic injury after CZ-7 treatment in 2VO
rats might be related to an increase in Nrf2 activation. We
investigated whether ROS triggered the members of the Nrf2
pathway and its downstream products. We examined the
activation of Nrf2 using double-immunofluorescence staining to
identify the nuclear translocation of Nrf2 in neurons after 2VO
surgery and the source of Nrf2. As shown in Fig. 9a-f, staining for
Nrf2 with lba-1, GFAP, or MAP2 showed that 2VO induced Nrf2
chiefly in neurons rather than in astrocytes or microglia in the
hippocampus of rats. As shown in Fig. 9e, f, the Nrf2 was mainly
located in the cytoplasm in the model group, whereas the CZ-7
treatment induced Nrf2 translocation from the cytoplasm to the
nucleus. In the model group, the neurons were markedly shrunken
and pyknotic, the number of cells decreased, and some cells also
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Fig. 3 a The performance in the Morris water maze test (days 22-26 post-2VO) in sham rats and in rats with memory deficit induced by
permanent occlusion of the bilateral common carotid arteries. b Escape latency from the start point to the hidden platform at days 22-26, before
drug administration(*P < 0.05, ##P<0.001 vs. sham group). ¢ Changes in body weight of rats from day 1 to day 21, before the Morris water maze
test. Values are expressed as the mean + SEM (n = 10 for sham group and n = 70 for model group, #*P < 0.001 vs. sham group). For Fig. b, two-way
ANOVA and post hoc Newman-Keuls test for escape latency: 2VO surgery, F (1, 305) =82.19, P<0.0001; time, F (4, 305) =9.68, P < 0.0001;
interaction, F (4, 305) = 2.80, P = 0.0263. For Fig. ¢, two-way ANOVA and post hoc Newman-Keuls test for weight: 2VO surgery, F (1, 244) = 56.93,
P <0.0001; time, F (3, 244) = 143.83, P < 0.0001; interaction, F (3, 244) = 6.68, P = 0.0002). d Time to locate the hidden platform of each group at
days 48-51 (*P < 0.01 vs. sham group; "P < 0.05 vs. model group). e Number of crossings in the target quadrant within 60 s in the probe trial (no
platform) at day 52 (*P < 0.05 vs. sham group). f Percentage of time spent in the target quadrant within 60's in the probe trial (no platform) at
day 52. g Swimming speed (path length/escape latency) was not different between the groups. Values are expressed as the mean = SEM (n = 10).
For Fig. d, two-way ANOVA and post hoc Newman-Keuls test for escape latency: drug, F (4, 340) = 5.06, P = 0.0006; time, F (3, 340) =6.79, P=
0.0002; interaction, F (12, 340) = 0.87, P = 0.5750. For Fig. e, one-way ANOVA, F (5, 46) = 3.230, P = 0.0150. For Fig. f, one-way ANOVA, F (5, 52) =
1.568, P =0.1875. For Fig. g, two-way ANOVA and post hoc Newman-Keuls test for swimming speed: drug, F (4, 390) = 2.92, P=10.0211; time, F (4,
390) = 23.13, P< 0.0001; interaction, F (16, 390) = 0.91, P = 0.5609)
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displayed an irregular shape and a tangled appearance. In
contrast, in the CZ-7-treated groups, the nucleus showed normal
morphological features, and the number of cells in the
hippocampus decreased only sporadically. These results are
consistent with the Nissl and TUNEL staining (Figs. 4 and 5).

Effects of CZ-7 on the expression of oxidative proteins in
hippocampus of chronic cerebral hypoperfusion rats

We then measured the Nrf2 protein expression in nuclear extracts,
cytoplasmic extracts, and total protein extracts of hippocampus
using Western blotting in all the groups. As reflected in Fig. 10a, b,
compared with the sham group, the model group had an obvious
decrease in the ratio of nuclear to cytoplasmic Nrf2 and an
increase in total Nrf2. Compared with the model group, CZ-7
treatment resulted in a pronounced enhancement of nuclear and
total Nrf2 expression. HO-1 and NQO1 are crucial downstream
proteins regulated by Nrf2. When Nrf2 is activated, it drives the
expression of Nrf2 target genes. Therefore, we examined the
effects of CZ-7 treatment on the expression of HO-1 and NQO1. As
shown in Fig. 10c, d, the protein levels of HO-1 and NQOT1 in the
hippocampus were up-regulated in the 2VO group compared with
the sham group, and CZ-7 20 mg/kg significantly up-regulated
these proteins over the model group. These results indicate that
CZ-7 treatment could activate the cytoprotective Nrf2 target genes.

DISCUSSION

Our previous series of studies confirmed the neuroprotective
effect of Clau F in vitro. As one of the new derivatives of Clau F,
our results first demonstrated that CZ-7 significantly improved
cognitive deficit in rats induced by chronic cerebral hypoperfu-
sion. Our current results demonstrate the following: (1) CZ-7
alleviated 2VO-induced memory impairment by shortening the
escape latency, increasing the number of crossings and extending
the mean time spent in the target quadrant in the MWM test; (2)
chronic treatment with CZ-7 in the 2VO model profoundly
reduced brain hippocampus neuronal damage and white matter
damage; (3) CZ-7 reduced the destruction indicated by 8-OHdG;
(4) CZ-7 scavenged the overproduced ROS; and (5) CZ-7 increased
Nrf2 entry to the nucleus and enhanced the expression of Nrf2,
HO-1, and NQO1. We used three dosages of CZ-7 (10, 20, and 40
mg/kg) for this study, and we observed that the 20 mg/kg dosage
of CZ-7 possessed maximum activity against 2VO-induced VD.
Taken together, our findings suggest that the neuroprotective
action of CZ-7 is due to its inhibition of oxidative damage through
the Nrf2-mediated antioxidant response.

VD is one of the most common types of dementia in older
adults, characterized by a progressive worsening of memory and
other cognitive functions [1]. In contrast to stroke, which is often
caused by a sudden disruption of the blood supply to distinct
brain regions, VD is caused by a moderate but persistent reduction
in regional cerebral blood flow (CBF), which impairs memory and
contributes to the progression of dementia; the damaged vascular
system could also cause the deprivation of oxygen and nutrients
to the brain and lead to cell death [26]. The ligation of the bilateral
common arteries (2VO) can cause global ischemia in the brain. The
2VO rat is an established model to investigate the effects of
chronic cerebral hypoperfusion on cognitive dysfunction and
neurodegenerative process [27]. Soon after the 2VO, the CBF in
the cortex and hippocampus drops significantly and gradually
starts to recover after approximately 1 week, but the deficit is still
obvious at 4 weeks [28]. It is generally concluded that the
chronically reduced perfusion period following 2VO appears to
mimic best the pathophysiological process of cerebral hypoperfu-
sion [27]. In addition to VD, the 2VO model has been used to study
ischemic white matter injury and ischemic eye disease [27].

Decreased cognition is recognized as one of the most severe
and typical features in VD, and the MWM is a standard method to
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assess spatial leaning ability in rodents [29]. 2VO rats need longer
escape latencies than controls in the MWM [30]. In this
experiment, we found that 2VO animals exhibited significant
learning and memory deficits during the first MWM test on days
22-26 after 2VO surgery. In the second MWM test, on days 48-52,
CZ-7-treated animals had significantly decreased total escape
latency, but the CMC-Na-treated 2VO group had no obvious
improvement in the total escape latency. The neuron is the basic
structural and functional unit of the nervous system, and lesions of
neurons in specific brain areas, such as the hippocampus,
produced by cerebral hypoperfusion can produce severe memory
and learning deficits [5]. The Nissl body is one of the characteristic
structures of the cytoplasm of neuronal cell bodies, and the
density of Nissl staining in the neuronal cytoplasm is used to
evaluate neuronal damage [31]. Nissl staining in this study showed
that neurons in the hippocampus CA1 and CA3 areas of the model
group degenerated after chronic cerebral hypoperfusion, and
CZ-7 ameliorated the cerebral hypoperfusion-induced neuron
damage. This observation was consistent with the MWM test
results. TUNEL staining also showed that CZ-7 had a neuropro-
tective effect on hippocampal neurons. The white matter is
vulnerable to chronic cerebral hypoperfusion, and Kliiver-Barrera
staining is a commonly used method to evaluate white matter
lesions. Brain white matter damage is one of the common
causes of cognitive impairment in the elderly and is also one of
the main pathological types of vascular cognitive impairment. Our
results confirm that CZ-7 significantly improved brain white
matter injury.

The above results preliminarily confirm that CZ-7 treatment
improved the cognitive function and significantly increased
pyramidal neuron number in the hippocampus. We hypothesized
that this improved cognitive function was associated with CZ-7’s
improvement of oxidative stress. This hypothesis is supported by
the following: (1) There is an ample evidence that chronic cerebral
hypoperfusion is one of the key factors in the development of
cognitive impairment, in which vascular oxidative stress plays a
major role [32]. (2) We have confirmed that CZ-7 has a protective
effect in H,O,-induced PC12 cells and primary neuron cells
damage in vitro [15]. (3) CZ-7 exhibits strong free radical-
scavenging activity [15]. Redox homeostasis in the human body
is a complex process, and ROS are involved in the maintenance of
redox homeostasis and various cellular signaling pathways.
Increased oxidative stress is a widely accepted participant in the
development and progression of both AD and VD [33, 34].
Oxidative stress plays a key role in neuronal death during cerebral
hypoperfusion and may deteriorate cognitive function in cere-
brovascular disease [35]. The oxidative damage to DNA, lipids, and
proteins can produce 8-OHdG, 4-hydroxynonenal (4-HNE), and
nitrotyrosine (NTY), respectively [36]. Oxidative damage of DNA is
one of the most important mechanisms for the pathogenesis of
cancer, cardiovascular, and other chronic diseases. [37, 38] 8-
OHdG, as a biomarker of oxidative damage in DNA, is a promising
indicator for these diseases, and the extent of oxidative damage
and repair in vivo can be assessed by 8-OHdG detection [39].
Reactive oxygen radicals, such as hydroxyl radicals and superoxide
anions, attack the guanine eighth-base carbon atoms in DNA
molecules, which can form the oxidative adduct 8-OHdG, thus
changing the spatial structure of DNA chains [40]. Increased
urinary 8-OHdG has been associated with lower cognitive
performance [41] and is a potential marker of oxidative stress in
VD patients [42]. Under physiological conditions, the antioxidant
system of the body can promptly remove excess free radicals,
maintaining the redox balance; but in pathological conditions,
ROS are quickly released and excessively accumulate in the
body, leading to oxidative stress that exceeds the antioxidant
capacity of the body, which then causes oxidative damage to
DNA and further leads to the release of 8-OHdG [43]. Its high
rate of oxygen consumption, its richness in fatty acids, and
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Fig. 4 a, b The effects of CZ-7 on the morphologic changes in the hippocampal CA1 and CA3 regions induced by chronic
cerebral hypoperfusion in rats (Nissl staining). Representative micrographs: X200 magnification, scale bar=100pum. The black arrows
point to the damaged Nissl bodies of neurons. ¢ Quantification of CZ-7’s effects on neuron damage. Values are expressed as the mean + SEM
(n=3). ¥P < 0.05, vs. sham group, P < 0.05, vs. model group. For CA1, one-way ANOVA, F (5, 16) = 3.897, P = 0.0281. For CA3, one-way ANOVA,
F (5, 17) = 3.998, P=0.0229
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Fig. 5 a, b The effects of CZ-7 on apoptosis in the hippocampal CA1 and CA3 regions induced by chronic cerebral hypoperfusion in rats
(TUNEL staining). Representative micrographs: X200 magnification, scale bar = 100 pm. ¢ Quantification of CZ-7’s effect on apoptosis-positive
neurons. Values are expressed as the mean + SEM (n = 3). *P < 0.05, #P < 0.01 vs. sham group. "P < 0.05 vs. model group. For CA1, one-way
ANOVA, F (5, 17) =5.451, P =0.076. For CA3, one-way ANOVA, F (5, 17) =4.407, P=0.0164
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its weak antioxidant activity [44] render the brain especially
sensitive to oxidative stress, so an imbalanced antioxidant
system will contribute to neuronal cell loss and exacerbate VD
[45]. As reflected in Fig. 5a and b, the results of 8-OHdG
immunofluorescence showed that the number of 8-OHdG-
positive cells in the model group increased significantly. Long-
term administration of CZ-7 effectively improved the oxidative
stress status and reduced the number of positive cells in
the hippocampus. The results of ROS immunofluorescence are
consistent with 8-OHdG.

Nrf2 is a member of the cap-n-collar transcription factor
family, and it is a key player in the cellular antioxidant defense
system. Nrf2 is considered a potential target to prevent
oxidative damage because its activation protects different
organs from ischemia/reperfusion injury. Nrf2-deficient female
mice are very sensitive to oxidative stress, and they develop a

Acta Pharmacologica Sinica (2019) 40:425 - 440

severe lupus-like glomerulonephritis, a type of autoimmune
disease that is closely related to increasing oxidative stress [46].
Nrf2 has emerged as a new therapeutic target. Inhibitors of
Nrf2 are expected to help reduce drug resistance and improve
therapy, and activators of Nrf2 are helpful in protection
against drug toxicity and stress-induced diseases [47, 48].
However, one of the problems that need to be taken into
consideration is that the role of Nrf2 is complicated, even in the
same disease. For example, Nrf2 promotes cancer cell survival
and confers resistance to chemotherapeutics and radiotherapy
[49]. By disassociating from Keap1 and translocating from the
cytoplasm to the nucleus, Nrf2 has antioxidant effects. Nrf2 is
involved in upregulating a battery of antioxidant and cell-
protective genes, including NQO1 and HO-1 [50]. As reflected in
our results, CZ-7 can effectively promote the Nrf2 translocation
from the cytosol to the nucleus. NQO1 and HO-1 were
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Fig. 7 a, b The effects of CZ-7 on 8-OHdG changes in hippocampal CA1 and CA3 region induced by chronic cerebral hypoperfusion in rats.
Representative micrographs: x200 magnification, scale bar =100 pm. ¢ Quantification analysis of CZ-7 on 8-OHdG-positive cells. Values are
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up-regulated in the CZ-7 treatment groups, particularly in the
CZ-7 20 mg/kg group.

CONCLUSION

CZ-7 significantly improved the cognitive deficits induced by
chronic cerebral hypoperfusion in rats. Our investigation on
the mechanism of the neuroprotective effect of CZ-7 showed that
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CZ-7 (20 mg/kg) significantly increased the surviving pyramid cells
of the CA1-CA3 area of the hippocampus of 2VO rats, alleviated
brain white matter injury, decreased the cellular levels of 8-OHdG
and ROS, and enhanced the antioxidant capacity by upregulating
HO-1 and NQOT1 through Nrf2 activation. These effects might be
related to its antioxidation activities, but the exact target of CZ-7
still needs to be determined. In this regard, Nrf2"/~ mice may be
helpful to verify its exact target.
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