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Purpose: Catalpol is the main active component of Rehmannia glutinosa, which has a variety of
pharmacological activities, including anti-inflammatory and anti-oxidative effects. This study
investigates the feasibility of catalpol intranasal administration and its protective effect on acute
cerebral ischemia in rats via anti-oxidative and anti-apoptotic mechanisms.

Patients and Methods: This study investigates the method of catalpol intranasal admin-
istration to evaluate the nasal mucosal toxicity, brain targeting and pharmacokinetics of
catalpol. The protective effect of catalpol of intranasal administration on stroke-induced
brain injury in rats and its mechanisms on oxidative stress pathway Nrf2/HO-1 and apoptosis
were also investigated using middle cerebral artery occlusion (MCAO).

Results: The results showed that catalpol intranasal administration was safe and feasible
with no hemolysis, no bad effect on the maxillary ciliary movement of bullfrog. After
intranasal administration, the brain targeting index (DTI) of catalpol was greater than 1,
which indicated that catalpol had good brain targeting after intranasal administration. The
bioavailability of catalpol administered intranasally was higher than that of in plasma. In
MACO model, catalpol intranasal administration could significantly reduce cerebral infarc-
tion volume, neurological dysfunction and brain edema. In addition, catalpol intranasal
administration can also reduce the brain cell’s occurrence of apoptosis, promote the expres-
sion of Bcl-2 protein and inhibit the expression of Bax protein, reduce oxidative stress
damage via up-regulating expression of Nrf2 and HO-1, increasing the activities of SOD and
decreasing the activities of MDA.

Conclusion: Collectively, catalpol intranasal administration has good safety, stability and
brain targeting. It can effectively protect the brain injury of the rat model of acute cerebral
ischemia and provide the possibility of drug administration in the acute stage of cerebral
ischemia, especially before entering the hospital.

Keywords: catalpol, cerebral ischemia, intranasal administration, oxidative stress, apoptosis,

neuroprotection

Introduction

Stroke is the most common neurological disease with high morbidity, mortality and
disability." Stroke can be divided into ischemic and hemorrhagic, of which 85% is
ischemic stroke.? Early use of drug in acute phase is the key to the treatment of
ischemic stroke.” Cerebral ischemia patients in a short period of time are very likely

. . . . . 4
to appear on one side hemiplegia, aphasia, more serious coma or death.
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Because the onset of cerebral ischemia is urgent, the
attack is not predictable, and the disability rate and mortality
rate are high, rapid control is the key to treatment. After
cerebral ischemia, there will be disturbance of consciousness
and difficulty in swallowing. The traditional way of admin-
istration such as via intravenous injection or to be taken
orally have disadvantage. For example, intravenous injec-
tions need to be done in hospital; Drug taken orally is
dangerous because these stroke patients are often in the
state of disturbance of consciousness. So the intranasal
administration has the advantages of convenient operation,
rapid absorption and quick effect, and can quickly transmit
the drug to the brain to facilitate first aid and self-rescue.

Cerebral ischemia injury is a complex pathophysiolo-
gical process.” Cerebral blood flow disruption causes brain
tissue ischemia and hypoxia, oxidative stress injury,
inflammatory response and apoptosis, which occur at dif-
ferent time points and are closely related.® The accumula-
tion of wvarious damage factors eventually lead to
irreversible damage of brain tissue.” Oxidative stress is
closely related to neuronal death after cerebral ischemia.®
The activation of antioxidant system in the body plays an
important role in the survival of nerve cells after cerebral
ischemia.’ Nrf2 is a key factor in oxidative stress response,
which can regulate the expression of antioxidant proteins
and the expression of HO-1 factor. Studies have shown
that Nrf2/HO-1 pathway plays an important antioxidant
role.'® The key elements of the apoptotic pathway include

the changes in the expression of the pro-apoptotic protein
Bax and the apoptotic protein Bcl-2."!

Catalpol is one of the iridoid glycoside isolated from
Rehmannia glutinosa.'* Catalpol has a variety of pharma-
cological activities, including anti-inflammatory and anti-
oxidative effects.'® Catalpol can treat cerebral ischemia,
diabetic
disease,'* dementia and other neurological diseases.'

encephalopathy, hyperlipidemia, Parkinson’s
Catalpol has anti-inflammatory and antioxidant effects.'®
In vitro, it attenuated H,O,-induced apoptosis of PC12
cells.'” In vivo, the antioxidant properties of catalpol has
been well studied in gerbils.'®

In this study, catalpol intranasal administration was
used to introduce catalpol into the brain without injury to
evaluate the toxicity of catalpol nasal mucosa. Evaluated
the therapeutic effect of catalpol intranasal administration
with middle cerebral artery occlusion (MCAO) ischemic
stroke model. We determined the effect of catalpol on
infarct volume and neurological dysfunction caused by
MCAO in rats. We further study the cellular stress
response pathway Nrf2/HO-1 and apoptosis pathway Bcl-
2 in the potential role of catalpol in the treatment of
cerebral ischemic injury.

Materials and Methods

Chemicals and Antibodies
Catalpol (purity >98%) was purchased from Liu Bo Bai
Niao Biological Technology Co., Ltd. (Shi Jiazhuang,
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China). Catalpol (Standard products) was purchased from
National Institute for the Control of Pharmaceutical and
Biological Products (Chengdu, China). The chemical
structures of catalpol and aucubin are given in HPLC
grade of methanol and acetonitrile was purchased from
Shanghai Titan chem Co., Ltd. (Shanghai, China).
Ultrapure water was produced using a Millipore water
purification system (Millipore, Molsheim, France). The
antibodies against Nrf2 and HO-1 were obtained from
Santa Cruz Biotechnology (CA, USA). Antibody against
Bcl-2, BAX and B-actin was obtained from Proteintech
(Wuhan, China).

Animals

All experimental procedures involving animals were
approved by the Animal Ethics Committee at Southwest
University. All experimental procedures conformed to
China’s Guidelines for the Care and use of laboratory
animals. Male Sprague-Dawley (220-250 g) rats at youth
stage were provided by the Experimental Animal Center,
Chongqing Medicine University. All rats were housed in
controlled temperature (22+2°C) and lighting (12 h light/
dark cycle) with free access to standard food and drinking
water.

Hemolysis Test

Rabbit blood (4 mL) was anticoagulated with 0.1 mL of
heparin sodium and then washed with 2 mL of normal
saline, followed by centrifugation at 1800 r/min for 10
min. After supernate was discarded, the solution was
washed three times. The remaining erythrocytes were pre-
pared into 2% normal saline solution. Then, 10 mg/mL
catalpol aqueous solutions were prepared.

Then, 2.5 mL of erythrocyte suspension was each
added to 15 dry test tubes, followed successively by addi-
tion of distilled water, normal saline, and 2.5 mL of 1, 5,
10 mg/mL catalpol solutions. The tubes were incubated at
37°C for 2 h.

Ciliotoxicity Test

When bullfrogs were fixed in dorsal position on a frog
board, 3 mm*3 mm of palatine mucosa was separated by
scissors and tweezers. After blood was washed off by
normal saline, the palatine mucosa was spread with the
ciliated surface upwards on a glass slide, and added onto
surface with deoxysodium cholate, normal saline 10 mg/
mL catalpol solutions for observation of persistent vibra-
tion duration (PVD) of cilium. Percentage of persistent

vibration (PPV) is calculated as PVD of each group
divided by PVD of normal saline. A higher PPV indicates

lower toxicity.

Histopathology for Nasal Mucosal

Toxicity and Tolerability

The 48 healthy SD rats (200+£20g) were randomly divided
into three groups: control (normal saline), deoxycholate
solution and catalpol group, with 12 rats in each group.
After the rats were anesthetized, they were kept supine,
and the neck was slightly raised to make it 45°. The dose
was 10mg/kg alternate administration on both sides of the
nasal cavity. After the administration on one nostril, wait-
ing for it to be absorbed and then given to the other side.
Each administration 10pL with an interval of 2 minutes
each time. The whole administration process lasts for 30
minutes. After intranasal for 7 days, the drug was stopped
for one week. Nasal mucosa was collected and fixed in 4%
paraformaldehyde on day 1, day 4, day 7 and day 7 after
drug withdrawal. Tissue blocks were prepared using par-
affin beeswax and dried in a hot-air oven, then sliced using
a microtome at 4pm. The obtained slices were then depar-
affinized and stained using hematoxylin and eosin stains
and examined using a light microscope agated tissues.

HPLC Analysis

Catalpol was performed on a Agilent HPLC system
(Agilent 1200 series with a G1322A vacuum degasser,
G1311 AQuat pump, G1329 Autosampler, G1316A thermo-
statted column compartment, G1365D Multi-Wavelength
Detector, and G1328B Man. Inj, in conjunction with
Agilent ZORBAX bonus-rp C18 column (250mm x
4.6mm, Spm, Agilent Technologies, American). The mobile
phase was a mixture of Acetonitrile and water (0.5:99.5,
v/v) with a flow rate of 1 mL/min. The auto-sampler was
maintained at 25°C, and the injection volume was held
constant at 10puL.

Brain Targeting Evaluation of Catalpol

Intranasal

Sample collection: 30 male SD rats (220+10g) were
selected. They were randomly divided into intravenous
group (i.v.) and intranasal group (i.n.), with 15 rats in
each group. The dose is 10 mg/kg. The rats were sacrificed
15, 30, 60, 120 and 180min after administration, respec-
tively, and blood was collected from the abdominal aorta.
Blood samples were placed for 30 min and centrifuged at
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3000r/min for 10min. Plasma was collected and stored at
—80°C. The brain tissue of rats was completely removed,
and parts of olfactorius bulbus, hippocampus, medulla
oblongata, the cerebellum and cortex were quickly sepa-
rated and stored at —80°C.

We took 0.5 mL of plasma sample or 0.1g of brain tissue,
50uL of Asparagine solution was added and mixed. Then
added 2.5mL of acetonitrile, precipitated protein was mixed,
centrifuged at 3500r/min for 10min, and 2.5mL of super-
natant was absorbed. The residue was dried in a water bath
at 37°C with nitrogen, dissolved in mobile phase (acetoni-
trile: water = 0.5:99.5) at 200uL, mixed, and centrifuged at
10000r/min for 10min. Finally, we took 10uL of the super-
natant for HPLC analysis to calculate the concentration of
catalpol in the plasma sample or brain tissue samples.

We used the following formula to evaluate the local
bioavailability (F) and brain targeting index (DTT) of catalpol
in plasma and brain tissue after intraintranasal of catalpol:

F% = AUC; ,, ,/AUC;, *100%

DTI = (AUCprin inAUCpiasma in)/(AUCprin iy
AUCplasma iv.)

AUC refers to the area under curve; i.n. means intra-
nasal administration; i.v. means intravenous administra-
tion. And DTI > 1 indicates that the drug has brain
targeting in brain tissue regions.

The MCAO Model
The MCAO model
a previously published protocol.'” The rats were anesthe-

was performed according to
tized, the right common carotid (CCA), the right external
carotid (ECA), and the right internal carotid (ICA) were
carefully separated and exposed. The right external carotid
and the right common carotid were ligated with a suture
silk. Thereafter, a silicone-coated 4-0 nylon suture was
gently advanced approximately 18—20 mm from the inci-
sion near the ECA-CCA branch. Nylon suture was
advanced into the ICA lumen to block MCA blood flow
until rats were sacrificed. During this procedure, the body
temperature was maintained at 37°C using a warm pad.
For the sham-operated group, only skin incisions were
performed under anesthesia. After closure of the operative
sites, the animals were allowed to awake from the anesthe-
sia. After 72 h from the beginning of MCAO, rats were
sacrificed. The SD rats were randomly divided into five
groups: sham, model and catalpol groups (2.5 mg/kg,
5 mg/kg, 10 mg/kg). Catalpol intranasal administration
was described previously. Next, the animals were placed
in cages and allowed free access to food and water.

Measurement of Neurological Behavior

The neurologic behavior was blindly evaluated using the
mNSS. The neural behaviors of sham, model and catalpol
groups were evaluated at 24 h, 48 h and 72 h. mNSS is
a composite of the motor (muscle status, abnormal move-
ment), sensory (visual, tactile, and proprioceptive), and sys-
injury.
Neurological function was graded on a scale of 0 to 18

tematically evaluate the severity of nerve
(normal score 0; maximal deficit score 18). A score of 13—
18 indicates severe injury, a score of 7—12 indicates moderate
injury, and a score of 1-6 indicates mild injury. One point is
awarded for each abnormal behavior or for lack of a tested

reflex; thus, the higher the score, the more severe the injury.*

Infarct Volume Evaluation

After 72 h from the beginning of MCAO, rats were eutha-
nized by decapitation and brains were cut into 2 mm thick of
5 coronal slices. The slices were stained with 0.5% 2,3,5-tri-
phenyltetrazolium chloride (TTC) for 0.5 h at 37°C.
Unstained areas were defined as infarcts and measured
using microscope image-analysis software (Image-Pro
Plus, U.S.A.). The percentage of the infarct volume was
calculated by the following formula: Infarct volume (%)=
(normal hemisphere volume - noninfarct volume of the
infarct side)/normal hemisphere volume*100%.

Brain Water Content Analysis

The rats were decapitated 72 h after MCAO and sacrificed
for brain collection. After the wet weight is weighed, the
dry weight is weighed after drying in the oven at 105°C to
a constant weight. %H,O was obtained as (Brain wet
weight - Brain dry weight)/Brain wet weight*100%.

Determination of Oxidative Stress

The rats were decapitated 72 h after MCAO. Blood samples
were collected and serum samples were collected after centri-
fugation at 1800rpm 10min for testing. The SOD and MDA
contents were assessed by assay kits from Nanjing Jiancheng
Bioengineering Institute following the manufacturer’s instruc-
tion. The absorbance was determined with a microplate reader.

Hematoxylin-Eosin (HE) and TUNEL
Staining

Rats were deeply anesthetized after 72 h after MCAO,
perfused with physiological saline and 4% paraformalde-
hyde and then decapitated. Brains were dehydrated and
embedded in paraffin and then cut into 4 pm coronal
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sections; subsequently, brain sections were deparaffinized
and hydrated for HE and TUNEL staining. Neuronal apop-
tosis was detected with the terminal deoxynucleotidyl
transferase (TdT)-mediated dUTP nick end labeling
(TUNEL) using a cell death detection kit following the

manufacturer’s instructions.

Western Blotting

Western blotting and cellular fractionation were per-
formed as previously described.”' Briefly, the peri-
infarction brain cortex was lysed on ice in lysis buffer
[50 mm Tris-HCI1 (pH 8.2), 0.5 M saccharose, 10 mM
HEPES (pH7.9), 1.5 mM MgCI2, 10 mM KCIl, 1 mM
EDTA, 10% (v/v) glycerin, | mM DTT, 1 mM PMSEF, 10
pg/mL Aprotinin, and 5 pg/mL Leu-peptin]. After cen-
trifugation at 16,000 r/min for 10 min, the protein con-
tent in cleared lysate was determined by the Bradford
assay. Lysate samples containing 40 pg of protein were
fractio-nated by 10% SDS-polyacrylamide gel electro-
phoresis and then electroblotted onto PVDF membranes.
The following antibodies were used at the indicated

concentrations: rabbit anti-Nrf2 (1:1000; Proteintech;
16396-1-AP), rabbit anti-HO-1 (1:1000; Proteintech;
10701-1-AP), rabbit anti-Bcl-2 (1:1000; Proteintech;
12789-1-AP), rabbit anti-Bax (1:2000; Proteintech;

50599-2-1-1g), rabbit anti-B-actin (1:2000; Proteintech;
20536-1-AP). The immunoreactive bands were digitally
scanned using the ScanMaker E6 system and quantified
using a UVP gel imaging system and the Labworks 4.6
software (Amersham, American). The B-actin was used
as an internal control for all Western blots.

Molecular Docking Analysis

Molecular docking analysis between catalpol and were per-
formed using Discovery Studio 3.5. The structures of Nrf2,
HO-1, Bcl-2, BAX were obtained from the Protein Data
Bank (PDB) archives and used as target for molecular dock-
ing. The structure of catalpol was drawn by ChemDraw.

Statistical Analysis

All data analyses were performed using GraphPad Prism 8
(GraphPad software, San Diego, CA). The experimental
results were presented as means £ SD. Data from different
groups were compared using one-way ANOVA. In all statis-
tical analysis, P < 0.05 was considered to be statistically
significant.

Results
Hemolysis Test and Ciliotoxicity Test
Shown Catalpol is Safety via Nasal

Administration

No hemolysis was observed in any concentration of cat-
alpol. The PVD of cilia is shown in Figure 1A, and the
PPV is shown in Figure 1B. Usually, the percentage of
continuous movement time of cilia is more than 50%,
which means that the drug does not affect the ability of
cilia to move. The results showed that the PVD of cilia in
the deoxysodium cholate group was only 6 minutes, and
the PPV was only 1.2%. It showed that deoxysodium
cholate was severely toxic to ciliary movement. The PPV
of the catalpol group was 83%. The PVD of the catalpol
group was 404 minutes; the results showed that catalpol
had little effect on nasal ciliary movement.

The results of HE staining of the nasal mucosa of rats are
shown in Figure 1C. In normal saline group, the structure of
the nasal mucosa of rats was completed, the cells were
arranged in an orderly way, and the nuclei were of the
same regular size. No abnormal structures were observed.
In the deoxysodium cholate group, the obtained photomicro-
graphs demonstrated that the structure of the nasal mucosa
was obviously incomplete, epithelial cells in most areas
necrotic and sparse, and the olfactory epithelium exhibited
seriously degenerative variations. It was confirmed that
sodium deoxycholate has serious toxicity to nasal mucosa.
In catalpol group, the olfactory epithelium exhibited slight
degenerative variations and the lamina propria had reason-
able infiltrations of mononuclear cells without any severe
degenerative changes. Consequently, the safety of the catal-
pol intranasal administration was assured.

Method Validation Shown That Specificity,
Linearity, Accuracy, Precision, Recovery
and Stability

Specificity

As shown in Figure 2, the retention time of catalpol and
internal standard were 6.7min and 14.3min respectively,
and the analysis time of each sample was 20min. The
endogenous substances in plasma and brain tissue samples
did not interfere with catalpol and internal standard and
had strong specificity.

Linearity
The standard curves of plasma and brain tissue are shown
in Table 1. The plasma catalpol showed a good linear
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Figure | Hemolysis test and ciliotoxicity test shown catalpol is safety via nasal administration (A) the PVD of cilia; (B) the PPV of cilia; (C) damage of catalpol nasal drops on
nasal mucosa of rats (400%, n=3,“~—> "indicates nasal cilia, " indicates epithelial cell). you may use the arrow to show the effects (the data are presented as the mean
+S.D, n =3, *p <0.0l).
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Figure 2 (A) Blank brain samples; (B) catalpol and the internal standard in brain samples; (C) blank plasma; (D) catalpol and the internal standard in blank plasma.
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Table | Standard Curve Derived from Catalpol Samples of
Plasma and Brain (n = 3)

Table 4 Recovery of Catalpol in Rat Plasma and Brain (n = 3,
MeantSD)

Sample Standard Curve | r Quantitative Sample | Added Concentration | Recovery (%) | RSD (%)
Range (ng/mL)
Plasma (ug/mL) y=1.5878x-2.0624 | 0.9951 | 1~1000 Plasma 5 89.15+9.7 10.88
Brain (ug/g) y=0.6959x-0.8163 | 0.9913 | 0.5~50 (ng/mL) 100 96.17£10.68 I1.10
1000 91.22+15.66 17.16
lationshio in th L. £ 121000 we/mL Brain | 87.67£12.73 14.52
relationship in the quantitative range of 1— pg/mL, (12/8) 0 90.934842 925
and the limit of quantification was 1 pg/mL. The quanti- 50 85.984+7.06 821

tative of catalpol in brain tissue was linear in the range of
0.5-50 pg/g, and the limit of quantification was 0.5
pg/mL.

Precision Stability and Recovery
As shown in Table 2, this method has good precision and
reliability. The stability test results of catalpol in rat
plasma and brain homogenate tissue are shown in
Table 3. The results showed that catalpol was stored at
—80°C for 20 days (RSD <8.64%) and three freeze-thaw
cycles (RSD <6.99%), and the method had good stability.
The recovery results (Table 4) showed that the recov-
ery rate of catalpol in plasma samples and brain samples

with low, medium and high concentration was more than

Table 2 Precision of Catalpol in Rat Plasma and Brain (n = 5,
Mean+SD)

Sample Added Measured RSD
Concentration (ng/mL) | (pg/mL) (%)

Plasma (ug/mL) | | 0.97+0.12 12.09
10 9.06+0.82 9.09
100 97.10£1.92 1.97

Brain (ug/g) | 0.96+0.14 14.28
10 9.20+1.23 13.41
100 92.16+1.84 1.99

Table 3 Stability of Catalpol in Rat Plasma and Brain (n = 5)

85.98%, which met the requirements of biological sample
analysis and indicated that the determination method had
a good recovery rate.

Catalpol Intranasal Has Well Brain

Targeting and Pharmacokinetics

The distribution results of catalpol concentration in
plasma after intranasal (i.n.) and intravenous (i.v.) are
shown in Figure 3A. The concentration of catalpol in
plasma after intranasal was much lower than intrave-
nous. However, the absorption was faster after i.n., and
could be detected in plasma at 15min, and maintained at
a certain concentration for a certain period. Catalpol was
detected in all regions of the brain tissue 15 minutes
after intranasal and intravenous. The results of its dis-
bulbus, hippocampus,
medulla oblongata, the cerebellum and cortexol are

tribution in the olfactorius
shown in Figure 3B-F.

The concentration of catalpol during intranasal was
higher in all areas of brain tissue than intravenous. DAS
software was further used to calculate the pharmacokinetic
parameters of brain tissue regions under different admin-
istration routes. After intranasal, the AUC of catalpol in
the olfactorius bulbus, hippocampus, medulla oblongata,
the cerebellum and cortexol was significantly higher than
intravenous (Table 5). These results showed that catalpol
was absorbed rapidly through intranasal, and its concen-
tration in brain tissue is significantly higher than
intravenous.

We calculated the brain targeting index of catalpol in
rat brain tissue after intranasal by formula (Table 6). The
DTI of catalpol in the olfactorius bulbus, hippocampus,
medulla oblongata, the cerebellum and cortexol were 7.99,
9.10, 28.65, 13.15, and 14.50, respectively, which were all
higher than 1, suggesting that the catalpol intranasal
administration has good brain targeting.

Sample | Added RSD (%)
Concentration
Long Term | Freeze-Thaw
(ng/mL) . .
Stability Cycle Stability
Plasma | 8.64 6.43
(ng/mL) 10 5.83 5.19
100 5.12 6.99
Brain | 7.89 6.74
(nglg) 10 2.67 5.73
100 4.96 3.82
286 https:
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Figure 3 (A) Catalpol concentration in plasma after nasal and intravenous; (B—F) catalpol concentration in each tissue region after intranasal and intravenous (i.n. intranasal,

i.v. intravenous).

Catalpol Intranasal Administration
Reduced Neurological Dysfunction and
Infarct Volume

To examine the efficacy of catalpol intranasal administra-
tion on cerebral ischemic injury. Rats were given intrana-
sal administration for 3 days after MCAO. To observe the

protective effect of catalpol intranasal administration on

cerebral ischemia injury. Compared with the sham group,
the mNSS score in the model group caused was obviously
increased (P < 0.01). The score of mNSS in 24h, 48h, and
72h was increased in the catalpol groups (Figure 4A—C).
TTC staining was used to measure the infarct volume in
the ischemic area. Compared with sham group, model
group injury increased by 26.69%, whereas intranasal of
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Table 5 Pharmacokinetic Parameters of Catalpol After Intranasal and Intravenous (n = 3)

Tissue in iv
Cmax (ug/mL) Tmax (min) AUC Cmax (ug/mL) Tmax (min) AUC
Plasma 5.8 15 618.975 45.7 15 4947.356
Ollfactorius bulbus 48 60 633.031 4.8 60 533.048
Hippocampus 29 15 388.475 24 60 341.327
Medulla oblongata 4.4 180 499.068 1.4 30 139.22
The cerebellum 4.0 15 561.265 22 180 341.117
Cortex 5.0 120 733.582 27 30 404.228
Table 6 |Intranasal Catalpol Brain Targeting Index and  decreased the cell apoptosis in the infarct region (p < 0.01).
Bioavailability Histopathological Study (n = 3) In addition, we detected the expression of apoptotic-related
Tissue F (%) DTI proteins including Bcl-2 and Bax (Figure 6C). Consistent
Plasma o2 _ with TUNEL staining, catalpol via intranasal administration
Olfactorius bulbus 1.00 799 reduced the decrease of Bcl-2, the increase of Bax. These
Hippocampus I.14 9.10 results indicated that catalpol via intranasal administration
Medulla oblongata 3.58 28.65 significantly inhibit apoptosis induced by cerebral ischemia.
The cerebellum 1.64 13.15
Cort 1.81 14.50 .. .
orex Catalpol Intranasal Administration

catalpol obviously reduced the infarct volume by MCAO
(Figure 4D and E). HE staining results showed that com-
pared with the sham group, in the model group the number
of cells was reduced, the arrangement was irregular, and
the karyotype changed significantly. To a certain extent,
intranasal administration of catalpol reversed the patholo-
gical changes, showing that intranasal catalpol had
a protective effect on cerebral ischemia injury (Figure 5A).

Catalpol Intranasal Administration
Mitigated Brain Edema

As shown in Figure 5C, the water level in the brains of the
model group was remarkably greater than that of the sham
group (p < 0.01), indicating that brain edema was evident
after MCAO. However, the water content in the brains of
catalpol was remarkably less than that of the model group
(p < 0.01), suggesting that catalpol via intranasal admin-
istration reduced the brain edema caused by ischemic

injury.

Catalpol Intranasal Administration

Reduces Apoptosis
TUNEL staining was used to determine cell death
(Figure 6A). The number of dying cells was notably aug-
mented in the cortex of the model group compared with the
sham group. Intranasal treatment

catalpol markedly

Reduces Oxidative Damage and Induces
the Expression of Nrf2, HO-| After
MCAO

Oxidative damage was assessed by measuring SOD and
MDA content. The level of SOD in model group was
significantly reduced and MDA content was significantly
higher than sham group (Figure 7A and B). Intranasal
administration of catalpol could significantly increase
SOD content and reduced MDA content. We also detected
the expression of oxidative-stress-related proteins Nrf2
and HO-1 (Figure 7C-E). The results showed that intra-
nasal administration of catalpol could significantly induces
the expression of Nrf2, HO-1 in ischemic brain region.
These results indicated that catalpol via intranasal admin-
istration significantly reduce oxidative damage.

Molecular Docking Analysis Shown that
Catalpol Has Certain Binding Effect with

Nrf2, HO-1, Bcl-2, BAX

The 3D and 2D binding graphs of the small molecule and
the target protein after docking are shown in Figure 8.
Results show that Nrf2 (lowest binding energy: —6.96
kcal/mol), HO-1 (lowest binding energy: —4.64 kcal/
mol), BAX (lowest binding energy: —4.4 kcal/mol) and
Bcl-2 (lowest binding energy: —3.87 kcal/mol). The results
showed that catalpol has certain binding effect with Nrf2,
HO-1, Bcl-2, BAX, mainly through hydrogen bonding.
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Discussion

Rehmannia Decoction is a representative prescription,
which is an effective prescription for the treatment of
ischemic stroke.?? Its efficacy in the treatment of ischemic
stroke has been confirmed by clinical and experimental
studies, and it is still used in the clinical treatment of
cerebral apoplexy.>® Catalpol is not only the main active
component of Rehmannia glutinosa, but also the main
active component.>* Our previous studies have shown
that catalpol has an obvious neuroprotective effect on
brain injury caused by cerebral ischemia. Prophylactic
administration, 6h, 24h therapeutic administration has
a therapeutic effect, and there is a longer treatment time

window. Catalpol can promote angiogenesis in the
ischemic brain area, protect cerebral neurovascular units,
and promote the recovery of neurological function in
stroke rats.*>

Central Nervous System (CNS) diseases include
stroke, brain tumor, CNS infection, migraine, etc. The
lesion is located in the brain, but due to the existence of
blood-brain barrier (BBB), many drugs cannot be adminis-
tered in sufficient effective amount to the brain. As
a result, the drug concentration is low, which affects the
treatment effect of brain disease.® The nasal cavity is the
only part of the brain that can communicate with the out-

side world, and its unique anatomical structure makes it
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Figure 8 Graph of the small molecule and the target protein.

have a certain connection with the CNS.?” It is because of
the close connection between nose and brain nerve that
nasal therapy is often used to treat acute clinical brain
diseases.”® As a non-invasive way of drug administration,
intranasal administration has attracted more and more
attention. It can be used for local and systemic adminis-
tration, especially in emergency treatment and long-term
administration of chronic diseases. Compared with other
conventional administration methods, it has the character-
istics of rapid absorption, high bioavailability and direct
access to the brain.?’

In this study, we linked catalpol in the treatment of
neurological damage caused by cerebral ischemia with
intranasal administration, through hemolysis test and cilia
toxicity test. The evaluation of the drug's toxic effect on
nasal mucosa is mainly from three aspects: the effect on
ciliary movement, the structural integrity of nasal mucosa
and the release of transmitters.”® The commonly used
evaluation methods: determining the effect of drugs on
ciliary clearance, examining the morphology of nasal
mucosa, hemolysis test and so on.>' We observed the
hemolysis, ciliary toxicity and nasal mucosal toxicity of
catalpol. Through the safety of the catalpol intranasal
administration was assured by this study.

The BBB and the blood-cerebrospinal fluid barrier
restrict the circulation of drugs from the system into the
CNS. Although the BBB is used to protect the brain from
various pathogens and toxic substances, it is also an
important obstacle to the treatment of CNS disease. Due

THI
At

to the close relationship between nasal cavity and brain in
anatomy and physiology, intranasal administration makes
the drug avoid BBB and liver first pass metabolism, which
is a practical, convenient and non-invasive way of drug
administration.®> In the way of drug transport in nasal
mucosa, lipophilic and hydrophilic drugs and drugs with
molecular weight less than 1000 can be absorbed through
nasal mucosa. Catalpol has a molecular weight of 362.45
and strong hydrophilicity, so catalpol has the possibility of
entering the nasal mucosa to further exert its efficacy. We
analyzed the distribution of catalpol in plasma and brain
tissue after intranasal administration of catalpol nasal
drops, and discussed the brain targeting of catalpol intra-
nasal administration.

After intranasal administration, the brain targeting
index (DTI) of catalpol was much more than 1, indicating
that catalpol intranasal administration had good brain tar-
geting and increased the distribution of brain concentra-
tion. The accumulation of catalpol concentration in the
brain could be achieved by nasal administration. The bioa-
vailability of catalpol administered intranasally was higher
than that in plasma. Catalpol intranasal administration is
rapid absorption of brain-targeted drug delivery pathway.
We speculate that catalpol can also achieve therapeutic
effect in emergency.

In the pharmacodynamic study, we made use of the
convenient and non-invasive characteristics of intranasal
administration to observe the protective effect of catalpol
after acute cerebral ischemia in rats. At present, the rat

Drug Design, Development and Therapy 2022:16

293

Dove:


https://www.dovepress.com
https://www.dovepress.com

Wang et al

Dove

MCAO prepared by
a recognized standard animal model in the study, and it

thread occlusion method is

has been widely used. Neurobehavioral score can indir-
ectly evaluate the degree of brain damage after cerebral
ischemia. We first used the mNSS score for neurological
evaluation.®® In order to more accurately determine the
degree of brain damage, we used the most direct detection
index TTC staining.** This result is also consistent with
the neurological evaluation, indicating that MCAO could
cause brain injury and then lead to neurological dysfunc-
tion. However, all dose groups of catalpol could signifi-
cantly reduce the area of cerebral infarction. The results of
HE staining (shown Figure 5) showed that in the MCAO
group there were a large number of ischemic characteris-
tics such as neuronal necrosis and edema in the cerebral
cortex. It is further proved that cerebral ischemia can cause
neuronal damage in the cerebral cortex. The results of HE
staining showed that a large number of neuronal cells in
the cerebral cortex of the MCAO group showed ischemic
characteristics such as necrosis and obvious edema, which
are consistent with the results reported in the literature.®” It
further proves that cerebral ischemia can cause damage to
cerebral cortex neurons. However, in the cerebral cortex of
rats in each dose of catalpol, the number of neurons with
ischemic characteristics was significantly reduced. These
results further prove that catalpol has a protective effect on
the brain.

At present, a large number of studies have shown that
necrosis is the main form of death in the ischemic center,
and Bcl-2-related proteins, which play an important role in
the regulation of apoptosis, have become the focus of
research.*® At present, 25 members of Bcl-2 family have
been found in mammals, which can be divided into anti-
Bcl-2
subfamily.®” Under physiological conditions, the anti-

apoptotic subfamily and pro-apoptotic Bax
apoptotic protein Bcl-2 and members of the pro-apoptotic
protein Bax subfamily form a heterodimer, which prevents
Bax from exerting its apoptotic effect.*® When stimulated
by death signal, Bcl-2 protein is inactivated and Bax
protein is released, which leads to cell apoptosis. In
order to verify the occurrence of apoptosis in ischemic
brain tissue, we used Western blot to detect the expression
of apoptosis-related genes and proteins in each group. The
results showed that in the model group, the expression of
Bcl-2 protein with anti-apoptosis effect was significantly
decreased, while the expression of Bax protein with apop-
tosis-promoting effect was significantly increased, which

was consistent with the literature report.* Catalpol can

significantly promote the expression of Bcl-2 protein and
inhibit the expression of Bax protein, indicating that cat-
alpol can reduce the occurrence of apoptosis, and further
verify the brain protective effect of catalpol.

It is that plays
a fundamental role in cerebral ischemic injury.*® The

well known oxidative stress
assessment of oxidative stress is mainly realized by the
following two parameters: level of MDA, which is used as
an indicator of lipid peroxidation; and activity of SOD,
which reflects antioxidant capacity.*' Our study showed
that the activity of SOD in serum of the model group
decreased significantly and the content of MDA increased
significantly. The results showed that ischemic injury
damaged the enzymatic antioxidant system, decreased
the ability of scavenging free radicals, increased the pro-
duction of free radicals, aggravated lipid peroxidation and
caused brain damage. However, the content of MDA in
catalpol each group was significantly decreased, and the
activity of SOD was significantly increased, indicating
that catalpol can scavenge free radicals by restoring the
function of the antioxidant system and has an antioxidant
effect. In addition to some small molecule enzymatic and
non-enzymatic free radical scavengers, the body’s antiox-
idant system also has the Nrf2 antioxidant signal pathway.
The Nrf2 signaling pathway plays a key role in the anti-

stress.*?

oxidant defense system against oxidative
Expression of HO-1 is regulated by Nrf2. Oxidative stress
encourages translocation of Nrf2 to the nucleus, where it
upregulates the HO-1.** So, in this study, the protein
expression of transcriptional factors involved in the
Nrf2/HO-1 redox signalling pathway including Nrf2 and
HO-1 were explored. We further explored the role of
Nrf2/HO-1

ischemic injury. Western blot results showed that the

antioxidant signal pathway in cerebral
expression of Nrf2 protein and HO-1 protein in catalpol
each group was significantly increased, indicating that
catalpol may exert an antioxidant effect through the
Nrf2/HO-1 signaling pathway. The results showed that
oxidative stress reduced the scavenging of free radicals
and aggravated lipid peroxidation by destroying the anti-
oxidant system, which was involved in cerebral ischemic
injury. Catalpol activates the Nrf2/HO-1 signaling path-
way to exert an antioxidant effect and reduce brain
damage.

Finally, we used molecular docking to verify the bind-
ing of catalpol and protein. The results showed that catal-
pol has certain binding effect with Nrf2, HO-1, Bcl-2,

BAX, mainly through hydrogen bonding.
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Conclusion

In the present study, we demonstrated that catalpol intra-
nasal administration has good safety, stability and brain
targeting. It can effectively protect the brain injury of the
rat model of acute cerebral ischemia and provide the
possibility of drug administration in the acute stage of
cerebral ischemia. The mechanism by catalpol intranasal
administration exerts its protective effects involves activa-
tion of the oxidative stress pathway Nrf2/HO-1 and apop-
tosis pathway Bcl-2.
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