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Abstract

The fruits of Schisandra chinensis (SCF) and Schisandra sphenanthera (SSF) are
traditional Chinese herbal medicines classified as medicinal and food homologous
materials, known for their significant neuroprotective efficacy. However, the
differences in their therapeutic effects and active components for the treatment of
vascular cognitive impairment (VCl) remain unclear. This study aimed to elucidate the
neuroprotective activities of SCF and SSF on VCl and investigate the compositional
disparities between the two. The lipopolysaccharide-induced and oxygen-glucose
deprivation/reoxygenation (OGD/R)-induced BV2 cell models were used to evaluate
the protective effects of SCF and SSF against neuroinflammation and mitochondrial
damage, respectively. The therapeutic effects were further validated using a
bilateral common carotid artery stenosis mouse model. Compositional differences
were analyzed using ultraperformance liquid chromatography-quadrupole time-
of-flight mass spectrometry (UPLC-Q-TOF/MS), and drug-like properties of their
constituents were assessed. In vitro experiments showed that SCF and SSF at
concentrations of 6.4, 16, and 40 ug/mL reduced nitric oxide, tumor necrosis factor-
alpha, and interleukin-6 levels in a dose-dependent manner. Notably, at the same
concentrations, SCF significantly mitigated OGD/R-induced mitochondrial damage,
whereas SSF showed no significant effect. Compared with SSF, SCF exhibited
stronger anti-neuroinflammatory and antioxidant properties. In vivo experiments
further demonstrated that SCF, administered at 400 mg/kg, was more effective in
improving learning ability, spatial learning and memory, cerebral blood flow, and
nerve fiber repair than SSF. Moreover, 71 and 64 compounds were identified in SCF
and SSF, respectively, using UPLC-Q-TOF/MS. Drug-like property analysis of these
compounds revealed that the superior therapeutic effects of SCF may be attributed
to differences in biphenylcyclooctene-type lignans. Our data support the conclusion
that SCF possesses significantly superior neuroprotective activity compared to SSF,
providing a theoretical basis for its clinical application in VCI.

Keywords: Schisandra chinensis; Schisandra sphenanthera; Vascular cognitive impairment;
Neuroinflammation; Mitochondrial damage; UPLC-Q-TOF/MS
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1. Introduction

Vascular cognitive impairment (VCI) refers to a clinical
syndrome characterized by the impairment of at least one
cognitive function domain, caused by cerebrovascular
disease and its associated risk factors.! It encompasses
a broad spectrum of cognitive disorders, ranging from
mild cognitive impairment to dementia.” The prevalence
of VCI increases rapidly with age, making it the second
most prevalent type of cognitive deficit after Alzheimer’s
disease.’ The primary symptoms of VCI, including attention
deficits, memory loss, language impairment, executive
dysfunction, and spatial cognitive decline, significantly
impact patients’ quality of life." Although studies have
shown that medications, such as donepezil can benefit
VCI patients, their clinical efficacy remains contentious.’
This underscores the imperative for developing safe and
effective therapeutic agents for VCIL.

Traditional Chinese medicine (TCM) has attracted
growing attention owing to its efficacy in the prevention and
treatment of VCL.® More importantly, TCM is recognized
for its safety and effectiveness, especially in managing
chronic conditions.” Wuweizi, a well-known TCM, has
been used as a tonic and sedative agent for thousands of
years.® Modern pharmacological studies have suggested
that Wuweizi possesses a range of biological activities,
such as neuroprotective, anti-inflammatory, antioxidative,
and hepatoprotective properties.”!* Historically, Wuweizi
is referred to as the ripe fruit of both Schisandra chinensis
(SCF) and Schisandra sphenanthera (SSF). However, since
the 2000 edition of Chinese Pharmacopoeia (ChP), SCF
and SSF have been classified as distinct crude drugs with
independent quality standards, despite similarities in their
described efficacies in ChP."?

Dibenzocyclooctadiene lignans are the major bioactive
components responsible for many of the pharmacological
activities of SCF and SSE"! Compounds, such as
schisandrol A-B, schisandrin A-C, and schisantherin A
are present in both SCF and SSF, although their quantities
differ, potentially contributing to both similar and
distinct pharmacological effects.”” Recent studies have
highlighted the neuroprotective properties of SCF and its
major constituents, particularly dibenzocyclooctadiene-
type lignans, including schisandrin A, schisandrin B,
schisandrin C, schisantherin A, schisandrin, schisandrol
B, gomisin A, and gomisin N. These compounds have
demonstrated protective effects against neurodegenerative
and hypoxia-ischemia-related neural injuries, including

stroke, Alzheimer’s disease, and Parkinson’s disease.'**" In
contrast, research on SSF remains relatively limited. It is
unclear whether SCF and SSF exhibit significant therapeutic
effects against VCI. The differences in pharmacological
efficacy and contributing constituents between SCF and
SSF are also uncertain.

In this study, we evaluated the therapeutic differences
between SCF and SSF in VCI using in vivo and in vitro
models, characterized their chemical composition through
ultraperformance liquid chromatography-quadrupole
time-of-flight mass spectrometry (UPLC-Q-TOF/
MS), and evaluated the drug-like properties of their
components. The findings aim to provide valuable insights
into the pharmacological difference of SCF and SSF against
VCI and offer a reference for their clinical applications.

2. Materials and methods
2.1. Cell culture

BV2 cells were cultured in Dulbecco’s Modified Eagle
Medium (DMEM) supplemented with 10% fetal bovine
serum (Gibco, USA). Cells at 80% - 90% confluence
were used for experiments. For neuroinflammation
modeling, BV2 cells were seeded into 96-well plates
at a density of 3 x 10° cells/mL, pretreated with SCF
or SSF (at concentrations of 0 — 40 pug/mL) for 2 h, and
subsequently stimulated with lipopolysaccharide (LPS,
1 ug/mL, Sigma, Germany) for 24 h. For the oxygen and
glucose deprivation/reperfusion (OGD/R) model, SCF- or
SSF-pretreated cells were incubated in oxygen deprivation
(94% N, + 5% CO, + 1% O,) and glucose-free DMEM for
6 h, followed by normal incubation for an additional 6 h.

2.2. Cell viability assay

Cells were assessed using the Cell Counting Kit-8 (CCKS,
Solarbio, China) according to the manufacturer’s protocol.
Cells were incubated with CCKS8 solution (10% v/v)
for 1.5 h. Absorbance was measured at 450 nm using a
microplate reader (Spark, Tecan, Switzerland).

2.3. Griess and ELISA assay for inflammatory
cytokines

After treatment, cell culture supernatants were collected
and centrifuged. The levels of nitric oxide (NO) in cell
supernatants were determined using commercial kits
(Griess, Beyotime Biotechnology, China) according to
the manufacturer’s instructions, and absorbance was
measured at 540 nm using a microplate reader (Spark,
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Tecan, Switzerland). While, the concentrations of tumor
necrosis factor-alpha (TNF-a) and interleukin-6 (IL-6)
were measured using ELISA kits (Cat. no: 431304 [IL-6],
Cat. no: 430915 [TNF-a], Biolegend, USA) according to
the manufacturer’ s protocol.

2.4. Measurement of mitochondrial membrane
potential

The mitochondrial membrane potential was assessed using
a JC-1 kit (Beyotime, China) under OGD/R conditions.
Cellswereincubated with JC-1 workingbufterin the dark for
30 min, following the manufacturer’s protocol. Fluorescence
signals representing mitochondrial membrane potential
levels were detected using a fluorescence microscope at
excitation/emission wavelengths of 514/529 nm (for JC-1
monomers) and 585/590 nm (for JC-1 aggregates).

2.5. Animal models and treatment protocols

All animal experiments were approved by the Committee

on Use and Care of Animals of the Institute of Medicinal

Plant Development. A total of 50 10-week-old male

C57BL/6] mice (weighing 24 - 29 g) were provided by

Vital River Laboratory Animal Technology (China) and

acclimated to laboratory conditions for 7 days. The mice

were randomly divided into five groups (n = 10 per group):

(i) Control (CON): Sham operation with no treatment.

(ii) Model (MOD): Bilateral common carotid artery
stenosis (BCAS) surgery with vehicle treatment (0.5%
sodium carboxymethyl cellulose [CMC-Na]).

(iii) Positive control (POS): BCAS surgery with 20 mg/kg
of nimodipine (Bayer, Germany)

(iv) SCF group: BCAS surgery with 400 mg/kg SCF
extract.

(v) SSF group: BCAS surgery with 400 mg/kg of SSF
extract.

Mice were anesthetized, and both common carotid
arteries (CCAs) were exposed. BCAS was induced using
microcoils (0.18 mm inner diameter; Sawane Spring Co,
Japan) following established protocols.?’ The microcoil
was first applied to the right CCA by rotating it around
the artery and then to the left CCA after a 30-min interval.
Sham-operated control mice underwent the same surgical
procedure without the placement of microcoils. Seven days
post-surgery, BCAS mice in different groups received daily
intragastric administration of the corresponding drug
treatments for 30 consecutive days, while the CON and
MOD groups received 0.5% CMC-Na as vehicle controls.

2.6. Neurological severity score test

Neurological function was evaluated using the modified
neurological severity score (mNSS) test*? on days 7, 14, 21,
and 28 post-BCAS. The mNSS is a composite assessment

of motor function (muscle status, abnormal movements),
sensory function (visual, tactile, and proprioceptive), and
reflexes. Scores range from 0 (normal) to 18 (maximal
deficit), with higher scores indicating greater neurological
impairment.

2.7.Open field test

Behavioral activity was assessed on day 29 using the open
field test. Mice were placed individually in the center of a
50 x 50 x 50 cm white box, and their total distance traveled
(in mm) was recorded over 5 min using a video analysis
system (v5.2.0.0, SuperMaze, China).

2.8. Novel object recognition test (NORT)

Cognitive abilities were evaluated using the NORT from
days 30 to 33. During the first 3 days, mice acclimated daily
to a 50 x 50 x 50 cm white box containing two identical red
cylinders placed at opposite ends. Tests were conducted on
the 4" day in two phases:

(i) Phase 1: Mice were allowed to explore two identical
cylinders (F1 and F2) for 5 min. The exploration
time for each object was recorded, and the relative
preference index was calculated as

o F1-F2
RPI(/o)—Fl+F2><100 (1)
(ii) Phase 2: After a 30-min rest period, one cylinder was

replaced with a new green square of the same height.
Mice were allowed to explore the new object (N) and
the remaining cylinder (F) for 5 min. The exploration
time was recorded, and the relative discrimination
index was calculated as follows:

RDI(%) = x 100

II
N+F )

Exploration behaviors were recorded and analyzed
using SuperMaze software.

2.9. Morris water maze (MWM) test

Spatial learning deficits were assessed twice daily using an
enhanced MWM test from days 33 to 37. A 1-m-diameter
pool was placed in a room devoid of external orientation
cues and divided into four quadrants with four fixed points
using the SuperMaze system. An invisible, submerged
platform was fixed in the northwest quadrant. Mice were
randomly placed at one of the designated starting points
and were allowed 1.5 min to locate the platform, with a
10-s stay permitted upon successful navigation. Mice
unable to find the platform were passively placed on it
for 10 s. On day 38, the platform was removed, and mice
underwent a free swim test for 1.5 min to evaluate spatial
reference memory. The time taken to reach the previous
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platform location and other behavioral data were analyzed
using SuperMaze software.

2.10. Full-field laser perfusion imaging

One hour after final administration, anesthetized
mice were subjected to craniotomy for full-field laser
perfusion imaging (FLPI) (FLPI2, Moor Instruments,
United Kingdom). The FLPI system was configured to a
low-resolution, high-speed imaging mode with a display
rate of 25 Hz, a time constant of 1.0 s, and an exposure time
of 20 ms. Every measurement lasted 1 min, generating six
stabilized blood flow images with the camera positioned
10 cm above the brain.

2.11. Luxol fast blue (LFB) staining

On day 40, anesthetized mice received transcardial
perfusion with saline followed by paraformaldehyde. Brains
were post-fixed, embedded in paraffin, sectioned into
4-pm slices, and stained with 0.1% LFB, followed by 0.05%
lithium carbonate. The sections were then sealed with a
coverslip and examined under a light microscope. The
severity of demyelination was scored as follows: 0: normal;
1: disarrangement of nerve fibers; 2: obvious vacuoles; and
3: injured and disappearance of myelinated fibers.

2.12. Immunohistochemistry staining

Paraffin sections underwent antigen retrieval, treatment
with 3% H,O,, and blocking with 3% bovine serum
albumin. Sections were incubated overnight at 4°C
with a rabbit anti-myelin basic protein (MBP) antibody
(1:1000; Cat. no. K002910P, Solarbio, China), followed by
incubation with horseradish peroxidase-labeled anti-rabbit
secondary antibody (1:200; Cat. no. PV-9000, Solarbio,
China) and diaminobenzidine staining. The sections were
counterstained with hematoxylin and examined under a
light microscope. The degree of demyelination was semi-
quantified using Image-Pro Plus software.

2.13. Ethanol extract preparation for SCF and SSF

SCF and SSF fruits were harvested from Huanren (Jilin
province) and Shangluo (Shaanxi province), China,
respectively, in September 2020. The samples were
identified by Dr. Yaodong Qi (Institute of Medicinal Plant
Development, Chinese Academy of Medical Sciences), and
voucher specimens were stored in the authors’ laboratory.
The dried fruit (500 g) was powdered, extracted using
gradient ethanol (1:10 v/v), and enriched to obtain an
ethanol extract.

2.14. Chemical constituent analysis of SCF and SSF

SCF and SSF extracts were analyzed using ACQUITY
UPLC coupled with a Xevo G2 QTOF detector (Waters

Corporation, United States). Major constituents were
separated using an ACQUITY UPLC BEH C, column
(2.1 x 100 mm, 1.7 wm) at a flow rate of 0.3 mL/min and
a temperature of 23°C, with an injection volume of 2 uL.
The elution gradient was performed using 0.1% formic
acid water (A) and acetonitrile (B) as follows: 0 — 1 min,
5% - 30% B; 1 - 2 min, 30% - 40% B; 2 — 4 min, 40% - 52%
B; 4 — 6 min, 52% - 60% B; 6 — 9 min, 60% - 62% B;
9 — 10 min, 62% B; 10 - 13 min, 62% — 66% B; 13 — 15 min,
66% — 70%. Mass weight was detected in centroid mode
using an electrospray ionization source over a mass
range of 50 — 1700 Da, with a scan time of 0.3 s. The MS
detector was set with a capillary voltage of 3 kV, a sampling
cone voltage of 40 V, a source temperature of 100°C, a
desolvation temperature of 350°C, and collision energy of
6 kV. Data were collected using MassLynx 4.1 software and
profiled using Progenesis QI 2.3 software, with assistance
from a self-constructed Schisandra compound database.

2.15. Evaluation of drug-likeness

For compounds identified using UPLC-Q-TOEF/MS,
six physicochemical properties, including lipophilicity,
size, polarity, solubility, saturation, and flexibility, were
evaluated for bioavailability. Predictions of passive human
gastrointestinal absorption (HIA), blood-brain barrier
(BBB) permeability, and interactions with permeability
glycoprotein (P-gp) for active efflux were conducted using
the SwissADME web tool (http://www.swissadme.ch).

2.16. Statistical analysis

Raw data were presented as mean + SEM. One-way
ANOVA was used for multiple group comparisons in
GraphPad Prism 8.0, followed by Fisher’s least significant
difference test for normally distributed data, or the
Kruskal-Wallis H-test for non-normally distributed data.
Statistical significance was set at P < 0.05 or P < 0.01.

3. Results

3.1. SCF exhibits stronger anti-neuroinflammatory
activity than SSF in LPS-induced BV2 cells model

Microglial activation is a prominent feature following
chronic cerebral hypoperfusion.” To evaluate and compare
the anti-neuroinflammation effects of SCF and SSE an LPS-
induced BV2 cell model was established. A pilot study (data
not shown) confirmed that SCF and SSF had no significant
effects on BV2 cell viability at concentrations below
80 ug/mL. Based on preliminary experimental results, 40,
16, 6.4, and 2.56 ug/mL were selected for further study.

As shown in Figure 1, LPS stimulation significantly
increased the production of NO, TNF-o, and IL-6 in
BV2 cells compared to the control group. Treatment with
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SCF or SSF (40 and 16 pg/mL) significantly reduced NO
and TNF-o levels. Furthermore, IL-6 production was
markedly suppressed in BV2 cells treated with SCF or SSF
at the highest dose (40 pug/mL). Notably, the reduction in
inflammatory markers was more pronounced in the SCF
group than in the SSF group at the same dose.

3.2. SCF ameliorates OGD/R-induced mitochondrial
damage in BV2 cells

Mitochondrial damage serves as an indicator of oxidative
stress and is relevant to studies on antioxidant-induced
mitochondrial damage models.** To examine the effects of
SCFand SSF on mitochondrial integrity,an OGD/R-BV2 cells

A
500
__ 1004
,\: = 400
o E
- z
e ~
= 504 s
= =
E
0-

CONOD 40 16 64736 A0 16 A,26 CONMOD 40

model was employed. As shown in Figure 2, OGD/R
treatment significantly decreased both cell viability and
mitochondrial membrane potential in BV2 cells. Treatment
with SCF (40, 16, and 6.4 ug/mL) resulted in a dose-
dependent restoration of these parameters, whereas
SSF had no significant effect. These results suggest
that SCF provides superior mitochondrial protection
compared to SSE.

3.3. SCF is more efficacious than SSF in alleviating
cognitive impairment in BCAS mice

The BCAS mouse model is widely used to study aspects of
VCT. To determine whether SCF or SSF treatment alleviates

C
600~

IL-6 (pg/mL)

16 64 40 16 64 CONMOD 40 16 64 4 16 64

SCF(pg/mL) SSF(pg/mL)

SCF(pg/mL) SSF(pg/mlL)

SCF(pg/mL) SSF(pg/mL)

Figure 1. Comparative effects of SCF and SSF on neuroinflammation in LPS-induced BV2 cells. The production of (A) NO, (B) TNF-a, and (C) IL-6 was
inhibited following SCF or SSF treatment. Data are presented as mean + SEM (n = 3 per group). Notes: *P < 0.05 and **P < 0.01, compared with LPS-treated
models (MOD); *P < 0.05 and *P < 0.01, compared with the control (CON).

Abbreviations: SCF: Schisandra chinensis; SSF: Schisandra sphenanthera; LPS: Lipopolysaccharide; NO: Nitric oxide; TNF-ou: Tumor necrosis factor-alpha;
IL-6: Interleukin-6.

A 150 B ;
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Figure 2. Comparative effects of SCF and SSF on cell viability and mitochondrial membrane potential in OGD/R-induced BV2 cells. (A) Cell viability.
(B) Representative photomicrographs of JC-1 staining (Scale bars: 50 um; magnification: 200x) and (C) corresponding quantification analysis. Data are
presented as mean + SEM (n = 3 per group). Notes: *P < 0.05 and **P < 0.01, compared with OGD/R-treated model (MOD); *P < 0.05 and *P < 0.01,
compared with control (CON).

Abbreviations: SCF: Schisandra chinensis; SSF: Schisandra sphenanthera.
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cognitive impairment, several behavioral experiments
were conducted in BCAS mice. The mNSS revealed no
significant limb-curl and tail-lift reflexes among all groups
at 7, 14, 21, and 28 days post-operatively (Figure 3A),
indicating normal neurological function and ensuring that
cognitive impairment assessments were not confounded
by motor deficits. Similarly, the open field test showed
no significant differences in total distances traveled
(Figure 3B), implying that BCAS surgery did not affect
motor or optic nerve function.

Furthermore, during the NORT, no significant
preference differences were observed for two old objects
among groups during the training phase (Figure 3C).
However, after BCAS surgery, mice exhibited reduced
curiosity toward the new object, as indicated by a
significantly decreased relative discrimination index in

the MOD group compared to the CON group (P < 0.05)
(Figure 3D). Notably, SCF (400 mg/kg) treatment
significantly restored exploratory preference compared
to the MOD group (P < 0.05), whereas SSF (400 mg/kg)
showed a trend toward cognitive improvement without
statistical significance (P > 0.05).

In the MWM test, baseline escape latency showed no
significant difference among groups. However, BCAS
mice exhibited a significant increase in escape latency
on days 3 - 5 (P < 0.01, compared to control mice). SCF
treatment significantly reduced the escape latency (p<0.01)
(Figure 3E). During the spatial exploration test, BCAS
mice in the MOD group exhibited a significantly decreased
number of platform crossing (P < 0.01) (Figure 3F), a
significantly decreased frequency of target quadrant
crossing (P < 0.01) (Figure 3H), and less time spent in

A 184 mNSS B Open field test c = 509 Novel object recognition test
== CON __ 20000 = 40
== MOD £ = 30+
o = POS E £ 20
£ 124 - SCH P g 10+
b3 - SSI H 8 o e
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4 Z 10000 < 10+
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E 6+ = £ 20
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2 Z 0
< 0
0- 0- & -0 T T T T T
D Day9  Dayl16 Day23  Day30 E CON MOD POS SCF  SSF F CON MOD POS SCF  SSF
) e -
<. 100 Novel object recognidon test 100 Morris water maze test = 47 Morris water maze test
> 2 .
Z 80 ~ §0- E *
£ z # Z 34
=2 > =
5 607 . . £ 60 z
2 = 2 24
E = 8
= 404 N =
b 2 4 ok ] ##
3 g % g
= 204 # 2 s 14
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i 0= 0 T T T T T - 0~
CON MOD POS SCF  SSF Dayl Day2 Day3 Day4 Day5 CON MOD POS SCF  SSF
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£ . g - Z
= CON MOD POS SCF SSF 0~

CON MOD POS SCF SSF

CON MOD POS SCF SSF

Figure 3. Effects of SCF and SSF on exploratory locomotor behavior and spatial learning memory following BCAS surgery. (A) mNSS at different time
points. (B) Total distance traveled in the open field test on day 29 post-BCAS. (C) Relative preference index and (D) relative discrimination index in the
novel object recognition test on day 32. (E) Escape latency in Morris water maze navigation test at different time points. (F-I) Frequency of platform
crossings, time spent in the target quadrant, frequency of target quadrant crossings, and swimming speed in the Morris water maze probe test on day 38.
Data are presented as mean + SEM (n = 8 per group). Notes: *P < 0.05 and **P < 0.01, compared with the BCAS group (MOD); *P < 0.05 and **P < 0.01,
compared with the control group (CON). POS: Positive control.

Abbreviations: SCF: Schisandra chinensis; SSF: Schisandra sphenanthera; BCAS: Bilateral common carotid artery stenosis; mNSS: Modified neurological
severity score.
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the target quadrant (P < 0.01) (Figure 3G). In contrast,
SCF-treated mice demonstrated better spatial learning
and memory ability than the MOD mice, as evidenced by
a significantly increased frequency of platform crossing
(P < 0.05), a higher frequency of target quadrant crossings
(P < 0.05), and significantly more time spent in the target
quadrant (P < 0.01). However, the cognitive improvement
effects of SSF were less pronounced and not statistically
significant (P > 0.05). In addition, no significant
differences in swimming speed were observed among
groups (P > 0.05) (Figure 3I). Overall, these behavioral
assessments demonstrate that SCF treatment significantly
ameliorates learning and memory deficits in BCAS mice.

3.4. SCF and SSF improves cerebral blood flow

As shown in Figure 4, cerebral blood flow was significantly
reduced due to hypoperfusion induced by BCAS surgery
(P < 0.01). In comparison to untreated BCAS mice, all
drug-treated groups exhibited increased cerebral blood
flow (P < 0.01), indicating that both SCF and SSF improved
cerebral perfusion following BCAS surgery.

3.5. SCF is more efficacious than SSF in alleviating
BCAS-induced white matter injury

In CON mice, LFB staining revealed a densely packed and
well-organized myelin sheath. In contrast, MOD mice

CON

MOD

exhibited a disrupted myelin structure, characterized by
a loose and disordered myelin sheath and the presence of
white vacuoles in the corpus callosum (Cc, paramedian),
fimbria of the hippocampus (Fi), ventral posteromedial
thalamic nucleus (VPT), and caudate putamen (Cpu,
striatum) (P < 0.01) (Figure 5). All drug-treated mice
exhibited significantly preserved white matter integrity
(P < 0.05 or P < 0.01). Notably, the SCF group showed
a greater degree of preservation, with denser and more
organized nerve fibers than the SSF group.

The MBP immunohistochemical staining results
(Figure 6) were consistent with the LFB staining data.
Compared with CON mice, the MOD mice exhibited
significantly reduced and weaker MBP staining in the Cc,
Fi, VPT, and Cpu (P < 0.01 or P < 0.05). SCF treatment
significantly alleviated myelin degeneration in all four
brain areas (P < 0.01 or P < 0.05), whereas SSF treatment
exerted significant protective effects only in VPT and Cpu
(P<0.01)

3.6. Chemical characterization of SCF and SSF using
UPLC-Q-TOF/MS

The chemical compositions of SCF and SSF were analyzed
using UPLC-Q-TOF/MS (Figure 7). A total of 71
compounds were identified in SCF, including 56 lignans
(42 diphenylcyclooctene lignans, 8 tetrahydrofuran

POS (20 mg/ke)

100 200 300 400 S00 600 700 800

Cerebral blood flow

Flux mean

200

0

CON MOD POS SCF SSF

Figure 4. Representative images and related quantitative analysis for comparative effects of SCF and SSF on cerebral blood flow following BCAS surgery.
The color bar (blue to red) indicates low to high flow velocity. Data are presented as mean + SEM (n = 8 per group). Notes: *P < 0.05 and **P < 0.01,
compared with the BCAS group (MOD); *P < 0.05 and “P < 0.01, compared with the control group (CON).

Abbreviations: POS: Positive control; SCF: Schisandra chinensis; SSF: Schisandra sphenanthera; BCAS: Bilateral common carotid artery stenosis.
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Figure 5. Comparative effects of SCF and SSF on white matter integrity following BCAS surgery. (A) LFB-stained images showing increased myelin
rarefaction and white matter lesion formation in the Cc (paramedian), fimbria of the hippocampus (Fi), ventral posteromedial thalamic nucleus (VPT),
and Cpu (striatum) of BCAS mice, with a visible protective effect in the SCE- and SSE- treated groups. All images were taken under identical exposures and
conditions (Scale bar: 200 um; magnification: 20x). (B-E) Quantification analysis of LFB-staining in Cc, Fi, VPT, and Cpu, respectively. Data are presented
as mean + SEM (n = 3 per group). Notes: *P < 0.05 and **P < 0.01, compared with the BCAS group (MOD);*P < 0.05 and **P < 0.01, compared with the
control group (CON).

Abbreviations: POS: Positive control; SCF: Schisandra chinensis; SSF: Schisandra sphenanthera; BCAS: Bilateral common carotid artery stenosis; Cc:
Corpus callosum; Cpu: Caudate putamen.

lignans, 4 furofurans, 2 lignan lactones), 10 carboxylic 3.7. Pharmacokinetic differences between

acids (5 eicosanoids, 5 carboxylic acids), 2 lactones, 2 compounds in SCF and SSF

sesterterpenoids, and 1 pyrrilium (Table S1). For SSE a Compounds with high bioavailability and drug-likeness
total of 63 compounds were identified, including 21 lignans properties are more likely to be absorbed.” Bioactive compounds
(9 diphenylcyclooctene lignans, 4 dibenzylbutane lignans, with therapeutic effects are generally expected to exhibit passive
5 tetrahydrofuran lignans, 2 aryltetralin lignans, 1 furanoid HIA properties.®® Therefore, we further conducted analysis of
lignan), 2 terpenoids (1 triterpenoid, 1 sesquiterpenoid), six physicochemical properties, HIA and BBB permeation, and
1 lactone, 17 phenylpropanoids (16 phenylpropanoids, 1 interactions with P-gp in the identified compounds.
flavonoid), 1 phenol, 16 alkaloids, 4 carboxylic acids, and As shown in Figure 8, the predicted lipophilicity, size,
1 sulfoxide (Table S2). These results suggest that SCF and polarity, solubility, flexibility, and saturation properties
SSF exhibit distinct chemical compositions, which may were evaluated for the identified compounds. A total of
contribute to different pharmacological effects. 64 compounds in SCF and 60 compounds in SSF were
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Figure 6. Comparative effects of SCF and SSF on myelin regeneration following BCAS surgery. (A) MBP immunoreactivity was reduced in the Cc, fimbria
of the hippocampus (Fi), ventral posteromedial thalamic nucleus (VPT), and Cpu of BCAS mice. A trend of alleviation was observed in the positive
control (POS), SCF-, and SSF-treated groups. All images were taken under identical exposures and conditions (Scale bar: 200 pm; magnification: 100x).
(B-E) Quantification analysis of MBP in Cc, Fi, VPT, and Cpu, respectively. Data are presented as mean = SEM (n = 3 per group). Notes: *P < 0.05 and
**P < 0.01, compared with the BCAS group (MOD); P < 0.05 and *P < 0.01, compared with the control group (CON).

Abbreviations: POS: Positive control; SCF: Schisandra chinensis; SSF: Schisandra sphenanthera; BCAS: Bilateral common carotid artery stenosis; Cc:
Corpus callosum; Cpu: Caudate putamen; MBP: Myelin basic protein.

predicted to have HIA > 25% and bioavailability > 0.15. These results indicate that lignans, particularly
Among these highly absorbable compounds, lignans diphenylcyclooctene-type lignans, may be key contributors
constituted a significant portion. Furthermore, P-gp to the pharmacological differences between SCF and SSF
interaction analysis revealed that: in the treatment of VCL.

(i) In SCE 5 carboxylic acids and 2 lignans (1 furofuran . .
lignan, 1 diphenylcyclooctene lignan) exhibited 4. Discussion

unacceptable P-gp interaction values. VCI is a cognitive dysfunction syndrome characterized
(ii) In SSE 1 phenylpropanoid and 2 carboxylic acids by neurodegeneration, memory impairment, and
showed unacceptable P-gp interaction values. cognitive deficits, for which there is currently no
(iii) None of the compounds in SCF and only 1 compound effective treatment.” Considerable evidence indicates
in SSF with poor passive gastrointestinal absorption that neuroinflammation and oxidative stress are
were identified as P-gp substrates, indicating low important factors contributing to the occurrence and
potential for active transport. development of VCL** Neuroinflammation has been
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Figure 7. Total ions chromatogram of (A) standard compounds, (B) SSE and (C) SCF in positive ion mode. Identified peaks: 1. schisandrin, 2. gomisin D,
3. gomisin J, 4. schisandrol B, 5. gomisin G, 6. schisantherin B, 7. anwulignan, 8. schisandrin A, 9. schisandrin B, 10. schisandrin C.

Abbreviations: SCF: Schisandra chinensis; SSF: Schisandra sphenanthera.

proven to contribute to the etiology of hypoxia-ischemia-
induced neural injury.*® Potential molecular mechanisms
underlying VCI include inflammation and mitochondrial
dysfunction.” Inflammatory cytokines, chemokines, and
reactive oxygen and nitrogen species exacerbate neuronal
damage and act as pivotal mediators of persistent neuronal
injury.*

Previous studies have demonstrated that SCF and SSF
exhibit a range of pharmacological activities, including
neuroprotective, anti-inflammatory, antioxidative, and
cardioprotective effects.®® Notably, SCF has been shown
to regulate inflammatory responses and inflammation-
induced damage to cerebral vessels and brain tissue,
thereby improving cerebral ischemia and neurological
dysfunction.”® Furthermore, SCF is capable of scavenging
reactive oxygen species and mitigating oxidative stress-
induced brain tissue damage, thereby alleviating symptoms
associated with cerebral ischemia.**

Given the role of neuroinflammation and oxidative
stress in VCI pathogenesis, we first investigated the effects
of SCF and SSF in LPS- and OGD/R-induced BV2 cell
models. Our data suggest that SCF exerts strong anti-
neuroinflammatory and antioxidative effects in BV2 cells.
Notably, SCF demonstrated significantly greater anti-
neuroinflammatory and antioxidative capacity compared
to SSE.

The ameliorative effects of SCF and SSF on VCI were
further validated using a BCAS mouse model. This
model is regarded as the most widely used experimental
model for VCL* as it reliably replicates both clinical and
pathological features of the disease.’*® The BCAS model
induces cognitive impairment, chronic hypoperfusion,
and subsequent white matter damage.”’ Notably, BCAS
mice do not develop cerebral infarctions and optic nerve
damage but exhibit hippocampal neuronal death and
atrophy, leading to learning and memory deficits.

As expected, SCF and SSF treatment significantly
improved learning ability, spatial memory, and cerebral
blood flow, and promoted nerve fiber repair. However,
SCF was more effective than SSF in improving learning
ability and spatial memory. Our results demonstrate that
SCF exhibits superior efficacy in preventing white matter
damage and cognitive decline, aligning with its traditional
medicinal applications. However, there remains a lack of
relevant research to elucidate the specific mechanisms
underlying the pharmacological differences between SCF
and SSE

To address this issue, UPLC-Q-TOF/MS was used to
comprehensively characterize and determine the chemical
composition of SCF and SSE, as well as to evaluate the drug-
like properties of their components. A total of 71 were
identified in SCF, whereas 64 compounds were identified
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Figure 8. Drug-likeness properties and structures of identified compounds in SCF and SSE. (A-F) Six physicochemical properties for evaluating bioavailability
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Abbreviations: SCF: Schisandra chinensis; SSF: Schisandra sphenanthera; MW: Molecular weight; TPSA: Topological polar surface area; HIA: Human
intestinal absorption; P-gp: Permeability glycoprotein.

in SSE. SCF contained a higher number of lignans than SSF
(56 vs. 16), while SSF contained more phenylpropanoids

(16 vs. 0) and alkaloids (16 vs. 0).

Modern pharmacological research has demonstrated
that lignans are the major bioactive constituents of
dibenzocyclooctadiene
lignans are regarded as the primary contributors to
their pharmacological effects, which may account for
their observed differences in efficacy.® Our data also

SCF

and SSE

Particularly,

across

include simulation results on compound permeability

the BBB. In SCEF, the active compounds capable of

effectively crossing the BBB predominantly belong to the

biphenylcyclooctene lignan class, which encompasses
schineolignin A, gomisin L,, schisandrin, schisandrin A,
schisandrin B, schisandrin C, schisanhenol, schisanchinin
C, and schisandrol B. Notably, several of these lignans
(schisandrin C, schisandrin A, schisandrin B, schisandrin,
andschisandrol B) havebeenconfirmedthroughcomparison
with standard samples and are relatively abundant in SCE.
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In contrast, only schisandrin C was identified in SSF
through comparison with standard samples and found to
cross the BBB. The total lignin extracts of SCF have been
demonstrated to possess robust anti-neuroinflammatory
effects.’” In addition, several studies have reported that
schisandrin A, schisandrin B, schisandrin C, schisandrin,
and schisandrol B - compounds isolated from SCF - can
alleviate neuroinflammation in vitro and in vivo models,
supporting their potential roles in the treatment of
VCI."*4 Taken together, these findings suggest that the
primary pharmacological effects of SCF likely stem from
the specific compounds mentioned above.

5. Conclusion

The present study demonstrates that both SCF and SSF can
effectively ameliorate VCI, at least in part, by enhancing
anti-neuroinflammatory and antioxidative stress responses.
However, SCF exhibits superior effects in improving
cognitive impairment compared to SSE, likely due to its
higher structural diversity of biphenylcyclooctene-type
lignans. This study provides scientifically valuable data on
the therapeutic differences between SCF and SSF in the
treatment of VCI and offers insights relevant to clinical
applications.
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