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Abstract: Objective: To investigate the relationship between secondary brain injury and intestinal injury in intrace-
rebral hemorrhage (ICH) and whether escin can protect the function of the intestine and inhibit lipopolysaccharide
(LPS) entry into the blood, thereby attenuating brain injury after ICH. Methods: Mice were injected stereotactically
with collagenase to establish a model of ICH. The Garcia test, forelimb placement test, brain water content, blood-
brain barrier (BBB) permeability, intestinal injury, intestinal permeability, and serum LPS levels were evaluated. The
ICH mice were treated with escin to investigate the effect of escin on intestinal injury and neurological function.
Results: The severity of secondary brain injury was highly correlated with the degree of intestinal injury. After ad-
ministering escin, intestinal injury was significantly alleviated, intestinal permeability was markedly reduced, and
LPS blood levels were significantly decreased. Additionally, results from the Garcia and forelimb placement tests
showed significant improvement. However, intraperitoneal injection of LPS, simulating the entry of LPS into the
bloodstream due to intestinal injury, weakened the neuroprotective effects of escin without affecting its intestinal
protective effects. Conclusions: The ICH-induced brain injury caused intestinal barrier damage, resulting in LPS in
the gut to enter blood circulation, which subsequently disrupted the BBB. Therefore, LPS plays an important role in
ICH-induced secondary brain injury. Escin exerts its neuroprotective effect by attenuating gut injury following ICH.
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Introduction

Stroke is a leading cause of death worldwide. It
can be either hemorrhagic (about 15%) or isch-
emic (about 85%) [1]. Intracerebral hemorrhage
(ICH) is the most devastating type of stroke.
The 30-day mortality of ICH is 55%, with half of
these deaths occurring in the first 2 days [2].
Much of the early mortality of hemorrhagic
stroke is due to the increase of intracranial
pressure that leads to herniation and death.
ICH leads to brain injury through two pathways.
The presence of blood in the parenchyma
causes damage to the surrounding brain tis-
sues through a mechanical effect. Secondary
injury from ICH may result from the blood com-
ponents and their degradation products [3, 4].
Inflammation, oxidative stress, and excitotoxic-
ity are associated with secondary brain injury

from ICH. Increasing evidence suggests that
inflammation plays a key factor in ICH-induced
secondary brain injury [5].

In patients with acute central nervous system
(CNS) injuries, abnormalities in gut microbiota
metabolism, intestinal mucosal morphological
damage, and gastrointestinal inflammatory
responses may occur [6]. Specifically, CNS dis-
eases such as stroke can lead to dysbiosis of
the gut microbiota, which further results in the
disruption of tight junctions and a decrease in
the levels of occludin/Z0O-1 [7]. Additionally, gut
microbiota dysbiosis can alter dendritic cell
activity, thereby changing immune homeostasis
in the small intestine [8]. These pathologic
changes lead to intestinal barrier dysfunction
and an increase in intestinal mucosal permea-
bility [9]. Therefore, the toxic substances in the
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intestine, such as lipopolysaccharide (LPS), will
leak into the peripheral blood, leading to sys-
temic inflammation. More importantly, LPS in
the circulation may penetrate the damaged
blood-brain barrier (BBB), exacerbating brain
injury. The BBB is a part of the neurovascular
unit (NVU). The cell-to-cell and cell-to-matrix
communications maintain the physiological
structure and function of the brain [10].
Disruption of the BBB leads to the loss of NVU
integrity and results in injury to the CNS. BBB
impairment-induces microvascular leakage as
early as six hours after stroke. Moreover, BBB
disruption also occurs in the peri-stroke region,
such as the contralateral hemisphere [11, 12].
Stroke causes pathophysiological changes in
the gut, allowing LPS to enter the blood circula-
tion. LPS will penetrate the damaged BBB and
trigger an inflammatory response, exacerbating
brain injury [13].

Escin, a natural mixture of triterpene saponins,
is extracted from the horse chestnut tree and
has anti-inflammatory and anti-edematous
properties [14]. A study from our laboratory
also demonstrated that escin enhanced neuro-
logical function and mitigated BBB damage in
mice with ICH by suppressing systemic inflam-
mation [15]. Furthermore, escin exerts a pro-
tective effect on indomethacin-induced gastric
ulcers in mice through its antioxidant and anti-
inflammatory properties [16]. In the animal
model of intestinal damage produced by cecal
ligation and puncture (CLP), escin inhibits acute
inflammation and reduces mucosal damage
[17]. Additionally, escin improves inflammatory
bowel disease by repairing the intestinal barrier
and promoting intestinal motility [18]. Mice with
ICH were administered escin, which was then
detected in their serum. However, no escin was
detected in hemorrhagic cerebral hemispheres
or non-hemorrhagic cerebral hemispheres.
These findings suggest that escin does not
cross the BBB in mice with ICH [15]. The pres-
ent study aimed to investigate the relationship
between secondary brain injury and intestinal
injury in ICH and whether escin protects the
function of the intestine and inhibits LPS from
entering the blood, thereby attenuating brain
injury following ICH.

Materials and methods
Animals

Male CD1 mice (Conformity certificate:
SCXK20220006), weighing 26 to 30 g, were
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obtained from lJinan Pengyue Experimental
Animal Breeding Co. (Jinan, China). The mice
were housed in an environment with a 12-hour
light/12-hour dark cycle (light period starting at
8 am), with free access to standard laboratory
feed and water. All experiments were conduct-
ed in accordance with the contemporary revi-
sion of the Guide for the Care and Use of
Laboratory Animals of the US National Institutes
of Health (US NIH publication No. 8023, 8"
edition published in 2011) and were approved
by the Ethics Committee of Yantai University
(YTDX20230306).

Intracerebral hemorrhage model

A model of ICH was prepared according to a
previous report [19]. In brief, mice were anes-
thetized with an intraperitoneal injection of ket
amine (90 mg/kg) and xylazine (10 mg/kg). A
longitudinal incision was made in the scalp to
expose the skull surface. The mice were fixed in
a stereotaxic apparatus (Model 902-A, Kopf
Instruments, Tujunga, CA, USA). A burr hole
was drilled at the right coronal suture (0.2 mm
posterior to the bregma and 2.2 mm lateral to
the midline). A 26-gauge needle (Hamilton
Company, Reno, NV, USA) was stereotactically
inserted into the right basal ganglia (3.5 mm
depth below the skull surface). A microinfusion
pump was used to inject 0.5 pl of 0.15 U/ul
type VII bacterial collagenase (Sigma-Aldrich,
St. Louis, Missouri, USA, Lot: 128M4107v). The
needle was maintained in the basal ganglia for
5 min after collagenase injection. Animals in
the sham group were injected with an equiva-
lent volume of phosphate-buffered saline
(PBS). The skull was sealed with bone wax, and
the skin incision was sutured. The mice were
subsequently placed on a heating pad at 37°C
to maintain their body temperature near physi-
ological levels, and upon awakening, they were
returned to their cages.

Experimental design

The experiments were conducted as follows
(Figure 1).

Experiment 1

Mice were allocated into 8 groups without spe-
cial selection: sham, ICHat3 h,6 h, 12 h, 1 d,
2d, 3d, 7 dgroups. Except for the sham group,
mice in the other groups were injected with col-
lagenase to prepare the model of ICH, whereas
the sham group received an equivalent volume
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Figure 1. Experimental design. Experiment 1. Mice were subjected to the stereotactic injection of collagenase to in-
duce the intracerebral hemorrhage (ICH) model. The parameters were evaluatedat3h,6h,12h,1d,2d,3dand 7
d. Experiment 2. ICH mice model was treated with escin and then neurological functions of mice were investigated.
Experiment 3. ICH mice model was treated with escin. At 0.5, 12 h after ICH, mice in escin group were exposed to
lipopolysaccharide (LPS). The parameters were evaluated at 24 h and 72 h after ICH.

of PBS in the same procedure. At the corre-
sponding time points after modeling, blood
samples were collected, mice were euthanized,
and tissue samples were collected. The levels
of fluorescein isothiocyanate (FITC)-dextran
and lipopolysaccharides in the serum were
assayed. The jejunum and ileum were stain-
ed with hematoxylin and eosin (H&E). Brain
water content and BBB permeability were also
measured.

Experiment 2

Male CD-1 mice were allocated into 5 groups
without special selection: sham, model, and
escin at 0.225, 0.45, and 0.9 mg/kg groups.
Mice in the model group and the escin groups
(0.225, 0.45, and 0.9 mg/kg) underwent ICH
modeling, whereas the mice in the sham group
were injected with an equivalent volume of
PBS. At 0.5 h after ICH, mice in the escin groups
were administered with the corresponding
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doses of escin (Shandong Luye Pharmaceutical
Co., Yantai, China, Lot: 2021020111) intrave-
nously via the tail vein. The mice in the sham
and model groups were similarly injected with
an equivalent volume of PBS. The Garcia and
forelimb placement tests were performed 24 h
after the ICH model or sham creation.

Experiment 3

Male CD-1 mice were allocated into 4 groups
without special selection: sham, model, escin,
and escin + LPS groups. The mouse model of
ICH was prepared according to the previous
procedure. Thirty minutes later, the mice in the
escin and escin + LPS groups were adminis-
tered escin (0.45 mg/kg), and the mice in the
escin + LPS group were injected intraperitone-
ally with LPS (0.5 mg/kg, Sigma-Aldrich, St.
Louis, Missouri, USA, Lot: 0000155609).
Twelve hours later, the mice were given the
same dose of LPS one more time. At 24 h and
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72 h after inducing ICH or the sham treatment,
the Garcia and forelimb placement tests were
conducted. Blood samples were collected to
measure the levels of FITC-dextran and LPS in
the serum; the mice were then euthanized, and
tissue samples were collected. The jejunum
and ileum were stained with H&E, and brain
water content was also assessed.

Behavioral tests

The Garcia and forelimb placement tests are
commonly used to assess neurological func-
tion. At 24 or 72 h after inducing the model of
ICH or sham treatment, the modified Garcia
and forelimb placement tests were perform-
ed by an investigator who was blind to the
grouping [20, 21]. The modified Garcia test con-
sists of seven independent tests: spontaneous
activity, side stroking, vibrissae touch, limb
symmetry, lateral turning, forelimb walking, and
climbing. The performance in each test is
scored on a scale from O (worst performance)
to 3 (best performance). The total score (max =
21) indicates the best neurological function of
mice.

BBB permeability evaluation

The Evans blue extravasation assay was
employed to evaluate BBB permeability [22].
Briefly, mice were intraperitoneally injected
with a 2% Evans blue solution (4 mL/kg; Sig-
ma-Aldrich, St. Louis, Missouri, USA, Lot:
MKCG7507). Three hours post-injection, trans-
cardial perfusion with cold PBS was performed,
and the right hemisphere of the brain was sub-
sequently harvested. The tissues were homog-
enized with 50% trichloroacetic acid to brain
tissue (1:3, v:w) to obtain the homogenate. The
homogenate was then centrifuged at 15,000xg
at 4°C for 20 min. The supernatant was com-
bined with 70% ethanol at a 1:1 (v/v) ratio and
incubated overnight at 4°C in the dark. Evans
blue extravasation was quantified spectropho-
tometrically at 610 nm using a standard cali-
bration curve. The results were expressed as
ng/mg brain tissue.

Brain water content

The dry-wet weight method was used to as-
sess brain edema [23]. In brief, mice were
euthanized with an overdose of ketamine
and xylazine. The right hemisphere was rapidly
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collected and weighed on an analytical ba-
lance to obtain its wet weight. The samples
were dried at 100°C for 24 hours, and then
the dry weight was measured. Brain water con-
tent = (wet weight - dry weight)/wet weight x
100%.

Intestinal injury

Intestinal tissues were fixed with 4% parafor-
maldehyde and then embedded in paraffin. The
embedded tissue was sectioned and stained
with H&E using standard procedures. The
stained sections were photographed, and the
histological changes of intestinal tissues were
graded according to previously described meth-
ods [24]: O = normal intestinal mucosa struc-
ture; 1 = degeneration of the intestinal mucosa,
with widened subepithelial space; 2 = lifting of
the epithelium from the small intestinal villi,
with further widening of the subepithelial
space; 3 = loss of epithelium on the small intes-
tinal villi; 4 = loss of epithelium on the small
intestinal villi, with only the lamina propria
remaining.

Intestinal permeability

The FITC-dextran method was employed to
evaluate the intestinal permeability [25]. In
brief, FITC-dextran (Sigma-Aldrich, St. Louis,
Missouri, USA, Lot: 46944) was administered
intragastrically to mice at a dose of 300 mg/kg.
Three hours later, the mice were anesthetized,
and blood was collected from the retro-orbital
venous plexus. The blood was centrifuged (4°C,
11,000%g, 5 min) and serum was collected to
measure levels of FITC-dextran content (excita-
tion wavelength: 485 nm, emission wavelength:
525 nm).

LPS assay

Serum was harvested according to the same
procedure mentioned above. LPS content was
assayed according to the instructions of the
ELISA kit (Cusabio Biotech Co., Wuhan, China,
catalog No: M25015903).

Euthanasia

Euthanasia of mice was performed in accor-
dance with the AVMA Guidelines for the
Euthanasia of Animals (2020 edition) [26]. The
mouse was placed in a transparent, sealed
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Figure 2. Temporal pattern of brain water content and blood-brain barrier

Temporal pattern of intestinal
injury after ICH

(BBB) permeability evaluation after ICH. A. Brain water content. B. Evans

blue extravasation. The data are expressed as mean + SD (n = 7-8 animals
for each group). #P < 0.01 compared with the sham group.

chamber connected to a gas anesthesia
machine (Model R580S, RWD Life Science,
Shenzhen, China). Isoflurane (Catalog No:
20220101, RWD Life Science, Shenzhen,
China) was continuously delivered via the anes-
thesia machine to induce deep anesthesia,
with a constant 5% isoflurane concentration in
the chamber. Mice lost consciousness within
60 s, followed by cessation of respiration within
3 min.

Statistical analysis

Data were analyzed using GraphPad Prism
8.0 software. The data are expressed as the
means = SD. Spearman’s test was used for
correlation analysis. A Shapiro-Wilk test was
used to assess whether the data met the
standard of normal distribution. For data with a
normal distribution, differences between the
two groups were analyzed using a t-test.
Differences between multiple groups were ana-
lyzed using one-way ANOVA followed by a
Dunnett multiple comparisons test. Non-
normally distributed data were analyzed using
a Mann-Whitney U test (two groups) or a
Kruskal-Wallis test followed by a Dunnett mul-
tiple comparisons test (more than two groups).
Significant differences were defined as those
with P < 0.05.

Results

Temporal pattern of brain water content and
Evans blue extravasation after ICH

Compared with the sham group, the water con-

tent in the right hemisphere was significantly
increased at 12 h, 1 d, 2 d, and 3 d after the
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The intestinal tissue damage
after ICH was investigated
using H&E staining. Histo-
logical examination revealed there were no
abnormalities in the ileum and jejunum of mice
in the sham group. Compared with the sham
group, there were significant injuries of the jeju-
num and ileum observed at 6 h, 12 h, 1 d, 2 d,
3 d, and 7 d after ICH. The alterations consist-
ed of shortened intestinal villi, epithelial necro-
sis, exfoliation, and erosion of the intestinal
mucosal layer (Figure 3A and 3C). Figure 3B
and 3D present the intestinal mucosal injury
scores. Compared with the sham group, the
intestinal mucosal injury scores were markedly
increased at6 h, 12 h,1d,2d,3d,and 7 d
after ICH.

Temporal pattern of intestine permeability and
serum LPS level after ICH

Compared to the sham group, serum FITC-
dextran levels were significantly increased at 6
h,12h,1d,2d, 3d, and 7 d after ICH (Figure
3E). Consistent with the findings of the tempo-
ral pattern of intestine permeability, the LPS
levels in serum were also significantly increased
at6 h,12h,1d,2d, 3d,and 7 d after ICH
(Figure 3F).

Correlation between intestinal mucosal injury,
intestine permeability, serum level of LPS, and
brain edema after ICH

After ICH, the extent of jejunum injury was posi-
tively correlated with intestinal permeability,
serum LPS level, and brain edema (r = 0.625, P
<0.01;r=0.541,P<0.01;r=0.408, P=0.01,
Table 1). The extent of ileal injury was positively
correlated with intestinal permeability, serum
LPS level, and brain edema (r = 0.465, P <
0.01;r=0.558, P<0.01; r=0.290, P=0.026,
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LPS did not attenuate the
beneficial effects of escin on
intestinal injury and intestine
permeability in ICH mice

At 24 and 72 h after ICH,
escin significantly ameliorat-
ed the necrosis and shedding
of the intestinal villous epithe-
lium. However, when com-
pared with the escin group,
LPS did not attenuate the
beneficial effects of escin on
intestinal injury (Figure 5A
and 5B). At 24 (Fay16 =11.12)
and 72 h (F3 16 = 21.71) after
ICH, a one-way ANOVA of the
serum FITC-dextran levels
showed significant differenc-
es between groups. Com-
pared with the sham group,
the serum FITC-dextran levels
in the model group were
increased. Compared with the
model group, escin signifi-
cantly inhibited the increase
of serum FITC-dextran level.
Compared with escin alone,

Figure 3. Temporal pattern of intestinal injury, intestine permeability and
serum LPS level after ICH. A. Jejunum tissues (Bar = 100 um). B. Jejunum
mucosal injury score. C. lleum tissues (Bar = 100 um). D. lleum mucosal
injury score. E. Serum FITC-dextran level. F. Serum LPS level. The data are
expressed as mean + SD (n = 7-8 animals for each group). #P < 0.01 com-

pared with the sham group.

Table 1). Intestinal permeability was positively
correlated with serum LPS levels and brain
edema (r = 0.585, P < 0.01; r = 0483, P <
0.01). Serum LPS levels were positively corre-
lated with brain edema (r = 0.338, P = 0.009,
Table 1).

Effects of escin on the neurological outcome
in ICH mice

The Garcia test scores (F, ., = 29.15) and fore-
limb placement test (F, 435 = 37.31) scores exhib-
ited significant differences among groups.
Compared with the sham group, mice in the
model group exhibited lower scores in the
Garcia and forelimb placement tests. When
compared with scores in the model group, the
administration of escin significantly increased
the Garcia and left forelimb placement test
scores (Figure 4A and 4B).
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the serum FITC-dextran levels
in the escin + LPS group pre-
sented no significant change
(Figure 5C and 5D).

The serum LPS level

At 24 h (F,,, = 20.60)and 72 h (F, ., = 20.02)
after ICH, the serum LPS level exhibited signifi-
cant differences among groups. Compared
with the sham group, the serum LPS levels in
the model group were elevated. Compared with
the model group, administration of escin signifi-
cantly reduced serum LPS levels. Compared
with escin alone, the serum LPS levels in the
escin + LPS group were increased (Figure 5E
and 5F).

LPS reverses the beneficial effects of escin on
neurological outcomes and brain water con-
tent in ICH mice

At 24 and 72 h after ICH, the one-way ANOVA of
Garcia test scores (24 h, F,. = 42.33; 72 h,

3,36
= 37.41) and forelimb placement test
scores (24 h, F, .. =56.67; 72 h, F, .. =30.22)

3,36 3,36
showed significant differences between groups.
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Table 1. Correlation analysis among intestinal mucosal injury, intestine permeability, serum level of
lipopolysaccharide (LPS), and brain edema after intracerebral hemorrhage (ICH)

Jejunum injury lleum injury Intestine permeability LPS
Jejunum injury
lleum injury
Intestine permeability 0.625 (0.000) 0.465 (0.000)
LPS 0.541 (0.000) 0.558 (0.000) 0.585 (0.000)
Brain edema 0.408 (0.001) 0.290 (0.026) 0.483 (0.000) 0.338 (0.009)

The correlation coefficient is indicated outside the parentheses. The p value is shown inside the parentheses.
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Figure 4. Effects of escin on neurological outcomes in ICH mice. A. Garcia
test scores. B. Forelimb placement test. The data are expressed as mean +
SD (n = 8 animals for each group). #P < 0.01 compared with the sham group.
*P < 0.05, **P < 0.01, compared with the model group.

Discussion

Using a murine model of ICH,
the present study investigat-
ed the correlation between
brain injury and intestinal
barrier damage. The findings
demonstrated that brain inju-
ry caused intestinal barrier
damage, allowing LPS from
the gut to enter the blood cir-
culation, which in turn dis-
rupts the BBB and further
exacerbates brain injury. Th-
erefore, LPS plays an impor-
tant role in the ICH-induced

Compared with the sham group, the model
group showed a significant decrease in Garcia
and forelimb placement test scores. Compared
with the model group, the administration of
escin significantly increased the Garcia and
left forelimb placement test scores. Compared
with escin alone, LPS reversed the improve-
ment in Garcia and left forelimb placement test
scores mediated by escin (Figure 6A, 6B, 6D,
and 6E). At 24 and 72 h after ICH, the brain
water content in the basal ganglia (24 h, F, =
8.616; 72 h, F3Y16 = 5.955) and cortex of the
right hemisphere (24 h, Fsy16 = 5.516) exhibited
significant differences between the groups.
The brain water content in the model group
showed an increase in the basal ganglia and
cortex of the right hemisphere. Compared with
the model group, escin significantly reduced
the water content in the basal ganglia and cor-
tex of the right hemisphere. LPS reversed the
beneficial escin-mediated effect on reducing
the brain water content in the basal ganglia and
cortex of the right hemisphere (Figure 6C and
6F).
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secondary brain injury. In-

hibition of the LPS receptor
TLR4 can significantly improve neurological
function, reduce neuronal apoptosis, and
attenuate neuroinflammation in ICH [27]. TLR4
inhibitors can effectively reduce the degree of
brain edema, neurological deficits, and inflam-
matory cytokine levels in ICH [28].

Escin, has the property of inhibiting inflamma-
tion, protecting the gastrointestinal tract, reliev-
ing edema, and promoting venous drainage
[29]. Our previous studies have demonstrated
that escin can alleviate brain injury following
ICH and protect the BBB. Its mechanism of
action is not exerted through a direct effect on
the brain because escin cannot cross BBB [15].
Additionally, escin attenuated ethanol-induced
gastric mucosal lesions in rats [30]. In a mouse
model, escin showed a gastroprotective effect
against indomethacin-induced gastric ulcer
[16]. Escin displays a protective effect on the
gut by repairing the intestinal barrier and pro-
moting intestinal motility [18]. Based on the
evidence presented above, we hypothesize that
escin may exert its neuroprotective effect by

Am J Transl Res 2025;17(10):8336-8346



Escin displays neuroprotective effects in mice with intracerebral hemorrhage

Vehicle
200 pm 200 pm

Vehicle
200 pm
D

Escin+LPS

Escin+LPS

in the early stages post-ICH,
peaking at 3 days and subse-
quently decreasing. Tempo-
rally, the degree of cerebral
edema positively correlated
with the severity of peripheral
intestinal injury and intestinal
permeability, as well as with
LPS levels in the blood. These
findings demonstrated that

c P=0.0111 £ =0.0008 L .
JUIIY s00 L‘”";# the brain injury caused intes-
£ = g I_' tinal barrier damage, allowing
o 600
£ 40 * < ] he v LPS from the gut to enter the
: L 3 : . F
g I i =4 £ a0 —I— bloodstream. Moreover, we
)
3= E.' gzoo ¥ also assessed the BBB per-
E . . = meability at various times.
S &S K < ‘@w‘ N The results indicated that the
& & . e .
& & BBB was significantly disrupt-
E P=0.0034 F P=0.0066P=o.o1os ed foIIowmg ICH. Elevat('ed lev-
P=00176 pegoont” els of LPS in the blood circula-
P <0.0001 - . .
i 5 600 g " tion can lead to BBB disrup-
Ewo ‘:E _‘E g_ tion, which is consistent with
* v E i . .
5 w0 = K > ﬂ} g the present findings [31]. BBB
~ Y ol . .
g’““ S 4 gm ‘35' disruption can lead to vaso-
100

genic brain edema and pro-

. .
> p 2
& & g S
& « ¢ & &

Figure 5. LPS did not attenuate the beneficial effects of escin on intestinal
injury and intestine permeability in ICH mice. A. Intestinal tissue at 24 h af-
ter ICH (n = 3 animals for each group, Bar = 200 pm). B. Intestinal tissue
at 72 h after ICH (n = 3 animals for each group, Bar = 200 ym). C. Serum
FITC-dextran level at 24 h after ICH (n = 5 animals for each group). D. Serum
FITC-dextran level at 72 h after ICH (n = 5 animals for each group). E. Serum
LPS level at 24 h after ICH (n = 5 animals for each group). F. Serum LPS level
at 72 h after ICH (n = 5 animals for each group). The data are expressed as
mean + SD. #P < 0.01 compared with the sham group. *P < 0.05, **P <
0.01, compared with the model group. *P < 0.05, **P < 0.01, compared with

the escin group.

attenuating gut injury following ICH. The results
demonstrated that administering exogenous
LPS could effectively mimic the increase in
serum LPS levels caused by intestinal leakage
after ICH and reversed the effects of escin on
neurological outcomes and the extent of cere-
bral edema. These results further demonstrate
that escin exerts its neuroprotective effect by
attenuating gut injury following ICH.

We assessed brain water content, intestinal
mucosal injury severity, intestinal permeability,
and serum LPS level at different times following
ICH and conducted correlation analyses. The
results indicated that the severity of both intes-
tinal and cerebral injuries increased with time
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mote the migration of leuko-
cytes from the bloodstream
to the brain, allowing an influx
of potentially harmful sub-
stances from the blood [32].
LPS in the circulation may
penetrate the compromised
BBB, exacerbating brain inju-
ry [13]. Therefore, it is reason-
able to speculate that LPS
plays an important role in the
ICH-induced secondary brain
injury.
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Subsequently, we evaluated the protective
effects and mechanisms of escin on ICH-
induced secondary brain injury. First, various
doses of escin were administered to the mouse
model of ICH. The results showed that escin
improved neurological function, with a dose of
0.45 mg/kg being the most effective. Therefore,
we chose a dose of 0.45 mg/kg escin for fur-
ther experiments. In the subsequent experi-
ments, we assessed the extent of intestinal
injury, brain injury, and blood LPS level after
escin administration. Escin attenuated intesti-
nal injury, improved intestinal permeability, and
consequently decreased LPS levels. Consistent
with previous findings, escin has been shown to
improve neurological function. These results
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Figure 6. LPS reverses the beneficial effects of escin on neurological outcomes and brain water content in ICH mice.
A. Garcia test scores at 24 h after ICH (n = 10 animals for each group). B. Forelimb placement test at 24 h after ICH
(n =10 animals for each group). C. Brain water content at 24 h after ICH (n = 5 animals for each group). D. Garcia
test scores at 72 h after ICH (n = 10 animals for each group). E. Forelimb placement test at 72 h after ICH (n =
10 animals for each group). F. Brain water content at 72 h after ICH (n = 5 animals for each group). The data are
expressed as mean + SD. #P < 0.05, #P < 0.01 compared with the sham group. *P < 0.05, **P < 0.01, compared
with the model group.
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Figure 7. Escin displays neuroprotective effects in mice of intracerebral hemorrhage through ameliorating intestinal
injury.

indicate that escin exerts its neuroprotective
effect by attenuating gut injury following ICH.

Additionally, we simulated the condition of
intestinal injury-induced LPS translocation into
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the blood by injecting LPS intraperitoneally to
determine whether this could diminish the neu-
roprotective effect of escin. The results showed
that LPS could attenuate the neuroprotective
effect of escin without affecting its gastropro-
tective effect. These findings further clarify that
the gastroprotective effect of escin plays an
important role in the neuroprotective action of
escin in ICH. We hypothesize that the specific
mechanism by which escin alleviates intestinal
injury may be through its anti-inflammatory
effects, which directly enhance the connection
between intestinal epithelial cells [7].

Conclusions

To our knowledge, we have reported for the
first time that brain injury causes intestinal bar-
rier damage allowing LPS from the gut to enter
the blood circulation. LPS plays an important
role in the ICH-induced secondary brain injury.
Escin exerts its neuroprotective effect by atten-
uating gut injury following ICH. Gastroprotective
agents may be a promising approach to attenu-
ating secondary brain injury after stroke (Figure
7).
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