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Abstract

Background: Neuronal apoptosis plays a critical event in the pathogenesis of early brain injury after subarachnoid
hemorrhage (SAH). This study investigated the roles of Tauroursodeoxycholic acid (TUDCA) in attenuate neuronal

apoptosis and underlying mechanisms after SAH.

Methods: Sprague-Dawley rats were subjected to model of SAH and TUDCA was administered via the internal
carotid injection. Small interfering RNA (siRNA) for TGR5 were administered through intracerebroventricular injection
48 h before SAH. Neurological scores, brain water content, Western blot, TUNEL staining and immunofluorescence

staining were evaluated.

Results: TUDCA alleviated brain water content and improved neurological scores at 24 h and 72 h after SAH. TUDCA
administration prevented the reduction of SIRT3 and BCL-2 expressions, as well as the increase of BAX and cleaved
caspase-3.Endogenous TGR5 expression were upregulated after SAH and treatment with TGR5 siRNA exacerbated
neurological outcomes after SAH and the protective effects of TUDCA at 24 h after SAH were also abolished by TGR5

SIRNA.

Conclusions: Our findings demonstrate that TUDCA could attenuated neuronal apoptosis and improve neurological
functions through TGR5/ SIRT3 signaling pathway after SAH. TUDCA may be an attractive candidate for anti-apoptosis

treatment in SAH.
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Background

Aneurysmal subarachnoid hemorrhage (SAH) is a dev-
astating disease with high mortality and morbidity [1].
Studies suggest that the pathophysiological events that
during the first 72 h following SAH, are the major factor
which is closely related to prognosis [2]. There is compel-
ling evidence to suggest that neuronal apoptosis play a
pivotal role in the development of early brain injury after
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SAH and apoptosis inhibition by pharmacological treat-
ment could protect against brain injury after SAH [3].

Tauroursodeoxycholic acid (TUDCA) is an endogenous
hydrophilic bile acid used clinically to treat certain liver
diseases [4]. Previous studies have showed that TUDCA
can significantly reduce brain injury and improve neu-
rological function associated with acute hemorrhagic
stroke or acute ischemic stroke in rats through inhibiting
neuronal apoptosis [5, 6]. TGR5 is a plasma membrane-
bound G protein-coupled bile acid receptor, which has
varied levels of expression in different tissues including
brain [7, 8].

TUDCA may activate TGR5-mediated signaling to
reduce DNA damage and improve embryo development
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after ultraviolet light exposure [9]. The effects of
TUDCA on insulin secretion were mimicked by the
specific TGR5 agonist INT-777 [10]. In central nervous
system research, studies identified that TGR5 activa-
tion alleviated brain injuries in experimental autoim-
mune encephalomyelitis, hepatic encephalopathy and
AP1-42-induced neurotoxicity [11-13]. Yanguas-Casdas
etal found that the anti-inflammatory effect of TUDCA
on microglia are mediated by TGR5 [14]. However, the
anti-apoptotic property of TUDCA by interacting with
TGR receptor has not been reported in the setting of
SAH.Sirtuin3 (SIRT3), a member of the silent infor-
mation regulator 2 (Sir2) family of proteins located
in mitochondria, confers protection against neuronal
ischemia by inhibiting apoptosis [15]. Recent research
indicated that activating TGR5 induced increased
activity of SIRT3 in diabetes- and obesity-related kid-
ney disease [16].

In the current study, we hypothesized that (1)
TUDCA provides neuroprotective effects after SAH;
(2) TUDCA attenuates apoptosis by activating TGR5
signaling after SAH.
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Results

General observations and mortality rate

A total of 254 rats were used and 224 rats underwent
SAH induction. There were no deaths in sham group. For
groups of SAH, the mortality rate was 11.6% (26 of 224)
(Additional file 1: Table S1). According to the SAH grad-
ing score, 7 rats with mild SAH were excluded from this
experiment.

TUDCA improved neurobehavioral functions and reduced
brain edema at 24 h and 72 h after SAH

The neurological scores of modified Garcia were sig-
nificantly reduced at 24 h in the SAH -+ vehicle group
(P<0.05 versus Sham) (Fig. 1a). The 100 mg/kg TUDCA-
treated rats presented with improved neurobehavio-
ral score (P<0.05versus Vehicle), (Fig. 1a), but not with
the 50 mg/kg TUDCA-treated rats. SAH significantly
increased the brain edema in the SAH+vehicle group
at 24 h when compared to the sham group(P<0.05)
(Fig. 1b). Treatment with high doses of TUDCA reduced
brain edema (P<0.05 versus SAH+vehicle) (Fig. 1b).
Administration of TUDCA(100 mg/kg) also improved
neurological function and decreased brain edema at 72 h
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Fig. 1 The protective role of TUDCA after subarachnoid hemorrhage (SAH). a, c TUDCA attenuated neurological deficits at 24 h or 72 h following
SAH. b, d TUDCA reduced brain edema at 24 h or 72 h following SAH. Data are expressed as the mean £ SD (n =6 for each group). *P < 0.05, vs.

sham group, #P<0.05, vs. SAH + vehicle group
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after injury (P<0.05 versus SAH + vehicle) (Fig. 1 ¢, d).As
illustrated in Additional file 1: Figure Sla, neurological
recovery was also observed when TUDCA was adminis-
tered at 6 h or 12 h after SAH onset, but not when the
administration was delayed to 24 h. Based on the out-
come study, the dose of 100 mg/kg TUDCA administra-
tion at 1 h was used for the rest of the experiments.

Endogenous TGR5 receptor were increased at 24 hours
after SAH

As shown in Fig. 2a, TGR5 expression began to increase
at 12 h and reached peak at 24 h but declined at 72 h after
SAH group (P<0.05 versus Sham).Double immunofluo-
rescence staining showed that TGR5 was upregulated in
neurons in the ipsilateral cortex at 24 h after SAH and
was also localized in microglia (Fig. 2b).

TUDCA inhibited the cortical neuronal apoptosis
Compared with sham group, the numbers of TUNEL-
positive cells were significantly higher in the SAH + vehi-
cle group while TUDCA distinctly decreased the number
of positive cells (Fig. 3a, b).

Western blot showed that SAH reduced the expres-
sions of SIRT3 and BCL-2 when compared to sham
group (P<0.05) and TUDCA prevented the reductions
(P<0.05) (Fig. 4 a, b). Furthermore, BAX and cleaved
caspase3 were increased following SAH (P<0.05) and
TUDCA reversed these effects (P <0.05) (Fig. 4 a, b).
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TRG5siRNA reversed the neuroprotection of TUDCA

To further assess the role of TUDCA in SAH, TGR5
siRNA was administered by ICV injection to knockdown
endogenous TGR5. Western blot showed that TGR5
expression was partially prevented by TGR5 siRNA
(Fig. 5a). Silencing of endogenous TGR5 significantly
aggravated neurological impairments (Fig. 5b).

TGR5 siRNA significantly reversed the effect of
TUDCA on expression of SIRT3, BCL-2 > Bax and
cleaved caspase-3 when compared with scramble siRNA
at 24 h after SAH (P<0.05) (Fig. 5¢). Administration of
TGRS5 siRNA significantly abolished the protective effect
of TUDCA on neurological deficits and brain edema at
24 h after SAH (P<0.05 versus SAH+ TUDCA) (Fig. 5d).

Discussion

In the present study, we described the possible mecha-
nism of anti-apoptosis of TUDCA after SAH in rats. Our
data demonstrated that TGR5 were upregulated after
SAH. TUDCA reduced neuronal apoptosis, decreased
brain edema and thereby alleviated stroke outcome after
SAH. TUDCA prevented the reduction of SIRT3 and
BCL-2 expressions and reversed the increasing of BAX
and cleaved caspase-3. Furthermore, knockdown TGR5
by siRNA abolished the beneficial effects of TUDCA,
which were associated with increased expressions of
BAX and cleaved caspase-3. Taken together, our study
suggested that TUDCA attenuated apoptosis and brain
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Fig. 4 The effects of TUDCA on the protein expression of SIRT3, BCL-2, BAX and cleaved caspase-3 after subarachnoid hemorrhage (SAH). a

Representative Western blot images. b The relative density of protein expressions. n=6 per group. *P< 0.05 vs sham, *P < 0.05 vs SAH + vehicle. Bars

represent mean = SEM. Scr siRNA, scramble siRNA
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Fig. 5 The knockdown efficiency of TGR5 siRNA. Representative Western blots (a), and TGR5 knockout worsened neurobehavioral deficits,
exacerbated brain water content (b). Knockdown TGR5 abolished the anti-apoptotic effect of TUDCA after subarachnoid hemorrhage (SAH).
Representative Western blots and quantitative analyses of SIRT3, BCL-2, BAX and cleaved caspase-3. Quantified neurological scores and brain water
content (d), n=6 per group. *P<0.05 vs sham, *P<0.05 vs SAH + vehicle. Scr siRNA, scramble siRNA

injury after SAH, which is at least in part mediated by
TGR5/ SIRT?3 signaling cascade pathway.

TUDCA is an endogenous hydrophilic bile acid used
clinically to treat certain liver diseases [24]. It is formed
by the conjugation of ursodeoxycholic acid (UDCA) with
taurine. TUDCA is neuroprotective not only in phar-
macologic and transgenic animal models of Hunting-
ton disease [25], but also for acute ischemic stroke and
intracerebral hemorrhage [6]. In our research, we found
that high dosage of TUDCA treatment attenuated the
neurological deficit and the SAH-induced brain edema.
Taken together, these founding suggest that TUDCA
could provide neuroprotection following SAH.

TUDCA has been demonstrated to exert its cytopro-
tective activity by preventing apoptosis. TUDCA may
prevent palmitate-induced apoptosis in rat pancreatic
[B-cell line INS-1 and to evoke beneficial effects on aci-
nar cells in the experimental model of acute pancrea-
titis mostly [26]. Beneficial effects of TUDCA have also
been suggested in studies of diabetic retinopathy through
against high glucose-dependent apoptosis [27]. In neu-
rological disorders, TUDCA not only has been shown

to inhibit apoptosis induced by several stimuli in neu-
ronal cells in vitro, but also to play a cytoprotective role
in animal models, such as Alzheimer’s disease (AD), Par-
kinson’s disease, Huntington’s disease (HD) and acute
hemorrhagic stroke [28]. Our observations showed that
administration of TUDCA significantly prevented the
reduction of antiapoptotic markers, and reversed the
increasing of apoptotic markers and the number for
TUNNEL-positive neurons.

The exact mechanisms of TUDCA- mediated neuro-
protection in SAH have been remained unclear. Results
indicated that TUDCA is neuroprotective in neurologi-
cal diseases through anti-neuroinflammation, which is
involved in TGR5-mediated signaling [14]. TGR5, as a
bile acid receptor, has been shown roles in alleviating
the liver ischemia/reperfusion-related inflammation
and protecting hepatocytes from ischemia/reperfu-
sion-related apoptosis [29]. Overexpression of TGR5
significantly improved cardiomyocyte cell prolifera-
tion, alleviated apoptosis rate [30]. INT-777, a specific
TGR5 agonist, alleviates AP1-42-induced neuronal
apoptosis in the hippocampus and frontal cortex [13].
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SIRT3, a NAD-dependent protein deacetylase, belongs
to the silent information regulator 2 family. Several
evidences have confirmed that TGR5 is a key regula-
tor of SIRT3 in human kidney samples [16]. SIRT3
might play an important neuroprotective role during
early brain injury following SAH [31]. SIRT3 apoptotic
signaling pathways play important role in puerarin
induced neuroprotection in SAH [32]. In our research,
we observed that endogenous SIRT3 expression was
decreased at 24 h after SAH.TUDCA prevented the
expressions of SIRT3 while TGR5 siRNA reversed the
effect of TUDCA. Furthermore, our data demonstrated
that TGR5 knockdown significantly reverses the neuro-
protection of TUDCA on stroke outcomes, as well as
increasing BCL-2 and decreasing BAX and cleaved cas-
pase-3 expression. This finding supports the notion that
the TGR5/SIRT3 signaling pathway plays a role in anti-
neuronal apoptotic function of TUDCA after SAH.

There are some limitations in the present research.
First, TUDCA may alleviated inflammation and we only
focused on the neuroprotective effects on anti-apopto-
sis after SAH, but further studies are needed to explore
other effects of TDUCA and its possible mechanisms.
Second, our study cannot rule out the possibility that
blood-brain barrier preserving may be involved in the
neuroprotective role of TDUCA in brain injury after
SAH.

Conclusions

In conclusion, our findings indicated that TUDCA could
attenuate neuronal apoptosis and improve neurologi-
cal outcome after SAH, which was probably mediated
by activation of TGR5/SIRT3 signaling cascade and sub-
sequent suppression of apoptotic proteins expressions.
Thus, TUDCA may be an attractive candidate for anti-
apoptosis treatment in SAH.

Methods

Animal preparation

All the protocols used in this study were approved by the
Institutional Animal Care and Use Committee at the First
Affiliated Hospital, School of Medicine, Zhejiang Uni-
versity. Adult male Sprague—Dawley rats weighing 280—
320 g were randomly assigned to the following 10 groups:
sham, SAH, SAH + vehicle, SAH+TUDCA (50 mg/kg),
SAH+TUDCA (100 mg/kg), SAH+ scramble siRNA,
SAH+ TGR5 siRNA, SAH + scramble siRNA + TUDCA
(100 mg/kg), SAH+TGR5 siRNA +TUDCA (100 mg/
kg) and sham+TUDCA (100 mg/kg). The rats were
raised on a 12 h dark-light cycle circumstance with free
access to food and water.
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Preparing rat SAH model

The endovascular perforation was performed as previ-
ously described with modifcations [17]. Anesthesia was
induced with sodium pentobarbital (80 mg/kg). After
anesthesia of intraperitoneal injection in mice, the left
common carotid artery (CCA), internal carotid artery
(ICA) and external carotid artery (ECA) were surgically
exposed. A sharpened 3.0 monofilament nylon suture
was inserted rostrally into the left ICA from ECA
stump until resistance was felt and then pushed 3 mm
further penetrating the ICA near the bifurcation with
the middle cerebral artery (MCA). The suture was then
withdrawn to induce SAH. The sham-operated group
underwent the same procedure without an endovas-
cular puncture. After removal of the suture, the skin
incision was sutured, and the rats were kept at approxi-
mately 37 °C on an electric heating blanket until com-
pletely recovered from anesthetic.

SAH grading.

SAH grade was determined by the high-resolution
images of the blood clots in the basal cisterns, as pre-
viously described [18]. According to the total score, it
can be rated as the following three groups: 0-7 points:
mild SAH, 8-12 points: moderate SAH, 13 to 18 points:
severe SAH. Rats with the grade<8 at 24 h after SAH
were excluded from this study.

Brain water content

Brain water content was evaluated at 24 and 72 h after
SAH. The brains were separated into cerebrum, cer-
ebellum, and brainstem. Each part was weighed imme-
diately after removal (wet weight) and then dried in an
oven at 80 °C for 72 h (dry weight). After that, the per-
centage of brain water content was calculated as [(wet
weight—dry weight)/wet weight] x 100% [19].

TUDCA administration

Saline or TUDCA (Baoji bioscience,China), dissolved
in phosphate buffer, pH 7.4 at 400 mg/ml, was slowly
injected into the internal carotid at 1 ml/kg of body-
weight (bw). TUDCA at 50 or 100 mg/kg of bw was
administered 1 h after SAH model.

TUNEL staining

TUNEL assay was conducted as previously described
with modifications [20]. TUNEL reaction mixture (50
pL) was added on each sample, and the slides were
incubated in a humidified dark chamber for 60 min
at 37 °C. The slides were then incubated with DAPI
for 5 min at room temperature in the dark to stain
the nuclei, followed by imaging with a fluorescence



Wau et al. Biol Res (2020) 53:56

microscope. Apoptotic index was expressed as the ratio
of the number of TUNEL-positive neurons to the total
number of neurons in the field of view.

Intracerebroventricular siRNA injection
Intracerebroventricular (i.c.v) drug administration was
performed was performed as described previously [21].
TGR5-siRNA, or scramble-siRNA (OriGene Technolo-
gies) were dissolved in RNase-free H20 firstly. Then,
TGR5 TGR5-siRNA, or scramble-siRNA was diluted
with in vivo transfection reagent and mixed gently.
Finally, the mixture (100 pmol in 2 pL) was inserted into
the right lateral ventricle using a Hamilton microsyringe
under the guidance of a stereotaxy instrument. The stere-
otaxic coordinates were 1.5 mm posterior, 0.9 mm lateral,
and 3.3 mm below the horizontal plane of the bregma.
The needle was retracted 5 min after the injection and
the burr hole was sealed with bone wax. The SAH model
was established 48 h later.

Immunofluorescence staining

Double fluorescence staining was performed as described
previously [22]. The rats were deeply anesthetized at
24 h post-SAH and were transcardially perfused with
60-mlice-cold PBS followed by 60 ml of 10% paraform-
aldehyde. The whole brains were collected and then
fixed in 10% paraformaldehyde for 24 h followed by 30%
sucrose solution for another 72 h. Frozen coronal slices
(10 um) were sectioned and permeabilized with 0.3%
Triton X-100 in PBS for 30 min. Sections were blocked
with 5% donkey serum for 1 h and incubated at 4 °C over-
night with primary antibodies: rabbit anti-TGR5 (1:200,
Abcam), goat polyclonal anti-Iba-1 (1:200 Abcam) and
anti-NeuN (1:200 Abcam), followed by incubation with
appropriate fluorescence-conjugated secondary antibody
for 2 h at room temperature. The slides were then read
using a confocal microscope (Olympus, Tokyo, Japan).

Western blot analysis

Western blot tests were performed as previously described
[23]. Brains were removed, and tissues from the ipsilateral/
left cerebral cortex were dissected rapidly and were frozen
in liquid nitrogen at -80°C. After sample preparation, equal
amounts of protein samples (50 ug) were loaded onto each
lane of SDS-PAGE gel. After electrophoresis, the samples
were transferred onto a nitrocellulose membrane, which
was blocked with a blocking solution for 2 h. The mem-
brane was incubated at 4 °C overnight with the follow-
ing primary antibody: rabbit anti-TGR5 (1:1000, Abcam),
rabbit anti-SIRT3 (1:1000, Abcam), rabbit anti-BCL-2
antibody (1:500; Santa Cruz), rabbit anti-BAX antibody
(1:500; Santa Cruz), rabbit anti-cleaved caspase-3 antibody
(1:100; Santa Cruz). B-actin was used as an internal loading
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control. The secondary antibodies were all from Santa Cruz
Biotechnology. Blot bands were quantified by densitometry
using Image]J software (ImageJ 1.4; NIH, Bethesda, MD).

Statistical analysis

Data were analyzed using SigmaPlot 11.0 and GraphPad
Prism 6 (GraphPad software, San Diego, CA), expressed
as means*standard deviation (SD). Data from different
groups were compared using 1-way ANOVA followed by
post hoc Tukey tests. Non-parametric data (neurological
scores) were analyzed with the Kruskal-Wallis test fol-
lowed by Dunn’s post-hoc. Significant differences were
accepted when a value of p<0.05.

Abbreviations
SAH: Subarachnoid hemorrhage; TUDCA: Tauroursodeoxycholic acid; SIRT3:
Sirtuin3.
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