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    Chapter 23   
 The Mechanism of Taurine Protection 
Against Endoplasmic Reticulum Stress in 
an Animal Stroke Model of Cerebral Artery 
Occlusion and Stroke-Related Conditions 
in Primary Neuronal Cell Culture       

         Payam   Mohammad   Gharibani       ,    Jigar   Modi      ,    Chunliu   Pan      ,    Janet   Menzie      , 
   Zhiyuan   Ma      ,    Po-Chih   Chen      ,    Rui   Tao      ,    Howard   Prentice, and          Jang-Yen   Wu         

  Abstract   Taurine is an inhibitory neurotransmitter and is one of the most abundant 
amino acids present in the mammalian nervous system. Taurine has been shown to 
provide protection against neurological diseases, such as Huntington’s disease, 
Alzheimer’s disease, and stroke. Ischemic stroke is one of the leading causes of death 
and disability in the world. It is generally believed that ischemia-induced brain injury 
is largely due to excessive release of glutamate resulting in excitotoxicity and cell 
death. Despite extensive research, there are still no effective interventions for stroke. 
Recently, we have shown that taurine can provide effective protection against endo-
plasmic reticulum (ER) stress induced by excitotoxicity or oxidative stress in PC12 
cell line or primary neuronal cell cultures. In this study, we employed hypoxia/reoxy-
genation conditions for primary cortical neuronal cell cultures as an in vitro model of 
stroke as well as the in vivo model of rat focal middle cerebral artery occlusion 
(MCAO). Our data showed that when primary neuronal cultures were  fi rst subjected 
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to hypoxic conditions (0.3%, 24 h) followed by reoxygenation (21%, 24–48 h), the 
cell viability was greatly reduced. In the animal model of stroke (MCAO), we found 
that 2 h ischemia followed by 4 days reperfusion resulted in an infarct of 47.42 ± 9.86% 
in sections 6 mm from the frontal pole. Using taurine greatly increased cell viability 
in primary neuronal cell culture and decreased the infarct area of sections at 6 mm to 
26.76 ± 6.91% in the MCAO model. Furthermore, levels of the ER stress protein 
markers GRP78, caspase-12, CHOP, and p-IRE-1 which were markedly increased in 
both the in vitro and in vivo models signi fi cantly declined after taurine administra-
tion, suggesting that taurine may exert neuroprotection functions in both models. 
Moreover, taurine could downregulate the ratio of cleaved ATF6 and full-length 
ATF6 in both models. In the animal model of stroke, taurine induced an upregulation 
of the Bcl-2/Bax ratio and downregulation of caspase-3 protein activity indicating 
that it attenuates apoptosis in the core of the ischemic infarct. Our results show not 
only taurine elicits neuroprotection through the activation of the ATF6 and the IRE1 
pathways, but also it can reduce apoptosis in these models.  

  Abbreviations  

  ER    Endoplasmic reticulum   
  MCAO    Middle cerebral artery occlusion   
  GRP78    Glucose-regulated protein 78         

    23.1   Introduction 

 The endoplasmic reticulum (ER) is an important subcellular organelle that is 
responsible for intracellular calcium homeostasis, protein secretion, and lipid 
biosynthesis (Ma and Hendershot  2004 ; Anelli and Sitia  2008  ) . ER stress plays a 
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crucial role in hypoxia/ischemia-induced cell dysfunction (Azfer et al.  2006 ; 
DeGracia and Montie  2004  ) . Cerebral hypoxia or ischemia leads to a decrease of 
oxygen and glucose availability which in turn induces the release of glutamate at 
the presynaptic level. The high levels of glutamate and the subsequent excessive 
activation of glutamatergic postsynaptic receptors are the main cause of the death 
of neurons (Choi and Rothman  1990 ; Nicholls and Attwell  1990  ) . Overstimulation 
of glutamate receptors in neuronal injury has been observed in several neurode-
generative disorders and in acute insults, and this leads to massive brain cell 
death related to excitatory imbalance, which occurs in stroke and epilepsy (Lipton 
and Paul  1994 ; Mattson  2003  ) . Hypoxia triggers the accumulation of unfolded pro-
teins in the ER, leading to the unfolded protein response (UPR) (Kaufman  1999  ) . 
Pathways that are initiated in response to the UPR include activation of PKR-like 
endoplasmic reticulum kinase (PERK), transcription factor 6 (ATF6), and inosi-
tol-requiring enzyme 1 (IRE1), which in turn activate distinct signaling cascades 
mediating the ER stress response (Wang et al.  1998 ; Harding et al.  2000a  ) . In 
normal neuronal homeostasis, PERK, ATF6, and IRE1 activities are inhibited by 
binding to glucose-regulated protein 78 (GRP78), an ER chaperone. In ER dys-
function, GRP78 dissociates from PERK, ATF6, and IRE1, inducing the dimeriza-
tion and phosphorylation of PERK and IRE1, and cleavage of ATF6 (P90) to 
ATF6 (P50). Finally these components cause more apoptosis through the action 
of the CHOP protein. Taurine, 2-aminoethanesulfonic acid, is a free amino acid 
and the most abundant amino acid present in mammalian nervous system (Wu 
and Prentice  2010  ) . It has been shown that taurine can provide protection against 
neurological diseases, including Huntington’s disease, Alzheimer’s disease, and 
stroke (Lousada  2004 ; Tadros et al.  2005 ; Takahashi et al.  2003  ) . It has been 
proposed not only that taurine can protect neurons against glutamate-induced 
neurotoxicity by preventing glutamate-induced membrane depolarization and 
calpain activation due to elevation of intracellular [Ca 2+ ] but also that it can 
upregulate Bcl-2 and prevent apoptosis (Wu et al.  2009  ) . Membrane integrity, 
intracellular calcium homeostasis, osmoregulation, and antioxidant actions are 
also important functions of taurine in the brain (Balkan et al.  2002 ; Chen et al. 
 2001 ; Moran et al.  1987 ; Wade et al.  1988  ) . It has been shown that not only does 
taurine have its own speci fi c receptors on the cell membrane, but also it can elicit 
hyperpolarization by the inward movement of chloride through GABA and gly-
cine receptors to reduce neuronal excitability (Hussy et al.  1997 ; Wang et al. 
 2007 ; Wu et al.  1992  ) . Recently, it has been shown that taurine can reduce rat 
neurological de fi cits, brain infarct volume, and also caspase-3 activities in the isch-
emic penumbra 24 h after middle cerebral occlusion (MCAO) (Sun and Xu  2008  ) . 
Stroke and especially the ischemic stroke is one of the leading causes of serious 
disability and death; there has been little progress toward the development of 
treatments to improve its prognosis (Weant and Baker  2012  ) . Therefore, novel 
therapeutic strategies may be bene fi cial for improving clinical outcomes. In this 
study, we showed that taurine can exert a protective function against hypoxia by 
increasing the cell viability, decreasing infarct volume, and reducing ER stress 
both in vitro and in vivo.  
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    23.2   Material and Methods 

 All animal procedures were carried out in accordance with the Animal Use and 
Care Guidelines issued by the National Institutes of Health using a protocol 
approved by the Florida Atlantic University, Boca Raton, Animal Use and Care 
Committee. 

    23.2.1   In Vitro Study 

    23.2.1.1   Primary Neuronal Cell Culture 

 According to the method of Hartung et al., pregnant rats were sacri fi ced after 
iso fl urane exposure, and embryos at 16–18 days were removed. Brains were iso-
lated from the fetuses and placed in Basal Media Eagle (BME) supplemented with 
2 mM glutamine, 26.8 mM glucose, and 20% heat-inactivated fetal bovine serum. 
This medium is referred to as growth media eagle (GME). The cortices were then 
dissociated by passing the tissue through a 14-G cannula. Cells were centrifuged at 
300 g/min for 5 min at room temperature. The resulting pellet was resuspended in 
GME and plated on appropriate tissue culture plates pre-coated with 5  m g/ml of 
poly- d -lysine. Cells were maintained for 1 h in a humidi fi ed incubator (37°C, 99% 
humidity, and 5% CO 

2
 ). Incubation medium was replaced with serum-free neu-

robasal medium supplemented glutamine, and the cells were then maintained in an 
incubator for 12–18 days until they were ready for handling (Hartung  1998  ) .  

    23.2.1.2   Hypoxia and Reoxygenation 

 To generate hypoxic conditions, 14-day-cultured neurons in 6- or 96-well plates 
were placed in a hypoxia chamber with oxygen levels maintained at 0.3–0.4%. 
The level of oxygen was continuously monitored using an oxygen electrode. Primary 
cortical neuronal cultures in the absence or presence of taurine were subjected to 
20 h of hypoxia. Reoxygenation was performed by removing cultured plates from 
the hypoxic chamber and transferring them into normal culture incubator remaining 
for another 20 h.  

    23.2.1.3   ATP Assay 

 Primary cortical neuronal cells in 96-well plates were treated with or without tau-
rine (1, 5, and 10 mM) for 1 h, and then cells were subjected to hypoxia–reoxygenation 
conditions for 20 h to induce cell death. ATP solution (Promega) was added to each 
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well, and cells were incubated for 10 min after which the amount of ATP was 
quanti fi ed through a luciferase reaction. The luminescence intensity was determined 
using a luminometer with lysates in a standard opaque-walled multi-well plate. The 
ATP content was determined by running an internal standard and expressed as a 
percentage of untreated cells (control).   

    23.2.2   In Vivo Study 

    23.2.2.1   Transient Focal Middle Cerebral Artery Occlusion (MCAO) 

 Male adult Sprague–Dawley rats (weighing 260–300 g, Harlem Chicago, IL) 
were given access to food and water ad libitum. Before surgery, rats were fasted 
overnight with free access to water prior to surgery, and the following day they 
were weighed and anesthetized by IP injection with ketamine hydrochloride 
(80 mg/kg body weight IP; Putney) and xylazine hydrochloride (20 mg/kg body 
weight IP; Vedco) (McCollum et al.  2010  ) . During the experiment, core tempera-
ture was maintained at 37°C by a thermostatically controlled heating pad regu-
lated via a rectal temperature probe (CMA 450). Local cerebral blood  fl ow (LCBF) 
was monitored in the cerebral cortex of left hemisphere in the supply territory of 
the middle cerebral artery (MCA) by laser Doppler  fl owmeter (LDF) (Perimed 
Inc., OH, USA). Transient focal cerebral ischemia of the middle cerebral artery 
(MCA) for 2 h was induced by the suture occlusion technique (Longa et al.  1989 ; 
Sun et al.  2011  ) . Brie fl y, the left common carotid artery and the left external 
carotid artery were exposed through a midline neck incision. A 4-0 mono fi lament 
nylon suture coated with silicon (Doccol Co., NM, USA) was inserted through an 
arteriectomy in the external carotid artery, gently advanced into the internal 
carotid artery, and positioned approximately 17 mm from the carotid bifurcation. 
LCBF was monitored continuously during the MCAO surgery. With the use of 
this technique, the tip of the suture occludes the origins of the MCA, the proximal 
anterior cerebral artery, and the posterior communicating artery. Reperfusion was 
accomplished by withdrawing the  fi lament 2 h after MCAO (Longa et al.  1989 ; 
Sun et al.  2011  ) .  

    23.2.2.2   Rat Treatment Schedules 

 After surgery, animals were allowed to recover from the anesthesia and given 
food and water ad libitum. Fifteen rats were randomly assigned as controls 
(MCAO rats which received only the vehicle, saline 0.9%), experimental 
(MCAO rats which received taurine, 40 mg/kg), and sham-operated (received 
the same surgical procedure without insertion of the silicon  fi lament). Taurine 
was delivered subcutaneously to the experimental group 24 h after the reperfu-
sion for 4 days.  
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    23.2.2.3   Determination of Infarct Volume 

 Animals were sacri fi ced by iso fl urane (Phoenix), and brains were removed for 
2,3,5-triphenyltetrazolium chloride (TTC) staining and collecting samples for 
Western blot (Kramer et al.  2010  ) . Using an adult rat brain slicer (Matrix, Zivic 
Instruments), brains were sectioned coronally into six 2 mm coronal slices 
(2, 4, 6, 8, 10, and 12 mm from the frontal pole) and incubated for 5 min in a 
2% (wt/vol) solution of TTC (J.T. Baker, India) at 37°C. TTC, a water soluble 
salt, is reduced by mitochondrial dehydrogenases to formazan, which turns 
normal tissue deep red (Bederson et al.  1986 ; Rich et al.  2001  ) . Thus, reduced 
TTC staining identi fi es regions of diminished mitochondrial function in the 
ischemic tissue. To assess lesion volume, TTC-stained slices were scanned 
using an HP ScanJet 5530 and analyzed by Image J analysis software (public 
domain software developed at NIH (  http://rsbweb.nih.gov/ij/    )). Lesion volume 
was determined as the percent of the total ipsilateral hemispheric volume as 
described previously (Swanson et al.  1990 ; O’Donnell et al.  2006  ) . Brie fl y, to 
eliminate the effect of brain edema, the corrected infarct volume was calcu-
lated as follows: [(V 

R
  − V 

Ln
 )/V 

R
 ]100 in which V 

R
  is the volume of right hemi-

sphere and V 
Ln

  is the volume of nonlesioned tissue in left hemisphere (Schäbitz 
et al.  1999,   2000 ; O’Donnell et al.  2006  ) . After the TTC experiment, while the 
sections were on ice, the ischemic parts of the left hemisphere (core and pen-
umbra) and the right hemisphere (identical regions) were quickly dissected 
(Fig.  23.1a ) (Ashwal et al.  1998  ) .   

    23.2.2.4   Western Blot Analysis 

 Primary cortical neuronal cultures and rat brain samples were lysed in RIPA buffer 
(25 mM Tris–HCl pH 7.6, 150 mM NaCl, 1% NP-40, 1% sodium deoxycholate, 
0.1% SDS) containing 1% (v/v) mammalian protease inhibitor cocktail and 1% 
(v/v) phosphatase inhibitor cocktail from Sigma and Thermo Scienti fi c, respec-
tively. Proteins in cell lysates were separated on a SDS-PAGE. After proteins were 
transferred to a nitrocellulose membrane, the membrane was then blocked in block-
ing buffer (20 mM Tris–HCl, 150 mM NaCl, 0.1% Tween-20, 5% milk) for 1.5 h at 
room temperature. After blocking, membranes were incubated overnight with fol-
lowing antibodies: GRP78 and p-IRE1(1:2,000; abcam), CHOP and p-Perk (1:1,000; 
Cell Signaling) and caspase-12 (1:500; Santa Cruz Biotechnology). Membranes 
were then incubated with ECL horseradish peroxidase-conjugated anti-rabbit or 
anti-mouse IgG (1:3,000; GE Healthcare, UK) for 90 min in room temperature. 
GAPDH (1:3,000; Cell Signaling) and  b -actin (1:2,000; Santa Cruz Biotechnology) 
were used as internal controls. Extensive washes with blocking buffer were per-
formed between each step. The protein immunocomplex was visualized using ECL 
detection reagents purchased from Thermo Scienti fi c. Quantitative Western blot 
results were obtained by densitometric analysis using Image Processing and 
Analysis in Java (Image J).   

http://rsbweb.nih.gov/ij/
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    23.2.3   Data Expression and Statistical Analysis 

 All data were expressed as the mean ± SEM. The statistical signi fi cance of the data 
was determined with  t -test or one-way ANOVA combined with Dunnett post hoc or 
Tukey test for comparison between groups.   

    23.3   Results 

    23.3.1   Primary Neuronal Culture Viability and Percent Area 
of Ischemic Injury in Rat Brain 

 Our data showed that different concentrations of taurine can attenuate cell death in 
hypoxia/reoxygenation. In order to determine the appropriate concentration of tau-
rine in cultures, cortical neurons were exposed to hypoxia and reoxygenation in the 
presence of 1, 5, and 10 mM taurine as shown in Fig.  23.1b . After hypoxia and 
reoxygenation, viability of neurons without taurine treatment dropped to approxi-
mately 49% of control. Taurine treatment dramatically increased the cell viability. 
The presence of 1 mM taurine substantially increased the cell viability to greater 
than 70% of the control level. When taurine concentration was increased to 10 mM, 
cell viability was further enhanced to 85% of the control. 

 In the rat MCAO stroke experiments, representative coronal brain sections from 
the control group (MCAO vehicle-treated) and experimental group (MCAO taurine-
treated) stained with 1% TTC are shown in Fig.  23.1c . Four days of reperfusion 
following 2 h of ischemia resulted in an infarct of 47.42 ± 9.86% in the control 
group. Although in all sections the infarct volume was decreased in the taurine-
treated group versus vehicle-treated group, only in sections 6 mm from the anterior 
pole (infarct volume of 26.76 ± 6.91%) was the difference signi fi cant ( p  < 0.05). The 
sham-operated group showed no ischemic injury as determined by TTC staining.  

    23.3.2   The ATF6 and IRE1 Pathways Were Inhibited by Taurine, 
But There Was No Effect on the PERK Pathway 

 PERK, ATF6, and IRE1 are the three major ER stress-induced signaling pathways. 
Since taurine can downregulate GRP78 in hypoxic conditions in cell culture and in 
a stroke model (data not shown), we aimed to further identify which signaling path-
way is involved in the protection. The phosphorylation of elF2 a , a downstream 
PERK pathway component, speci fi cally regulates the translation of the transcription 
factor ATF4, leading to translational attenuation (Szegezdi et al.  2006  ) . ATF4 is 
highly expressed after hypoxia/reoxygenation and increased by approximately 
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threefold over control cultures. After treatment with taurine, followed by hypoxia/
reoxygenation, however, the levels of ATF4 in cortical neurons is similar to that of 
hypoxia/reoxygenation alone (Fig.  23.2a ), indicating that taurine does not inhibit 
the initiation of the PERK pathway under this condition. Similarly, the expression 
of ATF4 in the MCAO model does not change with taurine treatment in the core of 
the infarct by comparison with the vehicle-treated group (Fig.  23.2b ). These results 
indicate that taurine has no observable effects on PERK pathway activation in either 
cortical neurons or in the MCAO stroke model.  

 We next examined the effect of taurine on the ATF6 pathway in cortical neurons 
subjected to hypoxia/reoxygenation and in the brain of rats subjected to MCAO 
occlusion. After dissociation from GRP78, ATF6 translocates from the ER to the 
Golgi apparatus where it is cleaved to its active form (Chen et al.  2002  ) . Treatment 
with taurine considerably reduced the level of cleaved ATF6 in both primary neu-
ronal cultures and in the core of the infarct of MCAO rats. Interestingly, the ratio of 
cleaved ATF6 to ATF6 in neurons and MCAO rats treated with taurine dramatically 
declined by approximately 50% relative to neurons under hypoxia/reoxygenation or 
MCAO rats, respectively, in the absence of taurine as shown in Fig.  23.3a, b . These 
results demonstrate that taurine can prevent the activation of the ATF6 pathway 
in vitro and in vivo. To determine if taurine can affect the IRE1 pathway, we tested 
the expression of p-IRE1 in rat primary cortical neurons under hypoxia/ reoxygenation 

  Fig. 23.1    Effect of Taurine on cell viability in primary neuronal cell culture and TTC on MCAO 
model of stroke. ( a ) Core and penumbra of the lesion part of the left hemisphere. ( b ) Dose-
dependent neuroprotection of taurine against hypoxia/reoxygenation. (1) Control; (2) hypoxia; (3) 
hypoxia + 1 mM taurine; (4) hypoxia + 5 mM taurine; (5) hypoxia + 10 mM taurine. Cell viability 
was measured by ATP assay. Control values were  fi xed at 100%. The values for Hyp and Tau + Hyp 
were normalized relative to the control values and represent mean ± SEM of  fi ve preparations 
(** p  < 0.01 versus hypoxia). ( c ) Effects of taurine on infarct volume of 6 mm section on day 4 of 
reperfusion after 2 h of focal cerebral ischemia. Vehicle or taurine was injected subcutaneously 
24 h after ischemia. The infarct zone was displayed by TTC staining in treated rats. Sham-operated 
group showed no infarct zone. Representative images are slices of 6 mm section from the frontal 
pole. Data were presented as mean ± SD,  n  = 16 (** p  < 0.05 vs. vehicle)       
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conditions and in the core of the infarct of MCAO rats with and without taurine treat-
ment by Western blot analysis (Fig.  23.3 ). The results showed that phosphorylated 
IRE1 is highly expressed in cortical neurons under hypoxia/reoxygenation and in the 
core of the infarct in MCAO rat brain. Taurine decreases the expression of p-IRE1 to 
normal condition both in primary neuronal culture under hypoxia/reoxygenation lev-
els (Fig.  23.3c ) and in the core of the infarct of MCAO rats (Fig.  23.3d ), demonstrat-
ing that taurine signi fi cantly inhibits the IRE1 pathway in ER stress.   

    23.3.3   Taurine Can Decrease Apoptosis by Downregulation 
of Apoptotic Markers and Caspase-12 in Primary 
Neuronal Culture Induced by Hypoxia/Reoxygenation 
and in the Core of the Brain of MCAO 

 The Bcl-2 family plays crucial roles in the regulation of the mitochondrial pathways 
of apoptosis during experimental stroke. Bax is a member of the Bcl-2 family which 

  Fig. 23.2    Effect of taurine on ATF4 (from the PERK pathway) in neuronal cell cultures under 
hypoxia/reoxygenation condition and in rat MCAO stroke model. Taurine does not alter activity of 
the PERK pathway in primary neuronal cell culture and MCAO model.  Norm  normoxia,  Hyp  
hypoxia (0.3% O 

2
 ) for 20 h, reoxygenation for 20 h,  Tau  +  Hyp  neurons were treated with 10 mM 

taurine for 1 h, then hypoxia for 20 h, reoxygenation for 20 h,  MCAO  middle cerebral artery occlu-
sion for 2 h followed by 4 days reperfusion,  MCAO  +  taurine  middle cerebral artery occlusion for 
2 h followed by 4 days reperfusion, taurine was injected 24 h after reperfusion subcutaneously and 
injection continued for 4 days. ( a ) ATF4 expression analyzed by Western blot in primary neuronal 
cell culture. The  bar graphs  re fl ect the densitometric data from the experiment of ATF4 Western 
blot results with arbitrary units. ( b ) ATF4 expression analyzed by Western blot in MCAO rats in 
the core area. The values in bar graph represent mean ± SEM, ( n  = 3, ** p  < 0.01 versus norm)       
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  Fig. 23.3    Effect of taurine on ATF6 and p-IRE1 pathway in neuronal cell cultures under 
hypoxia/reoxygenation condition and in rat MCAO stroke model. Taurine does not alter activity 
of the PERK pathway, but inhibits the ATF6 and IRE1 pathway after hypoxia/reoxygenation and 
stroke.  Norm  normoxia,  Hyp  hypoxia (0.3% O 

2
 ) for 20 h, reoxygenation for 20 h,  Tau  +  Hyp  

neurons were treated with 10 mM taurine for 1 h, then hypoxia for 20 h, reoxygenation for 20 h, 
 MCAO  middle cerebral artery occlusion for 2 h followed by 4 days reperfusion,  MCAO  +  taurine  
middle cerebral artery occlusion for 2 h followed by 4 days reperfusion, taurine was injected 
24 h after reperfusion subcutaneously and injection continued for 4 days. ( a ) ATF6 expression 
in primary neuronal culture analyzed by Western blot. ( b ) ATF6 expression in the core of MCAO 
brain analyzed by Western blot. The  bar graphs  represent the ratio of cleaved ATF6 to ATF6 
using the densitometric data from the experiment of ATF6 Western blot results with arbitrary 
units. ( c ) P-IRE1 expression in primary neuronal culture analyzed by Western blot. ( d ) P-IRE1 
expression in the core of MCAO brain analyzed by Western blot. The  bar graphs  re fl ect the 
densitometric data from the experiment of P-IRE1 Western blot results with arbitrary units. The 
values in bar graph represent mean ± SEM,  n  = 3, ** p  < 0.01 versus norm; ## p  < 0.01 versus hyp 
or MCAO       
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translocates from the cytosol to the mitochondria after brain ischemia and causes 
release of cytochrome C which in turn activates caspase-3 (Sun et al.  2011  ) . 
Caspase-3 is believed to be at the  fi nal stage of apoptosis. These results demonstrate 
that taurine can prevent the activation of caspase-3 by increasing the ratio of Bcl-2 
to Bax in the core of the infarct in MCAO rats by more than fourfold (Fig.  23.4a, b ). 
To determine the effect of taurine on apoptosis induced by ER stress, we measured 
the expression of CHOP by Western blot analysis in primary neuronal cultures after 
hypoxia/reoxygenation and in the MCAO stroke model. As shown in Fig.  23.4c , the 
expression of CHOP was upregulated after exposure to hypoxia/reoxygenation.  

 Western blot analysis showed that taurine can decrease the levels of CHOP both 
in vitro in primary neuronal culture and in vivo in the MCAO stroke model 
(Fig.  23.4c, d ). Taurine also signi fi cantly reduced the expression of caspase-12 and 
cleaved caspase-12 in vitro, demonstrating that taurine has the ability to inhibit the 
apoptosis induced by ER stress in hypoxia/reoxygenation (Fig.  23.4e ).   

    23.4   Discussion 

 In the present study, the potential neuroprotective effects of taurine in an in vitro 
experimental model of brain ischemia/reperfusion and an in vivo model of MCAO 
stroke in rat were investigated. The main goal of this study was to investigate the 
effects of taurine on ER stress pathways in both the core of the brain infarct after 
MCAO and in primary neuronal cell culture after hypoxia/reoxygenation. We showed 
that taurine can not only protect primary neuronal cultures under hypoxia/reoxygen-
ation conditions in a dose-dependent manner but also downregulate some ER stress 
and apoptotic markers in the brain in vivo after MCAO. Taurine as a neurotransmitter, 
neuromodulator, membrane stabilizer, and major intracellular free amino acid is 
employed in experimental therapies against neuronal damage, hypoxia, and epilepsy 
(Birdsall  1998  ) . It has been shown that during cerebral ischemia, taurine may exert its 
neuroprotective function through both extracellular mechanisms by inhibiting cal-
cium in fl ux and intracellular mechanisms by protecting the mitochondrion through 
preventing mitochondrial dysfunction resulting from cytoplasmic calcium overload 
(El Idrissi and Trenkner  2004 ; Foos and Wu  2002 ; El Idrissi  2008 ; Huxtable  1992  ) . 
Other functions of taurine, such as its role as an antioxidant, an osmoregulator, or an 
anti-in fl ammatory, contribute to its neuroprotective action (Huxtable  1992  ) . During 
stroke, the levels of taurine in the extracellular  fl uid increases (Lo et al.  1998  ) . 
The increases in the extracellular taurine levels under brain ischemia may constitute 
an important endogenous protective mechanism against neuronal damage (Saransaari 
and Oja  2000  ) . However, intracellular taurine may be depleted resulting a disruption 
of intracellular homeostasis, leading to neuronal damage (Michalk et al.  1997 ; 
Huxtable  1992  ) . Therefore, exogenous administration of taurine after brain ischemia 
may contribute to the recovery from ischemic damage by reducing the release of tau-
rine, thus contributing to the restoration of intracellular homeostasis and the reduction 
of ischemic damage through both extracellular and intracellular mechanisms. 



252 P.M. Gharibani et al.

 Several protective mechanisms of taurine such as improvement in osmotic status 
and calcium homeostasis in cell damage caused by hypoxia or glutamate excitotox-
icity have been suggested (Chang et al.  2004 ; El Idrissi and Trenkner  1999 ; Michalk 
et al.  1997  ) . We recently showed that ER stress inhibition may also be involved in 
taurine’s protective mechanisms under conditions of glutamate excitotoxicity and 
hypoxia (Pan et al.  2010,   2011  ) . However, details of the relevant signaling pathways 
remain to be elucidated. 

  Fig. 23.4    Effect of taurine on expression of Bcl2, Bax, caspase-3, CHOP and, caspase-12 in rat 
MCAO stroke model and CHOP and caspase-12 in neuronal cell cultures under hypoxia/reoxygen-
ation conditions. ( a ) Bax and Bl2 expression in the core of MCAO brain analyzed by Western blot, 
the  graph  shows the ratio of BCl2 to Bax in the core of MCAO brain in MCAO (middle cerebral 
artery occlusion for 2 h followed by 4 days reperfusion) and MCAO + taurine (middle cerebral artery 
occlusion for 2 h followed by 4 days reperfusion, taurine was injected 24 h after reperfusion subcu-
taneously and injection continued for 4 days). ( b ) Caspase-3 expression in the core of MCAO brain 
analyzed by Western blot in MCAO and MCAO + taurine. ( c ) CHOP expression analyzed by Western 
blot in primary neuronal culture.  Norm  normoxia,  Hyp  hypoxia (0.3% O 

2
 ) for 20 h, reoxygenation for 

20 h,  Tau  +  Hyp  neurons were treated with 10 mM taurine for 1 h, then hypoxia for 20 h, reoxygen-
ation for 20 h. The  bar graphs  re fl ect the densitometric data from the experiment of CHOP Western 
blot results with arbitrary units. ( d ) CHOP expression analyzed by Western blot in the core of the 
MCAO rat brain. ( e ) Caspase-12 expression analyzed by Western blot. The  bar graphs  re fl ect the 
densitometric data from the experiment of caspase-12 and cleaved caspase-12 Western blot results 
with arbitrary units. The values in bar graph represent mean ± SEM,  n  = 3, ** p  < 0.01 versus norm and 
## p  < 0.01 versus hyp or MCAO.1.3.3 Effect of TonEBP and dominant-negative TonEBP       
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 In this chapter, levels of cell viability as measured by the ATP assay were 
signi fi cantly enhanced by taurine after hypoxia/reoxygenation treatment, con fi rming 
the protective role of taurine. On the other hand, TTC results showed that posttreat-
ment with taurine after MCAO could decrease the volume of cerebral damage, 
although this effect was not as strong as that of taurine pretreatment (Sun and Xu 
 2008 ; Sun et al.  2011  ) . TTC staining clearly shows the stroke region which allows 
one to determine the exact size of cerebral infarction as well as to distinguish 
between the core of the infarct area, the penumbra, and healthy brain tissue (Benedek 
et al.  2006  ) . Our data showed that using taurine (40 mg/kg), 24 h after reperfusion 
can still decrease lesion volume after 4 days. The colorless TTC is enzymatically 
reduced to a red formazan product by endogenous dehydrogenase enzyme com-
plexes which are most abundant in mitochondria. Our ATP assay and TTC data 
con fi rm previous reports showing that taurine can regulate mitochondrial protein 
synthesis, enhance electron transport chain activity, and thereby increase the ATP 
levels and protect against excessive toxic superoxide generation (Schaffer et al. 
 2009 ; Jong et al.  2011  ) . As a neuroprotective agent, taurine must pass through the 
blood–brain barrier (BBB) and enter into the brain under neuropathological condi-
tions. On one hand, there are some reports of increases in radioactive taurine uptake 
in brain after systemic administration of radiolabeled taurine (Pasantes-Morales and 
Arzate  1981 ; Urquhart et al.  1974  ) ; on the other hand, in neuropathological condi-
tions, the BBB may be ruptured and drugs can pass more freely. Moreover, taurine 
has been used with varying degrees of success in clinical therapy for epilepsy and 
other seizure disorders, and these data provide supporting evidence that taurine will 
cross the BBB and reach the damaged area when it is administrated subcutaneously 
after MCAO. 

 It is believed that brain ischemia followed by glutamate excitotoxicity leads to 
intracellular calcium overload and initiates a series of intracellular events, such as 
the release of apoptotic proteins leading to necrotic and apoptotic cell death (Nakka 
et al.  2008 ; Lipton  1999  ) . Some reports have demonstrated that taurine can regulate 
intracellular calcium homeostasis through enhancing mitochondrial function, reduc-
ing the release of calcium from intracellular storage pools, and increasing the capac-
ity of mitochondria to sequester calcium (Foos and Wu  2002 ; El Idrissi  2008 ; El 
Idrissi and Trenkner  2004  ) . These data suggest that inhibiting intracellular calcium 
overload may be essential for the protection of taurine against MCAO. Taurine may 
block caspase-3 by regulating the release of mitochondrial cytochrome 
C. Cytochrome C release is regulated by the BCL-2 protein family of apoptotic 
regulators (Juin  1998  ) . During brain ischemia, Bax expression is increased, and Bax 
protein translocates to mitochondria to induce cytochrome C release (Schäbitz et al. 
 2003 ; Gao and Dou  2000  ) . We showed that 4 days after MCAO, taurine could 
decrease Bax protein expression, while Bcl-2 protein expression increased. Thus 
regulation of Bcl-2 and Bax has been demonstrated in our results, although the 
effect of taurine on intracellular calcium has not been directly investigated in this 
study. A high ratio of Bcl-2 to Bax can prevent release cytochrome C from mito-
chondria which results in decreased caspase-3 activity. As we showed in vitro in 
primary neuronal cultures, the proapoptotic factor CHOP is expressed at low levels 
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under physiological conditions but is strongly induced in ER stress under hypoxic 
conditions (Nemetski and Gardner  2007 ; Oyadomari and Mori  2004 ; Paschen et al. 
 1998  ) . We showed that an increase in CHOP was prevented by administration of 
taurine both in primary neuronal cultures and in the MCAO stroke model. Taurine 
can upregulate Akt phosphorylation to prevent ischemia-induced apoptosis 
(Taranukhin et al.  2008  )  and to attenuate ER stress (Yung et al.  2007  ) . Taurine has 
also been shown to affect the pathways related to ER stress (Pan et al.  2010,   2011  ) . 
Our current study demonstrated that taurine has bene fi cial effects on the protection 
against ER stress in the core of the MCAO infarct and on cortical neurons under 
hypoxia/reoxygenation. It has been shown that caspase-12, the  fi rst ER-associated 
member of the caspase family, is activated by ER stress (Yoneda et al.  2001 ; 
Nakagawa et al.  2000  ) . We analyzed the expression of caspase-12 in the presence or 
in the absence of taurine in both in vivo and in vitro models. Our data demonstrated 
that the caspase-12 or cleaved caspase-12 expression was clearly reduced by taurine 
following hypoxia/reoxygenation in primary neuronal culture, but no change was 
seen in the MCAO stroke model. PERK, ATF6, and IRE1, three ER-resident trans-
membrane proteins, serve as the main proximal sensors of the ER stress response. 
In this chapter, we tried to identify which particular ER stress-induced pathway can 
be affected by taurine treatment in the brain of MCAO model and also in the cortical 
neuronal culture model under hypoxia/reoxygenation. Under ER stress conditions, 
PERK has proved to be responsible for repressing global protein synthesis via 
phosphorylation of a subunit of eIF2a (Kumar et al.  2001 ; Harding et al.  2000b  ) . 
Phosphorylation of eIF2a, on the other hand, can also indirectly control gene
transcription by positively regulating the translation of transcription factors as has 
been shown for mammalian ATF4 (Szegezdi et al.  2006  ) . Since p-eIF2a and ATF4 
are two downstream proteins in the PERK pathway of ER stress, it is appropriate to 
measure expression levels of these two proteins in order to determine the extent of 
PERK pathway response in the presence or in the absence of taurine treatment. 
We found that in the MCAO model of stroke and after hypoxia/reoxygenation in 
primary cell culture, there was a strong increase in ATF4 expression, indicating that 
the PERK pathway is activated in both models. However, there were no signi fi cant 
alterations of ATF4 protein levels in taurine-treated groups both in vitro and in vivo. 
These results suggest that taurine may have neither suppressed nor facilitated the 
activation of the PERK pathway, which plays an important role in attenuating pro-
tein translation to restore neuronal homeostasis during ER stress. After dissociation 
of GRP78, ATF6 translocates from the ER to the Golgi apparatus where it is cleaved 
to its active form (cleaved ATF6) (Chen et al.  2002  ) . The ratio of cleaved ATF6 to 
full-length ATF6 demonstrates that taurine clearly inhibits ATF6 cleavage in both 
MCAO stroke model and in primary neuronal cultures under hypoxia/reoxygen-
ation. The levels of p-IRE1 in both the MCAO stroke model and in the hypoxia/
reoxygenation model of primary neuronal cultures were measured to test whether 
taurine has an effect on the IRE1 pathway. The results indicate that the elevation of 
p-IRE1 is strongly suppressed by taurine treatment, either using in vivo or in vitro 
experiments. These  fi ndings provide strong evidence that activation of the IRE1 
pathway can be inhibited by taurine. Furthermore, the results indicating suppression 
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of both CHOP and caspase-12 by taurine treatment provide substantial evidence 
that taurine can contribute to an effective inhibition of ER stress induced by hypoxia/
reoxygenation.  

    23.5   Conclusion 

 In summary, as it is shown in Fig.  23.5 , we demonstrated that taurine can exert its 
protective effect on CNS neurons both in the in vitro model of hypoxia/reoxygen-
ation and in vivo model of the MCAO through suppression of ER stress. Moreover, 
the effect of taurine treatment on the three ER stress-induced signaling pathways 
showed that taurine signi fi cantly inhibited apoptosis by activation of the ATF6 and 
the IRE1 pathway, but not the PERK pathway.       
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