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  Abstract   Stroke is one of the leading causes of mortality and disability worldwide. 
There is no effective treatment for stroke despite extensive research. Taurine is a 
free amino acid which is present at high concentrations in a range of organs includ-
ing the brain, heart, and retina in mammalian systems. It had been shown that tau-
rine can signi fi cantly increase cell survival under stroke conditions using both 
in vivo and in vitro models. Recently, we have found that several agents including 
granulocyte colony-stimulating factor (G-CSF), a stem cell enhancer and facilitator; 
 S -methyl- N -diethylthiolcarbamate sulfoxide (DETC-MeSO), an NMDA receptor 
partial antagonist; sulindac, a potent antioxidant; and taurine, a neuroprotectant and 
calcium regulator, are effective in protecting against stroke-induced neuronal injury 
when used alone or in combination in both animal and tissue/cell culture models. In 
this chapter, we demonstrate that taurine can protect human neuroblastoma cells 
measured by ATP assay under conditions of hypoxia or oxygen/glucose deprivation 
(OGD). In addition, we found that taurine exerts its protective function by suppress-
ing the OGD-induced upregulation of endoplasmic reticulum (ER) stress markers 
and proapoptotic proteins. A model depicting the mode of action of taurine in pro-
tecting neuroblastoma cells under OGD conditions is presented.  
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       14.1   Introduction 

 Taurine, 2-aminoethanesulfonic acid, is one of the most abundant amino acids in 
mammals and is found at high concentrations in various tissues, including brain, 
heart, and kidney (for review, Huxtable  1992  ) . Taurine plays important physiologi-
cal functions in the brain including serving as a neurotransmitter/modulator and 
trophic factor, and in neuronal migration in the cerebellum and visual cortex (for 
review, Wu and Prentice  2010  ) . 

 In addition, taurine has been shown to have protective functions in various sys-
tems including the nervous system, heart, lung, and kidney. presumably through its 
regulation of calcium homeostasis and its antiapoptotic property (Takatani et al. 
 2004 ;    Wu and Prentice  2010 ). In animal studies, taurine had been shown to be 
effective in reducing the infarct size in a rat stroke model (Ghandforoush-Sattari 
et al.  2011  ) . Taurine has also been applied clinically in several disorders, including 
cardiovascular diseases, metabolic disease, alcoholism, retinal degeneration, and 
hepatic and renal diseases (Birdsall  1998 ;    Bidri and Choay  2003  ) . 

 In our previous study, we have demonstrated that taurine exerts a protective effect 
on PC 12 cells under oxidative stress (Pan et al.  2010  ) . Here we report that taurine 
also has protective effects on a neuroblastoma cell line under hypoxia or oxygen/
glucose deprivation conditions.  

    14.2   Methods 

 The neuroblastoma SH-SY5Y cell line, F-12 media, EMEM media with  l -glutamine, 
and trypsin-EDTA solution were purchased from ATCC (Manassas, VA, USA). Fetal 
bovine serum and penicillin–streptomycin were purchased from Sigma (St. Louis, 
MO, USA). 

 Rabbit anti-ATF4, rabbit anti-XBP-1, rabbit, rabbit anti-PUMA, and rabbit anti-
IRE1 antibodies were purchased from Abcam (Cambridge, MA, USA). RIPA buffer 
was purchased from Thermo Scienti fi c (Rockford, IL, USA). Rabbit anti-p-eIF2 a  
antibody, was purchased from Cell Signaling Technology (Boston, MA, USA). 
Rabbit anti-GADD34 antibody and secondary mouse and rabbit antibodies were 
purchased from Santa Cruz Biotechnology (Santa Cruz, CA, USA). Adenosine 
5 ¢ -triphosphate (ATP) Bioluminescent Assay Kit was purchased from Promega 
(Madison, WI, USA). 

    14.2.1   Cell Culture 

 SH-SY-5Y human neuroblastoma cells were maintained at 37°C 5% CO 
2
  in 

complete medium (Eagle’s Minimum Essential Medium (EMEM) 44.5% 
and F12 medium 44.5%, fetal bovine serum to a  fi nal concentration of 10%, 
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penicillin–streptomycin 1%). Cultured cells were plated in 6 (cell density 2 × 10 6 ) 
or 96-well dishes (5 × 10 5  cell/ml). Dishes contained complete medium at 2 ml/
well for 6-well dishes and 100  m l/well for 96-well dishes. After plating 1–2 days, 
the medium was replaced with incomplete medium (50% EMEM, 50%F12 
medium plus 10  m M retinoic acid) to induce cell differentiation.  

    14.2.2   Glucose Deprivation 

 After 5–7 days in complete medium, cells were changed to medium without glucose 
(154 mM NaCl, 5.6 mM KCl, 2.3 mM CaCl 

2
 , 1.0 mM MgCl 

2
 , 3.6 mM NaHCO 

3
 , 

5 mM Hepes, pH 7.2). Taurine was added to each well to a  fi nal concentration of 
10 mM, and 1 h later, cells were subjected to 20 h of hypoxia.  

    14.2.3   Hypoxia/Reoxygenation 

 To generate hypoxic conditions, neuroblastoma SH-SY5Y cells in 6- or 96-well 
plates were placed in the hypoxia chamber with oxygen levels maintained at 0.3–
0.4%. The level of oxygen was continuously monitored using an oxygen electrode. 
Neuroblastoma cells with or without taurine treatment 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 for 20 h.  

    14.2.4   Measurement of Cell Viability: ATP Assay 

 Neuroblastoma cells in 96-well plates were incubated with and without 10 mM 
taurine and then exposed to hypoxic conditions for 24 h to induce cell death. ATP 
solution (Promega) was added to each well, and cells were incubated for 10 min, 
after which the amount of ATP was quanti fi ed by a luciferase reaction. The lumi-
nescence intensity was determined using a luminometer (SpectraMax, Molecular 
Devices) after transferring the lysate to a standard opaque wall multi-well plate. 
The ATP content was determined by running an internal standard and expressed as 
a percentage of untreated cells (control).  

    14.2.5   Western Blot Analysis 

 Neuroblastoma cells 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 from Sigma. Cellular proteins were 
separated on SDS-PAGE and then transferred to a nitrocellulose membrane. The 
membrane was blocked in blocking buffer (20 mM Tris–HCl, 150 mM NaCl, 
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0.1% Tween-20, 5% milk) for 1.5 h at room temperature. After blocking, the 
primary antibody was incubated for 1 h, followed by 1 h incubation with the 
appropriate HRP-conjugated secondary antibody at room temperature. Extensive 
washes with a blocking buffer were performed between each step. The protein 
immunocomplex was visualized by ECL detection reagents.   

    14.3   Results 

    14.3.1   Taurine Protects Neuroblastoma SH-SY5Y Cells Against 
Hypoxic Stress 

 Using the ATP assay it was found that hypoxia conditions elicited approximately a 
50% decrease in viability compared to the control group. This decrease was sub-
stantially reversed in the 10 mM taurine-treated group which showed approximately 
75% cell survival (Fig.  14.1 ).   

    14.3.2   Taurine Restored the Expression of PUMA Under 
Oxygen/Glucose Deprivation Conditions 

 In the oxygen glucose deprivation (OGD) study, we analyzed the expression of 
PUMA (p53 upregulated modulator of apoptosis), a Bcl-2 family member origi-
nally identi fi ed in differential gene expression studies as a p53-inducible gene (Yu 
et al.  2001  ) . Two BH3-containing proteins are encoded from the puma gene, Puma-a 
and Puma-b, both of which are induced by p53, bind Bcl-2, and Bcl-xL; localize to 
the mitochondria; and promote cytochrome c release and apoptosis. Western blot 
analysis shows the expression of PUMA was markedly increased in the OGD group 
and decreased in the OGD plus taurine treatment group (Fig.  14.2 ).   

  Fig. 14.1    Effect of taurine 
on the viability of 
neuroblastoma cells under 
hypoxic conditions. The 
percentage of cell viability 
in the neuroblastoma 
SH-SY5Y cell line under 
hypoxic (0.3% O 

2
 , 20 h) 

conditions is shown 
( 1  normal control, 
 2  hypoxia,  3  10 mM 
taurine + hypoxia). 10 mM 
taurine was administered 
by preincubation for 1 h 
followed by hypoxic 
exposure for 20 h       
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    14.3.3   Taurine Treatment Had No Signi fi cant Effect 
on the Levels of p-eIF2 a  ATF4 and GADD34 Expression 
Under Hypoxic Conditions 

 In hypoxic conditions, we analyzed levels of expression of phosphorylated-eukary-
otic initiation factor 2 a  (p-eIF2 a ), a downstream component of the PERK pathway 
which plays a role in inhibition of protein synthesis. The results showed markedly 
increased levels of p-eIF2-alpha both with and without taurine treatment compared 
with the control group (Fig.  14.3 ).  

 Activating transcription factor 4 (ATF4), which is translated as a compensatory 
response during a block of expression of eIF-2-alpha, showed no signi fi cant change in 
either the hypoxia condition or hypoxia plus taurine condition. In a previous study, the 
autoregulatory loop in PKR-like endoplasmic reticulum kinase (PERK) phosphory-
lates eIF-2 a  and in turn inhibits protein synthesis and allows ATF4 translation, subse-
quently leading to growth arrest and DNA damage-inducible protein-34 (GADD34) 
increases under cellular stress (   Ma and Hendershot  2003  ) . Our data showed p-eIF 2 a  
was increased markedly both in the hypoxia group, compatible with conditions of cell 
stress, whereas GADD 34 expression was increased by 30% in the hypoxia group but 
not in the taurine plus hypoxia group compared with control.  

    14.3.4   Taurine Reversed the Increased Expression of XBP-1 
and pIRE-1 Under Hypoxic Conditions 

 We further analyzed inositol-requiring kinase-1 (IRE-1), a ser/thr protein kinase that 
possesses endonuclease activity. IRE-1 is important for altering gene expression as a 
response to ER stress signals. IRE-1 senses and responds to unfolded proteins in the 
lumen of the endoplasmic reticulum via its N-terminal domain, leading to enzyme 

  Fig. 14.2    Effect of taurine on the expression of PUMA (p53 upregulated modulator of apoptosis) 
in neuroblastoma cells under oxygen/glucose deprivation (OGD) conditions. Neuroblastoma cells 
were treated with or without taurine under OGD conditions. Western blot analysis was conducted 
with an anti-PUMA antibody.  C  control,  OGD  oxygen/glucose deprivation,  tau  +  OGD  oxygen/
glucose deprivation plus treatment with 10 mM taurine       
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autoactivation. The active endoribonuclease domain induces splicing of X-box bind-
ing protein 1 (XBP-1) mRNA. XBP-1 is a transcription factor that has been shown to 
be the target of the endonuclease activity of IRE-1 in mammals (Yoshida et al.  2003  ) . 
Spliced XBP-1 then generates a new C-terminus, converting it into a potent unfolded-
protein response (UPR) transcriptional activator and subsequently triggering growth 
arrest and apoptosis. The current results also demonstrated an increase in XBP-1 and 
p-IRE1 under hypoxic conditions. The increase in p-IRE1 and XBP-1 expression 
was reversed in the hypoxia plus taurine treatment condition (Fig.  14.4 ).    

  Fig. 14.3    Effect of taurine on the expression of p-eIF2 a , GADD 34, and ATF4 in neuroblastoma 
cells under hypoxic conditions. Neuroblastoma cells were preincubated with 10 mM taurine before 
with or without 20 h hypoxia condition followed by Western blot analysis. Phosphorylated-
eukaryotic initiation factor 2 a  (p-eIF2 a ), growth arrest and DNA damage-inducible protein 34 
(GADD 34), and activating transcription factor 4 (ATF4) revealed no difference between any of the 
groups.  C  control,  tau  +  hypo  hypoxia with taurine treatment       

  Fig. 14.4    Effect of taurine on the expression of p-IRE1 and XBP-1 in neuroblastoma cells under 
hypoxic conditions. Neuroblastoma cells were exposed to normoxic conditions or subjected to 
20 h of hypoxia with or without a preexposure to 10 mM taurine. Cells were harvested for western 
blot analysis using antibodies to phosphorylated inositol-requiring kinase-1 (pIRE-1) and X-box 
binding protein 1 (XBP-1).  C  control,  tau  +  hyp  hypoxia with taurine treatment       
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    14.4   Discussion 

 Taurine has been shown to exert protective effects against neuronal damage by 
inhibiting the reverse mode Na + /Ca 2+  exchanger (Buddhala et al.  2012  )  and by 
decreasing calcium in fl ux through L-, P/Q-, and N-type voltage-gated calcium 
channels as well as  N -methyl- d -aspartic acid (NMDA) receptors (Wu et al.  2005  ) . 

 Taurine treatment also decreases expression of caspase-3 and calpains and 
increases the ratio of levels of the antiapoptic protein Bcl-2 and proapoptotic protein 
Bax. In the ischemic hypothalamic nucleus of mice, taurine also attenuated the 
expression of caspase-8 and caspase-9 (Taranukhin et al.  2008 ; Leon et al.  2009  ) . 

 Taurine has also been found to prevent mitochondrial dysfunction and subse-
quent apoptosis in hypoxic retinal ganglion cells in culture (Chen et al.  2009  ) . 
The effects of neuroprotection by taurine have also been seen in in vivo studies 
including models of epilepsy and of stroke (Sun et al.  2011  ) . In addition, taurine 
has been shown to reduce cell swelling under conditions of oxygen–glucose 
deprivation and reoxygenation-induced damage in rat brain cortical slices (Ricci 
et al.  2009  ) . 

 ER stress occurs when misfolded or unfolded proteins accumulate in the ER, and 
the cell is capable of triggering caspase-12 or CHOP-mediated apoptosis if it is 
unable to repair these misfolded or unfolded proteins. ER stress is known to be 
activated in various neurodegenerative diseases, including Alzheimer’s disease, 
Huntington’s chorea, Parkinson’s disease, and amyotrophic lateral sclerosis 
(Lindholm et al.  2006 ; Reijonen et al.  2008  ) . 

 There are at least three known signaling pathways of ER stress identi fi ed by the 
components double-stranded RNA-activated protein kinase 1 (PKR)-like endoplas-
mic reticulum kinase (PERK), activating transcription factor 6 (ATF6), and IRE-1, 
respectively. In our previous study, we demonstrated that taurine decreases the 
expression of ATF6 and IRE-1 while exerting no effect on the PERK pathway in 
primary neuronal cultures (Pan et al.  2011  ) . 

 In the current study, we employed the SH-SY5Y neuroblastoma cell line under 
OGD and hypoxic conditions, and our data revealed a robust pro-survival effect of 
taurine that was similar to that of our previous cell culture studies. After hypoxia 
and reoxygenation, neuronal viability without taurine treatment dropped to about 
50% (percentage of control). The presence of 10 mM taurine improved the cell 
viability to greater than 70% (percentage of control neurons). This  fi nding is com-
patible with our previous studies indicating that taurine decreases cell apoptosis. 
We also demonstrate that taurine attenuates the ER stress produced by hypoxia, 
but this protection did not involve the PERK-eIF2-ATF 4 pathway. In our ongoing 
studies, we will further characterize the role of the p-IRE1 pathway in mediating 
protection by taurine against hypoxia OGD-induced cell damage as well as exam-
ine the potential involvement of the ATF6 pathway in mediating protection in the 
neuroblastoma cell line.  
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    14.5   Conclusion 

 In this study, we found taurine exerts a protective effect on the SH-SY5Y neuroblas-
toma cell line under OGD and hypoxic conditions. Taurine attenuates OGD and 
hypoxia-induced apoptosis and ER stress. Our understanding of the mechanisms is 
depicted schematically in Fig.  14.5 . The full mechanism of neuroprotective function 
of taurine is still not fully understood, and further studies will characterize in more 
detail the components of the apoptotic and ER stress pathways that are regulated by 
taurine under conditions of OGD and hypoxia.       
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